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Abstract. Mono-ligation kinetics were measured
for ammonia reacting with atomic cations in the
first two groups of the periodic table (K*, Rb*, Cs*
and Ca*, Sr*, Ba™). Also, mono-ligation energies
were computed using density functional theory
(DFT) in an attempt to assess the role of non-
covalent electrostatic interactions in these chem-
ical reactions. The measurements were per-
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formed at room temperature in helium bath gas
at 0.35 Torr using an inductively coupled plasma/

selected-ion flow tube (ICP/SIFT) tandem mass spectrometer. Rate coefficients are reported for ammonia
addition, the only reaction channel that was observed with all these cations. A systematic decrease in the rate
of addition of NH3 was observed for both group 1 and 2 cations going down the periodic table. The computational
studies predict a decrease in the adduct binding energy and an increase in the bond separation going down
groups 1 and 2 of the periodic table and provide some insight into the role of the extra selectron in the group 2
radical cations in ligand bonding. A correlation is seen between the efficiency of ligation and the binding energy of
the adduct ion and attributed to the lifetime of the intermediate encounter complex against back dissociation
which is dependent on its well depth. Higher-order additions of ammonia were also observed. Remarkable
differences in the extent and kinetics were seen between the group 1 and 2 cations, and these were attributed to
the occurrence of ammonia solvation of the extra s electron in the higher-order adducts of the alkaline earth
cations.
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Introduction

ur recent measurements of magnitudes and trends in the
ligation kinetics of atomic cations [1-5] have
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demonstrated that these can provide a valuable probe of the
nature of the bonding between atomic cations and small ligand
molecules across and down the periodic table. Both relativistic
effects [1-3] and ligand-field stabilization [4] were shown to
contribute to the bonding of ligands to atomic transition metal
cations. For example, earlier studies of ammonia ligation with
group 10 [1] and 11 [2] atomic transition metal cations showed
a strong rate enhancement with the third-row cations Pt" and
Au" that could be attributed to relativistic effects in ammonia
bonding. Also, we observed trends more recently in the rate
coefficients for the ligation of group 12 atomic transition metal
cations with other small molecular ligands; a strong rate
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enhancement was observed going down the period for the
ligation of Hg" that also could be attributed to relativistic
effects that enhance the stability of these ligated cations [3].
Our recent measurements of the kinetics of ammonia ligation to
first- and second-row atomic transition metal cations were able
to assess the role of ligand-field stabilization energy, LFSE [4].
Early atomic transition metal cations were seen in a separate
study to induce N-H bond insertions once, and even twice, in
bond redisposition reactions leading to imide ions by H, elim-
ination and to do so more extensively going down the periodic
table [5]. Our measurements of ammonia reactions with 14
atomic lanthanide cations for which La*(5d%), Ce'(4f'5d?),
Gd'(4f"5d"6s"), and Tb"(4f°6s") exhibited bond redisposition
to form the protonated lanthanide nitride LnNH" [6]. Appar-
ently, the electrostatic attraction between the atomic lanthanide
cation and ammonia is sufficiently strong only in these latter
reactions to provide enough energy to achieve a 5d'6s' con-
figuration by electron promotion that permits exothermic N—H
bond insertion with H, elimination.

Here, we focus on non-covalent interactions. We explore the
influence of the strength of electrostatic bonding on the kinetics
of exclusive ligation reactions down the periodic table. Of
course, the group 1 and 2 cations provide the obvious atomic
cations of choice for such a study. Group 1 cations have a rare-
gas atom configuration, and the group 2 radical cations provide
an additional s' electron shielding a doubly charged core avail-
able for electrostatic bonding. Our inductively coupled plasma
(ICP) source in our ICP/selected-ion flow tube (SIFT) apparatus
allows access to most of these cations in both of these groups.
Also, we have previously measured the rate of ligation of Mg"
with ammonia using more conventional electron-impact ioniza-
tion of magnesocene to produce Mg" [7].

