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Gas-phase measurements of the kinetics for the sequential ligation of Ru+ with ammonia at room temperature
show an anomalous rise in the rate of addition of the fourth ammonia ligand unlike in the ammonia-ligation
kinetics of Mg+, Fe+, and Ag+. The measurements were conducted with an inductively-coupled plasma/
selected-ion flow tube (ICP/SIFT) tandem mass spectrometer. B3LYP/ DZVP calculations of ligation free
energies for the ammonia ligation of ground-state Ru+(4F) and of Ru+(2D) indicate a reversal in the relative
ligation free energy that favors the ligation of Ru+(2D) in the addition of the fourth ammonia ligand. Since
the rate of ligation is dependent on the free energy of ligation, these results are consistent with the occurrence
of a spin surface-crossing in the sequential ligation of Ru+(4F) with ammonia.

Introduction

Spin surface-crossing effects are known to be important in
determining the outcome of chemical reactions.1,2 This has been
emphasized recently by Schro¨der, Shaik, and Schwarz in a
review of two-state spin reactivity in organometallic chemical-
reaction pathways involving more than one spin surface.1 Case
studies involving transition metals are discussed by these authors
that illustrate the operation of spin surface-crossing effects in
determining reaction mechanisms, rate coefficients, branching
ratios, and temperature dependencies for organometallic reac-
tions in the gas phase. Also, in measurements of metal-ion
ligation energies, Armentrout and co-workers3 have interpreted
observed variations in sequential energies of ligation in terms
of changes in the spin of the ligated ions. Here we report a
combined experimental and theoretical study that provides
evidence for the participation of more than a single spin surface
in the sequential ligation of Ru+ with ammonia in the gas phase
at room temperature. We attribute an observed change in the
sequential rate of ligation to the occurrence of a spin-surface
crossing and suggest that spin-surface crossing effects may
operate more generally on the kinetics of ligation of other atomic
metal ions.

Experimental Method

The kinetics for the ligation of Ru+ with ammonia was
investigated with an inductively-coupled plasma/selected-ion
flow tube (ICP/SIFT) mass spectrometer. Ru+ ions were
generated in an ICP source from a nebulized ruthenium-salt
solution. This solution had a concentration of 5 ppm Ru
(stabilized in 2% HCl). Ions derived from the plasma were
introduced into the SIFT through an atmosphere/vacuum
interface, selected with a quadrupole mass filter, and injected
into flowing helium gas. The ammonia was added into the flow
tube further downstream up to the maximum amount measur-
able. Both reactant and product ions were sampled at the end
of the reaction region and analyzed with a second quadrupole
mass filter. The ICP ion source and interface have been
described previously,4,5 as has the basic SIFT instrument.6,7

Helium was used as the SIFT buffer gas at 0.35( 0.01 Torr.
The flow tube temperature was 296( 2 K. The selected Ru+

ions that entered the flow tube were allowed to thermalize by
collisions with He (ca. 4× 105 collisions) prior to entering the
reaction region further downstream at the point of addition of
the ammonia reagent gas. The neutral reactant, ammonia, was
anhydrous grade, with a minimum purity of 99.99%, supplied
by Matheson Gas Products.

At a nominal plasma temperature of 5000 K the Ru+ ions
emerge primarily in the electronic states4F:4P:6D:2G:2P:2D:2H
at electronic energies of 0, 1.023, 1.134, 1.346, 1.606, 1.807,
and 1.817 eV, respectively, in a proportion of 1:0.097:0.096:
0.029:0.029:0.009:0.010, respectively. The energies of the
electronic states and the electronic-state population distribution
were computed using spectroscopic data tabulated in ref 8 and
assuming that the ions are thermalized at the nominal plasma
temperature. In the experiments reported here there was no
obvious indication of the presence of more than 1 electronic
state of Ru+ in the reaction region: in the reaction with ammonia
the observed decay of Ru+ was linear over 1 order of magnitude.
The calculated electronic state populations indicate that at least
79% of the Ru+ ions are in their ground4F state and a total of
87% are in quartet states. The remaining 13% would introduce
noticeable curvature into the measured decay over 1 order of
magnitude if they reacted with rate coefficients different by more
than about a factor of 2. The ions emerging from the plasma
may experience both radiative electronic-state relaxation and
collisional electronic-state relaxation prior to entering the
reaction region. The latter may happen with argon as the
extracted plasma cools upon sampling and then by collisions
with He atoms in the flow tube prior to the reaction region, but
the extent of this is not known. There is the (remote) possibility
that the reactivity of Ru+ with ammonia is essentially the same
for all the populated electronic states. The collisions with He
ensure that the Ru+ ions reach a translational temperature equal
to the tube temperature of 296( 2 K prior to entering the
reaction region.

