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Abstract
In gas-phase ion nanocalorimetry, hydrated ions are used to measure the energy deposited
as a result of capture of an electron or absorption of a UV photon from the number of water
molecules that evaporate from the cluster. The effects of radiative absorption and emission on
the energy deposition values obtained from these nanocalorimetry experiments are investigated
using a master equation approach that accounts for the radiative absorption, emission, and
dissociation processes that occur in these experiments. The results indicate that the hydrated ions
that are stored in the ion cell of a Fourier transform ion cyclotron resonance mass spectrometer
have effective temperatures that are lower than the temperature of the blackbody field owing to
evaporative cooling. When 4.0 eV is deposited into small cluster sizes (n < ~50), a negligible
amount of energy is dissipated through radiative emission (< 10-3% of the total energy
deposited). For larger clusters (n up to 260), net energy is gained from radiative absorption (<
0.1% of the total energy when 4.0 eV is deposited). These results indicate that the effects of net
radiative absorption or emission in the accuracy of the ion nanocalorimetry experiments are
minor. The effect of an approximation used to correct for blackbody infrared radiative
dissociation (BIRD) is more significant. Combined, the effects of net energy gained or lost and
the BIRD correction lead to an underestimation of the energy deposited into an ion by < 2%
when 4.0 eV is deposited into a cluster with 260 water molecules. This effect decreases with
increasing energy deposited and cluster size. Master equation modeling of specific experiments
could largely eliminate these sources of error making the nanocalorimetry method even more
accurate.
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Introduction
Tandem mass spectrometry, in which ions are mass selected and subsequently activated
or reacted to produce product ions, can be used to identify compounds in complex mixtures or
provide structural information about compounds. Fragmentation of ions can be induced by
energetic collisions with gaseous atoms or molecules1-6 and surfaces,7-9 absorption of photons,1014

or capture of electrons.15, 16 These methods can produce different fragmentation, which

depends on a number of factors. The amount of energy that is deposited into an ion can
significantly affect both the relative abundances of the fragments that are produced and the
fragmentation pathways observed. The energy deposited by an activation process can often be
measured using “chemical thermometers,” which are ions that have known dissociation energies
and/or entropies.17-23
Another approach for measuring internal energy deposition uses hydrated ions as
nanocalorimeters.24-36 In this method, mass selected hydrated ions that are activated sequentially
lose water molecules forming typically narrow distributions of fragment ions. The energy
deposited into the ion can be obtained from the sum of the water binding energies as well as the
energy partitioned into translational, rotational, and vibrational energy for each water molecule
that is lost. Ion nanocalorimetry has been used to measure the internal energy deposited in highenergy collisional activation and electron collision-induced dissociation27 as well as the internal
energy deposited into peptides in collisional acitvaiton29 and electron capture dissociation.28 Ion
nanocalorimetry has also been used in gas-phase electrochemistry experiments to measure the
absolute reduction enthalpies of a variety of isolated hydrated metal ions32, 33 and other inorganic
ions.34 From these gas phase cluster measurements, the absolute reduction energies of ions in
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solution can be determined and used to establish an absolute electrochemical red-ox scale. This
method has also been used to effectively weigh the energy of a photon that is absorbed by a
hydrated ion from the number of water molecules that are lost from the precursor cluster. 30, 37, 38
Upon photo-excitation, some ions lose energy by fluorescence, and the average energy of the
fluorescent photon and the quantum yield of the ion as a function of hydration extent can be
obtained from the distribution of the product ions.30 These UV photodissociation experiments
have also been used to determine the binding energies of water molecules to divalent ions with
up to 124 water molecules attached.37 These experiments provide a benchmark for estimating the
energy deposition using modeled water binding energies and energy loss in the form of
translations, rotations, and vibrations of the evaporated water molecules. These experiments
indicate that the use of these values results in an underestimation of the actual energy deposition
by about 0.4 eV when 6.4 or 5.0 eV photons are absorbed.37 This effect is largely attributed to
uncertainties in the water molecule binding energies calculated using the Thomson liquid drop
model.
In these ion nanocalorimetry experiments, large clusters are often stored for longer times
after activation than smaller clusters to eliminate any kinetic shift effects where loss of the last
water molecule can take 100s of ms owing to the large number of degrees of freedom in larger
clusters. Radiative absorption and emission also occur during this time frame. The net water loss
that is attributed to the excitation event is obtained from the overall dissociation that is corrected
for dissociation from blackbody infrared radiative dissociation (BIRD). The extent to which
radiative absorption or emission occurs, and the accuracy of the BIRD correction have not been
accurately quantified.
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The ion nanocalorimetry experiments are performed in Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometers at pressures below 10-8 Torr. At these conditions, the
dissociation rates of ions are independent of pressure, and activation of these ions occurs through
absorption of photons form the surrounding blackbody radiation field. 12, 39-42 The BIRD process
can be simulated using a master equation approach, which takes into account the microcanonical
rate constants for radiative absorption, radiative emission, and dissociation of the population of
trapped ions.12, 39, 43-46 Large ions with high activation barriers that dissociate slowly can
equilibrate with the blackbody radiation field. The dissociation of these ions is in the rapid
energy exchange (REX) limit, the equivalent of the “high-pressure limit,” where the internal
energy distribution of the ion population is given by a Boltzmann distribution at the temperature
of the blackbody field.46, 47 In this limit, information about the dissociation activation energy and
entropy can be obtained directly from the temperature dependence of the measured dissociation
rate constants.12, 17, 40, 47 For smaller ions and weakly-bound clusters, dissociation can be rapid
compared to the rates of radiative absorption and emission and the higher energy fraction of the
ion population is preferentially depleted due to more rapid dissociation. In these cases, measured
Arrhenius parameters are lower than those in the REX limit, but information about the threshold
dissociation energies can be obtained by master equation modeling of these kinetic data39, 43-45, 4853

