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Abstract

The hypervalent complexes of Li atom with water and ammonia, viz. Li-@#tl Li—-NH,, are generated in the gas phase
by neutralization of Li —OH, and Li"—NHj, respectively. The mass spectra obtained by subsequent reionizétiBp.s later
clearly indicate that the neutral complexes Li—Odhd Li—NH; are stable species in the gas phase, as had been predicted by
theory. Li-OH,/Li-NH; dissociate partly to L-H,O/NH; within the timescale of the experiments, the dissociating fraction
of the water complex being larger. Parallel ab initio calculations reveal that the more extensive dissociation gf\g+sDil
Li-NH is the result of a lower binding energy (51 versus 62 kJmhdbr Li—-OH, and Li-NH,, respectively) and a less
favorable Franck-Condon factor for transitions between Li»@Hd Li"—OH,, as compared to transitions between Li-NH
and Li*—NH,. (Int J Mass Spectrom 204 (2001) 125-131) © 2001 Elsevier Science B.V.
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1. Introduction gated the structures and stabilities of alkali atom—
Lewis base complexes [1-14]; this interest has been
The complexes between alkali metal atoms and spurred by the implication that such complexes,
Lewis base molecules may be viewed as charge which are nominally hypervalent [10], are (1) inter-
transfer complexes because the electron lone pair of mediates in reactions involving alkali metal atoms
the base can be delocalized into vacant metal atom[13], (2) limiting models for excess electrons in
orbitals [1]. According to theory, there is considerable metal-solvent systems [2], and (3) test cases for
bonding between the metal atom and the base, which electrostatic models of bonding [14].
is further enhanced by electron correlation effects,  Li—-OH, and Li—-NH; are prototype metal atom—
charge polarization of the metal atom, and electro- Lewis base complexes. An early ab initio molecular
static interactions within the complex [2—12]. A large orbital study by Nicely and Dye predicted a binding
number of computational studies has so far interro- energy of~84 kJ mol* for Li-NH, [2]. Later cal-
culations by Trenary et al. on a family of alkali
atom-Lewis base complexes found that Li binds
* Corresponding author. E-mail: wesdemiotis@uakron.edu stronger to NH than to HO, the corresponding bond
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energies being 61 and 54 kJ md) respectively [1]. The precursor ions LiOH and LiNH; were
A reinvestigation of Li-OH by Curtiss and Pople formed by fast atom bombardment (FAB) ionization,
revealed that the electron correlation contribution to using a 20 keV cesium ion gun as the source of
the bond energy is 13 kJ mol and that the optimized  primary particles. The sample used to produce LjOH
geometry of LiOH is nonplanar, with Li bent off the ~ was a solution of a few milligrams lithium trifluoro-
OH, plane by 40.1° at the MP4/6-311G** level [8]. A acetate in 1-2 mL concentrated sulfuric acid. A few
comparison of the calculated vibrational frequencies milligrams ammonium sulfate were added to this
of Li-OH, and Li-NH; further indicated that Li can  solution to produce LiNH. Approximately 1-2ulL
bend off its equilibrium angles (wag) much more of the final solutions were introduced into the FAB
easily in the HO than in the NH complex [5]. source. The secondary ions generated by FAB were
LiOH, and LiNH; have been detected experimen accelerated to 8 keV upon leaving the ion source. The
tally in frozen argon matrices by infrared and electron ‘Li isotopomers of LiOH (m/z25) and LiNH; (m/z
spin resonance spectroscopy [15-17]. These com-24) were mass-selected byHfor the measurement
plexes, as well as analogous Na and K compounds, of CAD and NR spectra; the product ions arising from
have also been formed in molecular beams for mea- these processes were mass analyzed by scanging E
surement of their vertical ionization energies by Trimethylamine (TMA) served as the neutralization
photoionization mass spectrometry [18-23]. Other target and Q as the reionization or CAD target. The
chemical or physical properties of Li-QHand Li— pressure of each collision gas was gradually increased
NH; have not been determined experimentally. The until the intensity of the mass-selected precursor ion
present study obtains new insight about the intrinsic was attenuated by-25%. The CAD spectra shown
chemistry of LiOH, and LiNH; by means of neutral combine 50 added scans, whereas the shown NR
ization—reionization mass spectrometry (NRMS) [24— spectra of LiNH and LiOH, are the sums of4000
26]. The complexes are generated in the gas phase byand 2000 scans, respectively. All chemicals were
reduction of the corresponding cations and character- purchased from Aldrich and were used as received.
ized by the mass spectra arising after reoxidation  The structures and energetics of LiQ&hd LiNH,
[27-30]. In addition, ab initio molecular orbital (MO) and of the corresponding cations were evaluated by
theory is employed to elucidate the redox behavior parallel ab initio MO calculations, run on a pentium
and relevant thermochemistry of the couples LWDH PC using Gussian 94 for Windows [32] interfaced
Li "OH, and LiNHy/Li "NH;. with CrHem-3D [33]. Geometry optimization and en-
ergy minimization were computed at the MP2/6-
311++G(d,p) level of theory.
2. Methods