It seems that ammonia is uniquely suited as a reagent ligand:
its substantial dipole moment (1.470 D) [8] and polarizability
(2.16 A%) [8] favor electrostatic bonding; its ionization energy,
IE(NH3)=10.07 eV [9], avoids electron transfer, and it is
chemically quite robust in that the N-H bond is relatively
strong. Our previous measurements with small non-polar mol-
ecules (that do not undergo bimolecular reactions), methane
[10], and carbon dioxide [11] showed that both group 1 and 2
cations exhibited rates of ligation too small to measure with our
instrumentation.

In the gas phase (in a helium bath, for example), the gas-
phase formation of ligated atomic cations ML (where L is the
ligand) occurs via two steps: formation of an encounter com-
plex and its subsequent collisional stabilization by the bath gas.

K
MY+ L = (M*-L)

-1

(M*=L)" + He > M*—L + He

The third-order rate coefficient for the overall ligation
k(3) = kyky/k—, can be derived when applying the steady-state
assumption to the encounter complex (M —NH;)*. For the
unimolecular dissociation of the encounter complex back to
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reactants, k_; is a frequency or the inverse of the lifetime, 7, .
Classical statistical theories predict that the lifetime for
unimolecular decomposition 7 is related to the binding energy
(well depth) D of the encounter complex according to T=r1,
((D+T1RT)ART) " [12]. Here, 1, is the collision lifetime (the
inverse of the vibrational frequency along the reaction coordi-
nate), 7 is the number of energy squared terms contributing to the
internal energy of the molecule, and s is the number of coupled
harmonic oscillators in the encounter complex. So, the rate
coefficient for ligation & is related to the binding energy. When
comparisons are made down a group of atomic metal cations
attaching to the same ligand, primarily the binding energy, and
not the degrees of freedom or the number of energy square
terms, will be decisive and trend setting. Both k; and k(k.)
decrease with increasing mass of the cation, and only slightly,
15% going from K" to Cs" or Ca” to Ba" (k= P x k. where k, is
the collision rate coefficient, and P is the probability of stabili-
zation which we assume to be constant for each group).

In the study reported here, we have probed the ligation of the
group 1 (Rg) cations K, Rb", and Cs" and the group 2 (Rg s")
cations Ca”™, Sr*, and Ba" with rate coefficient measurements
using ammonia as the ligand. Computations with density func-
tional theory (DFT) using relativistic effective core potentials
(ECPs) were performed to predict the binding energies with this
ligand, and these are correlated with our measured ligation
efficiencies. The rare-gas configurations of the group 1 cations
lead to non-covalent, purely electrostatic interactions whereas
the extra s electron in the group 2 radical cations presents an
intriguing perturbation to the pure electrostatic interaction.

Experimental

The experimental results reported here were obtained with the
ICP/SIFT tandem mass spectrometer that has been described in
detail previously [13—15]. The atomic ions were generated
within an atmospheric pressure argon plasma at 5500 K fed
with a vaporized solution containing the metal salt. Solutions
containing the metal salt of interest with concentration of ca.
5 ng L™ were peristaltically pumped via a nebulizer into the
plasma. The nebulizer flow was adjusted to maximize the ion
signal detected downstream of the flow tube. The sample
solutions were prepared using atomic spectroscopy standard
solutions commercially available from SPEX, Teknolab, J.T.
Baker Chemical Co., Fisher Scientific Company, Perkin-
Elmer, and Alfa Products. Aliquots of standard solutions were
diluted with highly purified water produced in the Millipore
Milli-Q Plus ultra-pure water system. The final concentrations
were varied between 5 and 20 ppm to achieve suitable intensity
of'the resultant ion beam. A stabilizing agent was usually added
to each solution in order to prevent precipitation: KOH for
base-stabilized salts and HNO; or HCI for acid-stabilized salts.

