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Three different commonly used infrared photodissociation (IRPD) spectroscopy acquisition
and analysis methods are described, and results from these methods are compared using the
same dataset for an extensively hydrated metal cation, La3�(H2O)36. Using the first-order
laser-induced photodissociation rate constant as an IRPD intensity has several advantages over
photodissociation yield and depletion/appearance methods in that intensities can be more
directly compared with calculated infrared absorption spectra, and the intensities can be
readily corrected for changes in laser power or irradiation times used for optimum data
acquisition at each frequency. Extending IRPD spectroscopy to large clusters can be compli-
cated when blackbody infrared radiative dissociation competes strongly with laser-induced
photodissociation. A new method to obtain IRPD spectra of single precursor ions or ensembles
of precursor ions that is nearly equivalent to the photodissociation rate constant method for
single precursor ions is demonstrated. The ensemble IRPD spectra represent the “average”
structure of clusters of a given size range, and this method has the advantage that spectra with
improved signal-to-noise ratios can be obtained with no increase in data acquisition time.
Results using this new method for a precursor ensemble consisting of La3�(H2O)35–37 are
compared with results for La3�(H2O)36. (J Am Soc Mass Spectrom 2010, 21, 800–809) © 2010
Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry

In infrared photodissociation (IRPD) spectroscopy,an “action” spectrum of an ion is often obtained by
measuring the extent of dissociation after exposure

to laser radiation as a function of photon energy.
Intense, tunable radiation in the mid-IR region (�100–
2500 cm�1) can be generated at the free electron laser
facilities, FELIX [1] and CLIO [2], which facilitates
application of this method to large or very stable ions.
Lower-intensity tunable radiation in the �600–4100
cm�1 range from tabletop laser systems has also been
used in IRPD spectroscopy as well as related conformer-
selective spectroscopies, and these systems have the
advantage that they are relatively inexpensive, making
them accessible to many laboratories [3–21]. Interest in
IRPD spectroscopy has increased significantly in the
last several years, and over 50 peer-reviewed papers
were published in 2008. Typical instrumentation, chem-
ical systems studied, and the variety of structural infor-
mation obtained using IRPD spectroscopy have been
reviewed recently [3, 22–24].
Depending on the initial internal energy of the

precursor ion and the dissociation energy, the absorp-
tion of multiple photons may be necessary to induce
dissociation of the precursor ion on the timescale of the

experiment. Under conditions where the initial ion
internal energy is much lower than that necessary to
produce fragmentation on the timescale of the experi-
ment, the absorption of several photons is necessary to
preheat the ion before observable photodissociation
occurs [24–28], resulting in a power-dependent “induc-
tion period” in the photodissociation kinetics [25, 26], as
illustrated schematically in Figure 1. For such ions,
photodissociation occurs as a consequence of many
sequential (“multiple photon”) or simultaneous (“mul-
tiphoton”) absorption events, although multiple photon
dissociation is usually much more favorable [3]. The
IR(M)PD spectra obtained for such ions can exhibit
substantial differences from calculated absorption spec-
tra, including frequency shifts and discrepant intensi-
ties [4, 24, 29–32]. When the initial ion internal energy is
sufficient for dissociation to occur, or for small ions
with low threshold dissociation energies, absorption of
ambient blackbody photons can induce dissociation [33,
34]. The absorption of even a single infrared photon can
increase the rate of dissociation for such ions. Under
these conditions, there will be no induction period
(Figure 1), so that IRPD spectra will more closely
resemble true linear absorption spectra. For ions that
have two (or more) conformers that do not interconvert
on the time scale of the experiment but have unique
IRPD spectra, the dissociation kinetics can be bi- (or
multi-) exponential. The individual spectrum of each
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conformer can, in principle, be obtained from the indi-
vidual rate constants obtained from fitting the kinetic
data.
Three primary methods have been used to determine

a dissociation intensity to be used in plotting the IRPD
spectrum from the fragment and/or precursor abun-
dances. One of the most commonly used methods to
determine an IRPD intensity is to calculate a “photodis-
sociation yield” (PDY), defined by

PDY(tirr, ��)� [� Afrag(tirr, ��)] ⁄ [Aprec(tirr, ��)