Here, the role of net radiaitve absorption or emission as well as effects of an
approximation in the BIRD correction on the accuracy of the ion nanocalorimetry method is
investigated by simulating these experiments with master equation modeling. Parameters in the
modeling are obtained from both theory and simulations of the temperature dependence of the
loss of a water molecule from Ca2+(H2O)n. The modeling shows that these ions have lower
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effective temperatures than that of the surrounding blackbody radiation field, and that either net
absorption or net emission can occur depending on the size of the cluster. An approximation used
to correct these data for BIRD is a greater source of error than any net energy gained or lost from
radiative processes. The combined errors originating from these effects depend on both the
energy deposited and the cluster size. These effects are less than 2% of the overall energy
deposited into the ions under typical conditions, and these effects can be quantified using this
master equation modeling approach to make the ion nanocalorimetry method even more
accurate.

Experimental
BIRD. Experiments were performed using a 2.75 T FT-ICR mass spectrometer equipped
with a nanoelectrospray ionization source and a temperature controlled ion cell.24 Hydrated
calcium ions were generated with nanoelectrospray ionization from ~1 mM calcium chloride
aqueous solutions using borosilicate glass capillaries with tips pulled to an inner diameter of ~2
μm. A potential of 600 – 800 V relative to the entrance capillary of the mass spectrometer was
applied to a platinum wire that was in contact with the solution. Ions were introduced into the
mass spectrometer through the heated entrance capillary (~333 – 363 K) and were trapped in the
ion cell after passing through five stages of differential pumping. The ion cell is surrounded by a
copper jacket that is temperature regulated with a controlled flow of liquid N 2 and thermocouples
on the outside of the jacket to measure temperature.53 The temperature of the copper jacket was
varied from 103 – 193 K. Ions were accumulated in the cell for 4 – 6 s during which time N2 gas
was introduced through a pulsed valve to more efficiently trap and thermalize the ions. The ions
were subsequently stored for 8 – 12 s to allow the pressure to return to ≤ 10-8 Torr and ensure
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that they were equilibrated to a steady state temperature. The precursor ion of interest was
isolated using stored waveform inverse Fourier transform excitation to eject all other ions from
the cell. Reaction times ranging from 0.2 – 5 s were used for BIRD rate measurements. Precursor
ions dissociate by sequential loss of water molecules and maximum reaction times were chosen
such that the precursor ion was depleted to ≤ 20% of initial intensity. Effects of collisions on ion
internal energy are negligible at the low pressures (< 10-8 Torr) in these experiments.39, 42 The
ions were subsequently detected using a MIDAS data system.54 BIRD rate constants were
obtained from the abundances of the precursor ion and product ions as a function of reaction
time. Zero-pressure Arrhenius parameters were obtained from the temperature dependence of the
measured BIRD rate constants.

Calculations
Vibrational frequencies and integrated IR intensities. Vibrational frequencies and
integrated IR intensities used in the modeling were obtained from the B3LYP/LACVP**++
energy-minimized structure of Ca2+(H2O)14 with 123 degrees-of-freedom (DOF).31, 34 The
number of frequencies and their intensities for larger clusters were scaled linearly from those of
Ca2+(H2O)14. For cluster sizes for which DOF divided by 123 did not result in an integer, the
frequencies and corresponding IR intensities were scaled by rounding down the quantity DOF
divided by 123 and selecting additional modes and corresponding IR intensities such that the
average frequency values for these clusters were similar to those for Ca2+(H2O)14.Transition state
vibrational frequencies for each cluster size were obtained by removing a hydrogen bond stretch
(reaction coordinate) from the set of precursor frequencies and scaling five low energy
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frequencies by a constant to obtain a specific entropy factor, which is related to the high pressure
pre-exponential factor, A∞.55
Master equation. Both BIRD and the time evolution of activated hydrated metal ion
clusters after capture of a free electron or absorption of a UV photon were modeled using a
master equation approach in which the internal energy distribution of an ion population is
divided into many energy “bins”. An ion in the population moves to a higher energy bin when
activated by absorption of a blackbody photon and to a lower energy bin when the ion radiatively
emits. The transfer probability from one bin (energy state) to another is given by the rate
constants for radiative absorption and emission. Dissociation removes the ion from the
corresponding energy bin. Effects of activation or deactivation by collisions are negligible under
the conditions of the experiments. A matrix formalism44, 45 of the master equation is used, in
which all the detailed rate constants are contained in a “transport” or J matrix. The diagonal of
the J matrix contains the rate constants for the depletion by absorption, emission, or dissociation
of the ion population at each energy state, and the off-diagonal elements satisfy detailed balance.
A 5000 x 5000 matrix with a bin size of 20 cm-1 was used in the modeling. A more detailed
description of how the dissociation and radiative absorption and emission rate constants are
computed is given in the supporting information.
Modeling BIRD data. BIRD rate constants at the highest and lowest experimental
temperatures are calculated by “reacting” a Boltzmann population at those temperatures and
these values are fit to the experimental Arrhenius data. After the population reaches a steady
state, i.e. linear BIRD kinetics, the modeled first order rate constants are obtained from the slope
of the curve ln([P(E,t)]/[P(E,0)]) vs. reaction time, where [P(E,t)] is the population remaining at
reaction time t, and [P(E,0)] is the initial population abundance. These rate constants are used to
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construct modeled Arrhenius plots (ln(kBIRD) vs. 1/Temperature). The slope of the Arrhenius plot
corresponds to the zero-pressure activation energy, Ea. A “good” modeled fit to the experimental
data is defined when both (1) the modeled Ea value is within the standard error of the
experimental Ea value obtained from the linear fit to the experimental data, and (2) the calculated
BIRD rate constants at the highest and lowest temperatures of the Arrhenius plot are within a
factor of two of the experimental values. To obtain a range of E0 values and take into account
uncertainties in the modeling parameters, the transition state frequencies are varied to produce
log(A∞) = ~14.5 (neutral transition state) to ~19.5 (loose transition state). These log(A∞) values
correspond to entropically favored direct bond cleavages and should thus be appropriate for the
dissociation of a water molecule from the hydrated ion clusters. 56

