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Photons’, atoms®, ions’® and also a menagerie
of solid-state two-level systems'® "> have been
used to carry elementary units of quantum
information (‘qubits’), which live in super-
positions of two quantum states, 0 and 1. To
translate Gleyzes and colleagues’ experiment
into the language of information processing,
they have demonstrated that a stream of atomic
qubits can be fully controlled by the qubit state
of a trapped photon. In the next experimental
steps, we can hope to see the electromagnetic
field being prepared in a quantum superposi-
tion of one photon and no photon. In this case,
the atoms in the stream leaving the box will all
be in that same superposition state. Moreover,
the properties of all the atoms will be ‘entan-
gled’ such that it no longer makes any sense
to consider them individually, even if they are
spatially well separated.

As Nobel-prizewinning physicist Richard
Feynman said, “We do not understand quantum

mechanics” — but, as Gleyzes and colleagues’
achievement' shows, we do know increasingly
well how to handle it in our experiments.
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THEORETICAL CHEMISTRY

The six-bond bound

Gernot Frenking and Ralf Tonner

What is the maximum number of covalent chemical bonds that two atoms
can share? Six, according to the latest theoretical study — at least where
just two atoms of the same element are concerned.

Every atom can make a small, integer number
of covalent chemical bonds with neighbour-
ing atoms. This number is usually not more
than eight, although a precise statement is
dangerous — in rare cases, atoms can have
more than eight neighbours, but whether they
are covalently bound is open to debate. By the
nineteenth century, chemists had realized' that
more than one bond may connect the same two
atoms: most famously, adjacent carbon atoms
can be bound twice or even three times. For
many years, three seemed to be the limit. Then,
in 1965, a salt compound was isolated with a
fourfold rhenium-rhenium bond in its anion’.
Five bonds followed in 2005, when the synthe-
sis® of a complex organometallic compound
was interpreted in terms of a quintuple bond
between two chromium atoms*’. In a thorough
theoretical study in Angewandte Chemie Inter-
national Edition, Roos, Borin and Gagliardi®
use quantum chemistry to tackle the obvious
question that arises — what is the maximum
number of bonds that can bind two atoms?
Theoretical models of covalent bonding
go back to 1916, when Gilbert Lewis” intro-
duced the idea of electron pairing between
neighbouring atoms. Remarkably, this simple
model is still the most widespread concep-
tual description of the covalent bond®. The
first quantum-chemical study™'’, however,
struggled to reconcile the paired-electron
idea with the delocalized nature of electron
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wavefunctions, which are smeared over large
areas of an atom in ‘orbitals’ (Box 1). Since then,
the paired-electron bond has become chemi-
stry’s unicorn — although everyone seems to
know what one looks like, no one has actually
ever seen one'’.

Roos et al.® simplify things by focusing
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mainly on molecules made up of two atoms
of the same elements, in which there are no
further bonds to complicate the analysis. They
considered all possible bonding and antibond-
ing combinations of the two atoms’ electron
orbitals using ‘multi-reference’ wavefunc-
tions. Here, the simple picture of molecular
orbitals that are either empty or occupied by
two electrons, one from each atom, does not
apply. Instead, the authors calculated ‘natural’
molecular orbitals that retain the simple model,
but have non-integer occupation numbers. By
summing up the occupation numbers of all
these orbitals (antibonding orbitals being nega-
tive in the sum), they could arrive at an overall,
non-integer ‘effective bond order’ (EBO). To
tie this in with the qualitative paired-electron
bonding picture, the authors suggest that the
true ‘number’ of bonds is the next integer larger
than the molecules’ EBO.

To find the molecules with the highest EBO,
Roos et al. investigated the transition-metal
dimers of chromium, molybdenum and tung-
sten, respectively Cr,, Mo, and W,. The atoms
of these transition metals have six outer, or
‘valence’ orbitals, all of which are available for
bonding (Fig. 1). (The availability of an orbital
for bonding cannot be assumed: in dimers of
atoms such as carbon, for instance, the anti-
bonding combination of one pair of orbitals
may be lower in energy than the bonding
combination of another, effectively allowing a
maximum of just three bonds to form.)