All experiments were performed on a modified 3. Results and discussion
Micromass AutoSpec tandem mass spectrometer of
E,BE, geometry [31], which contains two collision  3.1. Precursor ions LiOH, and Li"NH,
cells, separated by an intermediate ion deflector, in the
field-free region between the magnet (B) and the  The CAD spectra of LiOH, (m/z25) and Li"NH,
second electric sector §E This configuration permits  (m/z24) are shown in Figs. 1 and 2, respectivéelyi (
the acquisition of various types of tandem mass isotopomers unless specified otherwise). CAD of
spectra, including collision-activated dissociation Li"OH, leads to LiOH_, (m/z23-24), H_0" (m/z
(CAD) and neutralization—reionization (NR) spectra. 16-—18), and LT (m/z 7); such products agree well
The instrument and the detailed acquisition protocol with the connectivity Li—OH,. CAD of Li"NH,
for CAD and NR mass spectra have been reported gives rise to the fragments LiNH, (m/z 21-23),
elsewhere [29,31]. NHg_5 (m/z 14-17), and LI (m/z 7) which, again,
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Fig. 1. CAD mass spectrum of LOH, (m/z 25). A composite
signal is observed fom/z 18 (H,O0*"). The peak widths of the
narrow and broad components are 65 V (at half-height) and 410 V
(across the dish), respectively.

support the connectivity Li-NH;. The CAD spee
trum of Li*NH; also displays small peaks at/z18
(H,0") and 6 PLi"), indicating that the LiNH,
beam is contaminated by a small amount of isobaric
%Li*OH, (both of m/z 24). Based on the abundance
ratio (m/z18):(m/z7) in Figs. 2 and 1, the proportion
of °Li "OH, in the Li*NH; beam is~2%.

It is noticed that the CAD signals for J@" (m/z
18) and NH - (m/z17) are composite, with narrow,
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Fig. 3. NR mass spectrum of tOH, (m/z25).

Li "OH, (Li "NHgz) — OH,"* (NH;"). On the other
hand, the broad peaks are attributed to fragmentation
after charge stripping [34], as illustrated in

Li *—OH, (CAD with O,) — [Li * - - - OH ]*

—Li* + H,0" (1)

for the H,O complex. The LIOH* (LINH3"") dica

tions generated upon charge stripping most likely lie
on a dissociative surface and, thus, decompose with a
significant reverse activation energy which in turn
causes the broad, dish-topped shapes observed. The

Gaussian components superimposed onto broad, dish{ j* fragments co-generated in this process should

topped components (Figs. 1 and 2). The central,

also yield broad peaks. Indeed, the basendf 7

narrow peaks are ascribed to the direct dissociations (Figs. 1 and 2) appears to contain a broad component;
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Fig. 2. CAD mass spectrum of tNH, (m/z 24). A composite
signal is observed fom/z 17 (NH;"). The peak widths of the
narrow and broad components are 61 V (at half-height) and 440 V
(across the dish), respectively.

its smaller relative abundance viswis the broad
H,O"/NH; " signals must be due to the more severe
scattering losses and poorer transmission efficiency of
the lighter Li" fragment [34]. The wide kD™ /NH;"
peak components disappear when the CAD target is
changed from Qto He, in keeping with the markedly
lower charge-stripping cross section of the latter
target gas [34].