Results and Discussion
BIRD of Ca2+(H2O)n with n = 24, 39, 55, and 96. Experimental Arrhenius data can
validate and be used to derive reasonable parameters, i.e., threshold dissociation energy (E0),
high-pressure pre-exponential factor (A∞), and scaling factor for the IR intensities, that are
needed for modeling. BIRD kinetics data were measured for Ca2+(H2O)n with n = 24, 39, 55, and
96 at copper jacket temperatures between 103 and 193 K. The temperature inside the ICR cell
can be related to the copper jacket temperature from calibration measurements.53 However,
subsequent instrument modifications likely affect this relationship resulting in some uncertainty
in the true cell temperature. BIRD kinetics data at a cell temperature of 193 K are shown for
Ca2+(H2O)n with n = 24, 39, 55, and 96 in Figure 1 (a) and kinetics data for Ca2+(H2O)24 with
varying cell temperature from 181 – 223 K are shown in Figure 1 (b). The measured BIRD
kinetics data are linear (R2 ≥ 0.98) and BIRD rate constants are obtained from the slopes of these
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kinetic data (Figure 1). The BIRD rate constants increase with increasing cluster size and
increasing cell temperature. This is due to an increase in absorption rates and internal energy of
the precursor ion clusters with increasing cluster size and cell temperature.
An Arrhenius plot for these clusters is shown in Figure 2. The relatively large BIRD rate
constants indicate that these hydrated clusters are not in the rapid energy exchange (REX) limit,
where the dissociation rate is significantly slower than the absorption and emission rates. Thus,
the measured Arrhenius parameters, i.e., the activation energy and pre-exponential A factor, do
not correspond to those in the high-pressure limit.46, 47 BIRD rate constants are slowest for
Ca2+(H2O)24 and could be measured over a wider range of cell temperatures than the larger
clusters. Therefore, data for this cluster should provide the most reliable parameters for
modeling.
Threshold dissociation energies. Values of E0 are obtained from experimental
Arrhenius data that are not in the REX limit using master equation modeling.43, 45, 48, 49 To
reproduce the experimental BIRD rate constants within a factor of two, the integrated IR
intensities were scaled by 0.3, which is likely due to uncertainties associated with the calculated
IR intensities for Ca2+(H2O)14 and their use in modeling of the larger clusters. E0 values obtained
from the master equation modeling are 0.36 ± 0.08 eV, 0.36 ± 0.08 eV, 0.37 ± 0.1 eV, and 0.39 ±
0.08 eV for Ca2+(H2O)n with n = 24, 39, 55, and 96, respectively. Representative master equation
modeled fits (gray solid lines) using log(A∞) = 17 and E0 = 0.36, 0.36, 0.37, and 0.39 eV for
these respective clusters are shown in Figure 2. The modeled fits for all cluster sizes reproduce
the experimental activation energies and BIRD rate constants relatively well. The E0 values (E0 =
0.36 – 0.39 eV) for these clusters increase slightly with size. Results from 193 and 248 nm on
hydrated M2+ (M = Co, Cu, Fe, Mn and CeNO3) with up to 124 water molecules indicate that the
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binding enthalpy of water is 0.447 ± 0.004 eV and remains constant for clusters with more than
40 water molecules.37 By comparison the heat of vaporization of bulk water is 0.46 eV. 57 These
E0 values are within the range of E0 values obtained from the master equation modeling for n =
55 and 96. Differences in the trends of these values might result from many factors, including
that the frequencies and integrated IR intensities scale linearly with size. In subsequent
modeling, an E0 value of 0.39 eV was used for n = 110, 137, and 178 and 0.4 eV was used for n
= 260 and a log(A∞) of 17 was used for all clusters.
Steady state precursor ion internal energy distributions. The steady state precursor
ion internal energy distribution at a given cluster size and blackbody field temperature can be
obtained by “reacting” a population and allowing the internal energy distribution equilibrate
through absorption, emission, and dissociation. Figure 3 (a) shows the time evolution of a
population of Ca2+(H2O)24 with an initial internal energy corresponding to a Boltzmann
distribution at 193 K reacting at a blackbody field temperature of 193 K. The population with
high internal energies is rapidly depleted because of the faster dissociation rate. The population
equilibrates and reaches a steady state after 1 – 2 s (black circles, Figure 3 (c)), where the steady
state is indicated by the pseudo first order kinetics. The steady state distribution does not depend
on the initial internal energy distribution. This is illustrated in Figure 3 (b) where the initial
internal energy is a Boltzmann distribution at 100 K. A longer time (5 – 6 s) is required for this
population to a reach steady state because the population equilibrates mainly through radiative
absorption, which occurs more slowly than dissociation. The same steady state BIRD rate
constant is obtained regardless of the initial internal energy distribution (Figure 3 (c)). The same
slope for the linear part of the two curves in Figure 3 (c) indicates that.
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The steady state internal energy distributions for M2+(H2O)n with n = 24, 39, 55, 96, 110,
137, 178, and 260 at a blackbody field temperature of 193 K and the Boltzmann distribution at
that temperature are shown in Figure 4 (a) – (h). These results indicate that although the absolute
energy difference between the Boltzmann and steady state distributions increases with cluster
size, the relative energy difference remains nearly constant. For example, the relative difference
between the average energies for the Boltzmann and steady state distributions is 36.9 and 38.3%
for n = 24 and 260, respectively. However, the relative widths of these distributions change with
cluster size. The widths between the steady state and Boltzmann distributions for M2+(H2O)24 are
similar because E0 (~0.36 eV) is similar to the average internal energy of this cluster ion at 193
K and much of the low energy population does not dissociate significantly. For larger clusters,
the internal energy is significantly greater than E0, resulting in more rapid dissociation of the
entire population. The rapid water loss takes away energy faster than radiative absorption adds it
resulting in a lower effective temperature and narrowing of the distribution compared with the
original Boltzmann population. Because the steady state distributions for all these clusters are at
lower energies than the initial Boltzmann distributions, these ions have lower effective
temperatures (~150 K) than the surrounding blackbody field temperature (193 K), but higher
effective temperatures than the Cu jacket (133 K) surrounding the ion cell.
Product ion internal energy distributions. The internal energy distribution of a
hydrated metal ion cluster that is activated by capture of an electron or absorption of a UV or IR
photon is modeled by shifting the initial precursor ion steady state distribution by the
recombination energy or photon energy. For example, electron capture by Eu3+(H2O)110 results in
loss of on average ~16 water molecules corresponding to a recombination energy of 7.1 eV.33
The internal energy distribution for this activated precursor ion is obtained by shifting the steady
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state internal energy distribution by 7.1 eV (Figure 5 top). Assuming rapid conversion of
electronic to vibrational energy, the precursor ion is heated from an effective temperature of 152
K to 330 K. The internal energy distributions of the product ions resulting from sequential
evaporation of water molecules are modeled by taking into account the binding energy and
energy partitioned into translations, rotations, and vibrations (ETRV) of each departing water
molecule.31-34 The binding energy for each water molecule lost is obtained from a discrete
implementation of the Thomson liquid drop model.58 ETRV distributions are modeled with an
exponential function:59

