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Phosphorus-Silicon bonding
✓ Big literature focused on first-row element bondings
✓ Less extensive study on second-row 
✓ In the past 10 years much progress has been made

(Cundari, Chem. Rev. 2000)

✓ Structure of second-row element bearing molecules can 
differs substantially comparing to first-row’s

✓ Previously reported HPSi complex
(Lattanzi et al.,  Ang. Chem.  2010, in press)

✓ P and Si bearing compounds detected in circumstellar shells 
of evolved carbon-rich stars and other astronomical sources

(Tenenbaum & Ziurys, ApJ 2008)
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Previous study on the [3H, P, Si] system
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cule involved. Accordingly in our discussion we do not
speak further of these particular parameters.

Key structural parameters and schematic representa-
tions of the structures are given in Table 1. An Adden-
dum to this paper provides the optimized coordinates
of all the molecules studied.

3.1. The P2 system

All isomers of H2P2 are planar but none contain
bridged structures. As can be seen in Table 1A, all the
PP distances are close to that predicted by Pauling!s

covalent double bond radii (2.00 Å), a PP double bond
being what one would expect in these cases. Table 2
shows data for not only the H2P2 systems but also for
H2PPH2 and P2 which we would characterize as repre-
sent PP single and triple bonds, respectively. If we take
the trans-HPPH molecule to define a bond of order two,
the drelPP values fall in line nicely with our chemical ideas.
While the bond basin populations for PPH2 also reflect
this interpretation, those for the HPPH species are low
due to delocalization effects. This illustrates why the
delocalization index tends to be a more reliable measure
of bond order.

Table 1
Key structural parameters and relative energies for the H2P2 and H3SiP systems

A. The H2P2 system

H

P P

H

H

P P

H

P P

H

H

trans-HPPH cis-HPPH PPH2

r(PH) (Å) 1.425 1.423 1.411
r(PP) 2.050 2.060 1.958
a(HPP) 93.86! 98.79! 128.79!
E(rel) 0.0a kcal/mol 3.1 26.2

B. The H3SiP system

H

P Si

H

H

P          Si

HH

H

P          Si

H

H

H

P          Si
H
H

H

HPSiH2 H2PSiH PSiH3 H3PSi

r(PH) (Å) 1.426 1.4098 1.424 (2)
1.4096 1.412

r(SiH) 1.482 1.523 1.487 Å
1.480

r(PSi) 2.087 2.228 2.257 2.260
E(rel) 0.0b kcal/mol 13.2 58.0 59.6

C. The PHSi system

P Si

H

a
P Si

H

a

P Si H

m-PHSi Transition state HSiP

r(PH) (Å) 1.494 2.445 3.461
r(SiH) 1.859 1.529 1.481
r(PSi) 2.071 2.054 1.980
a 44.28! 84.68! 180.0!
E(rel) 0.0c kcal/mol 23.5 10.2
a The electronic plus zero-point energy for trans-HPPH is !682.97378 a.u.
b The electronic plus zero-point energy for planar HPSiH2 is !631.70058 a.u.
c The electronic plus zero-point energy for mono-bridged PHSi is !630.50102 a.u.
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Abstract

Hydrogen-bridged structures are well known in H4Si2 and H2Si2 systems but none have thus far been reported for molecules with
H2P2, H3SiP, and HSiP stoichiometries. We have addressed this issue by using the B3LYP/6-31+G(d,p) approach to find such stable
structures. Final geometries were optimized at the CCSD(T)/cc-pvtz level for energies and were used for ELF and AIM analyses
based on B3LYP/6-31+G(d,p) Kohn–Sham wavefunctions. In the case of HSiP a bridged structure with the hydrogen closer to
phosphorus is found to be lower in energy than the linear HSiP molecules by some 10.2 kcal/mol. No other hydrogen bridged struc-
tures were encountered.
! 2005 Elsevier B.V. All rights reserved.