3.2. Generation and characterization of gaseous
LiOH, and LiNH;

Neutralization of LIOH (m/z25) with trimethyt
amine and subsequent reionization of the intermediate
neutral(s) with oxygen leads to the NR spectrum of
Fig. 3. The recovered [IOH, ion (m/z 25) in this
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Fig. 4. NR mass spectrum of tNH; (m/z24).

spectrum indicates that the intermediate neutral
LiOH, has survived intact between the neutralization
and reionization events (average lifetime0.3 us
[31]). For this, LIOH, must be a bound species with a
considerable dissociation energy. This result unequiv-
ocally shows that the LiOklcomplex is stable in the
diluted gas phase, as predicted by theory [1,2,5,35].

The NR spectrum of LiOH, contains all frag-
ments present in the CAD spectrum. The only signif-
icant difference is the higher relative intensity of the
Ho O peak group 1fi/z 16—18) upon NR versus
CAD. The most probable reason is partial dissociation
of LIOH, to Li+H,0, followed by a more efficient
reionization of HO (than Li) due to its higher kinetic
energy and reionization cross section [24]. Addition-
ally, the surviving LIOH, molecules may preferen-
tially reionize to HO" (versus Li") because the
charge distribution in LiOH provides a partial posi-
tive charge to the OKlligand [1].

The NR spectrum of LiNH; (m/z24) is shown in
Fig. 4 and contains a sizable recovery peak. The
contamination of this peak BRLi “OH, is very small
based on the abundance of®i" (m/z18) relative to
the recovery peaks in Figs. 3 and 41%). Hence,
mostm/z 24 (99%) in the NR spectrum of ENH,
represents surviving LiNgHand this complex must
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Fig. 5. Computationally predicted structures of"OH,, LiOH,,
Li *NHj, and LiNH, [MP2/6-311++G(d,p) level of theory].

rationales given for the increased production qOF
upon NR versus CAD of LiOH, (vide supra).

3.3. Ab initio calculations

Charge exchange neutralization of fast-moving
(kiloelectron volts) cations takes place within femto-
seconds and, hence, is a vertical process producing the
incipient neutrals in the geometries of the respective
ions. For a better understanding of the NRMS results,
the structures and energies of thé OH,/LiOH, and
Li "NH4/LINH; pairs were assessed by ab initio
calculations. The most stable structures found are
depicted in Fig. 5; the Li—-N and Li—O bond lengths in
the neutral complexes are longer than those in the
corresponding ion complexes. Except for their differ-
ence in Li-N bond lengths, the geometries of NiH,
and LiNH; are very similar. In contrast, the optimized
geometries of LiOH and Li" OH, differ more; in the
neutral complex, Li binds to one of thsp® lone
electron pairs of O, whereas in the ionic complex; Li
is attached to ap™~hybridized O atom. As a resuilt,

also be a stable species in the rarified gas phase, inLi " OH, has a planar structure, but LiQks nonpla-

agreement with the numerous, earlier theoretical pre-

dictions [1,2,5]. NR of Li'NH; produces a larger
proportion of NH (m/z14-17) as compared to CAD.

nar, with Li bent off the HO plane by 40.1°. These
trends suggest that the transition betweehNii, and
LiINH; has a more favorable Franck-Condon factor

This observation can be accounted for by the same than that between [iOH, and LiOH,. Figs. 6 and 7
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Fig. 6. Potential energy surfaces of lOH, and LiOH, along the Li
out-of-plane bending coordinat® The relative energies at each
point were calculated at the MP2/6-3t3G(d,p) level of theory
on partially optimized structures.

show the potential energy surfaces of the LiDH
Li "OH, and LiNHy/Li *NH, systems, respectively, as
a function of the bending anglke(defined in Fig. 5).
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Fig. 7. Potential energy surfaces ofINH, and LiNH; along the Li
bending coordinate). The relative energies at each point were
calculated at the MP2/6-311+G(d,p) level of theory on partially
optimized structures.
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Fig. 8. Potential energy surfaces oflOH, and LiOH, along the
Li-O coordinate. The relative energies at each point were calcu-
lated at the MP2/6-31t+G(d,p) level of theory on partially
optimized structures.