PTRV(E) = <E>-1exp(–E/<E>)

(1)

where <E> is the average ETRV value given by 5/2 kT* obtained from Klots’ water evaporation
model,60-62 k is the Boltzmann constant and T* is the effective temperature of the cluster ion
prior to dissociation. To obtain the product ion internal energy distributions as a result of each
sequential water molecule lost, the binding energy is subtracted from the newly formed cluster
distribution and convolved with the ETRV distribution of the departing water molecule. The
product ion internal energy distributions as a result of depositing 7.1 eV of energy into
M2+(H2O)110 are shown in Figure 5 bottom. Each subsequent product ion internal energy
distribution shifts to lower energy and becomes broader as a result of ETRV partitioned into the
departing water molecule.
Kinetics of sequential water molecule loss. The loss of the first water molecule upon
activation of a precursor ion cluster can occur quickly when the energy deposition is high. For
Eu3+(H2O)110 with 7.1 eV deposited, the lifetime for evaporation of the first water molecule is
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~10-10 s, a time scale much faster than radiative absorption and emission (Figure S1 (c)).
However, as the resulting product ion clusters cool down as a result of the sequential loss of
water molecules, the absorption and emission rates become competitive with the dissociation rate
and will affect the ion lifetime. For example, the final product ion, M2+(H2O)95, cools down to an
effective temperature of 174 K (average internal energy of 2.7 eV in Figure 6 (a)). The simulated
dissociation for M2+(H2O)95, which includes the effects from radiative absorption and emission,
is shown in Figure 6 (a), with a lifetime for this product ion corresponding to about 10 ms.
Experimental data for electron capture by Eu3+(H2O)110 shows that there is a small kinetic
shift in which the loss of the final water molecule out of ~16 water molecules total takes up to
0.25 s.33 These data33 corresponding to the average number of water molecules lost as a function
of reaction delay (black squares) are shown in Figure 6 (b). Eu3+(H2O)110 loses on average 16.09
water molecules at 40 ms and 16.34 water molecules at 250 ms, and this value does not change at
longer times. The calculated fraction of M2+(H2O)95 remaining (solid curve) is overlaid with the
experimental kinetic shift data for Eu3+(H2O)110 in Figure 6 (b). Even though this modeling only
includes the time it takes for the last water molecule to leave, it reproduces the experimental
kinetic shift relatively well.
Cluster size-dependent absorption and emission effects. For a given energy deposited,
the resulting effective temperature of a cluster will decrease with increasing cluster size as a
result of the energy being distributed over a larger number of degrees-of-freedom. For example,
depositing 4 eV of energy into a precursor ion with 24 water molecules raises the effective
temperature from 153 K to 573 K (Figure 7 (a) top), whereas depositing this same amount of
energy into a cluster with 260 water molecules raises the effective temperature from 152 K to
only 202 K (Figure 7 (b) top). The product ion internal energy distributions resulting from
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sequential water molecule loss for these two activated precursor ions with 24 and 260 water
molecules are shown in the bottom of Figures 7 (a) and (b), respectively. Because the activated
precursor ion with 24 water molecules is heated to a much higher effective temperature, the
resulting product ion internal energy distributions (Figure 7 (a) bottom) are broader due to more
energy partitioned into ETRV than for the activated precursor ion with 260 water molecules
(Figure 7 (b) bottom). The ion effective temperatures as a function of sequential water molecule
loss from activated M2+(H2O)n with n = 24 and 260 are shown in Figure 8. The blackbody field
temperature (193 K) and the initial effective precursor ion temperature (~153 K) are denoted by
the dashed and dotted lines, respectively. For M2+(H2O)24, all product ions resulting from
sequential water molecule loss except the last one formed have effective temperatures above the
surrounding blackbody temperature. Thus, these product ions will lose on average more energy
through radiative emission than they will gain through radiative absorption. In contrast, only
activated M2+(H2O)260 and the product ion resulting from loss of one water molecule have
effective temperatures above the blackbody field temperature. Thus the resulting product ions
will on average gain more energy through radiative absorption than lose energy through radiative
emission.
The energy contributions from absorption or emission, EnergyAbs or Emis,n, for an activated
precursor ion and its resulting product ions are calculated using Equation 2 for each cluster ion n:
E max



Energy Abs or Emis , n = 
t =0

 t  (k
E =0

Abs or Emis , n

(E))  ( h  Abs

or Emis , n

(E))  Pn (E, t )

E max

  P (E, t )
E =0

n

where τ is the lifetime, kAbs or Emis,n(E) is the absorption or emission rate constant, <hυ>Abs or
Emis,n(E)

is the average photon energy absorbed or emitted, and Pn(E,t) is the time dependent
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(2)