The rate coefficient for the primary addition reaction was
determined from the measured semilogarithmic decay of the
reactant ion as a function of the flow of the added reagent gas.6,7* Corresponding author. E-mail: dkbohme@yorku.ca.
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Higher-order rate coefficients were deduced from a fit to the
observed ammonia cluster-ion profiles with solutions to the
differential equations appropriate to sequential ligation kinetics.

Computational Methods

All molecular orbital calculations were performed using
Gaussian 98.9 Structure optimizations were carried out using
the density functional theory (DFT) with Becke’s three-
parameter hybrid functional10,11 with LYP correlation func-
tional12,13 (B3LYP). The double-ú split-valence polarization
basis set DZVP14,15was used for structure optimizations on all
ions. All critical points were characterized by harmonic
frequency calculations. Calculated structural and thermodynamic
properties of Ru(NH3)n

+ ions are presented in Tables 1-3.

Results and Discussion

Experimental Results.Observations of the sequential ligation
of Ru+ with ammonia according to reaction 1 are shown in
Figure 1. Up to five molecules of ammonia were seen to add to
Ru+ under SIFT conditions. The addition is presumed to occur
by collisional rather than radiative association with He acting
as the stabilizing third body. Effective bimolecular rate coef-
ficients,kn, were determined from the initial Ru+ ion semiloga-
rithmic decay and by curve fitting the Ru(NH3)n

+ ion profiles
in Figure 1 with solutions to the differential equations appropri-
ate to sequential ligation kinetics:k1 ) 7.7 × 10-12, k2 ) 3.6
× 10-10, k3 ) 5.3 × 10-11, k4 ) 3.6 × 10-10, andk5 ) 2.0 ×
10-12 cm3 molecule-1 s-1. The kinetic model that was used to

fit the data and extract rate coefficients assumes irreversible
consecutive addition reactions. Our experience has been that
this assumption is justified under our operating conditions at
room temperature for addition reactions with standard free-
energy changes more negative than-9 kcal mol-1. The results
of our calculations indicate that this condition is met for all but
the fifth addition for which the free energy of ligation is positive.
Also, we checked for the occurrence of equilibrium with
product-to-reactant ion-signal ratio plots but these were not
suggestive of equilibrium. The rapid fourth addition is rate-
limited by the formation of the third adduct. The last addition

TABLE 1: Geometries and Dipole Moments of Ru(NH3)n
+ at B3LYP/DZVPa

ion spinS geometry point group Ru-N dists, Å N-Ru-N angle, deg dipole moment, D

Ru(NH3)+ 1/2 linear Cs 2.169b 2.6a

3/2 linear C3V 2.234 2.2
5/2 linear C3V 2.377 4.3

Ru(NH3)2
+ 1/2 bent C2V 2.158 96.3 3.4

3/2 bent C2V 2.247 172.1 0.3
5/2 dissociates

Ru(NH3)3
+ 1/2 T-shaped Cs 2.168, 2.225(2) 91.9, 92.8 2.0

3/2 pyramidal C3V 2.334-2.342 117.7-117.8 1.0
3/2 T-shaped Cs 2.469, 2.286(2) 95.1, 96.0 1.9

Ru(NH3)4
+ 1/2 square planar C4h 2.232 90.0 0.0

3/2 tetrahedral Td 2.394 109.5 0.0
Ru(NH3)5

+ 1/2 square pyramidal C1 2.243(4), 2.692 92.1-92.5 1.5
3/2 solvated tetrahedral Cs 2.358-2.405 108.1-109.2 0.9

a The lowest energy species are shown in boldface.b S2 before annihilation 1.4192, after 0.7509.