� � Afrag(tirr, ��)]

where � Afrag is the sum of all detected fragment
abundances and Aprec is the precursor abundance mea-
sured after photodissociation for a time tirr with pho-
tons of energy ��. Because the PDY depends on a ratio
of correlated abundances, it does not depend on fluctu-
ations in initial precursor population from scan to scan.
This is the method currently used for the majority of
IRPD spectra obtained using FELIX [31, 32, 35–40],
including many tightly-bound complexes for which the
absorption of many mid-infrared photons is typically
necessary to induce fragmentation.
An action spectrum can also be obtained by measur-

ing the extent of depletion of the precursor ion or
appearance of a fragment ion. This is typically done
when fragment and precursor abundances cannot be
measured simultaneously, as for experiments without
multichannel detection [8, 41], or where fragment
abundances have very poor signal-to-noise (S/N) due
to the presence of many competitive dissociation
channels [42, 43]. In such cases, a “depletion spec-

trum” or “appearance spectrum” can be measured
with respect to a reference value in the absence of
laser irradiation (A*prec/frag):

depletion/appearance (tirr, ��)

� Aprec⁄frag
∗ � Aprec⁄frag(tirr, ��)

A significant disadvantage of this method is that the
spectrum can be source-noise limited due to the poten-
tially poor reproducibility of A*prec/frag. This effect can
often be reduced by re-measuring A*prec/frag frequently
and/or by signal averaging if the fluctuations in
A*prec/frag are random.
An alternative to these methods is to use the photo-

dissociation rate constant of the precursor ion as the
IRPD intensity. Laser-induced photodissociation of pre-
cursor complexes often follows first-order kinetics, if
laser power is not so high as to favor multi-photon
processes, although this first-order kinetic behavior
may be preceded by an induction period during which
the ions are preheated without producing observable
fragmentation [24–26]. If photodissociation is rapid,
single photon absorption becomes the rate-limiting step
in the IRPD process, resulting in first-order laser pho-
todissociation rate constants, klaser(��), after the induc-
tion period that can be proportional to the linear
absorption cross section of the precursor. When the
initial ion internal energy is high, or for small ions with
low threshold dissociation energies, BIRD may be ob-
served on the timescale of the experiment, and laser
photodissociation kinetics do not show an induction
period [44]. In this case, BIRD occurs with a fixed rate
constant, kBIRD, independent of laser photon energy, so

Figure 1. Illustration of laser-induced photodissociation kinetics for a precursor ion with initial
internal energy much lower than that necessary to produce fragmentation on the timescale of the
experiment, resulting in an induction period; and a small precursor ion with a low threshold
dissociation energy or an ion for which the initial internal energy is sufficient for dissociation to occur
with no induction period.
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that the observed first-order dissociation rate constant
kIRPD is a sum of klaser(��) and kBIRD. The value of kBIRD

is thus found by measuring the IRPD rate constant

kIRPD(��)� kBIRD � klaser(��)

� �ln{Aprec(tirr, ��) ⁄ [Aprec(tirr, ��)

� � Afrag(tirr, ��)]} ⁄ tirr

in the absence of laser irradiation, and klaser(��) is
simply kIRPD(��) � kBIRD.
This klaser method has the advantage that the IRPD

spectra are more directly comparable to calculated
linear absorption spectra than the PDY and depletion/
appearance methods. The klaser method has been imple-
mented to determine IRPD intensities for many hydrated
ion complexes [44–49] as well as metal-cationized or
protonated biomolecules [4] and protonated biomol-
ecule dimers [50] in the hydrogen-stretch region
(�2500–3800 cm�1) and for a variety of ions in the
�1000–2200 cm�1 region using the free electron laser
CLIO [28, 51–55]. Note that kIRPD(��) itself is a one-to-
one but nonlinear function of the PDY(tirr, ��) after any
induction period. Thus, spectra plotted using either
kIRPD(��) or PDY(tirr, ��) contain, in principle, exactly
the same information if the induction period is properly
taken into account. PDY and depletion/appearance
intensities depend on irradiation time, which cannot be
adjusted over the course of the experiment without
assuming a kinetic model for photodissociation. In
contrast, the IRPD rate constant is independent of
irradiation time under conditions where there is no
induction period or for times after an induction period,
so that irradiation times and consequently the extent of
precursor depletion can be adjusted as the spectra are
acquired to optimize the S/N of the IRPD spectrum
over all spectral regions. Because IRPD spectra are often
compared with calculated [15, 20, 28, 35, 39, 41, 49, 53,
56–65] or even experimental [66] linear absorption
spectra, this method offers a distinct advantage over the
PDY and depletion methods under these conditions.
All of the above methods have been used to investi-

