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Condensed-to-atom Fukui functions which reflect the atomic reactivity like the tendency susceptible
to either nucleophilic or electrophilic attack demonstrate the bonding trend of an atom in a molecule.
Accordingly, Fukui functions based concepts, that is, bonding reactivity descriptors which reveal the
bonding properties of molecules in the reaction were put forward and then applied to pericyclic and
cluster reactions to confirm their effectiveness and reliability. In terms of the results from the bonding
descriptors, a covalent bond can readily be predicted between two atoms with large Fukui functions
(i.e., one governs nucleophilic attack while the other one governs electrophilic attack, or both of them
govern radical attacks) for pericyclic reactions. For SinOm clusters’ reactions, the clusters with a low
O atom ratio readily form a bond between two Si atoms with big values of their Fukui functions in
which they respectively govern nucleophilic and electrophilic attacks or both govern radical attacks.
Also, our results from bonding descriptors show that Si−−Si bonds can be formed via the radical
mechanism between two Si atoms, and formations of Si−−O and O−−O bonds are possible when the
O content is high. These results conform with experimental findings and can help experimentalists
design appropriate clusters to synthesize Si nanowires with high yields. The approach established in
this work could be generalized and applied to study reactivity properties for other systems. Published
by AIP Publishing. https://doi.org/10.1063/1.5004406

I. INTRODUCTION

Chemical reaction involving bond breaking and formation
is essentially dependent on the chemical reactivity of reac-
tants.1 The chemical reactivity of a molecule is an indication
of its tendency to undergo structural changes in response to
the attack of an approaching reagent.2,3 To quantify such ten-
dency, studies have been devoted to developing rules and con-
ceptual frameworks in the past decades.4 Well known exam-
ples include Woodward–Hoffmann rules5 and Fukui’s frontier
orbital theory.6 Recent efforts along the line are conceptual
density functional theory (CDFT)1–4 and density functional
reactivity theory (DFRT).7–11 The purpose of this work is to
show how conceptual tools from the latter frameworks can be
used to elucidate bonding processes.

In general, a bonding process is initiated either when
two atoms with positive and negative charges are attracted
by each other or when they share their valence electrons to
come together. In any case, such a process is dictated by the
reactivity of the atoms in molecules involved. As a useful tool
in revealing the atomic reactivity, the Fukui function,12–15 in
particular its condensed-to-atom form,16 is well established

a)E-mail: shubin@email.unc.edu
b)E-mail: ayers@mcmaster.ca
c)E-mail: aprqz@cityu.edu.hk

in the literature for studying reactivity at the atomic level by
pinpointing the susceptibility of an atom to either nucleophilic
or electrophilic attack. Based on these features, it is possible
to employ the condensed-to-atom Fukui functions to evaluate
the bonding trend between two atoms. Accordingly, in this
work, we will propose new reactivity descriptors based on
the condensed-to-atom Fukui functions and then apply them
to chemical reactions to elucidate and assess their effective-
ness in predicting the bonding trend for a few systems of our
choice.

II. THEORETICAL FRAMEWORK

In CDFT, the Fukui functions can be defined as functional
sensitivity of a system’s (with the total number of electrons N)
chemical potential µ to perturbations in the external potential
ν(r),17,18

f (r) =

(
δµ

δν(r)

)
N

. (1)

It is known that the core and inner-valence molecular
orbitals are unperturbed by the reaction, and favorable reac-
tions are associated with stabilization of the frontier molecular
orbitals.19,20 Parr and Yang referred to this as the “|dµ| big is
good” rule.10 Favorable electron-transfer interactions between
chemical species are associated with the overlap between
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the Fukui functions of the reactive sites.21–23 For a chemi-
cal reaction between two species (M1 and M2), to get a large
stabilization of the frontier electrons, the maximum change in
chemical potential µ should be the reaction that occurs between
the charge-accepting site with the biggest f +

α (or f +
β
) and the

charge-donating site with the biggest f −
β

(or f −α), whereα and β
belong to M1 and M2, respectively. So we have the following
format:

∆µ ∝ max f +
α + max f −

β
(2)

or
∆µ ∝ max f +

β
+ max f −α . (3)

The reaction sites (α and β) have the following term and
it showed up in the energy expression which is actually21–23

∫
f +

M1(r1)f −M2(r2)

|r1 − r2 |
dr1dr2 ≈

∑
α∈M1

∑
β∈M2

f +
M1;α f −M2;β

��r1;α − r2;β
��

≤
1
4

∑
α∈M1

∑
β∈M2

( f +
M1;α + f −M2;β)

2

��r1;α − r2;β
��

(4)

or∫
f −M1(r1)f +

M2(r2)

|r1 − r2 |
dr1dr2 ≈

∑
α∈M1

∑
β∈M2

f −M1;α f +
M2;β

��r1;α − r2;β
��

≤
1
4

∑
α∈M1

∑
β∈M2

( f −M1;α + f +
M2;β)

2

��r1;α − r2;β
��

.

