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Unimolecular dissociation reactions of gas-phase partially solvated transition metal complex ions, diamminebis-
(2,2′-bipyridine)ruthenium(II), [Ru(NH3)2(bipy)2]2+, tetraammine(2,2′-bipyridine)ruthenium(II), [Ru(NH3)4-
bipy]2+, and pentaammine(2-methylpyrazine)ruthenium(II), [Ru(NH3)5MePyz]3+, have been investigated with
electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR/MS) under
low pressure (<10-8 mbar) conditions. Under these conditions, dissociation of solvent from the complex
ions is driven primarily by absorption of blackbody photons from the FTICR analyzer cell walls, that is, via
blackbody infrared radiative dissociation (BIRD), with little collisional contribution at pressures below 10-8

mbar. The replacement of ammine hydrogens with deuterium increases measured BIRD rate constants.
Optimized geometries, vibrational frequencies, and IR absorption band intensities have been calculated for
the complexes by semiempirical and ab initio methods. These calculated parameters have been employed in
master equation modeling of the desolvation reactions to extract dissociation energetics. Solvation energies
obtained by master equation modeling were found to be in the range 19( 1 kcal/mol for the dissociation of
acetone from various mixed ligand Ru(II) complex ions studied in this work. This is about 4 kcal/mol higher
than for the comparable complexes containing only bipyridyl ligands and no ammine ligands.

Introduction

Useful insights into the similarities and differences between
solution and gas-phase chemistry can come from the study of
partially solvated gas phase ions, providing a bridge between
the properties of the completely unsolvated gas phase ions and
the same fully solvated species in solution. Contemporary
experimental approaches can characterize the processes involved
in this progressive solvation of gas-phase ions, and in particular
can measure the energies of stepwise attachment of individual
solvent molecules. Especially interesting for such stepwise
solvation studies are coordination complexes containing ruthe-
nium and bipyridyl ligands, whose properties and excited-state
chemistry and photochemistry have been subjects of widespread
investigation. In particular, polypyridine complexes of divalent
ruthenium ions have been of major interest for applications such
as analytical chemiluminescence1 and solar energy conversion.2

A variety of chemical and physical techniques have been applied

to study these compounds,3,4 among which the relatively new
approach of blackbody infrared radiative dissociation (BIRD)5-7

is the particular focus of the work described here.
The use of BIRD to characterize gas-phase unimolecular

dissociation reactions of trapped ions, both kinetically and
energetically, has been quite successful in recent years.8-36

Results in a previous paper37 (hereafter referred to as Paper I)
showed that analysis assuming a BIRD mechanism allowed
determination of the zero-pressure activation energies of gas-
phase desolvation reactions for a variety of solvent molecules
attached to transition metal complex ions. Using careful
modeling of kinetics and determination of vibrational properties,
binding energies indicative of the true solvate dissociation
energy can be obtained. Consequently, BIRD analyses to
determine solvation energetics can be a powerful tool to explore
the role of solvent on structure and reactivity. For example, work
by Williams et al.29 has shown that small DNA molecules retain
Watson-Crick base pairing in the gas-phase, a property critical
for solution-phase DNA structure. Additionally, the same group
has examined a variety of metal ion/arginine complexes and
commented on the factors that lead to a gas-phase zwitterionic
structure.30

Dissociation processes can be observed at low pressures by
Fourier transform ion cyclotron resonance mass spectrometry
(FTICR/MS). When the observed kinetics are found to be
incompatible with the Lindemann-Christiansen model for dis-
sociation, which is based on collisional energy-exchange
processes, this is taken as evidence for the BIRD mechanism.
One of the main advantages of the BIRD technique is that ions
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can be modeled with well-characterized internal energy distribu-
tions, which can be described by Boltzmann (or modified
Boltzmann) statistics.18 This makes BIRD an effective tool for
determining dissociation thermochemistry of gas-phase com-
plexes, including the determination of binding energies of
solvent molecules to partially solvated molecules.

In the present study, unimolecular dissociation reactions of
gas-phase partially solvated mixed ligand ruthenium(II) complex
ions have been studied to probe effects of variation in complex
ion ligation upon solvation around the metal complex ion. This
approach offers insight into the fundamental aspects of the
impact of solvation on ion structure, reactivity, and energetics.
In Paper I, solvation thermochemistry was investigated for Ru(II)
complexes whose inner shell of ligands consisted entirely of
bipyridyl (bipy) ligands. The present report extends this work
to complexes whose inner complexation shell contains NH3

ligands as well as bipy ligands. In addition to experimental
results, various theoretical methods have been used to explore
the energetics of first solvation shell interactions.