internal energy distribution for cluster ion n (see Supporting Information for detailed description
of the equations for these rate constants).
To determine whether the hydrated ions have a net gain or loss of energy via radiative
absorption or emission respectively, a net energy contribution is determined. The net energy
gained or lost is calculated by subtracting the energy contribution due to absorption from the
energy contribution due to emission, i.e., EnergyEmission,n – EnergyAbsorption,n. The total energy
contribution is the sum of the values obtained for the activated precursor ion and each product
ion formed by sequential water molecule loss. A positive value indicates a net loss of energy, and
a negative value indicates a net gain of energy. The percent of the energy contribution from net
emission or net absorption to the total energy deposited as a function of precursor ion cluster size
is shown for ~0.4 eV, 4 eV, and 8 eV of energy deposited in Figure 9. For small precursor ions
with n < ~50, there is a net energy loss via emission for all energies modeled. However, there is a
change from net energy loss by emission to net energy gain by absorption with increasing cluster
size. As the deposited energy increases, the precursor cluster size at which the transition from net
emission to net absorption occurs also increases. The effective temperature of both the activated
precursor ion and the resulting product ions is higher when more energy is deposited, leading to
more ions that are “hotter” than the surrounding blackbody temperature. Thus, there will be a
greater fraction of energy loss by radiative emission with increasing energy deposition. The
percent of the energy contribution from net emission does not exceed 5x10-4% of the total energy
deposited for all modeled energy deposition values, indicating that this contribution is negligible
for precursor ions with n < ~50. The net energy gain by absorption is slightly more significant.
For n = 260, the calculated net absorption contribution to the total energy deposited is 8.7 and
0.10% for energy deposition of ~0.4 and 8 eV, respectively.
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BIRD correction. In the nanocalorimetry experiments, dissociation of the final product
ions that results solely from BIRD needs to be accounted for. This BIRD correction is estimated
by equating the contribution of BIRD of the product ions to that of the precursor ion, i.e., the
average number of water molecules lost from the precursor ion as a result of BIRD is used to
correct for BIRD of the product ions.30-35 Therefore, the accuracy of this correction depends on
the similarity between precursor and product ion BIRD rates. The accuracy of this BIRD
correction can also be determined with master equation modeling by simulating BIRD for the
precursor ion and the final product ion, and calculating the corresponding energy contributions
from absorption and emission.
The time during which BIRD occurs depends on the specific experiment. In the electron
capture experiments with Eu3+(H2O)110, there was a 40 ms delay after isolation of the precursor
ion, followed by electron irradiation for 120 ms and a 1 s delay before ions were detected to
avoid kinetic shift effects (Figure 6 (b)).33 This corresponds to 1.16 s during which time the
precursor ion undergoes BIRD.33 The modeled internal energy distributions for M2+(H2O)110 as a
result of BIRD for up to 1.16 s are shown in Figure 10 (a). Deposition of 7.1 eV into this ion
results in the loss of 16 water molecules to form M2+(H2O)94 (Figure 10 (b)). This product ion
also undergoes BIRD after it is formed. If this product ion is formed on average after 60 ms of
electron irradiation, BIRD will occur for roughly 1.06 s (Figure 10 (b)). The calculated energy
contributions from absorption and emission during BIRD for M2+(H2O)110 are 0.55 and 0.18 eV
respectively, resulting in a net energy gain of 0.37 eV. The energy contributions from absorption
and emission for M2+(H2O)94 are 0.43 and 0.14 eV respectively, resulting in a net energy gain of
0.29 eV. To obtain the BIRD correction, the net energy change from the precursor ion is
subtracted from the net energy change of the product ion, i.e., 0.29 – 0.37 = – 0.08 eV. This
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indicates that using the BIRD rate for the precursor ion overcorrects for the actual BIRD rate of
the product ion. This can be attributed to the slightly longer trapping time and the higher
absorption rate of the precursor ion compared with the product ion. The relative error in the
BIRD correction energy to the energy deposited is small, i.e., only 1% (0.08 eV/7.1 eV*100%)
in this case.
Figure 11 (a) shows the percent error of this BIRD correction energy relative to the
deposition energy as a function of precursor ion cluster size for 0.4, 4 and 8 eV of energy
