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Abstract: The hitherto unknown gas-phase basicity of the tetraphosphorus molegulgsPbeen determined by
means of Fourier transform ion cyclotron resonance mass spectrometry using proton transfer equilibrium techniques.
A guantum mechanical treatment of Bnd BH™ in the framework of the G2 level of theory leads to a proton
affinity agreeing nicely with the experimental value and, most important, reveals the existence of a novel kind of
chemical bond in fH*: the symmetrical and essentially covalent-(A---P) linkage.

Introduction

In what follows, all basicities are referred to that of ammonia (GB-
(NH3) = 819.2 kJ/Mol, according to the most recent experimental

Our laboratories are currently involved in a joint systematic determinatiof?), as defined in reaction 2

study of the gas-phase basicities, GB, of less common species,
one of our main goals being the discovery of new reactions

and chemical bond$:¢ In this respect, the molecules s

PH'(9) + NHy(@) = NH, (9) + P9) AGB(R)  (2)

The equilibrium constant, for the proton exchange betweegr P

appealing because of (i) the complete lack of quantitative gy and a series of reference bases, Beaction 3

basicity data for B both in the gas phase and in solution, (ii)
the fact that, to the best of our knowledge, neither theoretical

PH'(@) + Bied@) = Py(@) + BH'(9) K, ®)

nor experimental studies have been reported on the structure

and vibrational frequencies ofR" while a wealth of informa-

tion is available on P2~ and (iii) the predictable competition

were determined in a modified Bruker CMS-47 FTICR mass spec-
trometet® used in previous studiég?
A detailed description of the main features of this instrument is given

between corner- and side-protonations, respectively, favored by, vef 12, Here we mention that the substantial field strength of its
the presence of the electron lone pairs and the relief of internal syperconducting magnet, 4.7 T allows the monitoring ofiorolecule

strain.

Experimental Section

The gas-phase basicity of,,PGB(P;) is formally defined as the

reactions for relatively long periods of time.

With respect to the standard instrumé&hthe main modifications
are as follows.

1. The insertion of a Balzers BVB0O63H butterfly valve between
the high vacuum turbomolecular pump and the section containing the

standard Gibbs energy change for reaction 1, the corresponding protonion-trapping cell and the head of the Bayapert ionization gauge.
affinity, PA (P;) being the standard enthalpy change for the same This allows the efficient reduction of the gas flow, thus minimizing

reaction

PH" (@) — Py(9) + H'(9) @
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the pressure gradient between the cell and the ionization gauge.

2. The insertion, in the same section of the vacuum system and
close to the head of the ionization gauge, of an MKS capacitance
manometer.

3. The installation in the foreline of a 40 I/s Balzers DIF 040W
diffusion pump (lower pressure limit 107 mbar) for the purpose of
thoroughly degassing the samples.

As in our previous studiés*equilibrium constant&, for reaction
3 were determined by means of an experimental technique based on
that used in Prof. Taft's laboratoty® Briefly stated, mixtures of
Bref(@) and R(g) of known partial pressures (total pressures generally
in the range 5« 10-7—3 x 10°¢ mbar) were ionized by electron impact
(nominal ionization energies in the range-124 eV). RH'(g) and
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BeH"(g) were generated by chemical ionization, the proton sources Table 1. Experimental Results Pertaining to the Determination of

being the ionic fragments of B except in the case of €IS, where AGB(Py)2¢

water was u§ed for this purpose. These_ ionic fragments were refs AGB(Be) OAGH(g) AGB(P) AGB(P)(av)
deprotonated in 23 s, the system being monitored for an extra-10

15's. A constant ratio of the ion intensities was reached after ca. 5 s CCCH0H 108.8 —9.37 99.43

and remained constant until the end of the experiment. During the EFCCSOZCH3 %92% ggg gggg 98.6 (s¢ 1.8)
first few seconds, samplings were carried out every-0.3 s and, c-CiHs 012 577 06.97

afterwards, every 0.5 s. CeH:Cl 90.4 10.00 100.40
The fact that the constant ratio of the ion intensities corresponds to

the attainment of equilibrium (3) was proven by means of the following 2Values ofd AGy*(g) andAGB(P) (both related through eq 4) are
double-resonance-like experiments=2s after ionization, one of the ~ given with two decimal figures in order to avoid round-off errors.
ions, for instance P+ was isolated by ejecting all other ions by means AGB(Py) is the gas phase basicity of Rlative to ammonia2 Measured
of radiofrequency “chirps” (broad band). A “safety belt” (an option " this work: found to be 9.20 kJ/mol less basic than@B,CH; (AGB