gate a wide range of ion structures, including closely
related isomers, such as charge-solvated versus salt-
bridge structures [4, 30, 31, 35, 43, 45, 56, 60, 61, 67–76]
or even ions whose gas-phase deprotonation site de-
pends on the solvent from which the ions are formed
[77]. Here, the utility of the above methods in obtaining
IRPD spectra is compared for large hydrated ions, for
which no induction period is observed in the photodis-
sociation kinetics and for which kBIRD can be of the same
order as klaser(��) at the laser power available in com-
mon table-top OPO/OPA systems. A new method for
obtaining IRPD intensities of isolated ensembles of
hydrated ions of similar size that is equivalent to the
klaser(��) method for a single precursor is demonstrated.
With this new method, IRPD spectra of large complexes
can be acquired with better S/N than by other methods
in the same acquisition time, and “average” spectra for

complexes of a given size range provide information
about structural trends.

Experimental

IRPD spectra of hydrated La3�(H2O)36 and La
3�(H2O)35–37

were acquired using a 2.75 Tesla Fourier transform ion
cyclotron resonance mass spectrometer coupled to a
tunable OPO/OPA laser system [4]. These hydrated
ions are formed by nanoelectrospray ionization using
borosilicate capillaries that are pulled to an i.d. of �1
�m and are filled with a 5 mM aqueous solution of
LaCl3. A platinumwire is inserted into the capillary and
held in direct contact with the solution at a potential of
�600 V relative to the heated metal capillary of the
electrospray interface. Ions are injected into the ion cell
of the instrument through five stages of differential
pumping using a series of electrostatic lenses. A copper
block, cooled to 133 K by a temperature-regulated flow
of liquid nitrogen, surrounds the ion cell and is equili-
brated for at least 8 h before all experiments [78].
Trapping and thermalization of ions is enhanced with a
�5 s pulse of dry nitrogen (�10�6 Torr) and a �12 s
pumpdown to a pressure of �10�8 Torr. Precursor
clusters are isolated using stored inverse Fourier trans-
form waveforms.
Photodissociation is achieved by irradiating the iso-

lated precursor ions with tunable light in the hydrogen-
stretch region (�2500–3800 cm�1) from a table-top
OPO/OPA laser system (LaserVision, Bellevue, WA,
U.S.A.) pumped by the 1064 cm�1 fundamental of a
Nd:YAG laser (Continuum Surelight I-10; Santa Clara,
CA, U.S.A.) at a 10 Hz repetition rate. An irradiation
time of 1.5 s is used to produce substantial but not
complete fragmentation of the precursor ions on reso-
nance with the laser irradiation. Precursor fragmenta-
tion due to blackbody infrared radiative dissociation
(BIRD) in the absence of laser irradiation is re-measured
every �15 min to monitor variability in precursor ion
abundances. For each laser frequency used and for each
BIRD measurement in IRPD spectroscopy experiments,
five consecutive measurements are signal-averaged to
obtain precursor and product ion abundances. For
BIRD and laser kinetics experiments, ten consecutive
measurements are signal-averaged for each irradiation
time.