deposited. The relative percent error in the BIRD correction increases with decreasing energy
deposited and increasing cluster size. The BIRD correction is a more significant source of error
to the energy deposition values obtained in ion nanocalorimetry than any net energy gained or
lost by radiative absorption or emission (Figure 10).
The overall correction to the energy deposition values obtained with ion nanocalorimetry
from radiative processes and BIRD can be obtained by combining the effects from radiative
absorption and emission (Figure 10) and from the BIRD correction (Figure11 (a)). This overall
energy correction is shown in Figure 11 (b) as a function of cluster size and energy deposited.
These results indicate that when more than 4 eV of energy is deposited into a hydrated ion, the
energy deposition value obtained without taking into account effects of the BIRD correction and
net energy contributions from radiative absorption and emission will be low by less than 2%. UV
photodissociation experiments have been used to begin to calibrate the ion nanocalorimetry
method.30, 37 Results with 5.0 eV and 6.4 eV photons indicate that the energy deposition that is
obtained by modeling the water loss using binding energies from the Thomson liquid drop model
and ETRV obtained from Klots’ evaporation model is lower than the actual energy deposited by
~8% and ~6%, respectively. These master equation modeling results indicate that the majority of
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this discrepancy is due to inaccuracies in the modeled binding energies but some of the
discrepancy is due to the effects of the BIRD correction and of net energy loss or gain as a result
of radiative processes.

Conclusions
The ion nanocalorimetry method, in which the energy deposited into gaseous clusters is
obtained from the number of water molecules that evaporate from the cluster upon activation, is
modeled using a master equation approach to determine the extent to which energy is gained or
lost through radiative absorption or emission. Modeling indicates that rapid water loss from
extensively hydrated ions stored in a cooled FT-ICR ion cell results in evaporative cooling which
leads to a population of ions with a steady state internal energy corresponding to an effective
temperature that is lower than the temperature of the blackbody radiation field in these
experiments. For smaller clusters (n < 50), there is a net emission of energy as a result of
activation of the precursor and most product ions to temperatures above the blackbody radiation
field, but this energy loss is less than 1x10-5% of the energy deposited for energies above 4.0
eV. For larger clusters (up to n = 260), there is net energy gained from radiative absorption
owing to most of the product ions having temperatures below the blackbody radiation field, but
this energy is less than 0.008 eV when 4 eV is deposited. This effect becomes even less
significant when even more energy is deposited, but the fraction of net energy gained increases
slowly with increasing cluster size. Although significant radiative absorption and emission
occurs under the conditions of a typical experiment, the net gain or loss of energy by these
processes has a negligible effect in the accuracy with which the energy deposition can be
measured with the ion nanocalorimetry method.
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After activation in these nanocalorimetry experiments, ions are typically stored in the FTICR ion cell for a sufficient time to avoid kinetic shift effects, which can readily be observed for
larger clusters. During this time, both the precursor and product ions undergo BIRD. The
contribution of BIRD to the observed fragmentation is typically corrected for by making the
approximation that the BIRD rates for the product ions are equal to the measured BIRD rate of
the precursor ion. The master equation modeling shows that this approximation can lead to an
underestimation of the energy deposited into an ion by up to ~2% when 4.0 eV is deposited into
a cluster with 260 water molecules. This effect is smaller with higher internal energy deposition
and for smaller clusters and is partially offset by the net energy gained by radiative absorption
for larger clusters, although this effect is small. For example the combined correction for net
energy gained from radiative emission and for the BIRD approximation is less than 0.7% or 0.06
eV of the energy deposited when 8.0 eV is deposited into a cluster with 100 water molecules. By
modeling specific experimental conditions, it should be possible to quantify and to correct for
these effects. This should make the nanocalorimetry method even more accurate, which is of
importance to establishing absolute electrochemical red-ox potentials and binding energies of
water molecules to large clusters.

