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Structures and energies of XH and XHz2" (X = N, P, and As) were calculated at the ab initio MP2/6-
31G** and QCISD(T)/6-311G** levels of theory. Contrary to previous theoretical studies, the global minimum
structure of PE£* is notC3, symmetrical but aCs symmetrical3 with a 2e-3c bond. The structugds less
stable tharB by 6.5 kcal/mol. Calculations also showed tRaf formed will spontaneously convert int&

The planarC,, symmetric structures, with a 3c-2e bond, was found to be the only minimum for,$H
Similarly, Cs symmetricalB and planaiC,, symmetricl0, each containing a 2e-3c bond, were found to be the
global minima of AsH?" and AsH?", respectively. Thermodynamics of the deprotonation of the di- and
trications studied is also discussed.

Introduction

Onium dications are of increasing significance both in gas
phasé?and in solution chemistr§? Consequently, knowledge
of the structures and bondings of such highly electron-deficient
dications are of great importance. The ammonium dication,
NH42", is isoelectronic with the methane cation, £H But
unlike CH;™ which is of Cy, symmetry with a two electron three
center (2e-3c) bondthe ab initio calculated structure of NH
is of Dog Symmetry with no 2e-3c interaction as shown by Koch
and Schwarzand Pope et &. On the other hand, the calculated
structure of P" is of C3, symmetry with a 1e-2c bonding
interaction and can be considered as a complex betweett PH
and hydrogen radical (§i as shown by Pope et &l.The Dyqg
symmetrical structure of PA was found not to be a minimuP.
In the gas phase, charge-stripping mass spectrometric study
showed that the vertical ionization of the precursorNHed PHg?* 4 (C) TS
to a statéwhich is energetically higher than the transition state Figure 1. MP2/6-31G** structures oll—6 (QCISD(T)/6-311G**).
of deprotonatiort. No experimental work on PA" has yet been
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PH4+ 5 (C3v) TS PHg3* 6 (Cav)

reported. can be derived by removing an electron fromyP+and AsH?*,
respectively.
H 2+
M, q + ., H—I 2 | —I Methods o -
""C:" : ""'~N< 2N The geometry optimizations and frequency calculations were
P R H?”  H H performed at the ab initio MP2/6-31G** levél From calculated

. - - frequencies, the optimized structures were characterized as
CHa* (Cov) NH4% (D2q) PH4™ (Cav) minima (NIMAG = 0) or transition structures (NIMAG= 1).
For the MP2/6-31G** optimized structures further geometry
We report now based on ab initio calculations that the global optimizations were carried out at the QCISD(T)/6-311G** level.
minimum structure of Pk} is not of C, symmetry but ofCs For improved energy, single point energies at the CCSD(T)/
symmetry with a 2e-3c bond. Ab inito method is particularly cc-pVTZ level on QCISD(T)/6-311G** optimized geometries
important to calculate such highly electron deficient speies. were computed. For the nitrogen and phosphorus compounds,
TheCs, structure, although a minimum on the potential energy final energies were calculated at the CCSD(T)/cc-pVTZ//
surface (PES), is significantly less stable than@structure. QCISD(T)/6-311G** + ZPE level and for the arsenic com-
Similar results were also found for AgH. In addition, we pounds at the QCISD(T)/6-311G**//QCISD(T)/6-311G*+
also report the structures of trications PHand AsH3", which ZPE level. Calculated energies are given in Table 1. Calcula-
tions were carried out with the Gaussian®@hd Spartat?
T Dedicated to Sydney Benson on the occasion of his 80th birthday. —programs.
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TABLE 1: Total Energies (-au), ZPE?2 (kcal/mol)

Rasul et al.

MP2/6-31G**/IMP2/6-31G**

QCISD(T)/6-311G**//QCISD(T)/6-311G**

CCSD(T)/cc-pVTZ/IQCISD(T)/6-311G**

NH.2 (1) 55.841 53 (21.5) 55.886 08 55.920 47
PH2 (2) 342.126 82 (16.6) 342.192 36 342.230 30
PH2" (3) 342.141 16 (18.3) 342.207 47 342.243 40
PH2" TS () 342.124 44 (15.9) 342.191 18 342.229 32
PHZ* TS (5) 342.102 19 (15.1) 342.159 11 342.199 26
PH2* (6) 341.177 33 (14.1) 341.245 32 341.278 04
AsH2* (7) 2233.408 77 (15.7) 2235.617 42
AsHZ* (8) 2233.427 36 (16.8) 2235.642 72
AsHZ* TS ) 2233.402 35 (14.4) 2235.614 79
AsHZ* (10) 2232.504 75 (13.1) 2234.723 69
PH* 341.577 72 (13.9) 341.634 23 341.665 42
AsHg>* 2232.863 53 (13.0) 2235.069 78

aZero point vibrational energies (ZPE) at MP2/6-31G**//MP2/6-31G** scaled by a factor of 0.93.

