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A study of both the singlet and triplet potential energy surfaces of thefif” system has been carried out

using the G2 procedure. Various stable structures along with a number of reaction mechanisms for the reaction
of both the'D and®P electronic states of'Pwith phosphine have been elucidated. The most stable isomer

on the singlet potential energy surface, which corresponds to the species resulting from a hydrogen migration
in the P—PH; complex, lies 127.3 kcal/mol below the reactants leve(!P) + PH(*A;). On the triplet
surface, on the other hand, the-FPH; ion—molecule complex is the most stable isomer, 84.4 kcal/mol
below P(3P)+ PHy(*A;). Various reaction paths for both the molecular and atomic hydrogen elimination
have been fully characterized. For both spin multiplicities theabistraction is found to be favored with
respect to H abstraction, in full agreement with available experimental data. Finally, we have also discussed
the hydrogen and/or charge-transfer reaction between sitigland triplet®P states of P with phosphine.

1. Introduction TABLE 1: G2 Total Energies (in hartrees) and G2 Relative
. . . . . . Energies (AEg; in kcal/mol), with Respect to P (3P) +
Gas-phase ion chemistry is a broad field with many applica- PH(1A,), for the Intermediates and Transition States of the

tions and implications in various branches of chemistrjhe Singlet and Triplet [H 3, P,]" PES$

contlnuo?rs Qeveloprgent ?jf tecr(;mqyk?s for Qeterm[mngf reactlgn species Eco AEc, =0

hancin-hand with the advancement of accurate computational ©(F)hPHE 681133 00 2000
h . ) 1 (triplet) —683.247 81 —84.4 2.021

strategies. And both are stimulated by the growing interest of  2-anii (triplet) —683.224 07 —69.5 2.029

the species generated and the need of data to substantiate 2-gauche (triplet) —683.216 82 —64.9 2.023

quantitative ion chemical models that describe trends in reactiv- 3 (triplet) —683.163 39 —-314 2.021

ity, insights into reaction mechanisms, and thermodynamic data g %ZM("'P'elt) *ggg-igg gg *g?? g-g;g

such as proton affinities and heats of formation of molecules TS2/3 (tgitglgte)t) :683:158 92 :28:6 5035

(including radicals) that are difficult to obtain by others me#ns. 1 (singlet) —683.211 47 —61.6

One interesting example of this is the study of molecules 2 (singlet) —683.276 44 -102.3

relevant for the determination of the chemical composition of TS 1/2 (singlet) —683.205 05 —57.6

the interstellar media. Although currently a third of the known  TS2/Hz (singlet) —683.21265 —62.3

astrophysical molecules are uncommon species that would be aFor the triplets the expectation value $fis also given.
rather short-lived in the terrestrial enviromérit,is expected
that spectroscopic satellites will permit the study of infrared highly accurate G2 methodolo#fy*! to determine the energetics
emission and absorption of many other molecules. Nowadays, of the stationary points encountered on both PESs. The proton
many potential candidates, including polycyclic aromatic hy- affinities of the singlet and triplet #PP and HPPH species are
drocarbonand molecules containing third-row elemehltgve also discussed.
been proposed.