Results and Discussion

IRPD Spectra of Individual Precursors

Both BIRD and laser irradiation with photon energies
between 2900 and 3800 cm�1 result exclusively in the
sequential loss of water molecules from the precursor
ions in these experiments. Exposure of La3�(H2O)36 to
the 133 K blackbody field of the ion cell results in �16%
dissociation after 1.5 s (Figure 2, top middle). Irradiat-
ing these ions with 3694 cm�1 light for this same time
period results in loss of up to four water molecules,
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corresponding to �77% dissociation due to BIRD and
laser irradiation (Figure 2, top right). Laser-induced
photodissociation for all precursor ions investigated
follows first-order kinetics to at least�95% depletion of
the precursor, indicating that the vast majority of pre-
cursor ions have orbits that intersect the laser beam. At
the laser photon energy corresponding to the most
extensive dissociation observed in the IRPD spectros-
copy experiments (3432 cm�1), loss of up to 5 water
molecules from La3�(H2O)36 after the 1.5 s irradiation
period is observed, and �90% of the precursor popula-
tion is dissociated due to BIRD and laser irradiation.
IRPD spectra of La3�(H2O)36 at 133 K with intensities

calculated using the PDY, depletion, and klaser methods
described in the Introduction are shown in Figure 3. To
make the comparison between IRPD intensity calcula-
tion methods more transparent, corrections to IRPD
abundances due to variations in laser power as a
function of frequency are not included. Values of A*prec

used in calculating the depletion correspond to the
abundance of La3�(H2O)36 after 1.5 s of BIRD in the
absence of laser irradiation, and this value is re-
measured every �15 min. The resulting updated value
of A*prec is used to calculate the depletion until the next

A*prec is measured. The value of kBIRD is obtained from
these data and used to calculate klaser.
For very stable ions that do not dissociate without

laser irradiation on the timescale of the experiment,
preheating of the ion by the laser light before observ-
able dissociation can occur [24, 25], which results in an
“induction period” in the dissociation kinetics [25].
Photodissociation of ions under such conditions follows
first-order kinetics only after the induction period (Fig-
ure 1). IRPD spectra obtained using klaser that do not
take into account this induction period will not be
directly comparable with linear absorption spectra. In
contrast, for ions that dissociate readily due to BIRD,
such as La3�(H2O)36 at 133 K, absorption of even a
single photon can be sufficient to increase the rate of
dissociation, although absorption of more than one
photon before dissociation may also occur. Dissociation
kinetics for La3�(H2O)36 at 133 K in the absence of laser
irradiation and with a laser photon energy of 3149
(off-resonance) or 3415 cm�1 (on-resonance) do not
show an induction period (Figure 4).
It is clear from these IRPD spectra that both the PDY

and depletion methods for calculating IRPD intensities
introduce a substantial spectral band flattening from

Figure 2. Mass spectra of La3�(H2O)36 (top) and the ensemble La
3�(H2O)35–37 (bottom) at 133 K after

initial isolation (left), after 1.5 s of BIRD (middle), and after 1.5 s irradiation with 3694 cm�1 light from
a tunable OPO/OPA tabletop laser system (right). The asterisk indicates an instrumental noise peak.
La(OH)2�(H2O)22,23 were not ejected to avoid exciting the La

3�(H2O)35–37 ensemble. The higher S/N
ratio for the ensemble mass spectra can be attributed to a variety of factors, including day-to-day
variations in humidity, source conditions, etc.
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�3300 to 3500 cm�1 and from �3650 to 3710 cm�1

(Figure 3). These bands correspond to hydrogen-
bonded and dangling OH oscillators, respectively [79].
Whereas two distinct bands have been reported be-
tween 3650 and 3710 cm�1 for hydrates of La3� with
between 17 and 20 water molecules [47], only a single
feature is observed for La3�(H2O)36 using these meth-
ods. The IRPD spectrum derived from the precursor
depletion is remarkably similar to the PDY due to the
highly reproducible precursor abundance of La3�(H2O)36,
which varied by less that 7% over the course of data
acquisition. In the case that the precursor abundance
does not vary at all and all ionic products have the same
charge state as the precursor and are detected, the

depletion should be essentially proportional to the
PDY. In experiments where the ion abundance from
the source fluctuates more dramatically, the spectra
can be source-noise limited, and the agreement be-
tween the depletion and PDY or klaser IRPD spectra
would be much worse.
The width of a spectral band in an ideal gas-phase

linear absorption spectrum (where the absorption cross
section is plotted against photon frequency) is largely
related to physical attributes of the analyte, including
rotational temperature and excited-state lifetime. The
FWHM for the hydrogen-bonded OH band is �50%
greater using the PDY and depletion methods than for
klaser and �40% greater for the dangling OH band. For
the PDY, this phenomenon is an artifact of the relation-
ship between kIRPD and the PDY:

PDY(tirr, ��)� 1� exp(�kIRPD � tirr)

whereby the PDY increases nonlinearly with kIRPD by
ever smaller amounts. Because the spectral band widths
increase with band intensity for the PDY method, this
method cannot be used to obtain information about
spectral band widths for intense features that is directly
comparable to that from linear absorption spectroscopy.
The broadening near the peak of intense features also
unnecessarily decreases the apparent resolution in
IRPD spectra with intense, overlapping spectral fea-
tures relative to that obtained using klaser(��).

Weighted-Average Ensemble IRPD Spectroscopy

The better comparability of klaser(��) to linear absorp-
tion spectra under conditions where precursor ions
dissociate readily and the ability to adjust tirr in real
time to optimize S/N are major advantages of the
logarithm-based klaser(��) in IRPD spectroscopy of hy-
drated clusters. However, extending this or other meth-
ods to very large clusters for which the ion lifetime is
short and the S/N is low can be challenging. BIRD rates
generally increase with cluster size, so that photodisso-
ciation due to BIRD even at short irradiation times can
be substantial for large clusters. For example, kBIRD for
La3�(H2O)76 is 0.51� 0.07 s�1 at 133 K (Figure 5), which
corresponds to �40% depletion of the precursor ion in
1 s. Many ions or complexes absorb infrared laser
radiation weakly enough that high laser power or
multiple pulses (�1 s) of laser irradiation are required
to induce significant photodissociation on the timescale
of the experiment. If the BIRD rate is very high in such
cases, the S/N of the IRPD spectra can be very poor.
Signal averaging can improve the quality of IRPD
spectra, but the S/N gain scales with the square root of
the number of scans. In contrast, by simultaneously
photodissociating multiple precursors of similar size,
the S/N gain in an “average” IRPD spectrum should
more directly scale with the number of precursors, i.e.,
S/N gain can be achieved without increasing spectrum
acquisition time. A new technique for acquiring and

Figure 3. IRPD spectra of La3�(H2O)36 at 133 K obtained by
calculating the extent of depletion, photodissociation yield (PDY),
and first-order dissociation rate constant due to laser irradiation
(klaser; baselines offset for clarity) based on the logarithm of the
fraction of precursor population remaining or the weighted-
average method using the same photodissociation data. Also
shown is the ensemble IRPD spectrum of La3�(H2O)35–37 at 133 K.
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analyzing IRPD spectra of large ensembles of hydrated
clusters that exploits this advantage is described below.
The BIRD rate at a fixed temperature for large

hydrated ion clusters typically increases approximately
linearly as a function of the number of water molecules
in the cluster, with minor deviations from linearity due
to variations in water molecule binding energy or
dissociation entropy or structural effects with cluster
size. For a suitably narrow range of cluster sizes, the
variation in the BIRD rate constants over that size range
will be small compared to the average of their BIRD

rates, i.e., kBIRD will be essentially constant over a
narrow size range. This effect for La3�(H2O)n, n be-
tween 29 and 76, is shown in Figure 5, in which kBIRD at
133 K is plotted as a function of cluster size. For
example, the range of kBIRD values for n between 34 and
37 is �22% of the mean value of kBIRD in this size range,
and the average percent deviation of kBIRD from a
least-squares fit to the data decreases with increasing n
to less than 12% for n 	 51. Similarly, the linear absorption
spectrum of sufficiently large hydrated ions should
change little with cluster size, as has been observed for

Figure 4. Dissociation kinetics for La3�(H2O)36 at 133 K due to blackbody infrared radiative
dissociation (BIRD) alone (open circles) and with laser irradiation at photon energies of 3149 cm�1

(filled squares) and 3415 cm�1 (open squares).