. : S = 99.6 kJ/mol) and 6.28 kJ/mol more basic than {0l (AGB =
of the Bruker software that strictly prevents the irradiation of a 115.1 kJ/mol) From ref 16.9 From ref 1a< All values in kd/mol.

preselected frequency range around the frequency of the selected ion)

was applied around the resonance frequency;df-n order to avoid . .
its accidental excitation. The system was then allowed to evolve. The d0€S Not take into account the uncertainty A6B(Brer) for
signal of BeH™ appeared, grew up, and leveled off after s, the each of the reference bases. Because of the multiple overlap

ratio of the ion intensities @PI*/BreH*) remaining constant henceforth.  method used to link GB valué$, these uncertainties are
The ratio was found to agree very satisfactorily with the ratio obtained generally fairly small, mostly in the range 6-5.0 kJ/mol. A

without ion ejection. The same method was applied tgHB, the reasonable estimate of the uncertainty on @8GB(P,) is thus

outcome of the experiment being the same. 1.0-1.5 kJ/mol. Slightly higher values can be expected when
Equilibrium constantsi,, defined through eq 3a were obtained by ysing AGB(Bef) values originating in different laboratories, as

combining we have done here. In this work, the most important source of

uncertainty seems to be the adsorption of some of reagents onto
the inner surface of the high vacuum section, this phenomenon

the ratio of the intensities of BH* to P,H" (taken as a measure of the being most noteworthy in the case of thiophosgene.

ratio of the partial pressures of these ions) with the ratio of the partial  F'0M the data given above, an average value of 98.6 kJ/mol
pressures of the neutral reagents. is obtained forAGB(P,), the standard deviation being 1.8 kJ/

The corresponding values of the latter, as determined by the Bayard mol. According to the IUPAC criteriof 2! the latter measures
Alpert gauge, were corrected by means of the appropriate calibration the precision oAGB(P,). The accuracy of thAGB(P,) value
coefficients obtained for each and every reagent by plotting the readingsat the 95% level can be estimatedds?.1 kJ/mol?223 Com-
of the ion gauge against the absolute pressures provided by thepining this results with the experimental value of GB@#lEnd
capacitance manometer. Routinely, three calibration runs were per-ihe entropy change for reaction 1 of 94.1 J md{~ computed

forged on ea?lr:eaﬁ.e?' ¢ the ratios of ion intensites it 2t € MP2/6-3+G(d.p) level, we obtain a proton affinity of
ecause o € nign accuracy o e ratios or 1on intensities | 748.6+ 2.1 kd/mol for R

provides, the Mclver Gaumani17fast sweep/cross-correlation method
was used, as in our previous studie¥! . )
Extreme cautionvas exercised when handling the samples of yellow Computational Techniques

phosphorous. Ab initio molecular orbital calculations were performed using
the Gaussian-90 and Gaussian-92 series of progtathsThe
geometries of Pand of the different protonated species were
For each reference bas&GB(Py) is obtained through eq 4 fully optimized at the MP2/6-31G(d,p) level of theory.
The harmonic vibrational frequencies were calculated usin

AGB(P,)) = AGB(Byy) + 0AG,;- (4) analytical second derivative tecr?niques in order to check Whethgr
the optimized structures are minima or saddle points on the
potential energy surface and to evaluate the corresponding zero

Kp = [P(P)/P(Bed P(BH )/P(RH")] (3a)

Experimental Results

wherein

(19) Massart, D. L.; Vandeginste, B. G. M.; Deming, S. N.; Michotte,
O0AG,, = —RTIn K, Y.; Kaufman, L. Chemometrics: a textbook; Elsevier: Amsterdam, 1990;
Chapter 2, pp 1619.