Within this context the iormolecule gas-phase chemistry 2. Methods

of the phosphorus cation has been the subject of a considerable Ag noted above, we used the G2 methodology, with two slight
amount of research.*® In particular, we have carried out a  mqgifications. Structures were optimized at the MP2/6-311G-
syste_matic search _of the likely e>_<othermic channels of the (q ) instead of at the MP2/6-31G(d) level of theory. Since
reactions of P(*P) with several hydridé@§=2%33-35 (CHj, NH, we deal with transition states involving H atoms, polarization
OH,, FH, SiH,, SH,, and CIH) and other neutral species such fynctions for hydrogen, and not only for heavy atoms, should
as G, acetylene, and methanit.2 Itis hoped that this series e included. Also, frequencies were calculated at the MP2/6-
of papers will contribute not only to the understanding of the 311G(d,p) level instead of at the proposed HF/6-31G(d) level
interstellar production of phosphorus compounds but also to the of theory. Hence, the zero-point vibrational energy (ZPVE) was
insight into the general trends of the gas-phase ion chemistry gptained at the MP2/6-311G(d,p) level after scaling by 0.94 as
of phosphorus. recommended® Apart from these two modifications, we have
In the present paper a theoretical study of the reaction of both fo|lowed the G2 methodology closely.
P*('D) and P(®P) with PH; is carried out. The structure and Al calculations have been performed using the GAUSSIAN
stabilities of the stable structures on both singlet and triplet 92 and GAUSSIAN 94 suite of prograri&* The optimized
potential energy surfaces are characterized. We employed thecartesian coordinates of all the stationary points discussed in
this paper can be found in Tables 1 and 2 of the Supporting

TOn leave from Dpto de Qmica, Fac. de Ciencias Nat. y Mat., Information
Universidad de Oriente, Avda. Patricio Lumumba s/n, 90500 Santiago de G2 energ.ies can be found in Table 1. The relative stability
Cuba, Cuba. :
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TABLE 2: Bonding Properties (in au) at the Bond Critical Point for the Local Minima of the Singlet and Triplet [H 3, P,]*"

PES®
P—P P(1)-H P(2)-H
species p(ro) V2o(re) H(ro) p(ro) V2p(re) H(ro) p(re) VZp(re) H(ro)

1 (singlet) 0.1222 —0.1790 —0.0780 0.1731 0.0003 —0.1739
0.1783 —0.0119 —0.1820
0.1783 —0.0119 —0.1820

2 (singlet) 0.1447  —0.1105 —0.1385 0.1688  —0.0010 —0.1694 0.1788 —0.0243 —0.1827
0.1774 —0.0356 —0.1807

1 (triplet) 0.1102 —0.1365 —0.0627 0.1775 0.0007 —0.1801

2-anti (triplet) 0.1170 —0.1563 —0.0673 0.1711 —0.0183 —0.1726 0.1760 —0.0220 —0.1790
0.1760 —0.0220 —0.1790

2-gauche (triplet) 0.1116  —0.1476 —0.0682 0.1672 —0.0091 —0.1710 0.1767 —0.0217 —0.1798
0.1767 —0.0217 —0.1798

3 (triplet)? 0.1345 —0.2050 —0.0834 0.1708 —0.0185 —0.1727 0.0105 0.0326 0.0013
0.0105 0.0326 0.0013

aFor the H-H bond, p(r;) = 0.2604,V?o(r) = —1.0575 andH(r¢) = —0.2703.> Calculated at the MP2/6-311G(d,p) // MP2/6-311G(d,p) level

of theory.
Their salient geometrical parameters can be found in Figure 1.

1) and the triplet (lower half of Figure 1) potential energy

The reaction energy of the exothermic channels has also beersurfaces of the [k P;]* system. Their Cartesian coordinates

evaluated at the G2 level of theory and can be found in Table

can be found in Tables 1 and 2 of the Supporting Information.

3, and their corresponding reactions pathways have been outlinedAll the structures outlined in Figure 1 lie energetically below

in Figure 2.

We have explored the bonding characteristics of these
complexes by means of Bader's topological anafysié the
charge densityp(r), and its Laplacian;-V 2p(r), of the MP2/
6-311G(d,p) electron densities using the AIMPAC series of
programs'® Plots of —V2p(r) for all the minima are depicted
in Figure 1 of the Supporting Information. Propertfed® of
the bond critical pointrg), such a(rc), —V2o(r), and the value
of the energy densiti(rc) for the P-P and P-H bonds of all
the minima are found in Table 2. A bond critical point with a
positive value of—V2p(rs) can be interpreted as a point for

their corresponding reactants energy level, namely!® +
PHs(*A,) for the singlets and ®3P) 4+ PHs(*A ) for the triplets.
We will now highlight some of their bonding and stability
features according to the following order: first, isomdrs
(triplet) andl (singlet), which are the ioamolecule complexes
formed along the entrance channels of th&3P) and P (D)