Experimental Section

All experiments were performed with a Bruker BioAPEX 4.7
T FTICR mass spectrometer (Bruker Analytical Systems,
Billerica, MA) coupled to a modified external Analytica
(Branford, CT) electrospray ionization source (ESI) described
in detail in Paper I.37 Sample introduction into the ESI source
was performed using a 250-µL syringe at a flow rate of 60µL/
hr. An N2/solvent gaseous mixture was introduced into the ESI
source housing to generate the partially solvated metal complex
ions used in the subsequent kinetic study by BIRD. This
resolvation technique38 is advantageous in that cluster formation
is independent of the ESI process and clusters form by
association of solvent molecules with ionic species after they
have been transferred from solution to gas phase. Critical factors
influencing the resolvation process are the capillary temperature,
the flow rate of the solvent-carrier gas into the ESI source
housing, and the diameter of the exit orifice of the heated
capillary.

The source region pressure was maintained by an Edwards
800 L/s cryo pump with subsequent pumping supplied by two
Edwards 400 L/s cryo pumps. This particular pump arrangement
provides sufficient differential pumping to obtain low base
pressures (10-9 mbar) in the FTICR analyzer cell even when
coupled to an atmospheric pressure ionization technique. The
capillary temperature was maintained at 100-110 °C. Ions
exiting the ESI source were collected in a hexapole ion trap/
guide for a period of 1 s before being transferred to the FTICR
mass analyzer cell. Ions were mass selected in the FTICR cell
with a standard correlated frequency sweep39 corresponding to
the mass range of interest. Ion peak heights were monitored at
various reaction delay times to determine dissociation rate
constants.

Pressure dependence studies were performed by introducing
argon directly into the FTICR cell via Varian leak valves
(Lexington, MA, Model 951-5106) located near the analyzer
cell region. Our earlier work described in Paper I37 showed that
BIRD rates for ruthenium complex ion/solvent bond dissociation
were essentially pressure independent within the pressure range
10-8-10-9 mbar. Temperature dependence studies were per-
formed by heating the vacuum chamber around the ICR analyzer
cell and measuring the temperature of two copper-constantan
thermocouples placed in the electrically insulated structures that
support the two opposing trapping electrodes, with the average
of the two taken as the temperature in the cell. Calibration was

accomplished with a third thermocouple placed directly in the
center of the cell (only during calibration experiments). The
average temperature from the two thermocouples at either end
of the cell was always found to be within(3 K of the third
thermocouple reading over a temperature range of 294-365 K.

Deuterium exchange with hydrogen was accomplished using
deuterated methanol as a solvent for [Ru(NH3)5MePyz]3+. Since
deuterated alcohols are known to undergo solution-phase H/D
exchange reactions with the ammine group hydrogens, the ion
peaks in the mass spectrum corresponding to a five unit increase
in mass-to-charge ratio were assigned as [Ru(ND3)5MePyz]3+-
(solvent)n and isolated for subsequent BIRD kinetic studies.

Computational Section

Theoretical Calculations.Geometries of partially solvated
Ru(II) complex ions were calculated using ZINDO40,41 semi-
empirical methods. Vibrational frequencies and IR absorption
intensities were calculated using the same computational
method, and employed for subsequent master equation analysis.
As described in Paper I,37 the ZINDO frequencies were scaled
according to an empirical scaling equation. The vibrational
frequencies from ZINDO are in reasonable agreement with ab
initio and experimental values.

Calculations of various properties of [Ru(NH3)6]2+(acetone)1,
[Ru(NH3)4(bipy)]2+(acetone)1, [Ru(NH3)4(bipy)]2+(acetonitrile)1,
Ru(NH3)2(bipy)22+, and Ru(bipy)32+ were also performed using
the Gaussian 9842 computational package. The geometry of each
species was first optimized using ZINDO and then used as the
input for density functional theory (DFT) calculations at the
B3LYP/LANL2DZ level of theory. These DFT calculations
provided the final optimized structures, as well as the vibrational
frequencies and absolute absorption intensities. The LANL2DZ
basis set uses an effective core potential developed by Hay and
Wadt43-45 (Los Alamos National Laboratories) plus the DZ basis
set to describe the elements Na to Bi. The Dunning/Huzinaga
full double-ú (D95)46 basis set was used for the first row
elements.