For Cr,,however, the authors came up with
an EBO of 3.5, which equates, following their
method, to four paired-electron bonds, rather
than the expected six for simple dimers. They
explain this discrepancy with an imbalance
between the optimal bond length for the out-
ermost 4s and 3d orbital contributions to the
Cr-Crbond (Box 1). At the equilibrium bond-
ing distance, 1.66 A, the 4s component is already

Figure 1| Six bonds that
bind. A depiction of

the molecular orbitals
of each bond in the
sextuple bond between
two transition-metal
atoms, as investigated
by Roos and colleagues®.
Two bonds (o bonds;
top) each have a single
component oriented
along the bonding axis
between the two atoms,
which is horizontal here;
two bonds (middle) have
double components
above and below, or to
the sides of, the bonding
axis (7 bonds); two bonds
(bottom) have four
components around the
axis (6 bonds).
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According to the view prevalent
when Gilbert Lewis formulated
his picture of covalent bonding’,
electrons circle the atomic nucleus
on prescribed orbits. The advent
of quantum mechanics, with its
probabilistic wavefunctions that
smear an electron out over space,
modified those classical orbits
into quantum ‘orbitals’. Each

of these describes the spatial
distribution of an electronina
particular allowed energy state

of the atom.

Two quantum numbers, nand |,
are generally sufficient to define
an atomic orbital. (A third, m,
distinguishes between similar
orbitals oriented differently,
and a fourth, s, defines the spin
of the electron in the orbital.)

The principal quantum number, n,
depends roughly on the orbital's
radial size, and is often thought of
as indicating a ‘shell’ of electrons
around the nucleus. The azimuthal
quantum number, |, specifies the
angular momentum and so the
shape of the orbital. Each shell n
contains ‘subshells’ with values
of IfromOton—1.These
subshells are represented by
letters, the lowest of them
reflecting their appearance in

early spectroscopic investigations
of the atom: s (sharp), p (principal),
d (diffuse) and f (fundamental).

Taking into account the effects
of magnetic field and electron
spin, each subshell nl can contain
2(2/+1) electrons. As the atomic
number increases, electrons enter
an orbital in order of ascending
energy (the superscript numbers
indicate the number of electrons
the orbital can hold): 1s2 2s?,
2p®, 3s?,3p®, 4s?,3d", 4p°®, 5s°,
4d"° 5p° 65% 4f'"*, 5d", 6p°, 75,
5f 6d"™. That is sufficient to fill
the conventional periodic table
(pictured), which is structured
such that for the elements in the
main group the most recently
added (outermost) electrons
areinthe sand p orbitals. The
d orbitals make their appearance
with transition metals such as
chromium (Cr), molybdenum
(Mo) and tungsten (W), as
investigated by Roos et al.®. The
forbitals appear only with the
lanthanides and with actinides
such as protactinium (Pa) and
uranium (U)°.

The 8/18 electron counting
rules that explain the stability
of many molecules are a further
consequence of this orbital order.

Box 1| Orbitals and electron counting rules
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When elements combine to form
compounds, their atomic orbitals
combine to form molecular
orbitals. Compounds of elements
from the main group of the
periodic table are particularly
stable when they have eight
electrons in their outermost shell,
corresponding to fully occupied
(n)s*(n)p° orbitals. This octet
rule was another landmark
contribution by Lewis”®. A similar
18-electron rule that applies for
transition-metal compounds
with full (n)s*(n)p®(n —1)d"

orbitals was formulated by Irving
Langmuir'®in 1921.

Dognon et al.” now tentatively
extend this rule to 32 electrons.
They investigated icosahedral
compounds in which a metal
atom is trapped inside an anionic
structure of 12 lead atoms, Pb,,? ™.
When the trapped metal atom was
aplutonium ion, Pu?* — with an
overall completely filled (n)s*(n)p®
(n—="1d"(n — 1) 32-electron
system — a perfect match could
be made. Time will tell how general
this concept is. G.F.&RT.

repulsive, whereas the 3d bonding has not yet
reached its maximum strength. Significant
repulsion between the outermost core electrons
of the Cr atoms also occurs at this distance,
weakening the bond still further. The dissocia-
tion energy needed to break the Cr-Cr bond,
1.65 electronvolts, is therefore low. But as Roos et
al.® point out, this dissociation energy depends
on many factors besides the bond order. These
include the interplay between attractive and
repulsive electrostatic interactions between elec-
trons and nuclei, and the quantum-mechanical
Pauli repulsion between electrons that have the
same spin*’.