For LiOH,, the energy diagram indicates that Li
atom can freely bend off the J& plane, switching
between the two lone electron pairs of O; the
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Fig. 9. Potential energy surfaces of INH; and LiNH; along the
Li-N coordinate. The relative energies at each point were calcu-
lated at the MP2/6-31t+G(d,p) level of theory on partially
optimized structures.
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Table 1

Calculated energy data for the LiIM/LM complexes (M= OH,, NHy)
EA 2 2 D* Li"—M (kJ mol™%) D Li-M (kJ mol™%) D**° [Li-M]* (kJ mol ~ %)
(eV) (eV) a Lit. a Lit. a

LiOH, 4.39 51 42 50

LiNH 5 4.23 62 61

Li"OH, 4.32 148 137-173.137

Li"NH, 4.21 170

2This study, MP2/6-31% +G(d,p)//MP2/6-311 +G(d,p) level.

P Dissociation energy of Li-M in the geometry of M.

¢ Computational value from [35], MP2/6-31+G(d,p)//HF6-31++G(d,p) level.

9 Range of MP2 computational values obtained with different basis sets, from [36] (149 k3 with the basis of our study).
€ Experimental value from [37].

barrier of the latter process is only 0.04 kJ mbl addition, ab initio theory was applied to assess the
In contrast, Li atom or Li ions are more rigid at  stability of the complexes and the gas-phase redox
their positions in the other three complexes, the properties of the pairs LiOLIi “OH, and LiNH,/
resistance i) deformation increasing in the order LiNH;*. The ionization energies of LiOHand
Li "OH,<Li "NHz~LiNH . LiNH ; are very similar. On the other hand, the NH
Because the neutral complexes are mostly stabi- complexes have slightly higher binding energies both
lized by Li—O or Li—N bonds, potential energy sur- in the neutral and cationic states. A major difference
faces along the Li-O or Li-N coordinates have also between the most stable structures of LiQkind
been constructed for the LOH,/LiOH, and Li" NH,/ LiNH 5 is a high mobility of Li atoms in LIOH, where
LiNH 5 pairs and are shown in Figs.&hd 9, respec- it can freely bend off the KD plane within a range of
tively. The two sets of potential energy surfaces are ~90°, but a high rigidity of Li atom in LiNH. This
very comparable. Table 1 summarizes important en- gives a better Franck-Condon overlap to transitions
ergy data that can be extracted from these diagrams,between Li NH; and LiNH; than to transitions be
including the vertical electron affinities of LOH, tween Li*OH, and LiOH,. When subjected to NR,
and Li*NH; (EA,), the adiabatic ionization energies the ammonia complexes benefit from a more favor-
of LIOH, and LiNH; (IE), the bond energies of the able Franck-Condon factor and somewhat higher
ionic complexes®™), and the bond energies of the thermodynamic stabilities; as a result, less dissocia-
neutral complexes both in their equilibrium geome- tion takes place, which is reflected by the higher
tries O° as well as in the geometries of the cerre recovery yield of neutralized—reionized ‘INH..
sponding cations O0*); recent literature values are
also included. The data in Table 1 reveal that LiDH
Li"OH, and LiNHy/Li"NH; have similar thermo  Acknowledgement
chemical properties, with LiNH; recovery upon NR

being slightly favored by thermochemistry and  This work was generously supported by the Na-
Franck-Condon overlap. tional Science Foundation (CHE-9725003).
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