Figure 5. First-order blackbody infrared radiative dissociation (BIRD) rate constants at 133 K for
La3�(H2O)n, n between 29 and 76, and a least-squares fit to the data.
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large neutral and protonated water clusters [80] and
large hydrates of Ca2� [48] and trivalent metal cations
[47]. Thus, klaser (as well as kIRPD) should be nearly
constant over a suitably narrow range of cluster sizes.
The nearly constant values of klaser and kBIRD for large

hydrated ions of similar cluster sizes motivate the
introduction of a new method for calculating IRPD
intensities that gives essentially the same result as the
klaser method when a single precursor is isolated. In the
following, we omit the subscript for the total first-order
dissociation rate constant kIRPD (with or without laser
irradiation) and hold the laser photon energy �� fixed

for clarity. Suppose an ensemble of (N � 1) consecutive
hydration states of an ion A is isolated, with cluster
sizes between (nMAX � N) and nMAX. Let Am(t) be the
abundance of the cluster with (nMAX � m) water mole-
cules after a BIRD/laser irradiation time t, i.e., for the
precursor ensemble La3�(H2O)35,36,37, A0(t) refers to
the abundance at time t of La3�(H2O)37, and Am(t) to the
abundance of the La3�(H2O)37–m cluster. Because each
cluster dissociates by first-order kinetics with approxi-
mately the same rate constant by loss of one water
molecule, we have the following system of kinetic
equations:

A0(t) � A0(0)e
�kt

A1(t) � A0(0)(kt)e�kt � A1(0)e
�kt

� � � � � � Ì

AN(t) � A0(0)
(kt)N

N!
e�kt � A1(0)

(kt)(N�1)

(N � 1)!
e�kt � · · · � AN(0)e

�kt

AN�1(t) � A0(0)
(kt)(N�1)

(N � 1)!
e�kt � A1(0)

(kt)N

N!
e�kt � · · · � AN(0)

(kt)

1!
e�kt

� � � � � � � � �

This model accounts explicitly for the depletion of a
given cluster due to BIRD and/or laser-induced photo-
dissociation as well as its appearance as a product from
the next largest cluster. Note that the abundances of
clusters with m � 0 through N have (m�1) terms, and
clusters with m � N have (N�1) terms. As long as the
abundances Am(t) for large values of m are very small,
each row of this system of equations can be weighted by
m, and their sum approximated by summing from m �
0 to 	:

�
m�0




m � Am(t)� A0(0)� (kt � 0)� A1(0)� (kt � 1)

� · · · � AN(0)� (kt � N)

Collecting terms involving kt and dividing both sides of
this equation by the total abundance of all precursor
and product ions (� A0(0) � . . . � AN (0)), we obtain

�m(t)� � kt � �m(0)�

Thus, the initial abundance-weighted average
BIRD rate constant kBIRD for an ensemble with an
average of �nMAX � �m�0��� water molecules is obtained
as ��m�t�� � �m�0��� ⁄ t in the absence of laser irradiation,
kIRPD for the laser-irradiated ensemble is obtained as
��m�tirr�� � �m�0��� ⁄ tirr, and the ensemble klaser is simply
(kIRPD � kBIRD). Ensemble IRPD spectra thus obtained
represent a mass-selected range of precursor sizes of
known relative abundance, in contrast to experiments
on large neutral water clusters where the distribution of
precursor sizes is poorly characterized [81].
It is readily seen that this result reduces to the

logarithm-based klaser described in the Introduction

when N � 0, i.e., when the precursor ensemble consists
of a single cluster size. To illustrate this method, the
“weighted-average” (WA) IRPD spectrum of isolated
La3�(H2O)36 calculated using the same data as for the
PDY, depletion, and (logarithm-based) klaser methods is
shown in Figure 3. The IRPD intensities calculated
using the WA method are substantially more similar to
those using the logarithm-based klaser method than for
the PDY or depletion methods, with essentially identi-
cal values for the FWHM of the spectral bands. Indeed,
the WA intensities are typically �90% � 10% of the
logarithm-based intensities. It is not surprising that the
WA intensities are slightly too low, because the BIRD
rate constants of La3�(H2O)n, n � 35, are typically lower
than that for La3�(H2O)36, but this error can be reduced
by shortening the irradiation time so as to reduce the
range of product cluster sizes. Another feature attribut-
able to the contribution of La3�(H2O)n, n � 35, to the
WA spectrum is the appearance of a discernable shoul-
der at �3694 cm�1, which is not observed as a distinct
feature in any of the other IRPD spectra of isolated
La3�(H2O)36 but might be expected based on previously
reported IRPD spectra of La3�(H2O)n, n � 17–20 [47].
This band is likely present in the IRPD spectra of
clusters with n � 34 or 35, which contribute substan-
tially to the calculation of klaser using the WA method.
To illustrate the results obtained by the WA method