TABLE 2: AH, of Deprotonation (in kcal/mol)?2
reaction AHo
NH2" (1) — NHs™ + Ht -117.7
PH2t (2) — PHs™ + HT —67.2
PH2t (3) — PHs" + HT —-60.7
PH2* (6) — PH2" + H* —243.3
AsH2* (8) — AsHz" + H* -41.3
AsH3t (10) — AsHg" + H* —217.%

aAt the CCSD(T)/cc-pVTZ/IQCISD(T)/6-311G*+ ZPE level.
b QCISD(T)/6-311G**//QCISD(T)/6-311G**+ ZPE.

Results and Discussion

NH/2". Koch and Schwarzand Pope et &have previously
reported structures and energies &KH We have calculated
the structure of the dication only for comparison with thesPH
and AsH?". Similar to the reported results, tBey symmetrical
structurel is found to be the only minimum on the potential
energy surface of Nid* at both the MP2/6-31G** and QCISD
(T)/6-311G** levels (Figure 1). The NH bond distance of
1.119 A and HNH;z angle of 147.7 of 1 at the QCISD (T)/6-
311G** level agree very well with the reported values of 1.126
A and 146.2 (at the CASSCF/TZP levé and 1.113 A and
147.7 (at the MP2(FULL)/6-31G** levelf, respectively. Dis-
sociation ofl into NHz* and H" is exothermic by 117.7 kcal/

TABLE 3: Theoretical and Experimental lonization
Energies in e\®

theor IE, exptP
NH4*" 24.0 24.5
PH,* 20.5
Pm“ 26.1
AsH,* 19.1¢
AsH42" 24.9

aAt the CCSD(T)/cc-pVTZ/IQCISD(T)/6-311G*+ ZPE level.
bTaken from ref 6°QCISD(T)/6-311G**//QCISD(T)/6-311G**+
ZPE level.

(NIMAG = 0) at the same level. The structu2es 9.0 kcal/
mol less stable thaB at the MP2/6-31G** level (Table 1). The
difference becomes 9.5 kcal/mol at the higher QCISD (T)/6-
311G** level. Atthe even higher level of CCSD(T)/cc-pVTZ//
QCISD (T)/6-311G** the difference decreased to 8.2 kcal/mol.
Including zero-point vibrational energies, i.e., at the CCSD(T)/
cc-pVTZ/IQCISD (T)/6-311G**+ ZPE level structur@ is still
significantly less stable thaby 6.5 kcal/mol. Thus, structure
3is the global minimum on the PES of BH. Previously Pope

et al® calculated PBF" at the ab initio HF/TZP and CASSCF/
TZP levels and concluded,in contrast to our present results,
that the global minimum for PR* is structure2. The reportee?
structure of2 at the CASSCF/TZP level agrees very well with

mol and the process has a 6.6 kcal/mol barrier (Table 2), very our QCISD (T)/6-311G** calculated structure (Figure 1).

close to the reported values of 116.5 and 7.8 kcal/mol,
respectively!

The possible structurdb with a 3c-2e bond was not a
minimum and collapsed tt upon optimization at the MP2/6-
31G** and QCISD (T)/6-311G** levels without any activation
barrier.

~..
~~

The adiabatic ionization energy ¢eof NH4" was calculated
(Table 3). The calculated §of NH4* was 24.0 eV compared
with the experimental ionization energy of 24.5 &V.

NH43t. We also searched for any minimum-energy structure
of NH2". Atthe MP2/6-31G** or QCISD (T)/6-311G** level
no structure of NI on its potential energy surface could be
found as a minimum. Chargeharge repulsion in Nii* seems
to have reached its prohibitive limit.

PH42". Unlike NHs?*, theCs, structure2 and the Gstructure
3 (Figure 1) were found to be minima on the PES of,Ptat
the MP2/6-31G** level as indicated by frequency calculations

Structure 3 resembles a complex between PHand a
hydrogen molecule resulting in the formation of a 2e-3c bond.
The sp-hybridized phosphorus atom &fpossesses a formal
sp*-orbital (containing a single electron) oriented pseudotetra-
hedrally. The electron deficientfH bond distances in the 2e-
3c bond of3 are 1.672 and 1.635 A at the MP2/6-31G** level.
These are expectedly longer than that of 2e-2eHPbonds
(1.416 A). The H-H distance in the 2e-3c interactions of 0.848
A'is only slightly longer than K (0.734 A). Optimizations of
structures3 at the QCISD(T)/6-311G** level changed the geom-
etries a little. The PH and H-H bonds become slightly longer.

