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Abstract: Ab initio calculations of phosphorus ionic clusters of the type L PL,"-L, PLs™, and PL", with L =

NHs, OHy, and FH, in both triplet and singlet states have been carried out, in order to determine their geometries and
binding energies. The nature of the binding has also been extensively studied by means of both the topological
analysis of the total electron charge density and the natural bond orbital analysis. When the ligand is bound as a
second ligation shell through a formal hydrogen bond, significant cooperative effects between the two ligand shells
have been detected. Substantial covalency is found for these hydrogen bonds, along with the weakening of the
hydride bond with the inner ligand and the reinforcing of the bond between the inner ligand and the phosphorus.
These processes are greatly favored for the singlet state of the phosphorus, and for the case of ammonia and water
ligands, conversion reactions leading to RXHXHn+1T complexes are observed. It has been found that the maximum
number of ligands bound téR)P" is two, whereas that maximum is ligand dependent in the casiEbpP{, with

two for NHjs, three for OH, and four for FH. We have also observed that soft ligands present a sharp decrease in
successive binding energies to phosphorus, whereas hard ligands show smoother variations. Finally, for most cases,
the addition of the new ligand as a second ligation shell is favored with respect to the direct addition to the phosphorus,
since cooperative effects make more efficient the donation of electronic charge to the phosphorus ion.

1. Introduction ionic clusters. One of the major impetuses for these studies is
to quantify the potential of interaction between ions and neutral
molecules, i.e., the well depth or binding energy. It has been
observed that alkali iodg914242533exhibit an electrostatic

abinding mechanism, and the trends in successive binding

eenergies can be well explained by solely electrostatic arguments.

The study of the formation and properties of small ionic
clusters has been a topic of major interest during recent yéars.
Apart from intrinsic interest in understanding the forces between
ions and neutral molecules, clusters have been the focus of

reat deal of attention since they can be considered as a brid e . o -
g y 9%uite interestingly, clusters of transition metal igrfs?6-28.35.44

between the gas and condensed phases, and in this sense, t e th derati f their electronic structure f
understanding of the stability of the clusters and their chemistry also require the consideration of their electronic structure for a
reliable explanation of their binding trends. On the other hand,

can shed light on the differences between the reactivities of these - :
g lusters of open electronic shell igfs®! such as Sr, Pb', or

phases. Also, clusters are relevant for phenomena such ag’.”’ r
nucleation, development of surfaces, solvation, catalysis;acid i* (which is isovalent, E6p?, to P*, 3¢3p") show some degree

base chemistry, combustion, and atmospheric processes. of covalency or chemical bonding_ at _sm_all pluster_sizes. At
Both theoreti;:él’zz and exioerimental techniqués’ have larger cluster sizes, the electrostatic binding is regained, so for

been employed in the determination of various properties of thes'e. lons, t_he binding in the first clqsterlflcatlon step is
significantly different from that of sequential steps. In general,
® Abstract published im\dvance ACS Abstractdjarch 1, 1996.

the nature of both the ion and ligand has a great influence for
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Therefore, there exists a large variety of structures and binding
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of the cluster. In fact, differences in reactivity with the cluster
size have been observdilong with changes in the nature of

J. Am. Chem. Soc., Vol. 118, No. 11, 12989

the G2* methodology for the study of PLL complexes
(namely, G2 methodolody>° applied at MP2/6-31G(d,p)

the central ion with the successive clusterification processes.geometries). On the other hand, the characterization of bigger

These phenomena, collectively referred tacarversion reac-
tions! yield neutrals and ions different from the initial molecular
entities.

In a series of paper$,#°we have theoretically characterized
phosphorus ion clusters of the typePlwith n= 1,2 and L=
NHs, OH,, FH, PH;, SH,, and CIH for both triplet and singlet

clusters has been accomplished using density functional tPfgory,
namely, its B3LYPS® form. Topological analysis of the
electronic charge densftyand the natural bond orbital (NBO)
analysi8® have also been carried out in order to understand the
binding features of such clusters.