with an ensemble of isolated precursor clusters (the
“ensemble IRPD” method), we measured the ensemble
IRPD spectrum of the La3�(H2O)n, n � 35–37, which is
shown in Figure 3. Representative mass spectra of the
ensemble La3�(H2O)35,36,37 after initial isolation, 1.5 s of
BIRD, and 1.5 s of 3694 cm�1 laser-induced photodis-
sociation are shown in Figure 2 (bottom). As with the
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data for the IRPD spectra discussed above, kBIRD in the
absence of laser irradiation was re-measured every �15
min so as to characterize the variability in �m�0�� over
the course of spectral acquisition. The average number
of water molecules in the precursor ensemble after 1.5 s
of exposure to the 133 K blackbody field was remark-
ably constant (35.94 � 0.01 water molecules), based on
14 measurements made over the course of spectrum
acquisition. The resulting ensemble IRPD spectrum is
very similar in shape to the logarithm- and WA-based
klaser spectra for La

3�(H2O)36, with very similar FWHMs
(within 
10%) for the two bands, and the intensity is
typically �85% of that for the logarithm-based klaser.
Because the mass spectral S/N was different for the
La3�(H2O)n precursor clusters on the days when the
La3�(H2O)36 and La

3�(H2O)35–37 ensemble IRPD spectra
were measured (see Figure 2), the S/N of the corre-
sponding IRPD spectra are not directly comparable.
All of the complexes initially isolated in the ensemble

IRPD method contribute to the resulting spectrum, as
do the product ions. The resulting ensemble spectrum
should therefore reflect the “average” structure of ions
within this size range. Thus, structural information
deduced from ensemble IRPD spectra as a function of
precursor cluster size may better represent general
size-related structural trends than IRPD spectra sam-
pling a few individual precursor cluster sizes out of a
large range, as has been reported for large protonated
water clusters [80] and hydrated Ca2� clusters [48]. As
described above, each of the IRPD spectra for isolated
La3�(H2O)36 has a single band from �3650 to 3710
cm�1, whereas two distinct features are observed in this
spectral range for La3�(H2O)17–20 at 133 K. The free OH
feature at �3650–3710 cm�1 in the ensemble IRPD
spectrum is resolved into two features (centered at 3684
and 3694 cm�1), consistent with the previously reported
bands due to double hydrogen-bond acceptor/single
donor and single acceptor/single donor water mole-
cules observed in hydrated clusters of trivalent lan-
thanide metal cations with between 17 and 20 water
molecules [47]. Evidently, sampling only La3�(H2O)36
to represent structures with �36 water molecules could
obscure the fact that both types of water molecules are
present in other clusters in this size range.

Conclusions

Several different methods are commonly used to obtain
experimental intensities for IRPD spectra, including the
photodissociation yield, the depletion/appearance of
a precursor/fragment ion, and the first-order laser-
induced photodissociation rate constant. For experi-
ments in which multiphoton dissociation is not a major
process and for which no induction period occurs in
dissociation kinetics, klaser(��) is preferred because it is
the most directly comparable of these values to a linear
absorption cross-section and is independent of the
irradiation time. An additional advantage is that non-
interconverting conformers with unique IRPD spectra

can be resolved based on their different dissociation
rate constants. We have introduced a new method for
obtaining klaser(��) for ensembles of sufficiently large
clusters that reproduces results for klaser(��) in the case
that the ensemble consists of a single precursor cluster
size. This method offers additional advantages over
other commonly used methods to study the IRPD
spectra of large hydrated clusters in that the S/N can be
improved without significantly increasing acquisition
time, and ensemble IRPD spectra represent typical
structures for cluster ions of a well-defined cluster size
range and distribution. In a series of forthcoming pa-
pers, we will use ensemble IRPD spectroscopy to exam-
ine structural trends of much larger hydrated clusters
for a variety of ions and cluster sizes.
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