TABLE 2: Total Energies, Gibbs Free Energies (298 K), Unscaled Zero-Point Energies, and Entropies of Ru(NH3)n
+ at

B3LYP/DZVPa

ion spinS tot. energy (hartrees) G298K(hartrees) ZPE (hartrees) entropy (cal K-1 mol-1)

NH3 0 -56.564 04 -56.548 56 0.034 56 48.2
Ru+ 1/2 -4442.865 30 -4442.882 49 0 41.2

3/2 -4442.926 29 -4442.944 14 0 42.5
5/2 -4442.843 19 -4442.861 42 0 43.3

Ru(NH3)+ 1/2 -4499.539 63a -4499.527 16a 0.038 75b 64.4a

3/2 -4499.566 30 -4499.554 88 0.038 46 66.2
5/2 -4499.480 88 -4499.470 89 0.037 62 67.8

Ru(NH3)2
+ 1/2 -4556.171 80 -4556.125 90 0.078 13 83.1

3/2 -4556.196 77 -4556.151 09 0.077 44 82.6
5/2 dissociates

Ru(NH3)3
+ 1/2 -4612.795 85 -4612.714 41 0.117 25 96.5

C3V 3/2 -4612.797 73 -4612.720 48 0.115 25 102.9
Cs 3/2 -4612.786 09 -4612.709 55 0.115 34 104.6
Ru(NH3)4

+ 1/2 -4669.410 60 -4669.293 03 0.156 22 108.2
3/2 -4669.392 39 -4669.279 62 0.153 52 115.0

Ru(NH3)5
+ 1/2 -4725.984 03 -4725.840 32 0.191 75 137.6

3/2 -4725.972 53 -4725.832 66 0.189 83 143.4

a The lowest energy species are shown in boldface.b S2 before annihilation 1.4192, after 0.7509.

TABLE 3: Enthalpies, Entropies, and Gibbs Free Energies
of Formation of Ru(NH3)n

+, Ru+(4F), + nNH3 f Ru(NH3)n
+,

at the B3LYP/DZVP Levela

n spinS
∆Hf,298K

(kcal mol-1)
∆Sf,298K

(cal mol-1 K-1)
∆Gf,298K

(kcal mol-1)

1 1/2 -29.5b -26.3b -21.5b

1 3/2 -46.4 -24.5 -38.9
1 5/2 +6.8 -22.9 +13.7
2 1/2 -69.8 -55.7 -53.0
2 3/2 -85.8 -56.2 -68.8
3 1/2 -105.2 -90.5 -78.1
3 (C3v) 3/2 -107.2 -84.2 -82.1
3 (Cs) 3/2 -99.8 -82.4 -75.0
4 1/2 -135.0 -127.0 -96.9
4 3/2 -124.5 -120.1 -88.5
5 1/2 -139.8 -145.7 -96.1
5 3/2 -133.2 -140.0 -91.3

a The lowest energy species are shown in boldface.b S2 before
annihilation 1.4192, after 0.7509.
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may indeed approach equilibrium but the Ru(NH3)5
+/Ru(NH3)4

+

ion-signal ratio plot did not indicate this: the ion-signal ratio
should become linearly dependent on flow, but it becomes nearly
constant instead, perhaps due to further solvation with another
ammonia molecule. Ru(NH3)6

+ was not observed but this may
be due to weak bonding of the 6th ammonia molecule and its
removal either thermally or upon sampling.

The computational procedure used to fit the experimental data
is based on finding the hypersurface that minimizes the sum of
squared deviations between the model and experimental points.
It requires the rate coefficient used for fitting to be constrained
usually within(10%. Too loose a constraint, in practice beyond
(20-30%, leads to divergence causing an infinite loop or yields
physically meaningless values due to round-off errors in the
exponent function. We estimate a total uncertainty in the rate
coefficients to be(30% of their reported (most probable) values.
The total estimated uncertainty is a combination of experimental
error and the uncertainties associated with the fitting procedure.

The variation in the rate coefficient with the number of added
ligands is shown in Figure 2 together with those measured
previously in our laboratory for the ligation reactions of Mg+,
Ag+, and Fe+ with NH3 under similar operating conditions.16,17

Clearly the sequential ligation kinetics for Ru+ are unique in
that they display a minimum in the rate coefficient for sequential
ligation (for the addition of the third ligand).

Theoretical Results. (a) Structural Details. Figure 3
displays structural details computed for the ligated Ru(NH3)n

+

ions for n ) 1-5. The Ru-N bond lengths in the low-spin
(doublet) complexes are always shorter than those in high-spin
(quartet) complexes with the same number of ammonia ligands.
This is attributed to the availability of one valence shell d orbital
in the low-spin complexes, whereas in the high-spin complexes
bonding involves the 5s and 5p orbitals.

Calculations showed that only one complex of Ru+ with
orbital occupancy 4d65s1 (a 6D state) forms a complex, the
monoadduct, that is stable toward dissociation.