We hope that these studies will contribute to clarify several

spin states of the phosphorus ion. We found that one-ligand features of phosphorus ion cluster’s stability and reactivity, such
phosphorus clusters in both of the spin states satisfy the as the effect of the second ligation shell, maximum number of

Pearson’s hard and soft acid and base (HSAB) prinéfpie.

ligands in the first ligation shell, the lowering of binding energies

In this sense, as it corresponds to soft acids, phosphorus preferas the cluster grows and its relationship with the nature of the
to bind soft bases, for which the electronic interactions are more P—X bond, and last but not least, possible conversion reactions
enhanced, rather than hard bases, which favor the electrostatigvithin a given cluster.

type of binding mechanism. Regarding to two ligand com-

plexes, the same was found to be true for the singlets; however 2. Methods

for triplets, binding energies were found to fall down and
covalency to lose importance.
In this paper, we get further into the understanding of

2.1. PL"-L Complexes. To characterize these species, we
have followed the G1 and G2 methodologie8® with slight
modifications. First, we have used a larger basis set in the

phosphorus clusters by the addition of a Iigand_ on the secondoptimizations, namely, the 6-31G(d,p) instead of the propSsed
ligation shell and by the study of larger cluster sizes. We have 6-31G(d), since inclusion of polarization on the hydrogens has
focused our attention on first-row hydrides. In this sense, we been claimed to be essential to describe hydrogen brits,

have characterized singlet and triplet'L complexes (i.e.,

all structures were optimized at the MP2/6-31G(d,p) level of

one ligand bound to phosphorus and another one to this ligand)theory, and the resultant geometries can be found in Figure 1.
with L = NHs, OHp, and FH. These are the simplest systems Analytical frequencies at the stationary points were calculated
with a ligand in a second ligation shell, and their detailed study at the same level of theory, and all of them were confirmed to
can shed light on the cooperative effects among various ligation be positive. We have used these frequencies to evaluate the
shells. We have also tried to determine the maximum number corresponding zero-point vibrational energy (ZPVE) corrections

of ligands in the first ligation shell for the *Pion and its
dependency upon the spin state of #nd the nature of the

ligand. For this purpose, we have studied three-ligand com-

to the total energy. Apart from this, G1 and G2 methodologies
have been followed closely to evaluate the energies. All these
calculations have been performed using the GAUSSIAN92/DFT

plexes, with the third ligand bound either to the phosphorus suite of program$§!

(PLst complexes) or to one of the inner ligands ¢PiL

Base level energies corrected by ZPVE and G1* and G2*

complexes), and four-ligand complexes. We have employed energies can be found in Table 1 of the supporting information.
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Table 1. Binding Energies and Relative Energies (in parentheses)
(kcal/mol) Calculated at the G2 Level of Theory for Two-, Three-,
and Four-Ligand Complexes Oq) Lo17

Two-Ligand Complexes

PXHp_1*
ligand Pl (GA)2  PLy* GA)a PL*L (3A) PL*L(1A) XHnwi' (A)

NHs 18.49(12.02) 55.10(0.00) 22.59(7.93) no complex 21.57(0.30)
OH, 19.56(7.82) 36.79(8.83) 27.37(0.00) no complex 27.66(16.11) ° W o
FH 15.08(4.88) 18.23(26.55) 19.96(0.00) 20.39 (24.40)

Three-Ligand Complexes

ligand  PLs™ (°A) PLs" (*A) PL,"™L (°A) PL,™L(*A) 0967
NH3 no complex no complex 13.95(11.04) 18.95(0.00) @119,92 1588
OH; no complex 12.71 (9.53) 18.10 (0.00) 20.53(1.72) a9
FH no complex 12.44(26.28) 14.38 (0.00) 17.05 (21.67)
Four-Ligand Complexes
ligand P(Ly" ligand P(LY"
OH;, no complex FH 11.94