Atomic ions emerge from the ICP at a nominal plasma ion
temperature of 5500 K with the corresponding Boltzmann
distributions. After extraction from the ICP, the plasma ions
may experience electronic-state relaxations via both radiative
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decay and collisional energy transfer. The latter may occur by
collisions with argon, as the extracted plasma cools upon
sampling, and with helium in the flow tube (ca. 4 x 10° colli-
sions with helium) prior to the reaction region. However, the
exact extent of electronic relaxation is uncertain. Clues to the
presence of excited electronic states of the atomic ions in the
reaction region can be found in the product ions observed and
in the shape of the semi-logarithmic decay of the reacting
atomic ion upon addition of neutral reactants. Curvature will
appear in the measured atomic-ion decay when the ground state
and excited state react at different rates even when they give the
same product ions. An excited-state effect cannot be seen when
the products and reaction rates are the same for both the ground
and excited states, but in this case, the measured atomic-ion
decay defines the ground-state kinetics. There were no indica-
tions of excited state effects in the measurements reported here.
The many collisions experienced by the atomic cations with the
quite polarizable argon atoms as they emerge from the ICP and
the ca. 4 x 10° collisions with helium atoms in the flow tube
(the helium buffer gas pressure was 0.35+ 0.01 Torr) appear to
be sufficient to thermalize the excited states and to ensure that
the atomic ions reach a translational temperature equal to the
tube temperature of 295+ 2 K prior to entering the reaction
region.

Reactions of K, Rb™, Cs", Ca”, Sr*, and Ba" were investi-
gated with NH; at a helium buffer gas pressure of 0.35+
0.01 Torr and temperature of 295 +2 K. Reaction rate coeffi-
cients were determined in the usual manner using pseudo first-
order kinetics [15].

Highly pure NH;3 gas was obtained commercially (semi-
conductor grade 99.999%, Matheson/Linde Canada) and intro-
duced into the reaction region of the SIFT as a dilute (15%)
mixture in helium.

Theory

Adducts of metal cations with ammonia were examined with
DEFT using relativistic ECPs. We used the Gaussian 03 suite of
programs [16] with the B3LYP DFT method [17, 18] and the
SDD basis set [19] on the metals centers and the D95 basis set
on hydrogen and nitrogen [20]. Stationary points for the am-
monia complexes were studied starting from fully flexible C1
symmetry initial geometries. Upon geometry optimization, the
ammonia clusters fell into Cs, symmetry structures.

Results and Discussion
Experimental Results

The quality of our experimental measurements can be assessed
from our experimental results in Figures 1 and 2 for ammonia
ligation of K", Rb", Cs", Ca", Sr', and Ba" at room temperature
in helium buffer gas at 0.35+0.01 Torr. Ammonia addition
was the only reaction channel that was observed in each case.
Reactions with Li*, Na", Be", and Mg" were not investigated

V. Blagojevic et al.: Ligating Alkali/Earth Cations with Ammonia

104 a+
® ()
Sr*
10°
= Ca* ™
[72]
<=
=
£ Cs*
20 02 A
n ‘*Qﬂ-LD‘D
+
Ll K+
101 -
10° T T T . :
00 1.5 30 45 60 75
NH; Flow /(10" molecules s!)
Figure 1. lon decays monitored for the ligation of the bare

alkali and alkali earth metal cations with ammonia in He buffer
gas at 0.35+0.01 Torr. Symbols represent experimental data
and lines represent kinetic fits to that data

since the ICP source uses an argon plasma which is not an
efficient source of light atomic ions [13, 14].

The change in the slopes of the six measured atomic cation
decays shown in Figure 1 is an indication of the change in the
rate coefficients for the primary ammonia addition. Clearly, the
rate coefficient decreases systematically going down the peri-
odic table for both the alkali and alkali earth atomic cations.
The numerical values for the rate coefficients are summarized
in Table 1. As shown in Figure 2, further higher-order additions
of ammonia were observed for all six cations (see Table 1); up
to as many as six ammonia molecules were observed to add to
Ca’, in the ammonia flow range and at the helium pressure
investigated.

The ammonia ligation efficiencies in Table 1 are expressed
as k/k. where k. is the collision rate coefficient calculated using
available theory [21] with up(NH3)=1.470 D [8] and
a(NH;)=2.16 A* [8].