The experimental results are summarized in Table 1. Whenever, (20) Guide for use of terms in reporting datAnal. Chem 1982 54,

possible, and for the sake of maximal self-consistency, GB- "~ (21) Freiser, H.; Nancollas, G. HUPAC Compendium of Analytical
(Brer) values were from Prof. Taft's laboratory (also reported Nomenclature, Definitie Rules, 1987Blackwell Scientific Publications:

in ref 16). Each equilibrium constant is the average of at least ©xford, 1989; Chapter 2. .
six runs at different total pressures. Also. the ratios of the (22) Accuracy “relates to the difference between a result (or mean) and
p : ' the true value® At the 95% significance level this difference can be

pressures were varied as widely as possible. estimated at 2.1 kd/mol and is given £ (1.84/5) kJ/mol whereirt,0-05
In this work, we can formally estimate the uncertainties on is the value of the Student t for four degrees of freedom and a 95% level

K, values at ca. 20%, part of it originating in the reproducibility g}( Z'Sgg;icrﬁzﬁgll\;glfégig}ﬁgdggrgg‘éﬁ“ggj?gfslg”g'nates in the number

(15%) and the rest in the experimental correction of the ion  (23) See, e.g.: ref 19, p 19.

gauge data. This amounts to 0.5 kJ/H ol Gibbs energy. This (24) . Gaussian 90, Revision I; Frisch, M. J.; Head-Gordon, M.; Trucks,

G. W.; Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Binkley, J. S.;
(16) (a) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius,

Data1984 13, 695. (b) Lias, S. G.; Bartmess, J. E.; Liebman, J. L.; Holmes, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.;

J. L.; Levin, R, D.; Mallard, W. GJ. Phys. Chem. Ref. Data, Suppl. 1  Pople, J. A. Gaussian Inc.: Pittsburgh, PA, 1990.

1988 17. (25) Gaussian 92, Revision D.2; Frisch, M. J.; Trucks, G. W.; Head-
(17) (a) Parisod, G.; Gaumann, CThimia198Q 34, 271. (b) Mclver, R. Gordon, M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B.

T.; Hunter, R. L.; Ledford, E. B.; Locke, M. J.; Francl, T.lat. J. Mass. G.; Schlegel, H. B.; Robb, M. A.; Repogle, E. S.; Gompers, R.; Andres, J.

Spectrom. lon Phy<€.981, 39, 65. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D.

(18) That is, RT In(1.2) or |RT In(1/1.2) at 333 K, the average J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian Inc.:
temperature of the ICR cell. Pittsburgh, PA, 1992.
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point energies (ZPE), which were scaled by the empirical factor Table 2. Harmonic Vibrational Frequencies (c&) of P4 and its

0.9326 Side-Protonated Spectes

For the neutral species as well as for the most stable Py
protonated form these geometries were refined at the MP2/6-  ¢alcd exptt PH* (2)
31+G(<_1I,p) level, which has be_er} shown to be more rella_ble,_ 1719 P-H—P sstretching
in particular when the description of protonated species is 767 P-H—P a-stretching
intended. For these two systems the harmonic vibrational 755 H bending out of the PH—P plane
frequencies were also recalculated at the MP2/63G(d,p) 625 (1) 600.51 606
level. 471¢)  466.925 496

As we shall discuss in forthcoming sections, the most stable ﬁg
protonated form of Pcorresponds to a nonclassical structure. 362 360.813 377
Hence, we have considered it important to have as reliable 368

energetics as possible as well as a reliable estimation of the avalues taken from ref 1PValues obtained at the MP2/6-
intrinsic basicity of R to be compared with the corresponding  31+G(d,p) level. '
experimental value reported in this work. For this purpose, the

total energies of the neutral and the most stable protonatedcritical point between two atomic basins indicates the existence
species, were obtained in the framework of G2 thédmhich  of a bond. Furthermore, the value of the charge density at the
has been demonstraféd®® to yield ionization energies, atomi-  pep is a relative measure of the strength of the corresponding
zation energies, proton affinities, and heats of formation in jinkage. The bond critical points correspond to stationary points
agreement with the e_xperlmental values withif.1 eV. G2 of the electronic charge density whesg) is minimum along
theory® is a composite procedure based on MgHBlesset  the pond path and maximum in the other two directions.
perturbation theory at second and fourth orders (MP2 and MP4)  1pig topological analysis was carried out on MP2 densities
and on quadratic configuration interaction theory including oyajuated at the 6-31G(d,p) level, in order to explicitly account

single, double, and triple excitations (QCISD(T)). In the G2 fr glectronic correlation effects. For this purpose we have used
procedure a total energy effectively of QCISD(T)/6-31G- the AIMPAC series of prograni.