Supporting Information. Details on the calculated dissociation and radiative absorption and
emission rate constants and the trends in these as a function of internal energy and cluster size.
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Figure 1. (a) Blackbody infrared radiative dissociation kinetics at cell temperature of 193 K for
Ca2+(H2O)n with n = 24 (squares), 39 (circles), 55 (triangles), and 96 (stars). (b) Blackbody
infrared radiative dissociation kinetics for Ca2+(H2O)24 as a function of cell temperature.
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Figure 2. Arrhenius plot for Ca2+(H2O)n with n = 24 (squares), 39 (circles), 55 (triangles), 96
(stars) with best fit lines (dash lines) for the experimental data. Best fit lines were obtained for
Ca2+(H2O)55 by including all the data points (dot line) and by excluding the data point at T = 193
K (dash line). Master equation modeled fits (gray solid lines) to the experimental Arrhenius data
for n = 24 using E0 = 0.36 eV and log(A∞) = 17.1, n = 39 using E0 = 0.36 eV and log(A∞) = 17.1,
n = 55 using E0 = 0.37 eV and log(A∞) = 16.9, and n = 96 using E0 = 0.39 eV and log(A∞) =
17.0.
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Figure 3. (a) Time-dependent dissociation of a Boltzmann internal energy population for
M2+(H2O)24 at 193 K, equilibrating with a blackbody field at 193 K. (b) Time-dependent
dissociation of a Boltzmann internal energy population for M2+(H2O)24 at 100 K, equilibrating
with a blackbody field at 193 K. (c) Modeled BIRD kinetics obtained from the dissociating
internal energy distributions in (a) black circles and (b) gray squares. Steady state internal energy
distributions are reached when the BIRD kinetics are linear. The same steady state internal
energy population is obtained regardless of initial conditions as indicated by the same slope for
the linear portion of the curves.
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Figure 4. Boltzmann (gray) at 193 K and corresponding steady state (black) internal energy
distributions for M2+(H2O)n with (a) n = 24 , (b) n = 39, (c) n = 55, (d) n = 96, (e) n = 110, (f) n =
137, (g) n = 178, (h) n = 260.
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Figure 5. Steady state internal energy distribution for M2+(H2O)110 and the resulting internal
energy distribution for activated M2+(H2O)110 as a result of adding 7.1 eV of energy (top).
Product ion internal energy distributions resulting from sequential water molecule loss of
activated M2+(H2O)110 (bottom).
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Figure 6. (a) Modeled dissociation of the internal energy distribution for M2+(H2O)95 as a
function of time simulating the evaporation of the last water molecule from the activated
precursor ion, M2+(H2O)110, upon depositing 7.1 eV of energy. (b) Experimental data for the
average number of water molecules lost from Eu3+(H2O)110 upon electron capture as a function
of reaction delay time.33 Simulated population fraction remaining of product ion internal energy
distribution for M2+(H2O)95 as a function of reaction time.
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Figure 7 (a) Precursor ion steady state internal energy distribution for M2+(H2O)24 and the
resulting internal energy distribution for activated M2+(H2O)24 as a result of adding ~4 eV of
energy (top). Product ion internal energy distributions resulting from sequential water molecule
loss of activated M2+(H2O)24 (bottom). (b) Precursor ion steady state internal energy distribution
for M2+(H2O)260 and the resulting internal energy distribution for activated M2+(H2O)260 as a
result of adding ~4 eV of energy (top). Product ion internal energy distributions resulting from
sequential water molecule loss of activated M2+(H2O)260 (bottom).
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Figure 8. Effective temperatures for product ions, M2+(H2O)n-x, from Figure 7 (a) and (b) upon
depositing ~4 eV of energy into precursor ion with 24 (solid squares) and 260 (open circles)
water molecules. Dashed and dotted lines indicate the temperature of the blackbody field and the
initial effective temperature of the precursor ion, respectively.
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Figure 9. The percent of the energy contribution from net emission or absorption to the total
energy deposited, ~0.4 (squares), 4 (circles), and 8 eV (triangles), as a function of cluster size.
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Figure 10. (a) Simulated BIRD for 1.16 s for precursor ion M2+(H2O)110. Activated precursor ion
internal energy population upon electron capture is shown as dashed curve. (b) Simulated BIRD
for 1.06 s for product ion M2+(H2O)94. The internal energy distributions resulting from sequential
water molecule loss of the activated precursor ion in (a) are shown as dashed curves.
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Figure 11. (a) The relative energy contribution as a result of the BIRD correction to the overall
energy deposited, ~0.4 (squares), 4 (circles), and 8 eV (triangles), as a function of cluster size.
(b) The relative overall energy correction (i.e., BIRD contribution from (a) plus net absorption or
net emission contributions from Figure 10) to the energy deposited, ~0.4 (squares), 4 (circles),
and 8 eV (triangles), as a function of cluster size.
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The Role of Radiative Absorption and Emission in Ion
Nanocalorimetry
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Microcanonical rate constants. The radiative absorption (kAbs) and radiative emission
(kEmis) rate constants were calculated using a weakly coupled harmonic oscillator model:
k Abs (ΔΔ i → j = h ) =   (h ) B(h ν) Pimh ν