High-Spin Complexes.The gross features of structures of
complexes of Ru+(4F) with NH3 can be easily understood in
terms of a simple spn hybridization scheme. The bond distances
increase with the number of ligands from 2.234 Å in Ru(NH3)+

to 2.394 Å in Ru(NH3)4
+, consistent with a picture of increasing

amounts of p character.
Ru(NH3)2

+ has a bond angle of 172.1°, close to the linear
angle expected for an ideal sp-hybridized metal ion. The unusual
feature of this ion is that the two NH3 molecules adopt an
eclipsed conformation. Optimization of the linear structure in
which the two NH3 molecules are staggered resulted in a
structure at a first-order saddle point, 2.8 kcal mol-1 above the
eclipsed conformation.

Two structures, both at minima, were located on the high-
spin Ru(NH3)3

+ potential energy surface. The structure with the
lowest energy is pyramidal, but the out-of-plane angle is small.
This complex is best described as having a sp2-hybridized Ru
atom. The other isomer with the same multiplicity is 7.4 kcal
mol-1 higher in energy and has a T-shape. This can be described
by dsp hybridization of the ruthenium, a scheme that requires
one of the d electrons to be promoted to a 5p orbital.

Ru(NH3)4
+ is tetrahedral and has a Ru atom that is sp3

hybridized. Attempts to optimize a complex of Ru+(4F) with
five NH3 molecules in direct coordination with the metal ion
all resulted in rearrangement to the tetrahedrally substituted ion
with the additional NH3 molecule attached to a ligating NH3

through a hydrogen bond. Comparison of the bond distances in
the solvated ion with those in the nonsolvated ion shows that
solvation results in a slight shortening (by 0.037 Å) of the Ru-N
bond for the solvated ligand and even smaller lengthenings of
the other Ru-N distances.

Low-Spin Complexes.Orbitals available for bonding in
doublet Ru+ are one 4d, the 5s, and three 5p orbitals. All the
hybridization schemes proposed here include using the d orbital.

Ru(NH3)2
+ has a bond angle of 96.3° and is best described

as containing an sd-hybridized metal ion. Ru(NH3)3
+ is T-shaped

with bond angles close to 90° and is essentially dsp hybridized.

Figure 1. Ion profiles obtained with the ICP/SIFT apparatus for the
chemistry initiated by Ru+ with ammonia in helium buffer gas at 0.35
Torr and 296( 2 K.

Ru(NH3)n-1
+ + NH3 f Ru(NH3)n

+ (1)

Figure 2. Measured variation in the apparent bimolecular rate
coefficient for ammonia ligation of Ag+, Fe+, Mg+, and Ru+ in helium
buffer gas (at 0.35 Torr and 296( 2 K) with the number,n, of the
ammonia ligand added in the reaction M(NH3)n-1

+ + NH3 f
M(NH3)n

+. The error bars represent the combined estimated error due
to the experimental and the fitting procedures.
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The Ru-N bond distances in the low-spin complexes Ru(NH3)n
+,

wheren ) 1-3, are in the range 2.158-2.169 Å, the shortest
distances in any of these complexes.

Ru(NH3)4
+ is square planar (dsp2 hybridization), and the

Ru(NH3)5
+ complex is square pyramidal (dsp3 hybridization).

The bonds in the plane of the five coordinate structure (2.243
Å) are slightly longer than in the square planar four coordinate
complex (2.232 Å). The axial bond in the five coordinate
structure (2.679 Å) is much longer than any other Ru-N bond
encountered in any of the other complexes studied here. We
attribute this to the high amount of p character required to
describe the bonding along this direction.

(b) Energetics. In its outer shell, Ru+ has an orbital
occupancy of 4d7 and the ground electronic state is a high-spin
quartet (4F). At B3LYP/DZVP the low-spin doublet (2D) state
is calculated to be 38.3 kcal mol-1 higher in energy. Reaction
of the ion in the4F state with NH3 molecule is exothermic by
46.4 kcal mol-1 (∆H ) -46.4 kcal mol-1). Subsequent
sequential additions of NH3 molecules to Ru(NH3)+ are
exothermic by 39.4, 21.4, 17.3, and 8.7 kcal mol-1, respectively.
In this respect Ru+(4F) behaves similarly to Ag+ (orbital
occupancy 4d10, electronic state1S): additions of the first two
NH3 molecules to Ag+ are exothermic by around 38 kcal mol-1,
the next two are around 13 kcal mol-1, and subsequent additions
involving direct coordination have very low exothermicities and
with free energies for the formation reaction close to zero (see
Table 3 in ref 17).