Kinetic Modeling. The dissociation kinetics for desolvation
of the partially solvated ruthenium clusters were modeled using
the same master equation approaches that were described in
detail in Paper I,15,20,37,47and only a brief summary will be given
here. Two master equation modeling programs, similar in
concept but differing in some computational details, were
used: one at Marshall University and one at Case Western
Reserve University. Briefly, the master equation model numeri-
cally simulates the experiment as the solution to a set of coupled
differential equations explicitly accounting for the detailed rates
of all state-to-state transitions and dissociation processes. The
microcanonical dissociation rates were determined either from
RRKM theory or Phase Space Theory using the reactant and
transition state frequency sets described above. As noted above,
an empirical scaling formula was applied to the transition
frequencies calculated at the ZINDO semiempirical level; DFT
frequencies were scaled by 0.94.

Within the master equation model variation of three parameter
types can be made to fit the experimental Arrhenius constants:
the threshold dissociation energy (E0), the oscillator transition
dipole moments (µ), and the transition frequency set associated
with the activation entropy (∆S†).The master equation modeled
threshold dissociation energies were obtained in the Marshall
University treatment by systematically varying and optimizing
all three of these parameters by comparison of the resulting
activation parameters with the experimental values. Typically,
only a narrow range ofEo values were consistent with fitting
within the allowed tolerances.
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In the Case Western Reserve University treatment, the
calculated transition dipole moments were used without adjust-
ment, and only two parameters,Eo and∆S‡, were considered
as adjustable in the RRKM-based fits. A substantial range of
values of these parameters gave believable fits to the experi-
mental results. As in Paper I,37 this range of possibilities was
narrowed by assuming a reasonably loose transition state (∆S‡
of 10 cal K-1 mol-1) in the RRKM dissociation modeling. In
addition, a set of fits was generated using phase-space theory
(PST) dissociation modeling, representing the extreme limit of
a loose transition state. PST modeling has generally been
considered to reflect an unreasonably loose transition state for
most systems, and the fitting results given here from this
approach are included to suggest the degree of uncertainty in
the modeling procedure resulting from the lack of knowledge
about the appropriate transition state for this aspect of the kinetic
modeling. Paper I37 gives an extended discussion of the

assumptions and limitations of models used for the transition
state in these solvent dissociation processes.

The RRKM-based results from CWRU and from Marshall
(both using kinetic modeling with a moderately loose transition
state) are in generally acceptable agreement, and represent our
best estimate of the kinetic parameters appropriate to the
observed BIRD dissociations. Note that the similarity of the
dissociation processes and the modeling choices between Paper
I and the present work means that any major errors arising from
inappropriate kinetic modeling are likely to be the same in both
sets of results. Thus, comparisons between them should have a
high degree of confidence, even if the absolute solvation
energies are not accurate.

Results and Discussion

The results described in Paper I37 have shown that reasonable
gas-phase desolvation energies for various solvents (acetonitrile,
acetone, and methylethyl ketone) attached to tris(2,2′-bi-
pyridine)ruthenium(II), [Ru(bipy)3]2+, could be obtained using
BIRD methodology. The intent of the research reported here
was to study the effect of different inner-sphere ligands, namely
ammine and methylpyrazine groups, on the unimolecular dis-
sociation reactions of partially solvated ruthenium complex ions.

The first complex ion studied was [Ru(NH3)2(bipy)2]2+

solvated with different numbers of acetone molecules. The
ZINDO optimized structure of the Ru(NH3)2(bipy)22+ isomer
used in subsequent calculations is shown in Figure 1a.

Upon extended trapping in the ICR cell, solvated Ru(NH3)2-
(bipy)22+ undergoes dissociation by losing solvent molecules
in a stepwise fashion. Figure 2 shows the mass spectrum of
isolated Ru(NH3)2(bipy)22+(acetone)1 at two different reaction
delay times. It is apparent from the mass spectra that dissociation
occurs with increasing ion-trapping time, which is considered
to be induced predominantly by absorption of blackbody
radiation.

Figure 1. Cartoon structures of (a) [Ru(NH3)2(bipy)2]2+, (b) [Ru(NH3)4-
(bipy)]2+, and (c) [Ru(NH3)5(MePyz)]3+. The nitrogens of the ammine,
methylpyrazine, and bipyridine ligands are coordinatively bound to the
central ruthenium ion to form an octahedral-like complex.