The authors’ calculations for Mo, and W,
which are heavier homologues of Cr,, give
natural bond orders of 5.2, suggesting the
presence of sextuple bonds’. In these dimers,
the equilibrium bonding distance — 1.95 A in
Mo,, 2.01 A in W, — is greater than in Cr,. The
outermost orbitals (5s and 4d in Mo,, 6s and
5din W,) are also better balanced and have a
much larger radial extent”. The resulting more
effective overlap of orbitals between the two
atoms yields not only a higher bond order, but
also much stronger bonds, with dissociation
energies of 4.4 and 5.4 eV, respectively. This
trend of bond strength increasing with higher
atomic weight is quite general among the tran-
sition metals, where relativistic effects have an
important role'*; the trend for the elements in

the main group of the periodic table is usually
the reverse.

Roos et al.® also calculated the EBO of
certain transition-metal compounds. For the
archetypal Re,Cly*~ anion — that in which a
quadruple bond was first identified” — their
EBO of 3.2 supports the standard interpreta-
tion". But analysis of an organometallic model
compound structurally similar to that in which
the quintuple Cr-Cr bond was thought to have
been spotted’ yields an EBO of just 3.5.

Is it possible for a covalent bond to have an
order greater than six? In principle, this should
be possible for bonds between atoms such as
the lanthanides and actinides. These each have
seven atomic f orbitals that can yield seven f~f
combinations. But the 4f orbitals in lanthanides
are known to be much more contracted than the
6s and 5d orbitals that are the next lowest and
highest in energy, respectively, meaning that
they do not participate in chemical bonding.
In actinides, Roos et al. do find a weak partici-
pation of the equivalent 5f orbitals in diatomic
species M, but the calculated EBOs — at most,
4.5 for a dimer of the rather exotic element pro-
tactinium (Pa), followed by 4.2 for uranium (U)
— are far from those of a septuple bond.

The general conclusion thus seems to be
that — atleast as far as covalent bonds between
equal atoms are concerned — six is the limit.
As Roos and colleagues admit, however, a

©2007 Nature Publishing Group

measure of bond order between unequal atoms
requires a more developed model that includes
electrostatic interactions. Whether in these
circumstances the upper limit remains bound
at six is still open to question. [ ]
Gernot Frenking and Ralf Tonner are in the
Fachbereich Chemie, Philipps-Universitat
Marburg, Hans-Meerwein-Strafbe,

D-35043 Marburg, Germany.

e-mail: frenking@chemie.uni-marburg.de

1. Mierzecki, R. The Historical Development of Chemical
Concepts (Kluwer, Dordrecht, 1990).

2. Cotton, F. A. &Harris, C. B. Inorg. Chem. 4,330-333

(1965).

Nguyen, T. et al. Science 310, 844-847 (2005).

4. Brynda, M., Gagliardi, L., Widmark, P.-O., Power, P.P. &

Roos, B. O. Angew. Chem. Int. Edn 45,3804-3807 (2006).

Frenking, G. Science 310, 796-797 (2005).

6. Roos, B.O., Borin, A. C. & Gagliardi, L. Angew. Chem. Int. Edn
46,1469-1472 (2007).

7. Lewis, G.N.J. Am. Chem. Soc. 38, 762-785 (1916).

8. Frenking, G. & Shaik, S. (eds) 90 Years of Chemical Bonding;
J. Comput. Chem. 28 (2007).

9. Heitler, W.&London, F. Z. Phys. 44, 455-472 (1927).

10. Frenking, G. Theor. Chem. Acc. 103,177-179 (2000).

1. Frenking, G. &Krapp, A. J. Comput. Chem. 28,15-24 (2007).

12. Krapp, A., Bickelhaupt, F. M. & Frenking, G. Chem. Eur. J.12,
9196-9216 (2006).

13. Kutzelnigg, W. Angew. Chem. Int. Edn Engl. 23, 272-295
(1984).

14. Pyykka, P. Chem. Rev. 88, 563-594 (1988).

15. Cotton, F. A., Murillo, C. A. & Walton, R. A. Multiple Bonds
Between Metal Atoms (Springer, Heidelberg, 2005).

16. Langmuir, |. Science 54, 59-67 (1921).

17. Dognon, J.-P,, Clavaguéra, C. & Pyykka, P. Angew. Chem. Int.
Edn 46,1427-1430 (2007).

w

o

277




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