aTaken from ref 48.
0.939 F2
2.2. Three- and Four-Ligand Complexes. Extensive
searchs for stationary points were carried out at the HF/6-31G- 17800
(d,p) level of theory. When one such structure with all the mn_ 1858
frequencies positive was found, it was then reoptimized at the ( p \wkii ’ @
MP2/6-31G(d,p) level of theory. An additional MP2/6-31G- Lo
(d,p) frequency calculation confirmed it to be a real minimum, Figure 1. MP2/6-31G(d,p) geometries of the PL and PXH:-1-XHn:1*
for all force constants were positive. complexes. Distance; are in angstroms and an'gles in degr_ees. Triplets
G2 types of calculations are very costly for these complexes; are on the left-hand side and singlets on the right-hand side.
however inclusion of a basis set similar to the largest one ) . . ) )
employed in G2 theory (i.e., the 6-3tG(3df,2p)) would be with t.he|r r;alatlve.energles. Qn 'Fhe ba5|s. of our previous
desirable to yield accurate binding energies. So, we decided®*Perience? we think that the binding energies calculated in
to perform additional calculations within the framework of the thiS way are accurate enough to compare with G2 ones, without
density functional theory using the B3LYP functiof&l. Hence, S|gn|_f|cant errors that could affect the qualitative conclusions
all structures were reoptimized at the B3LYP/6-31G(d,p) level ©f this paper.
of theory, and analytical frequencies at the stationary points were  2.3. Bonding Properties. For all complexes studied in the
calculated at the B3LYP/6-31G(d,p) level of theory to confirm Present paper, we have performed a Bader’s topological analysis
further that all of them were positive. The resulting structures Of p(r) and—V?2p(r),> using the AIMPAC series of prograrf.
are very similar to the MP2 ones, and both geometries can be The MP2/6-311G(d,p)//MP2/6-31G(d) wave functions have been
found in Figures 24. At these geometries, single-point energy Used to build up the electron density. Plots of their Laplacians
calculations with the 6-3HtG(3df,2p) basis set were carried are depicted in Figures-57. Properties of the bond critical
out. These energies were corrected for their correspondingPOints €c), such ap(rc) andV2p(rc), and the value of the energy
ZPVE, evaluated at the B3LYP/6-31G(d,p) level of theory. They densityH(r¢) are found in Table 3. The energy density at the
can be found in Table 2 of the supporting information. To carry bond critical point indicates a bond to be covalentif < 0
out these calculations, we have used the GAUSSIAN92/DFT and ionic ifHy, > 0.83 This criterion will serve us to discuss
suite of programé§? the degree of electronic stabilization in the binding mechanism.
The total energies calculated in this way were employed to  The binding mechanism has been characterized further by
estimate the binding energie®d) of each of the clusters, means of the natural bond orbital (NBO) analySiand atomic
according to eq 4, and they have been collected in Table 1 alongcharges have been estimated by means of the natural population

>
119.18
a6 177.65

1.051

Table 2. Bonding Properties of the-PX and X—N Bonds for PL*-L Complexes
Two-Shell Structures
P—X1 X1—H H—X>
Species p(re) V2p(rc) H(re) o(re) V2p(ro) H(re) o(re) Vp(re) H(re)
P(NHs)*+NH; A 0.1200 0.1051 —0.0940 0.2399 —1.0434 —0.3172 0.0800 0.0645 —0.0327
P(OH,)*-OH, 3A 0.1088 0.2554 —0.0701 0.2097  —0.9409 —0.3204 0.1246 0.0226  —0.0837

P(FH)"-FH A 0.0852 0.1418  —0.0493 0.2303 —1.3270 —0.4209 0.1031 0.1757 —0.0509
A 0.0915 0.1928 —0.0535 0.2216  —1.2138 —0.3945 0.1111 0.1434 —0.0630

Proton Transfer Structures
P—X; P—H H—X,
PNHz-NH,* A o(re) V2p(re) H(ro) p(re) V2p(re) H(re) p(re) V2p(re) H(ro)

PNHx*NH4* 1A 0.1684 0.7741 —0.1208 0.0426 0.0154 —0.0105 0.2640  —1.3046 —0.3769

P—X1 Xl_H H—X2
POHOH;* A 0.1269 0.5101 —0.0765 0.1450 —0.1285 —0.1235 0.1879  —0.6202 —0.2446
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Table 3. Bonding Properties of the-PX and X—H Bonds for PL*-L, PLs*, and P(FH)" Complexes

Soc., Vol. 118, No. 11, 12921

hydrogen bonded species

X,—P

P—X1

X1—H

H—X3

o(re)

VZp(re)

H(ro)

p(re)  V2p(ro) H(re)

p(re)  V2p(ro)