Computational Results

Table 2 provides a summary of the computations performed for
the ammonia ligation of group 1 and group 2 cations in the
periodic table. The geometries of all adducts were computed to
have Cs, symmetry. The metal-nitrogen equilibrium bond dis-
tances are seen to increase down the periodic table by about 14%
for both group 1 and group 2 adduct ions with group 2 distances
being shorter than the group 1 distances by about 13%.
Binding enthalpies are generally quite low, AHjog

<90.4 kJ mol" for group 1 adducts and < 166.4 kJ mol " for
group 2 adducts; they are stronger for the ammonia adducts of
group 2 cations by as much as a factor of 2. For both groups,
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Figure 2.

they decrease down the periodic table. The binding energy
decrease less for group 1 than group 2 adducts: by almost
30% compared to 21% (AEq and AH,g, respectively) and by
39% compared to 15% (AGaeg).

Of the ammonia adduct ions in Table 2, only K'(NH;)
appears to have received attention both experimentally and
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theoretically. Our computed values of 90.4 and 62.1 kJ mol ™’
for the bond dissociation enthalpy and Gibbs free energy of
K'(NH;) at 298 K, respectively, were compare with the values
of 74.5 and 49.4 kJ mol ' obtained in the first measurement in
1976 [22] from the temperature dependence of the equilibrium
observed with a mass spectrometer equipped with a special

Table 1. Effective Bimolecular Rate Coefficients (In Units of cm® Molecule ' s ') and Ligation Efficiencies for the Addition of One Ammonia Molecule to Alkali
and Alkaline Earth Atomic Cations Measured at Room Temperature Using the ICP/SIFT Technique. Observed Higher-Order Adducts Formed by Sequential Ligation
are Also Indicated. The Helium Buffer Gas Pressure was 0.35+0.01 Torr. Uncertainties in the Rate Coefficients are Estimated to +30%. Included an Earlier
Measurement in our Laboratory of the Ligation of mg" Using the SIFT Technique [7]

Reaction Rate coefficient, & Collision rate coefficient &, Ligation efficiency, k/k. Observed products
Mg' + NH; 41x10"? 25%107° 1.6x10° Mg'(NH;),_s

K’ + NH; 1.2x10712 23x107° 52%x107* K*(NH;3),_3

Ca’ + NH; 24x10712 23%x107° 1.0x107° Ca’(NH3),_6

Rb" + NH; 55%x107"3 2.1x107° 26%x107* Rb"(NH3);_3

Sr* + NH; 49x107"1 2.1%x107° 23x107* Sr'(NH;)_s

Cs* + NH; 1.0x1071 20%x107° 5.0%x107° Cs"(NH3),

Ba' + NH; 20x107" 20x107° 1.0x107* Ba"(NH3),_s
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Table 2. Summary of the Results of the DFT Calculations for the Formation of Adducts of Group 1 and Group 2 Cations with Ammonia, M "NH3 (C3,). The Bond
Length Refers to the Calculated Equilibrium M"~N Bond Length. Also Included are the Computed Bond Energies with Zero-Point Correction, AE,, as Well as Room
Temperature Bond Enthalpies and Gibbs Free Energies, AH,o5 and AG,og. All Energies are in kJ Mol ™'

Adduct Bond length (pm) - AEO - AHzgg - Angg
K*(NH;) 278.9 86.1 90.4 62.1
Rb'(NH3) 297.1 73.9 77.8 53.0
Cs'(NHs) 318.5 61.3 65.0 384
Ca*(NH3) 241.0 161.4 166.5 136.0
Sr'(NHs) 260.2 133.0 137.7 110.7
Ba'(NH;) 2758 1272 131.7 1053
Ca®"(NH;) 235.5 281.5 287.1 254.0
Sr**(NH3) 254.0 231.9 2372 204.6
Ba’'(NH;) 2722 205.1 210.1 1783

high pressure ion source and a potassium ion thermionic emit-
ter. Other measurements and calculations range from 70 to 81
+9 kJ mol " at 0 K [23] including a CID measurement that
found a value of 79+ 7 kJ mol " .