1. Introduction

Although for many years multiple bonds between
elements beyond the first long row were considered
unstable (the ‘‘double bond rule’’), recent reviews [1–
4] show that much progress has been made in the syn-
thesis and characterization of these species. Much
interesting theoretical work has appeared including
specific studies of compounds containing silicon [5–
9], our focal starting point in this paper. Grützmacher
and Fässler [7] presented a general topographical anal-
ysis of these systems with more recent work [8,9] con-
centrating on silicon.

A great deal of the fascination with these multiply
bonded species involving elements like Si, Ge, and Ga
and others is the departure from ‘‘classical’’ multiple
bonded geometries. That is to say, whereas for doubly
bound carbon one realizes a planar geometry about
the double bond and linearity for triply bound species,
such is not the case for elements of the second long
row and higher where bent (and bridged) structures

are the rule rather than the exception. Some of these
unusual structures are understood in terms of the pro-
clivity of the fragments containing the heavier elements
to form low spin states upon breaking of the heavy atom
bond, in contrast to the corresponding elements of the
first row that prefer high spin states.

While hydrogen-bridged structures are well known in
H4Si2 and H2Si2 systems, none have thus far been re-
ported for molecules with H2P2, H3SiP, and HSiP stoi-
chiometries. Gillespie [10] has raised the question of
whether or not H2P2 would exist as a hydrogen-dibrid-
ged molecule, and his question has stimulated our in-
quiry into the general question of potential hydrogen
bridged H3SiP, H2P2, and HSiP structures.

We employ for the bonding analysis two approaches
that have emerged in recent years that show great prom-
ise of fulfilling our desire to better pin down the still elu-
sive nature of chemical bonding. These are the
delocalization index of Fradera, Austen, and Bader
[11] based on the atoms-in-molecules (AIM) approach
[12], and isosurfaces and bond basin populations from
the electron localization function (ELF) approach of
Becke and Edgecombe [13] as extensively developed by
Savin and Silvi and coworkers [14,15].
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New Quantum Chemical Calculations

✓ Theoretical structure calculations performed at the CCSD(T)/
cc-pwCVQZ level of theory 

✓Structure corrected for zero-point vibrational effects at the 
CCSD(T)/cc-pV(T+d)Z level.
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Experimental setup

✓ Detection of the rotational spectra by  FTM 
spectroscopy
✓ 5 - 42 GHz
✓ 6 Hz pulsed nozzle to inject the supersonic 

molecular beam (∼ Mach 2)
✓ Trot ∼ 1-3 K
✓ DC discharge of a mixture of Phosphine and 

Silane, heavily diluted in a Ne buffer
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Analysis
✓ 3 lowest Ka = 0 lines measured

6

J′K′a,K′c — JKa,Kc Freq (MHz) O - C (kHz)
10,1 — 00,0 13684.273 6

20,2 — 10,1 27366.870 -5

30,3 — 20,2 41046.170 1

Const (MHz) Exp. Theor.

A 101157.025 101157.025

B 7064.298(206) 7105.729

C 6619.983(203) 6631.755

✓ 2 rotational constants fitted 

Δ ~ 0.5 % ]



Isotopic confirmation

7

✓ Isotopic species detection provides crucial 
confirmation of the main molecule discovery !

✓ Theoretical rotational constants derived through 
structure calculation  

✓ Scaling predicts frequencies better than 0.01 %

✓ The lowest 2 rotational transitions for HP29SiH2 and 
HP30SiH2 have been observed in natural abundance

✓ Using SiD4 the 3 lowest rotational transitions of DPSiD2



Conclusion

✓ High resolution spectroscopy of second-row element 
compounds 

✓ Spectrometer high sensitivity allowed to detect isotopic 
species, providing key confirmation 
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✓ Possible extension to higher frequency (< 60 GHz) through     
MW-MW Double Resonance experiment 

✓ Other P- or Si- complexes highly favorable to study in our FTMW
✓ The H2P2 system: trans and cis isomer almost isoenergetic
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FFT

discharge nozzle

1 µsec

movable
mirror

Q ~ 40,000

cooled to 77 K

FID ~100 µsec

credit M. C. McCarthy

FTM spectrometer