H(re)

H(ro)

p(re)  V3p(re)

P(NHs)st*NH3 SA  0.0380 0.0729 —0.0035 0.0968—0.0268 —0.0642 0.2861—1.4297 —0.4253 0.0496 0.0955-0.0100

1A 0.0993 0.0710 —0.0706 0.1122 0.1241-0.0840 0.2693-—1.3427 —0.3892 0.0896 0.0399-0.0175

P(OH,),™-OH; SA  0.0371 0.1011 —0.0023 0.0891 0.0782-0.0540 0.2741—1.7954 —0.5190 0.0759 1.7054—0.0237

1A 0.0813 0.0833 —0.0466 0.1042 0.2479-0.0656 0.2617—1.6507 —0.4857 0.0873 0.1588-0.0335

P(FH)"-FH SA  0.0354 0.1063 —0.0026 0.0719 0.0947-0.0332 0.2673—1.7821 —0.5273 0.0776 0.2254-0.0218

1A; 0.0622 0.0966 —0.0241 0.0815 0.1112-0.0460 0.2546—1.6243 —0.4897 0.0875 0.2193-0.0308

P—X3 P—X; P—X3
phosphorus bonded species o(re) V20(rc) H(re) o(re) V20(re) H(re) o(re) V20(rc) H(ro)

P(OH)s" 1A 0.0867 0.1019 —0.0527 0.0687 0.0767 —0.0281 0.04411 0.0976 —0.0065

P(FH):* 1A 0.0634 0.0934 —0.0253 0.0486  0.1105 —0.0104 0.0486 0.1105 -0.0104
P(FH)," 1A 0.0486 0.1119 -—0.0100 0.0420 0.1123 —0.0056
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Figure 2. MP2/6-31G(d,p) and B3LYP/6-31G(d,p) (in parentheses)
geometries of the triplet B-L complexes. Distances are in angstroms
and angles in degrees.

analysis (NPA). These results are summarized in Tables IlI
VI of the supporting information. Calculations were performed
using the NBO cod® as implemented in GAUSSIAN92/DFE.

3. Results and Discussion

3.1. PL-L Complexes. As seen in Figure 1, remarkable

transferred structures and refer to them as,NANH, and
POHOH;™ complexes. We will analyze their two spin states
separately.

The hydrogen bond in triplet Pl-L complexes is relatively
strong. Thus, the HX, bond distance is much shorter than
for their corresponding ligand diméPsRyy is 3.15 A for the
ammonia dimer an®oo is 2.910 A for the water dimer at the
MP2/6-31G(d,p) level of theory), and in addition, binding
energies (Table 1) are also much larger (the largest binding
energy for ligand dimers have been obtained for the water dimer,
namely,—4.35 kcal/mol at the MP2/DZP level of theory, and
including counterpoise correctiéhexperimental valué8 also
lie between 45 kcal/mol). These surprisingly strong bonds
cause these structures to lie even lower in energy than the
corresponding triplet P4 structures (see relative energies in
Table 1).

The shape of the Laplacian (Figure 5) and bonding properties
such a(r¢) andH(rc) (Table 2) give some clues to the binding
mechanisms. In the Bader's theSf#3a regular hydrogen bond
is described as a closed-shell interaction with a positive value
of H(r¢) and a low value op(r¢), which denotes the electrostatic
character of the bond. However, in spite of the fact that the
closed-shell shape of the Laplacian is maintained, a negative
value ofH(r¢) and a relatively highp(rc) are encountered for
the H-X; bonds of the Pt-L complexes. This is indicative
of a substantial sharing of the lone pair of the &tom by the
hydrogen of the inner ligand, which accounts for the strength
of these bonds. This covalency was further confirmed by NBO
analysis, which showed noticeable charge transfer interactions
of the typenx, — U;l—H (see Table IV of the supporting
information).