(1)

m

k Emis (Δ Ei → j = − h ) =  {A(h ) +  (h ) B(h ν)} Pi( m +1) h

( 2)

m

where ρ(hυ) is the radiation density at frequency, υ, given by Planck’s distribution at the
surrounding temperature, h is Planck’s constant, and Pimhυ is the microcanonical transition
probability, which is the product of the microcanonical occupation probability and the enhanced
transition probability. The occupation probability for the υth oscillator with m quanta of energy
in the ith energy state is the ratio of the number of ways the rest of the oscillators can partition
the remaining energy (E’ = E – mhυ) in the system to the number of ways the total energy (E)
can be partitioned. To obtain the occupation probability, the vibrational density of states (DOS)
for the system at total energy E, and the density of states for the system (DOS’) without the υth
mode that contains m quanta of energy at energy E’ (the remaining energy in the system) are
calculated. The microcanonical occupation probability is then given by DOS’(E’)/DOS(E). The
enhanced transition probability for the absorption rate constant is given by the factor (m + 1), and
for the emission rate constant by m. These factors result from the harmonic oscillator
approximation that an absorption from level m to (m + 1) is (m + 1) times more intense than from
m = 0 to m = 1, and an emission from m to (m – 1) is m times more intense than from m = 1 to m
= 0, i.e. I(m+1),m = (m+1) I1,0. A(hυ) and B(hυ) are the Einstein coefficients for stimulated and
spontaneous radiative transition processes respectively given by:

A(h ν) = 2.88  10 −9   I1,0
c

(3)

c 3 A(h ν)
8h 3

(4)

2

B(h ν) =

S2

where υ is the vibrational frequency in Hz, and I1,0 is the integrated IR absorption intensity in
practical units for transition m = 0 to m = 1 (for IR intensities with units km·mol-1 multiply by
conversion factor 43.31). The average photon energies absorbed and emitted as a function of
internal energy for a given ion were calculated from a weighted average between the vibrational
frequencies of the ion and the corresponding absorption and emission rate constants using the
following equations:
 h  Abs (Δ Ei → j

h   (h ) B(h ν) Pimh ν
= h ) = 
k Abs (Δ Ei → j = h )
m

 h  Emis (Δ Ei → j

h  {A(h ) +  (h ) B(h ν)} Pi( m +1) h
= −h ) = 
k Emis (Δ Ei → j = −h )
m

(5)

(6)

The microcanonical dissociation rate constant as a function of internal energy was
calculated using the RRKM/QET expression:
  N TS (E − E 0 )
k RRKM (E) =
h  ( E )

(7 )

where σ is the reaction degeneracy, E0 is the threshold dissociation energy, N TS (E − E 0 ) is the
transition state sum of states from 0 to (E − E 0 ) obtained with the direct count method, and (E)
is the DOS of the precursor ion at energy E also obtained with the direct count method.2
Cluster size-dependent trends in calculated rate constants and photon energies. The
dependence of the radiative absorption, emission, and dissociation rate constants and average
photon energies absorbed and emitted on cluster size is plotted in Figure S1 (a – e) as a function
of internal energy for precursor ions M2+(H2O)n with n = 24, 39, 55, 96, 110, 137, 178, and 260,
respectively. For a given internal energy, the absorption rate constants increase with increasing
S3

cluster size (Figure S1 (a)). The absorption rate constant is proportional to the overlap integral
between Planck’s blackbody radiation density and the integrated IR intensities for a given
hydrated ion cluster. Because the water molecules are the primary absorbers of the blackbody
radiation in the clusters, the integrated IR intensities should scale linearly with size and thus the
absorption rate constant should be proportional to the number of water molecules in the cluster.
For a given cluster size, the absorption rate constant increases slightly with increasing internal
energy due to an increase in the enhanced transition probability as excited states become
increasingly populated at higher internal energy.
The emission rate constants decrease with increasing cluster size for a given internal
energy (Figure S1 (b)). This can be attributed to the increase in DOF with cluster size resulting in
lower occupation probabilities of the IR active modes. The dissociation rate constants also
decrease with increasing cluster size (Figure S1 (c)) because of an increase in DOS, i.e. more
states are available for partitioning the internal energy, with increasing DOF and cluster size.
Both the emission and dissociation rate constants increase rapidly at low internal energies and
level off at high internal energies.
The average photon energy absorbed at a given energy increases and then levels off as a
function of cluster size (Figure S1 (d)). Larger clusters have more high energy modes, which
overlap better with Planck’s blackbody radiation density, resulting in an increase in the average
photon energy of absorption. For a given cluster size, the average photon energy absorbed
decreases with increasing internal energy due to the enhanced transition probability, which
favors absorption transitions from excited states. Because the low energy modes are more likely
to be populated, transitions from the excited states of these modes will be favored resulting in a
decrease in the average photon energy absorbed with increased internal energy. The average

S4

photon energy emitted decreases as a function of cluster size (Figure S1 (e)) because of an
increase in the number of low energy modes contributing to spontaneous emission. For a given
cluster size, the average photon energy emitted increases with internal energy because higher
energy modes become increasingly occupied and thus raise the average photon energy emitted.
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Figure S1. (a) Absorption, (b) emission, (c) dissociation rate constants and (d) average
absorption, and (e) average emission photon energies for M2+(H2O)n with n = 24, 39, 55, 96, 110,
137, 178, and 260 as a function of internal energy. Arrows indicate trends as a function of cluster
size.
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