Figure 2. FTICR mass spectra of Ru(NH3)2(bipy)22+(acetone)m (m )
0, 1) at 0-s (top) and 2-s (bottom) trapping time in the ICR cell.
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The rate constant for the dissociation of Ru(NH3)2(bipy)22+-
(acetone)1 is (0.16( 0.01) s-1 at 302 K, a value around 1/3
that of the dissociation rate observed for Ru(bipy)3

2+(acetone)1.37

This lower dissociation rate probably reflects stronger binding
of the acetone solvent molecule to the complex in the present
case, as is indicated more definitively by the kinetic modeling
described below.

The next complex ion studied in the series of mixed ligand
ruthenium species was Ru(NH3)4(bipy)2+ (Figure 1b) solvated
by one or two acetone molecules. With the substitution of
ammine groups in place of the bipyridine rings, we observed
qualitatively a more efficient solvation of the molecular ion with
acetone, as the “bare” molecular ion peak quickly disappears
from the mass spectrum after introduction of the solvent-carrier
gas into the ESI source housing. Moreover, a further indication
of stronger solvation than for the complexes of Paper I37 was
the observation that the loss of acetone solvent molecules from
the ruthenium complex ion is slower than with the solvated
clusters previously studied, as indicated by the lower dissociation
rate constant values measured for these desolvation reactions.

In the case of Ru(NH3)4(bipy)2+(acetone)1, the dissociation
of the solvent molecule does not go to completion at the lowest
temperatures used in this work. Results at 294 K illustrate this
behavior, as displayed in Figure 3. After introduction of the
Ru(NH3)4(bipy)2+(acetone)1 ion, dissociation occurs at a mea-
surable rate in the 0 to 20 s time range, but at longer reaction
delay times the ratio of dissociated to undissociated peak heights
becomes constant, and complete dissociation to form the
desolvated parent ion is not seen even at the longest delay times.
Only for temperatures at or above 320 K was full dissociation
of Ru(NH3)4(bipy)2+(acetone)1 observed at long delay times.
The complexity of these dissociation kinetics and the limited
temperature range over which dissociation could be observed
to proceed to completion precluded determination of meaningful
zero-pressure activation energies for the dissociation of
Ru(NH3)4(bipy)2+(acetone)1 using the current experimental
setup.

It is postulated that the partial dissociation of Ru(NH3)4-
(bipy)2+(acetone)1 reflects the initial presence of two solvated
isomers, one with the acetone bound to the bipy ligand, and
the other with it bound to one or more of the ammine ligands.
Calculations at the ZINDO level of theory were performed on
the two isomers of the solvated complex ions to provide an

estimate of the solvent/complex dissociation energies. The
acetone/bipyridine bond energy value (32.3 kcal/mol) was 34.6
kcal/mol lower than the acetone/ammine bond energy value
(66.9 kcal/mol). While absolute solvation energies by this
semiempirical method would not be expected to be reliable, the
difference in energies should, for qualitative purposes, be a
reasonable estimate of which bonding interaction is stronger.

Although the incomplete dissociation of Ru(NH3)4(bipy)2+-
(acetone)1 could not be analyzed to obtain thermochemical
results, it was possible to determine acetone desolvation
information for this complex through observations of it solvated
with two acetone molecules. Figure 4 illustrates the loss of one
acetone from Ru(NH3)4(bipy)2+(acetone)2 versus ion trapping
time at several temperatures within the range 300 to 365 K.

Finally, the dissociation kinetics and energetics of partially
solvated Ru(NH3)5MePyz3+ ions (Figure 1c) were also studied.
Stepwise rate constants for the desolvation reaction of Ru(NH3)5-
MePyz3+(acetone)6 have been measured for the following
reactions:

To measure the rate constants with minimal contributions
from side reactions with reactive species in the ICR cell, ejection
of interfering ions was performed, giving isolation of the ion
of interest in the FTICR cell. In the present case, the ion
Ru(NH3)5MePyz3+(acetone)6 was isolated, and its subsequent
sequential dissociations according to reactions 1-3 were
followed.

After isolation, mass spectra were taken over an extended
range of delay times to yield ion abundance data as illustrated
in Figure 5. Rate constants were determined by fitting the ion
peak heights as a function of trapping time using a kinetics
program, Kinetica98 Beta,48 written by one of us. Figure 5 shows

Figure 3. Appearance/disappearance curves for the loss of solvent molecule from Ru(NH3)4(bipy)2+(acetone)1 at 294 K.