The covalency of the HX, bonds has a remarkable effect
on the rest of the cluster. In comparing bonding properties of
Table 2 with those reportéiearlier for triplet PL™ complexes
(namely, the values qf(rc) andH(r.), in a.u., were found to be
0.1073 and-0.0808 for P-N, 0.0897 and-0.0553 for P-O,
0.0681 and-0.0307 for P-F; regarding hydride bonds, 0.3214
and—0.4689 for N-H, 0.3263 and-0.6477 for G-H, 0.3027
and—0.6339 for FH were found.), it can be assessed that some
decreasing of the electron sharing (lower valuep@f) and
less negative values éf(rc)) in X;—H bonds and a concomitant
enhancement of the covalency of R1 bonds occurs. Thus, it
seems that the covalency in+X, bonds allows the Xatoms
to withdraw electronic charge from%H linking zones (this

(62) Biegler-Konig, F. W.; Bader, R. F. W.; Tang, T. B. Comput

differences have been found between triplet and singlet stateschem'198q 27, 1924.

for ammonia and water complexes. Namely, triplets maintain
a two-shell structure during the optimization procedure, but
singlets evolve to structures in which one proton is transferred

from the inner to the outer ligand. We will call them proton

(63) Cremer, D.; Kraka, ECroat Chem Acta 1984 57, 1259-1281.

(64) NBO Version 3.1, E. D. Glendening, A. E. Reed, J. E. Carpenter,
and F. Weinhold.

(65) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.;
van Lenthe, J. HChem Rev. 1994 94, 1873.
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Figure 3. MP2/6-31G(d,p) and B3LYP/6-31G(d,p) (in parentheses) geometries for the singlet three-ligand complexes inbatid AL "L
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is particularly evident for the P(FFE)(FH) complex, for which

electron charge deplexion zones connecaird H atoms) and
reinforces its donation to thetP The main structural conse-

quences of this behavior are a significat shrinking of thexP

bonds and a lengthening of thgXH, when we add the outer
ligand. In this sense, compare the-R; bond distances of
triplet PL*-L complexes of Figure 1 with the previously reported
data for triplet P" complexes, namely, 1.030, 0.986, and 0.966
A for N—H, O—H, and F-H bonds, respectively, and 1.915,

1.889, and 1.955 A for PN, P-0, and P-F bonds.

On the basis of these data, we can speak about a cooperativ%

effect between the outer and inner ligands ondtaonation to
the phosphorus ion. The final result is a reinforcement of the 97, 6607.

P—X bond due to the electronic charge transfer from the outer
ligand. A concomitant partial transfer of the positive charge
to the outer ligand occurs, and hence, sizeable positive charges
ranging from 0.136 (FH) to 0.182 (Q}Hare encountered (Table

Il of the supporting information).

For the singlets, we found structures close to those reported
for the triplets at the HF level. However, when electron
correlation is included, the HX; bond lengths shrink, and the
H and X% basins are now bound by zones of electronic charge
concentration, as is the case for normal hydride boh@iee
Figure 1 and the Laplacian @fin Figure 5). The removal of
the proton by the outer ligand leads to an overall transfer of the
positive charge to the newly formed NHand OH* moieties,
whose natural charge values are 0.735 and 0.814, respectively.
Hence, the new complexes formed are better described a5 NH
and OH™ ions bound to the PNiHand POH neutrals. In fact,
the geometries for PNJHand POH moieties are very similar to
those of the free neutra$85” for which remarkably short PX
bonds are found. Inspection of the values of the bonding
properties along with the NBO analysis suggests a significant
double-bond character for these bonds.

(66) Esseffar, M.; Luna, A.; MoO.; Yafez, M.Chem Phys Lett 1993

9, 557.
(67) Esseffar, M.; Luna, A.; MpO.; Yafez, M. J. Phys Chem 1993
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PNH,)", NH, (A)

P(NH,), NH, (A)

PNH,*NH, (A")
PNH, NH_* (1A)

P(OH,)", OH, ('A)

P(OH,)", OH, (A)

POH," OH, (A") POH OH, (1A)

P(FH)", FHCA)

P(FH)*, FH ('A)

Figure 6. Contour maps of thé&/%p of the triplet (left) and singlet
(right) PL,*-L complexes. Negative values ®fp are denoted by solid
contours, positive values by dot contours. Remember that negative
PRHE- FH (A" PFH" FH ('A) values ofV?p signify that the electron densigyis locally concentrated