+ PHg(*A,) reactions, respectively, then isom@ranti (triplet),
2-gauche (triplet), an@ (singlet), which correspond to species
formed through a hydrogen shift, and finally we shall discuss
isomer 3 (triplet), which can be best viewed as a complex
between HPP(?A") and a hydrogen molecule.

which the electron charge is locally depleted, whereas a negative  The jon—molecule complexes (triplet) and1 (singlet) have

value implies that the electronic charge is locally concentrated

been discussed in detail in an earlier publicatibriNevertheless,

around such point. Hence, the shape of the Laplacian can beit is worth noting further that the NBO analysis of the singlet
used to characterize the nature of a bond. In this sense, if zoneson—molecule Comp|ex reveals a noticeable Charge_transfer

with negative Laplacian are linking two nuclei, we speak about

interaction between the doubly occupied 3p orbital of the

shared interactions between them, since it is common to covalenterminal P atom with thes*p_y with an NBO interaction

bonds. However, zones with electronic charge depletion linking
the nuclei are typical of ionic or van der Waals molecules and
are referred to as closed shell interactiéhsThe value ofp-

(ro) can give an idea of the strength of a bond and for a given
pair of atom can also be used as an indicator of their bond
order?#” and the value of the energy density at the bond critical
point can also serve to detect covalency in a B&icovalent

if H(rc) < 0, and ionic ifH(r¢) > 0).

Atomic charges have been evaluated with the MP2/6-311G-
(d,p) wave function by means of two methods: Mulliken and
natural bond orbitat? Second-order interaction energies be-
tween donok; and acceptog; natural bond orbitals have been
calculated as

2F,°
E —E

¢i_’¢j:

with Fyj = Ejsi||3|¢jDWhere|3 is the Fock operator ariel andE;

are the orbital energies of the donor and the acceptor, respec
tively. We have used the GAUSSIAN 92 GAUSSIAN 9444

and NBGP programs to carry out these calculations. A
complete list of calculated atomic charges is found in Table 3
of the Supporting Information.

3. Structures, Bonding, and Stabilities

energy® of 14.3 kcal/mol, while for the triplet iornmolecule
complex, this interaction energy is only 5.0 kcal/mol. This is
consistent with both the shorterP bond length and the smaller
PPH bond angle of the singlet structurevith respect to the
triplet structurel. Recall that this sort of interaction has been
recognized to be crucial for rationalizing the geometrical
distortions of metal carbene compleX&and for explaining the
hyperconjugative stabilization of silylium catiob.

The migration of a hydrogen over the terminal P atom (P(2),
P(1) H shift) in isomerl (singlet) leads to the planar structure
2 (singlet). This turns out to be the absolute energy minimum
of both PESs. It also bears the shortest#Pbond length of all
the isomers studied, 2.005 A, suggestive of a doubl® Bond.
Indeed, our predictedPP bond length for isome2 (singlet)
compares well with the PP bond lengths determined by X-ray
diffraction for substitutedrans-diphosphene%-56 which are
found to lie within the 2.062.03 A range. Also, earlier
theoretical calculations omans-diphosphene have led to

double bond lengths of 2.068 A at the MCSCF/3-21G(d) level

of theory’ and 2.004 A at the HF/6-31G(d,p) level of theSfy,
which bracket narrowly our value of 2.005 A. The double bond
nature of the PP bond in isomeg (singlet) is confirmed further
by inspection of the topological properties of the bond critical
point (rc) shown in Table 2. Thus, the electronic charge density
at the bond critical pointy(rc) of the P-P bond is substantially

Figure 1 depicts the salient geometrical features of the variouslarger for 2 (singlet) than forl (singlet). Accordingly, the

stable structures found on both the singlet (upper half of Figure

energy density at the bond critical poit(rc), is also more
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Figure 1. MP2/6-311G(d,p) selected geometries data and relative stabilities (G2 level, kcal/mol), with respe@Pjo+PPHs(*A;), of the
intermediates and transition states of the singlet and triplgtP}™ PESs. Bond lengths are in angstroms and bond angles in degrees.