[Ru(NH3)5MePyz]3+(acetone)6 f

[Ru(NH3)5MePyz]3+(acetone)5 + acetone (1)

[Ru(NH3)5MePyz]3+(acetone)5 f

[Ru(NH3)5MePyz]3+(acetone)4 + acetone (2)

[Ru(NH3)5MePyz]3+(acetone)4 f

[Ru(NH3)5MePyz]3+(acetone)3 + acetone (3)
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appearance/disappearance curves associated with the dissociation
of Ru(NH3)5MePyz3+(acetone)6, along with the fits from the
Kinetica98 Beta analysis. The results presented in Figure 5
demonstrate the excellent fits obtained by assuming a stepwise
dissociation mechanism and thus confirm such a mechanism
for the dissociation reactions studied here.

H/D Isotope Effects.In a further effort to confirm BIRD as
the mechanism responsible for the desolvation reactions of
Ru(NH3)5MePyz3+(acetone)6, deuterium exchange studies were
performed. Tonner et al.17 showed that the BIRD mechanism
leads to an expectation of a significant isotope effect on the
dissociation rate when deuterium is substituted for hydrogen in
the dissociating complex. Their study showed an enhancement
of the BIRD rates for several types of weakly bound cluster
ions. Similarly, deuterium substitution would be expected to
perturb the BIRD rates in the systems studied here, and
Ru(NH3)5MePyz3+(acetone)m ions were chosen as specific cases
to test this expectation. Indeed, enhanced dissociation was
observed for the corresponding deuterated counterparts of
several Ru(NH3)5MePyz3+(acetone)m ions, namely the Ru(ND3)5-

MePyz3+(acetone)m ions. Figure 6 shows the kinetic plots for
loss of a solvent molecule from Ru(NH3)5MePyz3+(acetone)8
and Ru(ND3)5MePyz3+(acetone)8 at 294 K. With the substitution
of the ammine group hydrogens by deuterium, the increase in
the slope of ln[Ru(ND3)5MePyz3+(acetone)8] versus time is
indicative of an enhanced dissociation rate.

Table 1 gives the dissociation rate enhancement percentage
observed upon deuterium substitution for Ru(NH3)5MePyz3+-
(acetone)8 as well as three other ions in this series. As expected,
the rate constants are different for the deuterated as opposed to
the undeuterated species, giving further evidence of the BIRD
mechanism. Other than the consistently larger dissociation rates
for deuterated versus hydrogenated species, there is no apparent
pattern in the dissociation enhancements observed.

Kinetic Analysis and Master Equation Modeling. It is well-
known that activation energies derived from simple Arrhenius-
type plots in BIRD experiments like these are typically lower
than the true dissociation energies by large amounts. Further
analysis of the results is essential if meaningful information
about the solvation thermochemistry is to be extracted from the
data. This can be done conveniently and accurately by master-
equation (ME) modeling.

To perform accurate ME modeling, reasonable values of the
vibrational frequencies and IR band intensities of the parent
ion must be assigned. Since many of these values are not
experimentally known, density functional and semiempirical
calculations have been performed. Calculation of vibrational
frequencies using a DFT method is possible for small complexes
and may be possible for complexes solvated with one or two
acetone molecules. Table 2 shows selected vibrational frequen-
cies for Ru(NH3)6

2+ from ZINDO and DFT calculations as well
as experimentally available values.49,50

The results suggest that infrared frequencies and intensities
calculated using the DFT method are accurate enough for ME
simulations; however, for solvated complexes involving more
than two acetone molecules, DFT was not feasible and ZINDO
computational methods were used. The semiempirical method
yields vibrational frequencies of the C-H and N-H stretching
modes that are systematically quite high. However, it is possible
to correct these frequency values with an adjustment factor

Figure 4. Semilog plots of [Ru(NH3)4(bipy)2+(acetone)2] versus ion trapping time at several temperatures.k(302 K) ) 0.20( 0.01 s-1, k(314 K)
) 0.34 ( 0.04 s-1, k(320 K) ) 0.40 ( 0.02 s-1, k(362 K) ) 1.58 ( 0.10 s-1.

Figure 5. Appearance/disappearance curves for the dissociation of
Ru(NH3)5MePyz3+(acetone)m. The solid lines through the points are
calculated fits obtained by a kinetics computational program (k6-5 )
0.46s-1, k5-4 ) 0.24s-1, k4-3 ) 0.15s-1).
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(given in Paper I37). The average deviation of the adjusted
ZINDO frequencies from experiment has been found generally
to be less than 100 cm-1. Moreover, the high-frequency
vibrational modes that are subject to this adjustment make at
most a small contribution to the overall emission and absorption
rates of IR radiation in these systems. Previous results comparing
master equation dissociation energies calculated with DFT vs
ZINDO vibrational frequencies have shown that the two
computational approaches are almost identical in outcome.37

Therefore, we have confidence that master equation modeling
using these frequencies and intensities is no less reliable than
that using directly calculated DFT values.