Figure 5. Contour maps of th&2p of the PL+L and PXHy_-XHns1+ in that zone of the space, whereas a positive value implies a local

complexes. Negative values 8Fp are denoted by solid contours, deplexion of charge. I_:or triplet systems_an_d the singlet ammonia
positive values by dot contours. Remember that negative values of complex, we have considered the plane which includes all of the heavy

V2p signify that the electron density is locally concentrated in that atoms. For singlet water and the FH complex, we have considered

zone of the space, whereas a positive value implies a local d(eplexiontr;]e plan?tfr?rrrlledIby_thefph(t)hspmogjs and tt)he én_netrhhela\;y atOth]S. The
of charge. For all systems we have considered the plane which includes>2P€ 0! the Laplacian for the hydrogen bond In the 1ater systems 1S
all the heavy atoms. very similar to that observed for triplet complexes, and it has been

omitted for the sake of brevity.

The cause of these proton transfers is the bigger electronic
hole of the singlet P, since we have two formally empty 3p
orbitals. This allows for a larger electron transfer, through
m-type interactions, from the ligands. Ammonia exhibits one
lone pair, which is already involved in @ donation, so the
partialsr donation has to be accomplished by the electron pairs
of the N—H bond. The presence of the outer ligand favors this
process, providing the hydrogen with enough electronic charge
to compensate for the loss in thg-xH bond. When we are
dealing with a soft ligand, for which the formation ofebond
is a very favored proce$8the system just withdraws the pair

The processes described so far could have interesting chemi-
cal consequences. New chemical species could be formed if
the second ligand adds on the H position in singlet one-ligand
complexes. Singlet PNHand POH species could be formed
with the release of Nt and OH™ ions, respectively. The
relative energies of the two ligand species are reported in Table
1. In the water case, the POBIH;™ complex is the highest in
energy, whereas for ammonia, the NHPNH, complex is
almost degenerate with the lowest-energy isomer, namely,
P(NHs);™ (*A). Therefore, we suggest that ammonia clusters

of electrons involved in the ¥-H bond and forms a bond are more likely to undergo conversion reactions than water

with the phosphorus, releasing the proton to the outer ligand. C!USters
Afterward, the NH* and the newly formed neutral are bound ~ 3.2. Three-Ligand Complexes.Two types of three-ligand
through a hydrogen bond. In the case of ammonia,Nihs complexes have been considered: those with the third ligand
to move around until it points to the lone pair of the phosphorus added on the phosphorus @Lcomplexes) or on one of the
atom, since there is no lone pair associated with thé@asin. hydrogens of the inner shell (2t-L complexes). For triplets
Water shows similarities with the ammonia case. However, the all the attempts to optimize structures of thesPlype failed.
existence of two lone pairs in the water molecule allows for The new ligand migrates until it binds a hydrogen of one of
the O™ ion to remain bound to the itom. For both Nigt-- the inner ligands. This behavior can be understood by looking
PNH, and POHOH;" complexes, the new bonds are as strong at the Laplacian o of the triplet PL.™+L complexes (see Figure
as those of the triplet states, so compardijes are predicted 6). Zones of electronic charge concentration surround the
(see Table 1). Inspection of the Laplaciarnpah Figure 5 and phosphorus basin in all directions, except for the one in which
the bonding properties of Table 2 suggests that once again thisthe two inner ligands are bound. Hence, it is clear that further
noticeable bond strength is due to the significant covalency of approach of another ligand pointing to thé Would be highly
the formal hydrogen bonds. unfavored because of the Pauli repulsion between the lone pairs
Finally, for the FH, the two-ligand shell structure is not lost Of the ligand and the valence shell of the phosphorus.
when electron correlation is included. Undoubtly, although FH  Regarding the singlet states, we have been able to characterize
has properly oriented lone pairs, it is a too hard of a base to the PLs* type of complexes for water and FH, whereas in the
support strongr donation. case of the ammonia complex, as found for the triplets, the third
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P(OH,", (‘A)

PFH)", ('A)
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Figure 7. Contour maps of th&?p of the PL;™ complexes. Negative
values of V%o are denoted by solid contours, positive values by dot
contours. Remember that negative valuesV8p signify that the
electron density is locally concentrated in that zone of the space,