negative for2 (singlet) than forl (singlet), indicating the PP
is more covaleit for 1 (singlet) than for2 (singlet). Notice
thatH(r¢) for P—P of 2 (singlet) is near twice that df (singlet).
In addition, the NBO analysis assigns a doubteFPbond to
isomer2 (singlet) and shows that the P{d) bond is mainly

On the triplet potential energy surface, the hydrogen shift
from P(2) to P(1) in the iormolecule compleX (triplet) leads
to the nonplanar isome&anti (triplet) and2-gauche (triplet)
depicted in Figure 1. Indeed, contrary to the singlet surface,
the hydrogen shift destabilizes the system. TRemnti (triplet)

made of the in-plane 3p orbital of the P(1) atom with the 1s of and2-gauche (triplet) are, respectively, 14.9 and 19.5 kcal/mol
the hydrogen, which is consistent with the HP(1)P(2) bond angle more unstable thad (triplet) while on the singlet surfac2

being close to 90

(singlet) is found to be 40.7 kcal/mol more stable thdginglet)
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TABLE 3: G2 Total Energies (in hartrees) and G2 Relative take place preferentially on the terminal P atom, since its proton
Energies AEg; in kcal/mol) for the Reactants and Products affinity is predicted to be 53.5 kcal/mol larger than that of the
of P + PHs Reactions (Singlet and Triplet States for P) central P atom, as shown in Table 4. However, for the triplet
species Ec2 AEg surface, it is the central P atom that has a larger PA than the
PH(D) 4 PHs(*A)) terminal P atom, although the difference is only of 4.5 kcal/
P(*D) + PHs(*A1) —683.073 48 0.0 mol. On the other hand, for the HPPH isomer the predicted
PP"'*+(1'2N), + Hz(?g*) —683.219 93 —91.9 PA'’s for the singlet and triplet states are rather similar (see Table
EEEJ('?A),)iH'_('(ZSS)) :ggg-igg gg :‘3‘;-‘2‘ 4), being only 1.1 kcal/mol larger for the triplet state. Recall
PH,(*Ar) + PHES) 683081 19 a8 that the PA of HPPHYAg) has been c_alculate(_j earfiéat the
PHs*(2A1)2 + PEP) —683.076 67 20 HF, MP2, and MP3 levels of theory with a basis set of douple-
P*(3P) + PHy('A;) quality plus polarization. Their best value is 183.0 kcal/mol,
1, .
P(P) + PHs(*A1) —683.113 32 0.0 only 2.5 kcal/mol smaller than our G2 estimate of 185.5 kcal/
PPH(A") + Hy(1Z4Y) —683.158 91 —28.6 mol (see Table 4). This slight increase of the PA with increasing
PPH'(?A") + H(?S) —683.148 99 —22.4 quality of the level of theory has been found earlier for other
HPFi"f(ZA') + H(ZS)a —683.132 85 -12.2 noncyclic phosphorus-containing compouf#® Notice that
Erzwgzﬁgatpp'}(?) ) :ggg:é?g é; +_2‘é'j for cyclic species the opposite trend is folfid.
aTaken from ref 41. 5. Reaction Mechanisms

at the G2 level of theory. From the structural point of view,  The reaction of Pwith PH; has been studied experimentally
both 2-anti (triplet) and2-gauche (triplet) are rationalized simply by Smith et al5* who used the selected ion flow tube (SIFT)
by invoking an sp hybridization of P(2) and an equal sharing technique. They detected two different channels

of the spin density between the two P atoms. This can be seen

by inspection of the topological analysis data of the electron P"+ PH,— (P,H)" +H, 1)
density, collected in Table 2, which are indicative of a singly
bound P-P backbone with three almost alike-P bonds P"+ PH,— (P,H,)" +H 2)

arranged as either anti or gauche configurations. Notice that

our MP2/6-311G(d,p) optimum-PP bond length of 2.201 A with the following product distribution: 0.62 for ¢P)*, 0.12

in the 2-gauche (triplet) structure is very close to the HF/6- for (P;H2)*, and 0.26 for the charge-transfer process leading to