A different check on the quality of the DFT and ZINDO
calculations can be made by comparing calculated Ru-N bond
distances with those obtained by X-ray crystallography (as found
in the Cambridge Structural Database)51 for similar compounds.
The average difference between calculated and experimental
bond distances was less than 0.05 Å for 14 different Ru-N

bond distances so compared, giving further confidence in the
theoretically calculated parameters for these Ru complexes.

Ru(NH3)2(bipy)2
2+(acetone)1. The dissociation rates of

Ru(NH3)2(bipy)22+(acetone)1 at several different temperatures
(Figure 7) can provide the necessary thermodynamic information
to describe the acetone interaction with the Ru(NH3)2(bipy)22+

complex ion.
The dissociation rate constant values from Figure 7 were

employed in Arrhenius-type analysis, shown in Figure 8, to
extract a zero-pressure activation energy for the dissociation of
Ru(NH3)2(bipy)22+(acetone)1. The activation energy obtained
from the Arrhenius plot is 7.3( 0.5 kcal/mol.

The bond energies determined from the master equation
modeling are given in Table 3. As a comparison, a dissociation
energy of 15.5 kcal/mol37 was found for the loss of acetone
from [Ru(bipy)3]2+(acetone)1, suggesting that the interaction
between the solvent molecule and the ruthenium complex ion
is strengthened (by about 4 kcal/mol) when bipyridine rings
are replaced with ammine groups.

Ru(NH3)4(bipy)2+(acetone)2. As is seen in Figure 4, linear
fits of experimental data points (ln([Ru(NH3)4(bipy)2+(acetone)2])
vs ion trapping time) are quite good (R2 > 0.98). The rates
obtained from the slopes of these plots were used to generate
an Arrhenius plot (Figure 9). For the dissociation of Ru(NH3)4-
(bipy)2+(acetone)2 to form Ru(NH3)4(bipy)2+(acetone)1, the zero-
pressure activation energy was calculated to be 7.4( 0.4 kcal/
mol. The master-equation modeled dissociation energy was near
(or slightly above) 19 kcal/mol. These results are similar to those
obtained for the dissociation of Ru(NH3)2(bipy)22+(acetone)1

Figure 6. Semilog plots of [Ru(NH3)5MePyz3+(acetone)8](b) and its deuterated counterpart (9) versus ion trapping time. The dissociation rate in
this case has been enhanced by 17% upon deuterium substitution.

TABLE 1: Dissociation Rate Constants for Ru(NH3)5MePyz3+(acetone)m and Their Deuterated Counterparts

dissociation pathway
kuni (s-1)Ru(NL3)5MePyz3+(acetone)m f

Ru(NL3)5MePyz3+(acetone)m-1 L ) H L )D
% dissociation

rate enhancement

(1) m)6 0.46( 0.05* 0.57( 0.06* 19( 2%
(2) m)7 0.74( 0.02 1.10( 0.16 33( 5%
(3) m)8 0.92( 0.06 1.11( 0.03 17( 1%
(4) m)12 2.30( 0.24 3.58( 0.39 36( 5%

*No statistical error estimates could be obtained due to the nature of the data analysis. A 10% error has been conservatively assigned.

TABLE 2: Comparison of Selected Experimental
Vibrational Modes for Ru(NH 3)6

2+ to Those Obtained by ab
initio and Semiempirical Methods

vibrational
mode

experimental
(cm-1)a

B3LYP/LANL2DZb

(Gaussian 98, cm-1)
ZINDOc

(HyperChem, cm-1)

υs (NH3) 3210 3212 3260
δs (H-N-H) 1220 1275 1212
F (NH3) 763 703 680
υ (Ru-N) 409 329 620
δ (N-Ru-N) 248 197 275

a Taken from Schmidt and Muller.49, 50 b Scaled by 0.94.c Scaled
using equation given in Paper I.
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which suggests a similar conformation for the second acetone
around the ruthenium complex ion.