(5)

The reaction sites (α andβ) correspond to the bonding sites
for the reaction between M1 and M2, so the bonding between
α and β can be represented by the sum of their Fukui functions,
which is termed as fbonding. We can rationalize that large val-
ues of fbonding are favorable because the arithmetic/geometric
mean inequality indicates that 1

4 ( f bonding)2 is an upper bound to
the product of the Fukui functions. Accordingly, the maximum
change in chemical potential associated with electron transfer
from site α (or β) to site β (or α) is therefore associated with
the quantity

f ±bonding = max f +
α + max f −

β
∼ ∆µ (6)

or
f ±bonding = max f −

β
+ max f +

α ∼ ∆µ. (7)

A similar argument can be used to justify f 0
bonding.

The condensed-to-atom version of the Fukui function for
an atom k in a molecule can be evaluated from differences in
atomic charges,

f +
k = qk (N) − qk (N + 1) , governing nucleophilic attack

(8)

f −k = qk (N − 1) − qk (N) , governing electrophilic attack

(9)

f 0
k =

1
2

[qk(N − 1) − qk(N + 1)], governing radical attack,

(10)

where qk is the electronic charge of atom k and N is the
number of electrons. These three condensed Fukui functions
characterize the reactivity preferences for nucleophilic, elec-
trophilic, and radical attacks on atom k, respectively.16 For an
atom k in a molecule, it is susceptible to nucleophilic attack
(electron-accepting) when f +

k is large, but to electrophilic
attack (electron-donating) when the magnitude of f −k is
large.

According to the aforementioned theoretical basis of
fbonding, we make the following hypothesis for the bonding
formation process using condensed-to-atom Fukui functions:
for two species (M1 and M2) in a chemical reaction, bond-
ing occurs between the atom k1 of M1 and the atom k2 of
M2 when the atoms k1 and k2 possess large values of Fukui
functions f +

k1 (or f −k1) and f −k2 (or f +
k2). Put it in another way,

the sum of Fukui functions of the two atoms involved in the
bonding process should be as large as possible. In this manner,
we introduce a new descriptor, fbonding, to reveal the trends in
the forming bond,

f ±bonding = f +
k1 + f −k2 (11)

for nucleophilic/electrophilic reactions. We call this the bond-
ing reactivity descriptor. For the reaction between atoms of two
molecules, the atom (k1) of one molecule possessing a large
f +
k1 is susceptible to a nucleophilic attack, while an atom (k2)

of another molecule possessing a large f −k2 is susceptible to an
electrophilic attack. In the language of the bonding reactivity
descriptor, bonding formation prefers places where the value
of the f ±bonding quantity is as large as possible. Similarly, one
can define for radical reactions,

f 0
bonding = f 0

k1 + f 0
k2. (12)

Notice that there are two possible issues that might com-
plicate the situation when a bonding analysis between two
atoms is examined. One is to determine which two atoms are
to be considered for the possible reaction sites and the other
is how large the values of f +

k1 (or f −k1) and f −k2 (or f +
k2) should

be chosen as the criterion for given two atoms to be consid-
ered bonding. For a diatomic or polyatomic molecule, when an
atom k (not hydrogen) possesses a large value of f +

k (or f −k ), this
atom makes a large contribution to the region susceptible to
nucleophilic (or electrophilic) attack, as implied by the “local
abundance” viewpoint.24 However, the specific atom k pos-
sessing the largest f +

k (or f −k ) does not necessarily correspond
to the actual interacting site during the nucleophilic attack (or
electrophilic attack). An atom with a moderate value of f +

k (or
f −k ) may be also susceptible to nucleophilic (or electrophilic)
attack. For molecules with only two elements, the case is sim-
pler. A larger f +

k (or f −k ) means a larger contribution and thus
a larger possibility to be susceptible to nucleophilic (or elec-
trophilic) attack. On the other hand, it should be addressed
here that the bonding reactivity descriptor is applicable to pre-
dicting the reactivity of covalent compound but not the ionic
compound.

In this work, this new reactivity descriptor will be applied
to pericyclic reactions and formation of silicon oxide clus-
ters to illustrate its utility to understand and justify bonding
formation mechanisms.
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III. COMPUTATIONAL DETAILS

All calculations in this work were performed using the
Gaussian 09 package.25 For pericyclic reactions, molecular
geometries of the studied systems were fully optimized using
the B3LYP functional26,27 with Pople’s standard 6-311G(d, p)
basis set. For the silicon oxide clusters, a total of 53 SinOm clus-
ters were taken from the previous studies28–32 for the optimiza-
tions at the same level of theory (see their geometry coordinates
in supplementary material for details). The natural bond orbital
(NBO)33–35 analysis was conducted at the B3LYP/aug-cc-
pVDZ level of theory based on the optimized geometries at
the B3LYP/6-311G(d, p) level. This methodology can provide
accurate information about the natural atomic charge because
the Dunning-type36 correlation consistent orbitals are known
to exhibit much weaker basis set dependence than those using
the Pople basis sets.37