31G(d,p) optimum bond length of th# state of thetrans PHs*. The rate coefficient for this reaction is relatively high,

diphosphené® which has a P-P single bond. 1.2 x 10°° cm® s—1. Earlier, Thorne et aP? using the ion
Isomer3 (triplet) is best viewed as a complex between the cyclotron resonance (ICR) technique, found the same reaction

HPPf(®A") and the hydrogen molecule. Both Mulliken and products but a different distribution, namely, 0.85 fogHP",

natural bonding populations analyses predict that the positive 0.09 for (RH2)*, and 0.06 for the charge-transfer channel. These

charge is borne by the HPRnoiety and that the fHmoiety product distribution data clearly indicate that reaction 1 is
remains neutral. On the other hand, the large intermoiety dominant. Indeed, we have found (see Table 3) that on both
distance and the positive valueld{rc) (0.0013) at the P(ZH the singlet and triplet potential energy surfaces, reactions 1 and

bond critical point (see Table 2) reveal the largely electrostatic 2 are exothermic. However, the charge-transfer process from
nature of the intermoiety interaction. Finally, it is worth the ion to the molecule P+ PH; — P + PHs" is definitely
mentioning that the PP bond length is shorter than those of endothermic on the triplet surface (by 23.1 kcal/mol at the G2
isomers2-anti (triplet) and2-gauche (triplet). Atrend akinto  |evel of theory), while on the singlet the predicted figure, 2.0
that found for the adducts of the;Miith the triplet [H,, Si, P kcal/mol exothermic, lies within the errors bars of the procedure
systen?® should be attributed to theé1— — n*spez)interaction, used to calculated f£ Nevertheless, we have found that the
which for the isomeB (triplet) amounts to 4.3 kcal/mol. Notice,  hydrogen transfer reaction

also, that the iormolecule comples (triplet) is the least stable

structure of both singlet and triplet jHP;] * systems, as shown pt+ PH,— (p|-|2)+ + PH (3)

in Table 1.

— is also slightly exothermic on both, the singlet and triplet,
4. Proton Affinities of H2PP and HPPH surfaces by 4.8 and 4.4 kcal/mol, respectively, as shown in Table
Proton affinity is an important property in gas-phase chemistry 3. For the sake of completeness we shall consider reaction 3
in general, and it is of special interest to elucidate likely along with reactions 1 and 2 in our study. Notice that all the
interstellar molecules. It should be remembered that proton- mechanisms discussed in this section involve intermediates and
exchange reactions play a central role in interstellar chen¥&try. transition states all lying below the energy level of the reactants.
Proton affinities (PA’s) for both singlet and tripletPP and ~ Henceforth, they will be useful pieces of information for
HPPH species are shown in Table 4. The PA’s were computedastrochemists, since interstellar chemical processes must have

by means of low (or zero) activation energies and must also be exothermic
to proceed under the low-density and low-temperature conditions
PA(T) = —AE, — AE, — AE, + (5/2)RT of the interstellar spac®. Nevertheless, it should be mentioned
that nowadays these data are of limited value for astrochemists,
where AE. is the electronic energy difference\E, the for PH; has not yet been detected in either the interstellar or

vibrational energy difference, andlE, the rotational energy  circumstellar region8} although it is known to exist in the
difference between the neutral and protonated species. Thelupiter's atmospher®.

values of Table 4 correspond to PA at 298 K. In thgPH 5.1. Singlet PES The formation of the iormolecule
isomer, protonation can take place either on the terminal complex1 (singlet) can be considered as the first step in the
phosphorus atom or in the central phosphorus atom. It is worth P*(*D) + PHs(*A;) reaction. It is exothermic by 86.6 kcal/
mentioning that for the singlet state, protonation oPR will mol and proceeds without a transition state at the G2 level of
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Figure 2. Schematic representation of the different reaction mechanisms calculated at the G2 level of theory (values in kcal/m@tp) (&) P
PHs(*A,) reaction; (b) P(°P) + PHs(*A;) reaction.