Ru(NH3)5MePyz3+(acetone)6. Desolvation energetics of
Ru(NH3)5MePyz3+(acetone)6 were investigated by studying the
dissociation of this solvated complex ion at different temper-
atures. Figure 10 displays ln[Ru(NH3)5MePyz3+(acetone)6]
versus time data for the loss of solvent molecule from Ru(NH3)5-
MePyz3+(acetone)6 at several temperatures. From Arrhenius
analysis, a zero-pressure activation energy value of 7.7( 1.5
kcal/mol was obtained. The master-equation modeled dissocia-
tion energy (Table 3) is near 19 kcal/mol. These results are again
similar to the acetone/complex activation energy determined for
the other ammine-containing ruthenium complex ions.

Since increasing numbers of solvent molecules around a core
ion tend to decrease the strength of binding of an additional
molecule of solvent, it is interesting to observe that the solvent
dissociation energy obtained for this ion is comparable to that
of other ruthenium complex ions with lower extents of solvation
(previously studied cases in Paper I,37 as well as the other ions
in the present study). Two compensating effects can be
considered to bring this about. On one hand, the more extensive
solvation shell of Ru(NH3)5MePyz3+(acetone)6, in comparison
with other cases having only one or two solvent molecules, is
likely to lead to lower desolvation energy. On the other hand,
this ionic core with a+3 charge is expected to give stronger
electrostatic binding of solvent molecules than the+2 charge
on the other ions in this comparison, leading to a tendency
toward higher desolvation energy for this ion.

The mass spectra obtained with Ru(NH3)5MePyz3+ were
dominated by highly acetone-solvated ions, especially Ru(NH3)5-
MePyz3+(acetone)6. This made it impossible to carry out
meaningful kinetic studies of this complex ion with low degrees
of solvation. Even under CID conditions, which should tend to
strip off solvent molecules by imparting higher internal energy

Figure 7. Semilog plots of [Ru(NH3)2(bipy)22+(acetone)1] versus ion trapping time at several temperatures.k(314 K) ) 0.27( 0.02 s-1, k(328 K)
) 0.40 ( 0.02 s-1, k(364 K) ) 1.20 ( 0.05 s-1.

Figure 8. Arrhenius plot [ln(k) versus 1/T] for the dissociation of
Ru(NH3)2(bipy)22+(acetone)1.

TABLE 3: Zero-pressure Activation Energies and Eo Values
Obtained from Master Equation (ME) Modeling for the
Dissociation of Various Mixed Ligand Solvated Ru(II)
Complex Ions

solvated complex ion
Ea

(kcal/mol)
Eo

a

(kcal/mol)
Eo

b

(kcal/mol)

Ru(NH3)2(bipy)22+(acetone)1 7.3( 0.5 19.4( 1 (20.5) 18.9( 1.0
Ru(NH3)4(bipy)2+(acetone)2 7.4( 0.4 19.4( 1 (20.8) 18.8( 1.1
Ru(NH3)5(MePyz)3+(acetone)6 7.7( 1.5 18.8( 1 19.2( 0.8

a CWRU ME modeling, numbers in parentheses representEo values
obtained with PST-characterized transition states.b Marshall University
ME modeling.

Figure 9. Arrhenius plot [ln(k) versus 1/T] for the loss of one acetone
molecule from Ru(NH3)4(bipy)2+(acetone)2.
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to the precursor species, no ion was observable with anm/z
value lower than that of Ru(NH3)5MePyz3+(acetone)3. This
supports the supposition that the Ru(NH3)5MePyz3+ core ion
binds the first one or two acetone solvent molecules very tightly.

Solvation Energy Effects.Solvent binding energies previ-
ously calculated37 for acetone and acetonitrile bound to the
bipyridine ring of Ru(NH3)4(bipy)2+ at the B3LYP/LANL2DZ
level of theory were 15.2 and 17.0 kcal/mol for the acetonitrile
and acetone interaction, respectively. These results are consistent
with E0 values obtained from experiment via ME modeling. DFT
detachment energies for acetone bound to Ru(NH3)4(bipy)2+-
(acetone)2 and Ru(NH3)2(bipy)22+(acetone)1 were calculated in
the present work to be 26.9 and 24.5 kcal/mol, respectively. In
this case, the agreement between theory and values obtained
combining experimental results with master equation modeling
(Table 3) is not as good, but it should be noted that the low
quality of the basis set (LANL2DZ) used for DFT calculation
of binding energies adds additional uncertainty to these energy
values. Accordingly, the experimental results (with ME model-
ing) are considered to give a better estimate than the low-level
calculations for the typical energy of acetone attachment in the
outer sphere of these Ru(II) complexes, which we assign as 19
( 1 kcal/mol.