The exothermicities of the reactions of doublet Ru+ with NH3

molecules do not follow the same trend. The first addition has
a large exothermicity (67.8 kcal mol-1), and the next three
sequential additions all have higher exothermicities than addition
reactions for the corresponding ions in the quartet state. Addition
of the second NH3 is exothermic by 40.3 kcal mol-1, and the
third and fourth additions are of comparable energies (35.4 and
29.8 kcal mol-1). Addition of a fifth NH3 molecule is very
weakly exothermic (by 4.8 kcal mol-1).

The higher exothermicities of the addition reactions of the
low-spin Ru(NH3)n

+ complexes results in the doublets becoming
lower in energy than high-spin complexes whenn > 3. Forn
) 3, two high-spin complexes of Ru(NH3)3

+ were located 7.4
kcal mol-1 apart on the potential energy surface. The ion with
the lower energy, essentially a trigonal planar structure, is at
the global minimum, 2 kcal mol-1 lower than the low spin
T-shaped ion.

Discussion

We have now measured the kinetics for sequential ammonia
ligation under SIFT conditions for the atomic ions Mg+(2S),16

Ag+(1S),17 and Fe+(6D)16 in addition to Ru+(4F). The compari-
son shown in Figure 2 clearly indicates that the oscillating
behavior of the rate of Ru+ ligation with the number of ligands
is unique and requires an explanation.

The ligation of Ru+ with ammonia under our SIFT experi-
mental conditions is expected to proceed by termolecular
association (with He acting as the third body) so that its rate
will be determined by the lifetime of the intermediate complex.
This is so sincegas-phaseligation at moderate pressures and
room-temperature proceeds in two steps: the formation of a
transient intermediate (MLn+1

+)* (where M+ is the metal ion
and L is a ligand), reaction 2, and collisional stabilization,
reaction 3. The lifetime of the transient intermediate against
dissociation back to reactants is dependent both on the degrees
of freedom effective in intramolecular energy redisposition in
the transient intermediate (MLn+1

+)* and on its attractive well
depth, D(MLn

+ - L), viz., the ligation energy of MLn+.
Application of unimolecular decomposition theory for the back-
dissociation of the transient intermediate together with a steady-
state analysis of this two-step mechanism indicates that the
effective bimolecular rate coefficient for ligationk ∝ Ds-1,
where s is the number of degrees of freedom effective in
intramolecular energy redisposition.17 So the initial rise in rate
observed for the second step in ammonia ligation, a common
feature in Figure 2 for all four atomic ions investigated, can be
attributed to the increase in degrees of freedom associated with
the addition of the first ligand. We previously have attributed
the subsequent drop in the rate of ligation for Mg+, Ag+, and
Fe+ to a decrease in the ligation free energy.15,16 The decrease
in ligation energy was substantiated theoretically for ammonia
ligation of Mg+ and Ag+.16 The calculations reported here also
indicate a drop in the ligation free energy with increasing
ammonia ligation for both the Ru+(4F) and Ru+(2D) electronic
states:-38.9, -29.9, -13.3, -6.4, and-2.8 kcal mol-1 for
the ligation of Ru+(4F); -21.5,-31.5,-25.1,-18.8, and+0.8
kcal mol-1 for the ligation of Ru+(2D).

These patterns in ligation free energy are shown in Figure 4,
and it is clear that there is an intersection in the spin quartet

Figure 3. Geometries computed for Ru(NH3)n
+ ions with n up to 5.

Bond lengths are given in Å, and angles, in deg.

MLn
+ + L f (MLn+1

+)* (2)

(MLn+1
+)* + He f MLn+1

+ + He* (3)

Kinetics of Sequential Ligation of Ru+ with NH3 J. Phys. Chem. A, Vol. 105, No. 41, 20019413



and spin doublet free energies of ligation so that a crossing from
the quartet to the doublet spin surfaces becomes possible. The
ligation free energy for the addition of the fourth ligand to the
doublet,-18.8 kcal mol-1, is substantially larger than that to
the quartet,-6.4 kcal mol-1. Furthermore, and more signifi-
cantly, it is substantially larger than the ligation free energy for
the addition of the third ligand to the quartet,-13.3 kcal mol-1.
So the rise in the rate of ligation for the addition of the fourth
ammonia molecule, expected with a rise in ligation free energy,
is consistent with the occurrence of a crossing from the quartet
to the doublet energy surface. The actual extent of the proposed
spin change is not known; it may not be complete, but we
suggest that the increase in the rate constant by nearly 1 order
of magnitude points to it being nearly so.
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