TABLE 4: Proton Affinities, PA, in kcal/mol, for the Singlet that the resulting K will be vibrationally excitec?®67 This
ang Tﬂp!et (in rarent_h?ses) Spin StatesAof BPP akndlallle’ transition state corresponds to a 1,2-elimination reaction, and
and Their Singlet—Triplet Energy Gaps, Ar-s, in kcal/mol, it is structurally similar to the transition state of 1,2-elimination
at the G2 Level of Theory . o

of molecular hydrogen from the singlesH?, molecule?” Also

HzPP notice that the PPHX) product molecule has a—P triple
terminal P central P HPPH bond, as suggested by its shortP bond length of 1.908 A
PA 233.7 1921 185.5 and further by the natural bonding analysis. The latter reveals
(180.2) (196.6) (186.6) that the central phosphorus (P(2)) atom is sp hybridized and
Ar-s —18.7 35.4 that the terminal phosphorus (P(1)) atoms bears a lone pair,

which correspond to its 3s atomic orbital. This molecule has a
theory. Furthermore, this iefmolecule complex rearranges to  rather large dipole moment, namely, 6.73 D at the MP2/6-311G-
isomer?2 (singlet) by a P(2), P(1) H shift. The latter process (d,p) level of theory, which might facilitate its detection.
goes through transition state TB2 (singlet), with a small Abstraction of H Indeed, two species can be formed starting
activation energy, namely, 4.0 kcal/mol, and leads to the most from isomer2 (singlet) by abstraction of atomic hydrogen,
stable isomer of the singlet PES. Notice that the whole processnamely, PPH(2A’) and HPPH(2A'"), the former being 10.2
runs well below the reactants energy level. Then isofer kcal/mol more stable than the latter. We were unable to find
(singlet) can break apart, either by releasing molecular hydrogenany transition state for these reactions, which led us to think
or atomic hydrogen or by cleavage of the® bond. Each of  that they may proceed without an activation barrier. To assess
these reaction pathways will be discussed in turn. this hypothesis, we carried out geometry optimizations for

Abstraction of H. Reaction pathway | of Figure 2a outlines HPPH" at various fixed P-H distances at the MP2/6-311G-
this mechanism. It turns out to be the most exothermic process(d,p) level of theory. The results show a monotonic increase
on the singlet PES, with the products lying 91.9 kcal/mol below of the energy until either PRH(2A") or HPPH(A") is reached.

the reactants level. This agrees with the experintéftin the The whole mechanisms for both reactions are depicted as
sense that (fM)* is the most abundant product of the B pathways Il and Il in Figure 2a. Notice that both pathways lie
PHs reaction. The transition state of this reaction, Z/8l, below the reactants energy level, and correspond to exothermic

(singlet), lies 40 kcal/mol above the isore(singlet) and has reactions, by 47.4 and 37.2 kcal/mol, respectively, with respect
a long length for the HH forming bond. Hence, itis predicted to the reactants, but they are, respectively, 44.9 and 54.7 kcal/
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mol above the most exothermic products (see Table 3). This an interaction energy of 8.77 kcal/mol with the antibondipgy

also agrees with the experimental fact obHR)* being the orbital. This is reflected in the longerf bond length of this
second most abundant product of the P PH; reaction1:62 electronic state, 1.412 A, with respect to the singlet state, 1.405