Transition structure4 (Figure 1), for the interconversion of
2 and 3, was also located. Structurklies only 1.5 and 0.7
kcal/mol, at MP2/6-31G** and QCISD(T)/6-311G**, respec-
tively, higher in energy than structug At the highest level
of theory (CCSD(T)/cc-pVTZ//QCISD(T)/6-311G*% ZPE)
the energy difference betwe8rand4 disappeared. This shows
that 2 if formed will spontaneously convert int8. We also
have located transition structube(Figure 1) for the deproto-
nation process ir2. Structure5 lies 18.0 kcal/mol higher in
energy thar2. Thus?2 has a considerable kinetic barrier for
deprotonation, although the deprotonation process is exothermic
by 67.2 kcal/mol. In comparison, the corresponding values for
1 are 6.6 and 117.7 kcal/mol. Deprotonation3is slightly
less exothermic by 60.7 kcal/mol.



XH42*t and Search for Xg*

AsHs?* 7 (Csv)

AsHy2+ 8 (Cy) AsH42*+ 9 (Cg) TS AsHz3+ 10 (Cay)

Figure 2. MP2/6-31G** (QCISD(T)/6-311G**) optimized structures
of 7-10.

PH,3". Removing an electron from P/ dication leads to
the PH3T trication. The P trication is isoelectronic with
the SiH?* dication. Similar to Sit#*,11 the planaiC,, structure
6 is found to be the only minimum on the potential energy
surface of P+ at the MP2/6-31G** level (Figure 1). The
planarDg4, symmetrical structure of PA"™ was characterized
as the saddle point, as there are two imaginary frequencies (i.e.
NIMAG = 2) in its calculated IR spectrum. Structuéeis
characterized with a 3c-2e bond and an empty p-orbital
orthogonal to the plane of the molecule.

The transition state for deprotonation &finto PH2™ and
H* was also located. The calculated barrier for proton loss is
only 4.5 kcal/mol and the deprotonation process is highly
exothermic by 243.3 kcal/mol. This shows that the trication
if formed will easily dissociate into PA" and H'.

The adiabatic ionization energies §tf PH;™ and PH2"
were calculated. The calculated $50f PH™ and PH?" are
20.5 and 26.1 eV, respectively.

AsHs?". Similar to PH?2", the Cs, structure7 and theCs
structure8 are the minima on the PES of AgH at the MP2/
6-31G** level (Figure 2). The structurg with a 3c-2e bond,
is lower in energy thar? by 14.8 kcal/mol at the QCISD(T)/
6-311G**//QCISD(T)/6-311G**+ ZPE level (Table 1). The
As—H bond distances in the 2e-3c bond ®fare 1.867 and
1.819 A, significantly longer than the 2e-2cAl bond of 1.508
A at the MP2/6-31G** level. The HH distance in the 2e-3c
interaction is 0.821 A at the same level. ConversiofT @fto
8 through transition structur® would be very facile as the
barrier for the process was calculated to be only 0.4 kcal/mol.
Dissociation of8 into AsHz™ and H" is exothermic by only
41.3 kcal/mol (Table 2). However, no transition structure for
the deprotonation of eitheéf or 8 could be located.

AsH". The AsHZ2" trication can be formed by removing
an electron from the AsiA* dication. Similar to PHf", the
planar Cy, structurel0Q, with a 2e-3c interaction, is the only
minimum on the potential energy surface of AgHat the MP2/
6-31G** level. TheDg4, symmetrical structure of Asi™ is
not a minimum at the MP2/6-31G* level and contains two
imaginary frequencies in its calculated vibrational frequencies.
Calculated structural parameters are given in Figure 2. Calcu-
lated exothermicity of the dissociation &f into AsHz2" and
H* was found to be 217.1 kcal/mol (Table 2).

As expected, in the series NH, PH2", and AsH?", the
calculatedAHps of deprotonation of the dications indicate an
increase in the stability of the dications toward deprotonation
with the increase in the size of the central atoms. Similarly, in
PH2T and AsHB", the stability of the trications toward
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central atoms, although they are still thermodynamically and
kinetically extremely unstable. However, better stabilization
of some of these polycations by Schmidbaur type aurétion
with (CgHs)sPAu, an isolobal analogue of *H should be
possible. In fact, Zeller and Schmidbaur have succeded in the
preparation and identification of the hexacoordinate tripositively
charged octahedrg[(CsHs)sPAUlsP} 3+ complex in solutiort?
which is the isolobal analogue of BH.

Conclusions

Contrary to previous theoretical studies at the HF/TZP and
CASCF/TZP levelsP present ab initio study at the MP2/6-
31G** and QCISD(T)/6-311G** levels indicates that the global
minimum structure of PE# is not of C3, symmetric2 but aCs
symmetrical 3 with a 3c-2e bond. TheC;, symmetric 2,
although a minimum on the PES, is 6.5 kcal/mol less stable
than3. Energy calculations also indicate that conversior2 of
into 3 through transition statéis extremely facile. In addition
the planaiC,, symmetric6, with a 3c-2e bond, was also found
to be the only minimum for Pi*. Similar to phosphorus
systemsCs 8 andCy, 10, each containing a 2e-3c bond, were
found to be the global minimum of Asft and AsH3T,
respectively. Thermodynamics of the deprotonation process of
the di- and trications were also computed.
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