(3df,2p) quality is obtained by assuming additivity of different

basis set enhancements at the MP4 level and additivity of basisGeometries and Relative Stabilities

set and correlation effects between MP4 and QCISD(T). It )

should be noted, however, that the G2 scheme is based in MP2/_ The P molecule is known to possess tetrahedral symmetry.

6-31G(d) optimized structures and that the ZPE corrections are 1 "€ MP2/6-3%G(d,p) optimized bongi length (2.199 A,) IS very

evaluated at the HF/6-31G(d) level of theory, while in the close to prewou::ly computed vall]@é_ and to the experimental

present study, both geometries and ZPE corrections wereValue (2.21 A It must be mentioned, however, that the

obtained, as mentioned above, at the MP2/6-G{d,p) level. harmonic vibrational frequencies evaluated at this level of

In what follows this approach shall be designecHG2 accuracy (see Table 2) are in better agreement with the
Since proton affinities are generally measured at 298 K, we experimental valués-811than previous calculations at the MP2/

have included in our estimates the corresponding the}mal 6-31G(d,p) levef, thus °°f.‘ﬁfmi”9 the reliability of the MP2/

corrections. These thermal corrections incld8&T for each 6-31+G(d,p) scheme. This is also corroborated by the fact that

. . . : 0
translational and rotational degree of freedom, plus changes inthe corresponding rotational constant (3367 MHz) is only 2%

the vibrational energy due to thermal population of the excited greater _than the experlment_al v_aﬁJe. . .
vibrational modes. The first protonated species investigatégl \as obviously

The nature of the bonding in the nonclassical protonated the one corresponding to the protonation along@gexis of

specie was investigated by means of a topological analvsis the neutral molecule. However, this species yields a proton
o?the electronic cha?ge den);it}y and its Laprl)acia?nvzp Asy affinity substantially smaller than the experimental value
has been shown by Bader and co-workerd v2p identifies determined in our FTICR study. This initial disagreement

regions of space where the electronic charge is locally depletedprompted us to investigate alternative conformations for the
(V2 > 0) or built up (% < 0). The former situation is protonated species (see Figure 1). In particular, we have

tvoically associated with interactions between closed-shell considered two subsets of protonated systems, those which retain
ypically assc the tetrahedral structure of the neutral and those wherein one
systems (ionic bonds, hydrogen bonds, and van der Waals

molecules), while the latter characterizes covalent bonds where?" several P-P linkages are broken. In the first set]tehere are
the electro’nic charge concentrates between the nuclei, HereOlnly three possibilities, the corner protonated specigsthe

. 9 . . - U side protonated form2j, and the face protonated on8).(
the location of the bond critical points (bcp) is particularly

important, since it has been shown that the existence of a bondSpeCiesd" 5 andgare the result of a single bond fission, while
P ’ in speciess and 7, more than one PP bond is broken. This

(26) Pople. J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; Curtiss, Survey of the BH™ potential energy surface shows that the side

L. A. J. Chem. Phys1989 90, 5622. protonated species is the global minimum. As shown in Table
o ?287) DelJBE;leAJ- Icz:lr?t J-Slgééiggqéggeg-l%ym%ZEZG,S?]ZT_tt 3, the global minimum lies some 45 kJ/mol below the corner
el bene, J. . AM. em. S0 . bel bene, J. E.; avitt, : .
I. J. Mol. Struct. Theocher994 307 27. protonate_d onel) and a_bout 58 kJ/mol below speciés It is
(28) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J.JA. worth noting that specied, where one PP bond has been
Chem. Phys1991, 94, 7221. ) broken, is only 17 kJ/mol less stable than the corner protonated
Ch(ezg) gﬁ;,tffégli é“é* é:oeggenter, J. E.; Raghavachari, K.; Pople, ILA. gnacies], where all P-P bonds remain intact. This reflects a
(30) Curtiss, L. A.. Raghavachari, K.; Pople, J.JAChem. Phys1993 significant relief of the strain of the system, which is not
98, 1293. sufficient, however, to compensate the energetic cost associated
(31) Bader, R. F. W.; ESse H. J. Chem. Phys1984 80, 1943.
(32) Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. H.Am. Chem. (34) AIMPAC programs package has been kindly provided by J.
So0c.1984 106, 1594 31. Cheeseman and R. F. W. Bader.
(33) Bader, R. F. WAtoms in Molecules. A Quantum Thep@xford (35) JANAF Thermochemical Tables, NSRDS-N&8II, D. R., Prophet,