P—P Bond Cleaage As outlined by pathway IV of Figure A
2a, breaking the PP bond of isome® (singlet) leads to the Abstraction of H As outlined in reaction pathways-HV
least stable fragmentation products, #2¢1A;) + PHEZ), on of Figure 2b, the reaction products PPKFA’) + H(S) can
the singlet potential energy without an activation barrier. also be reached in the triplet PES. However, it is worth
However, it is worth noting that the products lie only 4.8 kcal/ mentioning that they are less exothermic than for the singlet
mol below the reactants level but 32.4 kcal/mol above the next PES, namely, 22.4 and 12.2 kcal/mol, respectively, as shown

less stable fragmentation products, namely, HP@A) +
H(®S). Recall that the whole process involves not only a
hydrogen transfer from PHo P* but also the transfer of charge

in Table 3. This simply reflects the energy gap of 25.0 kcal/
mol between the triplet and singlet phosphorus 4 this
level of theory, which should be compared with the experimental

in the opposite direction. This latter process has already begunvalue® of 24.92 kcal/mol.

at isomerl (singlet), as indicated by its natural atomic charges

P—P Bond Cleaage On the triplet PES the cleavage of

(see Table 3 of the Supporting Information), which assigns a the P-P bond of isome (triplet) yields PH*(*A;) + PHEZ"),

0.5% to the PH moiety in isomerl (singlet).

5.2. Triplet PES. For the singlet PES, on the triplet PES,
formation of an ior-molecule complex] (triplet) in this case,

a reaction that proceeds without an activation barrier and that
is only 4.4 kcal/mol exothermic. The charge-transfer process
involved in this reaction is developed at th2 (triplet)

is also the first step in the reaction of the phosphorus cation intermediate further than on the singlet PES, since the calculated

with PHs(*A;). The energies of the various products studied,

natural charges on its PH and Proieties, shown in Table 3

with respect to the reactants level, are shown in Table 3 and ©f the Supporting Information, are 08@nd 0.68&, respectively,

their reactions pathways outlined in Figure 2b. Notice that,

unlike the singlet PES, we have now considered the fragmenta-

tion of both the P—PHz ion—molecule complex (triplet) and

the 2-anti (triplet) isomer, since the energy barrier connecting
the two structures is now 36.2 kcal/mol, which is to be compared
with 4.0 kcal/mol for the analogous singlet case. Therefore, it
seems likely that the ioAamolecule 1 (triplet) will have a
considerably longer lifetime thah(singlet). However, we have

which are to be compared with their corresponding values of
0.48 and 0.52 for the singlet specie? (singlet). Notice also
that this reaction yields both BHand PH in their ground states,
contrary to its analogue of the singlet PES, which yields PH in
its first excited state'f™).

6. Concluding Remarks

The singlet and the triplet potential energy surfaces of the

been able to characterized only the hydrogen atom abstractionH, p,]+ system have been studied thoroughly. Various stables

reaction froml (triplet), as shown in Figure 2b, the rest of the
fragmentation reactions occurring from isomar (triplet).
However, it is worth noting that a transition state T8M
(triplet) (see Figure 1), corresponding to the 1,1-elimination of
H, from the ion—molecule complexl (triplet), has been

structures with energies lower thart(fD) + PHs(*A;) and
P™(®P) + PHs(*A,) have been characterized on the singlet and
triplet surfaces, respectively. These structures have been
confirmed to be accessible under interstellar medium conditions,
since the transition states of their corresponding reaction

characterized, but it has been found to lie below the energy mechanisms lie energetically below the reactants level. In

level of the products. Therefore, it is expected that an-ion
molecule (IM) complex exists, with Hon top of the central
phosphorus atom, from which the abstraction gfvill likely

particular, it is pointed out that the formation of the ion
complex P—PHs provides a significant amount of energy to
overcome additional energy barriers, since under the low-density

take place without an activation barrier. Extensive searching conditions of the interstellar medium the energy cannot dissipate.
of the PES at the MP2/6-311G(d,p) level of theory failed to Notice, however, that we have not considered the effect of the
locate such an adduct. Nevertheless, it should not be ruled outcrossing between the singlet and triplet potential energy surfaces.

that higher levels of theory will succeed in finding it.