The bond between the atomic cation and ammonia in both
group 1 and 2 adducts is entirely or almost entirely electrostatic
with no covalent character, and this is reflected in the low
binding energies.

Electron localization and atomic charge data from the DFT
calculations indicated that there is a minimal covalent binding
between ammonia and the alkali and alkaline earth metal cations
(see Supplementary Material). Electron delocalization from the
metal cation to nitrogen is increased very slightly going from
alkali (0-0.02e delocalization) to alkaline earth (0.04-0.08e
delocalization) metal cations. This indicates that electrostatic
binding is still the dominant mode of binding in the adduct. On
the other hand, the covalent N—H bonds in ammonia show a high
degree of electron delocalization, with 0.6—0.7¢ delocalized from
hydrogen and 0.9-1.0e delocalized from nitrogen. Mulliken
atomic charge data show a similar trend: the atomic charge of
the metal cation is reduced from 0.95¢ in alkaline cations to
0.87¢ in alkaline earth cations. The charge on the nitrogen atom
remains constant at —0.94e to — 0.97e for all adducts.

A comparison of the reactivities of group 1 with group 2
cations provides an unique opportunity to evaluate the effect of
a lone valence electron outside a noble gas electronic configu-
ration with fully occupied orbitals on electron—electron repul-
sion with the free electron pair on ammonia.

Mono-adducts of singly charged group 1 and doubly
charged group 2 cations offer a basis for this comparison when
we view the nucleus and the electron shell as a tightly bound
core that interacts with the ammonia ligand by electrostatic
attraction. The bond length is indicative of how tightly the
electron shell is bound to the nucleus. As expected, the adducts
of doubly charged group 2 cations have 15% shorter bond
lengths compared to singly charged group 1 cation adducts as
increased charge binds the electron shell more tightly (see
Table 2). The increased charge state yields shorter bonds and
a three-fold increase in binding enthalpy (AH,g) for the doubly
charged group 2 cation adducts.

Mono-adducts of singly charged group 2 cations present a
curious compromise. The bond lengths for these complexes are

very similar to those of doubly charged group 2 cations (which
are less than 3% shorter; see Table 2), while the binding energies
of the doubly charged adducts are increased by about a factor of
1.5. So, it appears that, while singly charged group 2 cations are
able to achieve tighter binding than group 1 cations due to a
higher core charge, substantial electron—electron repulsion be-
tween the valence electron and the ligand reduces the purely
electrostatic binding energy of the adduct. Possibly, the metal
center is polarized in mono-ligated group 2 adduct M (NHs)
with its polarized s electron pointed opposite to the M—L bond,
resulting in an electrostatic interaction similar to {¢ }M>"...NH;.

Given the general interest by the chemical community
in correlations of bond length/bond strength, we present
in Figure 3 such a correlation for the group 1 and 2
metal cation/ammonia adducts that were calculated. Al-
though there clearly is a trend of decreasing bond energy
with increasing bond length within each group, we note
that, in a very recent appraisal and critique of bond-
length/bond-strength correlations, Kaupp et al. [24] have
emphasized that such correlations, although often useful
for obtaining equilibrium bond lengths, are strictly em-
pirical and have no fundamental basis: “there is no law
that requires that a deeper well with a higher D, value
should coincide with minima at shorter equilibrium
distances.”
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Correlation of Measured Rate Coefficients
with Computed Binding Energies

The trend down the periodic table in the measured rate coeffi-
cient (see Table 1) is presented in Figure 4 in a correlation of
the ligation efficiency, k/k., with the bond energy, AH,g, of the
ammonia adduct (see Table 2).

Since the effective bimolecular rate coefficient of ligation
k(2) = k(3)nye., the steady-state model for ligation (see Intro-
duction) predicts an efficiency of ligation, &(2)/k., given by Eq.