University Press: New York, 1990. H., Eds.; 1971; p 37.
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5 6 7 8
Figure 1. MP2/6-31G(d,p) optimized structures of the protonated species.ddhd lengths in A and bond angles in deg. The geometry of

species2 was obtained at the MP2/6-315(d,p) level.

with the P-P bond fission. As we show below, the situation 1000
is different for the side protonated spec&swhere one PP

bond is replaced by two-PH linkages.This leads to a significant 1
stabilization of the system. The remaining protonated forms __

are much less stable. It must be mentioned that the face. 900~
protonated species)is not a minimum but a transition state
on the potential energy surface. Actually, it was found that
when the proton is not forced to be along tesymmetry axis

of the system, this structure collapses, without activation barrier,
to the global minimum). Similarly, specied is found to be

a saddle point (with two imaginary frequencies) on the PES. If
the symmetry constraints are eliminated, the structure evolves
to yield species.

Me,NH

Y NH,

800

P o+
700 e H,S |

Proton Affinity and Bonding Characteristics

In order to establish that the experimentally observgd™P
cation corresponds to the nonclassical side-protonated species—=2
2, we have built up a theoretical basicity scale based on G2 ¢ b CH,
calculations. For this purpose, a set of 12 standard bases,
namely, HCI, CH, CS, H,S, GHgs, MeOH, HCS, MeO, PH;, 500
Me,S, NH;, and MeNH, was chosen.The corresponding G2
proton affinities at 298 K were taken from ref 36, while the
experimental values were taken from ref 15, as were the GB-
(Bres) used in this work. In order to achieve an optimal level 400 T r . r r T r T y
of statistical reliability” this scale spans a very wide range of 500 600 700 800 900 1000
basicities (ca. 400 kJ/mol) and is centered at 737 kJ/mol, very : -1
close to the G2 computed value. Of the 12 experimental values, Experimental PAs (kJ mol™)
six are for molecules in which the basic center is a second row Figure 2. Linear correlation between G2 calculated proton affinities
atom. and experimental values which illustrates that théd* species

When the theoretical values are plotted against the corre- CO"TesPONds o a side-protonated structure.
sponding experimental results, an excellent linear relationship
is obtained (Figure 2), the correlation equation being (5):

600 -

alculated (G2) PAs (kJ mol

HCI

method performs quite satisfactorily even in the case of
significantly strained species.
PA(G2)= —19.2 (sd=6.1)+ The computed PA values at the G2 and-GRvels for
1.0172 (sd= 0.0081) PA (exp) (5) structure2 are practically indistinguishable. The G2 value is
equal to 736.9 kJ/mol. Using the experimental value of 748.6
in kJ/mol,n =12, sd= 3.0 kJ/mol,R = 0.9997 + 2.2 kd/mol, eq 5 predicts a G2 value of PA)Bf 742.2+
7.9 kd/mol at the 95% significance lev&l. The computed PA
The experimental and calculated PAs for cyclopropane, fall for structure2 is seen to fall well within these limits. The
nicely on the line defined by eq 5. This suggests that the G2 computed (G2 and GP) proton affinities for 1 are also
(36) Smith, B. J.; Radom, L]. Am. Chem. S0od.993 115, 4885. extreme'y close. The G2 Va'Ue, 676.5 kJ/mO', is 60.4 kJ/mol
(37) See, e.g.: ref 19, pp 8®1. smaller than that for structur@. The difference from the
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Table 3. MP2/6-31G(d,p) Total Energie€( in hartrees) and
Relative EnergiesAE in kJ/mol) of the Protonated Forms of P

protonated species E AE2
1 —1363.63405 45.2
—1363.97537 60.4
—1363.97541 61.9
2 —1363.65124 0.0
—1363.99836
—1363.99901
3 —1363.61395 87.4
4 —1363.62978 57.7
5 —1363.61242 101.7
6 —1363.60138 128.9
7 —1363.53793 289.5
8 —1363.49714 399.6

aThese values include the corresponding ZPE correctiG®2

values. The G2 total energy for the neutral species1863.71962 . . .
hartrees® G2+ values. The G2 total energy for the neutral species Figure 3. Contour maps of the Laplacian of the charge density of

is —1363.72013 hartrees. side-protonated £ Positive values o#/?p are denoted by solid lines
and negative values by dashed lines. Contour values in att@@5,