Abstraction of H. It is the most exothermic reaction.
Inspection of pathway | of Figure 2b reveals that it takes place
in two steps from isome2 (triplet) and that this process is the
least favored kinetically. The first step consists of the formation
of the HPP —H, ion—molecule comple (triplet) through the
transition state T2/3 (triplet). This step requires an activation
energy of 40.9 kcal/mol fror (triplet) and leads to the weakly
bound ion-molecule complex3 (triplet), only 2.8 kcal/mol
below the energy of the fragmentation final products, HPP
and H. The latter step proceeds without an activation barrier.
Notice that, contrary to the singlet PES, the idolecule will
now be released in its vibrational ground state, since thélH
distance is close to the ;Hequilibrium bond length. The
resultant HPP(3A") species is also worth a short discussion. It
has a bent geometry, with a bond angle of 11&8d a P-P

bond length of 2.043 A, suggestive of a double bond. Indeed,

this point is confirmed further by inspection of the NBO data,
which also reveal an ggybridized central phosphorus atom.

Although this is expected to represent a minor channel for the
reaction of P with PH;, it might modify slightly the relative
yield of the products. The global minimum found on the singlet
[Hs, PJ" PES is2 (singlet), a species resulting from transferring
one of the hydrogens of the Bltb the phosphorus cation. This
2 (singlet) isomer has a-FP bond length that compares well
with the experimental PP double bond lengths of a number
of diphosphenes. Notice that(singlet) is 40.7 kcal/mol more
stable than the ionmolecule complex (singlet). However,
on the triplet surface, the hydrogen shift from P(2) to P(1) in
the ion—molecule complex destabilizes the system by 14.9 kcal/
mol, yielding the2-anti (triplet) isomer, which has a single-P
bond. Rotation around this bond leads2@auche (triplet),
which is only 4.6 kcal/mol more unstable tharanti (triplet).

We have also found a stable adduct betwegardl the HPP
on the triplet PES with its intramolecular interaction largely
dominated by electrostatics and that is 31.4 kcal/mol more stable
than P(°P) + PHs(*Ay).

The most exothermic channel found in this work corresponds

The spin density is equally shared by both of the phosphorusto the abstraction of molecular hydrogen, either through a 1,2-

atoms, the singly occupied molecular orbitals (SOMO) corre-
sponding to the out-of-plane 3p orbital of the terminal P and
one of the sphybrid orbitals of the central P. The former has

elimination from the single® (singlet) structure or through a
1,1-elimination from the2-anti (triplet) structure. The latter,
in fact, leads first to the ionmolecule3 (triplet), and then H
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elimination proceeds without an activation barrier. Atomic (33) Lopez, X.; Ugalde, J. M.; Barrientos, C.; Largo, A.; Redondo, P.
hydrogen elimination is predicted to proceed without an J:- Phys. Cheml993 97, 1521.

L . : : (34) Lopez, X.; Ayerbe, M.; Ugalde, J. M.; CéesF. P.J. Phys. Chem.
activation barrier on both studied potential energy surfaces. 199z 99 6g12.

However, the hydrqger) shift from P(2) to P(1) takes places With  (35) Cruz, E. M.; Lopez, X.; Sarobe, M.; CéssF. P.; Ugalde, J. M.
a considerable activation of 36.2 kcal/mol on the triplet PES, J. Comput. Cheml997, 18, 9. _
while it requires only 4.0 kcal/mol activation energy on the _ (36) Adams, N. G.; Mcintosh, B. J.; Smith, Bstron. Astrophys199Q

singlet PES. Finally, it should be mentioned that our calcula- 23%3;1)43;immerman 3. A: Bach, S. B. H.: Watson, C. H.: Eyler, JJR

tions agree with the experimentally known product distribution ppys ‘chem1991 95, 98. A T T

for the P~ + PH;s reaction. (38) Muedas, C. A.; Scfider, D.; Siele, D.; Schwarz, HJ. Am. Chem.
S0c.1992 114 7582.
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