Lopez et al.

from Figure 3, these complexes show a T-like structure. This
behavior poses a distinction with respect to other ions of the
same row such as Naor Mg", for which G planar and
pyramidal structures have been reportéd?! As can be
observed in the plots d¥2p(r) (Figure 7), theT-like structures
enable the valence electronic charge of thedPpolarize away
from the ligand bonding directions, so it minimizes the repulsion
between the lone pairs of the ligands and the valence electrons
of Pt. This effect, along with the reported natural charges for
singlet two-ligand complexe®,could shed some light on the
reason for the nonexistence of ammonia complexes of the PL
type. For the singlet P(NBL* complex}® the charge on the
phosphorus@g) is only +0.348 due to the large covalency of
the P-N bonds; this charge is even smaller than that exhibited
by the hydrogens@y), i.e. +0.434. For the T geometry, the
new ligand approaches one of the hydrogen of the other ligands.
If this hydrogen has a sensibly larger positive charge than the
phosphorus (as it is for the ammonia case), it should be expected
that ammonia will bind to the hydrogen instead to the
phosphorus. However, when the covalency of thexPonds

in singlet two-ligand complexes is lower, the phosphorus retains
a larger positive charg®. It turns out that for Okl (Qp = 0.526;

Qun = 0.543) andFH (Qp = 0.625;Qn = 0.620) this is high
enough to get the new ligand bound to the phosphorus.

Both PLs™ complexes show similar binding energies, which
are lower than those of singlet two-ligand complexes'PL
(—36.79 kcal/mol for OH and —18.23 for FH). It is worth
noting that PL™ complexes are less stable than the correspond-
ing PL,™-L complexes (see relative energies in Table 1).

3.3. Four-Ligand Complexes. We have tried to add a fourth
ligand to the P ion in PLs™ complexes. At the HF level of
theory, all attempts to optimize a P(Q4" complex failed.
However, we have characterized a P(FHEomplex (Figure
4).

Quite interestingly, at the MP2/6-31G(d,p) level of theory,

whereas a positive value implies a local deplexion of charge. For triplet W€ have obtained a P(Ff) complex with two different P-X )
systems and the singlet ammonia complex, we have considered thebonds. Two FH are bound to phosphorus at 2.141 A, while
plane which includes all of the heavy atoms. Two planes are consideredthe two others are bound at a larger distance of 2.221 A. The

for each system.

ligand migrates to bind one of the inner ligands. We will now
comment upon the RIt-L and PLs* cases in turn.
3.2.1. (PL*)L Complexes. The inner ligands in these

Laplacian shows a situation in which the valence shell of charge
concentration of the phosphorus atom is totally concentrated
out of the plane of the F atoms, and the ligands are located in
the electronic charge deplexion plane (see Figure 7). Remark-
ably, at the B3LYP/6-31G(d,p) level of theory, the differences

complexes adopt similar conformations to the those observedbetween the PF; and P-F, bonds are lowered to a large extent.

for PL,™ complexes® The outer ligand is bound through a

Now we obtain four similar PF bonds with a bond distance

hydrogen bond of similar characteristics to that described for lying between the two of the MP2 method. The binding energy
the PL*-L complexes, but with a less pronounced covalency of the fourth, 11.94 kcal/mol, is only slightly lower than that

(compare values dfi(r¢) across Tables Il and 1ll), and hence,

larger H-X3 distances and lower binding energies are obtained

for them. The formation of the hydrogen bond has similar
cooperative effects on the first ligation shell as for the'RL

of the third ligand in the P(FHJ complex.

4. Concluding Remarks
Within this and previous papers, we have dealt with 40

complexes, but less developed, in agreement with the lower clusters of phosphorus positive ion with first- and second-row

covalency of the outerinner ligand bonds.
On the other hand, in the case of triplets, their largexR
bond distances and near-zero value of thiir) are suggestive

hydrides in both their singlet and triplet states. Highly accurate
ab-initio techniques have been employed to determine their
geometries and stabilities. Besides, a rigorous analysis of the

of a predominantly electrostatic bonding for the second inner total electron density has also been carried out, in order to gain

ligand. This contrasts with the behavior of singlets, for which

insight on the binding mechanisms. In this section we will state

a sizeable covalency is still kept. These differences can be easilysome of the general features or rules satisfied bglBsters of
understood by taking into account that there is only one empty PL,* and Pl,—1"-L types. For this purpose it is useful to have