These results are slightly higher than the previously reported
E0 value (15.5 kcal/ mol) for the solvent-complex dissociation
pathway of tris(2,2′-bipyridine)ruthenium(II) solvated with
acetone. They are also higher than the average value of 17.5
kcal/mol for tris(2,2′-bipyridine)ruthenium(II) solvated with
between one and four molecules of methyl ethyl ketone. These
differences are consistent with the idea that upon introduction
of ammine groups in place of bipyridine ligands, several
interactions of the acetone molecule with the complex may
become more favorable: (a) a stronger interaction can occur
due to hydrogen bonding to the ammine ligand; (b) a geometrical
effect can occur due to the smaller radius of the ammine ligand
(which allows closer approach of the solvent molecule to the
charged metal, effectively increasing the ion-dipole and ion-
induced-dipole electrostatic interactions); and (c) with more
ammine groups coordinatively bound to the ruthenium ion in
place of a bulky ligand such as bipyridine, the carbonyl oxygen

from the acetone has a greater probability to be hydrogen-
bonded to the ammine groups rather than to be weakly attracted
to the bipyridine ring. Thus, the stronger binding of acetone
assigned to the present cases, compared with the complex having
only bipyridyl ligands, is in line with expectations.

As discussed more fully in Paper I,37 solvation energies in
the range 15-20 kcal/mol are quite reasonable for these Ru(II)
complexes. Peschke et al.,52 in high-pressure gas-phase equi-
librium measurements, determined∆H values for solvation that
decreased from 26 to 11 kcal/mol for the 6th through 14th water
molecules surrounding dipositive alkaline earth ions. For these
solvated ions, six water molecules form the first solvation shell,
with the subsequent solvent molecules added to a second (or
higher) shell. Values for the 7th and 8th water molecules for the
various alkaline earth ions were found to be in the range 15-
18 kcal/mol. Rodriguez-Cruz et al.28 used the BIRD technique
to study similar systems, and obtainedE0 values that decreased
from 26 to 15 kcal/mol for the 5th through 7th solvating water
molecule. TheE0 values for the 7th water molecule ranged from
15 to 17 kcal/mol depending on the alkaline earth ion. The bipy
and ammine ligands in the Ru(II) complexes studied in this work
act as a first solvation shell around the central ion. Thus, the
1st through 6th solvents added would be similar to the 7th and
subsequent water molecules added to the alkaline earth ions in
the Peschke et al.52 and Rodriguez-Cruz et al28 studies.

Conclusions

For the solvated Ru(II) complex ions studied here, metastable
dissociation can be ruled out as the desolvation mechanism,
considering that the time scale of the desolvation reactions is
on the order of milliseconds to several hundred seconds.
Furthermore, the low pressures used in this study appear to rule
out collisional activation to form “hot” ions, but rather suggest
a thermally induced dissociation reaction mechanism. Hydrogen/
deuterium isotope effect experiments, in which ammine group
hydrogens were replaced with deuterium prior to gas-phase
formation of the partially solvated complex ions, have shown
that dissociation rates can be enhanced by changes in the
vibrational frequencies and infrared intensities induced by

Figure 10. Semilog plots of [Ru(NH3)5MePyz3+(acetone)6] versus ion trapping time at several temperatures.k(296 K) ) 0.43( 0.02 s-1, k(308
K) ) 0.77 ( 0.02 s-1, k(314 K) ) 0.96 ( 0.03 s-1, k(320 K) ) 1.26 ( 0.06 s-1.
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“heavy” atom substitution. These results further support the
postulated BIRD mechanism.

Detailed analysis of the temperature dependence of the
solvent/complex dissociation rates indicates that the activation
energy obtained from the Arrhenius equation is substantially
lower than the true dissociation energy,E0. The values ofE0

obtained by master equation modeling are in the range 19( 1
kcal/mol. This result is almost 4 kcal/mol higher than that
previously reported for [Ru(bipy)3]2+(acetone)1 and is also about
2 kcal/mol higher than for several [Ru(bipy)3]2+(methyl ethyl
ketone)n, n ) 1-4, complexes. This presumably reflects a
stronger interaction of the solvent with the Ru(II) complex ion
due to hydrogen bonding, combined with increased electrostatic
interactions resulting from geometrical changes, when the
complex contains some NH3 ligands. The Ru(III) complex
Ru(NH3)5MePyz3+(acetone)6 gave a desolvation energy very
similar to the value found for the Ru(II) complexes, a result
that was attributed to the compensating effects of higher electric
charge of the ionic core versus a more extensive and crowded
shell of solvent around the core.
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