. 4+0.12, +£0.25, £0.37, £0.50, £0.62, £0.75, £0.80, +£0.95, +1.00,
expectedalue (742.2 kJ/mol) is 65.6 kJ/mol and hence so large and+1.05. The negative values of the Laplacian in the-P-P region

that _s_tructurel can be rejected well beyond the gg__g%dle(_)f denotes the existence of a covalent interaction between the three atoms.
?gg';m?gg% (sz;;emralnge of acceptabialues at this leel is two boron atoms and the 1s orbital of the hydrogen atom, could
R . ol o account for its structure.

Itis worth noting that the computed stability of structie These bonding characteristics are also consistent with the
with respect to structurd is considerably (ca. 15 kd/mol)  caicylated harmonic vibrational frequencies (see Table 2). Our
enhanced at both the G2 and €2evels with respect to the  yeqjts show that the highest vibrational frequency corresponds
MP2/6-31G(d,p) values (see Table 3). This seems to indicate ; 5 symmetric stretching of the-M linkages. This stretching
that these species are sensitive to higher order Correlat'onfrequency is large, since it is only about 700 Grsmaller than
correctio_ns, possibly as a consequence of their compactness angs p-H stretching for the corner protonated species. The next
to the bridged structure . two highest vibrational frequencies correspond to the assym-

In 2, the global minimum, the incoming proton is located metric stretching of the PH linkages and to the bending of
symmetrically between the two phosphorus atoms, which raisesthe proton out of the plane defined by the PHP moiety. The
interesting questions about the nature of the bonding. To gain|arge force constant associated with the latter harmonic motion
some insight into this problem, as we have indicated in previous s in agreement with the-PH—P bonding described above, in

sections, we have carried out a topological anatys# of the the sense that a displacement of the proton out of thil- PP
electronic charge density(r), of this species and its Laplacian, plane will significantly weaken the-PH—P bonding.

V2p(r). Only five P—P bond critical points were found for the Due to the breaking of the symmetry undergone by the system
P,H™ species, while the sixth one (that corresponding to the ypon pro-tonation, the degenerae@ndt, vibrational modes
two protonated phosphorus atoms) is replaced by twbl Bond of the neutral molecule are split into two and three nondegen-

critical points. However, the most significant result is that these erate vibrational modes in the side-protonated systén (
P—H bond critical points have electron densities (0.11 €U Similarly, the a vibrational mode of the neutral undergoes a
of the same order found in typical-fH4 covalent linkages  g|ight red-shifting (19 cm?). It must also be noticed that while
(~0.15 e.ag®). Furthermore, as illustrated in Figure 3, the in the neutral species only thgvibrational mode is infrared-
Laplacian of the charge density, evaluated in the plane defined active, in the protonated species all of them, with the exception
by the P-H—P fragment, is negative between the proton and of the 377 cm? vibrational mode, are active although the

both phosphorus atoms. This reflects a typical covalent predicted intensities for those which originate from theand
interaction, where the electronic charge is concentrated in theg yviprational modes are very small.

interatomic region. In contrast, the Laplacian between both _

phosphorus atoms is positive, as a result of the depletion of Conclusions

bonding charge density within that region. In other words the  From the results discussed in this paper we can conclude that
initial P—P bond has been replaced by a three-center delocalizedp, is moderately basic in the gas-phase. Most important, side
bond. This picture is also confirmed by a natural bond orbital protonation is the most favorable process from the thermody-
analysi$®3 which shows that the positive charge is strongly namic point of view. The corresponding protonated species
delocalized in fH*. Actually, the positive net charge at the presents a three-center delocalized bond with characteristics
hydrogen atom is close to zero, which is consistent with the similar to those found before for diborane. This seems to be
covalent nature of the-PH linkages and with the strong charge  the first time in which such a kind of delocalized bond is found
redistribution that is apparent in Figure 3. The corresponding in species involving only second row atoms. It is also
bond orbitals are the result of a combination of sp hybrids of noteworthy that it is formed upon the interaction afwWith a
phosphorus (with a very small contribution from the s orbitals) proton, i.e., it appears in a stable cation as in the caset$f'C

and the 1s orbital of hydrogen. This implies that theH>-P )
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