3p orbital in the triplet P. When one of the inner ligands

a look at Figure 8, in which th®¢'s and the values oF(r¢)

enhances its donation to the 3p orbital, the other inner ligand for P—X bonds (a measure of the covalency) for,Pl(n =

has to minimize it accordingly. However, in the singlets, two

1-4) complexes are summarized. In our opinioh,i$a good

empty 3p orbitals of the phosphorus coexists, and each interactxase of study of the behavior of soft ions, and therefore, the
with a different ligand. Therefore, the enhanced donation ability following conclusions could also be useful for the understanding
of one ligand has not such a large effect on the donation of the of clusters of other soft ions.

other.
3.2.2. (PL*) Complexes. As it can be readly appreciated

(1) In one-ligand IP)P" clusters, and one- and two-ligand
(*D)P* clusters, the phosphorus cation behaves as a soft acid.
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Figure 8. Plots showing the decrease in binding energies for triplet (A) and singlet (B) iBh—molecule complexes (& NHs, OH,, FH; n =

1, 4). In the bottom diagrams, the valuesHifr) for the P-X bonds are given for both triplet (C) and singlet systems (D). We recall that this
magnitude can be considered as a measure of the covalency of-td@hds. Notice that the sharp decrease in binding energies matches the

large decrease in the covalency. Also, the type of decrease (smooth or sharp) in binding energies fits the befh@yior in

Therefore, according to the HSAB principle, it forms stronger donated to the phosphorus ion. This does not necessarily imply

bonds with the softest bases for which electronic interactions direct bonding between the ligand and phosphorus ion, since it

are favored. can be more efficient by bonding on the second ligation shell,
(2) Successive binding energies decrease smoothly and drogthrough cooperative effects.

suddenly forn = 2 for GP)P" and n = 3 for (*D)P, (7) Conversion processes are possible for singlétPlypes

respectively, which correspond to the saturation of the valence of complexes of ammonia and water. This involves formation

electronic shell of the central ion. of PNH, and POH neutrals bound to ammonium and hydronium

(3) Soft ligands show sharp binding energy decreases, whereasons, respectively. The-PX bonds for these neutrals exhibit a
hard ligands show smooth ones. This is a consequence of thespstantial double-bond character.

different degree of covalency of the-X bonds. The more

electrostatic the PX bond, the smoother the lowering is. Acknowledgment. This research has been supported by the
(4) The maximum number of ligands in the first solvation gpanish Office of Science and Education (Ministerio de

shell ISn = 2 for triplets, whereas for singlets, it is= 2_ for Educacion y Ciencia) Grant No. PB91-0456 and the Basque

ammonian = 3 for water, andh = 4 for FH. The behavior of  pyoyintial Government of Guipuzcoa (Gipuzkoako Foru Al-

the triplets is related with the repulsion originated by the dundia). X.L. thanks the Basque Government (Eusko Jaurlar-
unpaired electrons of the phosphorus cation, whereas in theitza) for a grant.

singlets, it is related to the covalency of the ® bonds. The
larger the covalency, the larger the decline of the positive charge
of the phosphorus, therefore the smaller the number of ligands
that can bound to it.

(5) The second ligation shell has a significant effect on the
backbone of the first one, namely, it reinforces theXPbond.
The hydrogen bonds between the two ligand shells show a
significant covalency, allowing for larger electron donation to
the phosphorus ion and confering to the cluster with a larger
stability.

(6) Thermodynamically favored structures for phosphorus ion
clusters are those that maximize the amount of electronic chargelA952257G

Supporting Information Available: Tables of MP4/6-
311G(d,p), total energies, and natural changes of the phosphorus
and ligands of Pt-L and PL*-L as well as a summary of the
natural bond orbital analyses (6 pages). This material is
contained in many libraries on microfiche, immediately follows
this article in the microfilm version of the journal, can be ordered
from the ACS, and can be downloaded from the Internet; see
any current masthead page for ordering information and Internet
access instructions.