(0,
k(2)/ke = ket = k1o (D + rRT) /1RT)* "nyye (1)

and when D>>rRT, the efficiency becomes directly de-
pendent on D¥'. For s=2 coupled harmonic oscillators,
this dependence becomes linear as shown in Figure 4 in
which AH,og is taken as a measure of D, although a fit
with s=3 also accounts for the trend within experimental
uncertainty. So, the correlation between the efficiency of
ligation and the binding energy of the adduct ion can be
said to be a consequence of the lifetime of the intermediate
encounter complex against back dissociation, which is de-
pendent on its well depth, D.

Higher-Order Ammonia Ligation and Electron
Solvation

Table 1 includes a listing of the higher-order adducts that were
observed to be formed by sequential ligation in the range of
ammonia that was added to the flow tube. Remarkably, the
alkaline earth cations were all seen to form larger solvation
clusters with ammonia, M"(NH3),, with n up to 5 or 6, than
those for alkali cations, with n up to 2 or 3. Why should that be
s0? One possibility is the occurrence of electron solvation in
the higher adducts with ammonia of the solvated alkaline earth
cations Mg(NH3),, Ca'(NH3),, Sr'(NH3),, and Ba'(NHj3),
with their s electron but not in K'(NHs),, Rb'(NHs),, and
Cs"(NH3), in which the metal cations have a rare-gas
configuration.
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Electron solvation has been characterized for hydrated al-
kaline earth cations, especially hydrated Mg cations for which
the formation of a magnesium dication and a hydrated electron
{e }Mg*"~(H,0),, has been proposed by several authors [25—
31]. We propose here that ammonia is also likely to support a
solvated electron, viz. solvate the s electron present in the
alkaline earth cations.

Can the onset of the contribution of the binding of the s
electron to ammonia be discerned from the kinetics of higher-
order ammonia ligation? Apparently so, from an inspection of
the ligation rate profiles in Figure 2 which provides, for exam-
ple, a comparison of the ligation of Cs* with that of Ba". Mono-
solvation with ammonia is slow for both the cations but
k(Ba")/k(Cs")=2 in accordance with the ratio of computed
binding enthalpies as expected from Eq. (1) with s=2 or 3,
within experimental uncertainty. The increase in the rate of
addition of the second ammonia molecule is seen in Figure 2 to
be much larger for Ba'(NH3) than for Cs'(NH3), or {e
“VBa**~(NHj;), if we attribute the increased contribution to
the binding energy of the second ammonia to s electron solva-
tion. A kinetic fit of the data provided k(Ba'(NHj))/
(Cs"(NH;3))=9.3 with k(Ba'(NH3))=2.6x 10""" cm® mole-
cule ' s and A(Cs"(NH3))=2.8 x 10 "% cm® molecule ' s
And again, for the third ammonia addition, k(Ba"(NH3),)/
(Cs"(NHs),) =270 with k(Ba"(NH3),)=2.7 x 10" cm® mol-
ecule ' s and A&(Cs'(NH3),)=1.0 x 10°"* ¢cm® molecule ' s
~1. So, the measured kinetics, in addition to the observed
formation of larger solvated clusters, is consistent with the
occurrence of ammonia solvation of the s electron in the
sequential binding of alkaline earth cations to ammonia.

Conclusions

We have extended our experimental approach for the
assessment of the nature of the binding of ligands to
atomic metal cations from measurements of the kinetics
of adduct formation at room temperature to alkali (Rg)
and alkali earth (Rg s') atomic cations adding to ammo-
nia. A systematic decrease in the rate of addition of NHj;
was observed for both group 1 and 2 cations going down
the periodic table. The computational studies also predict
a decrease in the binding energy of the adduct ion and
an increase in the bond separation going down groups 1
and 2 of the periodic table and provide some insight into
the role of the extra s electron in the group 2 radical
cations in ligand bonding. The correlation that is seen
between the efficiency of ligation and the binding energy
of the adduct ion can be attributed to the lifetime of the
intermediate ligated encounter complex against back dis-
sociation which is dependent on its well depth. Also, we
have proposed the occurrence of ammonia solvation with
the s electron in the alkaline earth cations. The observed
formation of larger solvated adducts with the alkaline
earth cations along with the measured kinetics is consis-
tent with this proposition.
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