IV. RESULTS AND DISCUSSION

Because a negative Fukui function is resulted from the
inability of a molecule to accommodate orbital relaxation
due to a change in the number of electrons and/or improper
charge partitioning techniques38–40 or distorted molecular
structures,41–43 values of negative Fukui functions obtained
in this work are not taken into account. To test the utility of
bonding reactivity descriptors introduced about for the inter-
pretation of the bonding process, the following pericyclic
reactions and SinOm cluster formation reactions have been
investigated.

A. [4 + 2] cycloaddition

The classical [4 + 2] cycloaddition with 1,3-butadiene and
ethylene was first examined. It can be seen from Table I that C1
and C4 atoms of 1,3-butadiene are equivalent, and they have

TABLE I. Fukui functions for atoms in the molecules of pericyclic reactions.

Molecule Atom (k) f +
k f −k f 0

k

H2C==CH2 C1 0.0273 0.4205 0.2239
C2 0.0273 0.4205 0.2239

C4H6 (1,3-butadiene) C1 0.3256 0.3142 0.3199
C2 0.0761 0.0834 0.0798
C3 0.0761 0.0834 0.0798
C4 0.3256 0.3142 0.3199

C6H8 (hexatriene) C1 0.2408 0.2455 0.2432
C2 0.0357 0.0110 0.0234
C3 0.1002 0.1299 0.1151
C4 0.1002 0.1299 0.1151
C5 0.0357 0.0110 0.0234
C6 0.2408 0.2455 0.2432

H2C==C==O C1 0.0555 0.5419 0.2987
C2 0.0531 0.0629 0.0580
O3 0.0451 0.3007 0.1729

ClHC==C==O C1 0.1279 0.2858 0.2069
C2 0.2331 0.0868 0.1600
O3 0.2032 0.2445 0.2239

H2C==O C1 0.6631 0.0342 0.3487
O2 0.2480 0.5517 0.3999

FIG. 1. Possible bonding mechanisms for [4 + 2] cycloaddition of 1,3-
butadiene and ethylene.

the largest f +
k and f −k values, while the equivalent C1 and C2

atoms of ethylene possess the largest f −k values but smallest
f +
k values. According to the bonding reactivity descriptor, the

bonding should take place between C1 atom of 1,3-butadiene
and C1 atom of ethylene (f ±bonding = f +

C1 + f −C1), and between C4
atom of 1,3-butadiene and C2 atom of ethylene (f ±bonding = f +

C4

+ f −C2).44,45 On the other hand, because large f 0
k values are also

observed for atoms in 1,3-butadiene and ethylene, the radical
reaction mechanisms are also possible between C atoms of
1,3-butadiene and ethylene (e.g., f 0

bonding = f 0
C1 + f 0

C1, f 0
bonding

= f 0
C4 + f 0

C2). The possible bonding mechanisms are shown in
Fig. 1.

B. Electrocyclic reaction

Electrocyclization of 1,3-butadiene yields cyclobutene.
In Table I, C1 atom of 1,3-butadiene possessing the largest
f +
C1 value (0.3256) can form a covalent bond with the C4

atom, which has the largest f −C4 value (0.3142), as shown in
Fig. 2(a). Similarly, a bonding formation is possible between
C1 (f +

C1 = 0.2408) and C6 (f −C6 = 0.2455) atoms of 1,3,5-
hexatriene [Fig. 2(b)]. There is only one sigma bond formed
in these two electrocyclic reactions, so the radical reaction
pathway is impossible.

C. [2 + 2] cycloaddition

[2 + 2] cycloaddition reactions of two ketenes (C2H2O
and C2HClO) with formaldehyde (CH2O)46 were examined
next. These molecules contain C, H, and O, so it is possible that
multi-atom reaction sites are involved. For CH2O molecule, the
C1 and O2 atoms serve as the sites for nucleophilic and elec-
trophilic attacks because they have the largest f +

k and largest
f −k values, respectively (Table I). In C2H2O, the C1 atom pos-
sesses both the largest f +

k and largest f −k values, but the f +
k

value of its C1 atom is even smaller than that of C1 atom of
CH2O by one order of magnitude, so the C1 atom of C2H2O
should be the site for electrophilic attack. The C2 atom of
C2H2O has a larger f +

k value than the O3 atom, so the C2 atom
should be the site for nucleophilic attack. Thereby, for the [2
+ 2] reaction between C2H2O and CH2O, bonding takes place
between C1 atom of C2H2O and the C1 atom of CH2O, and
between the C2 atom of C2H2O and the O2 atom of CH2O
[Fig. 3(a)]. In C2HClO, the two carbon atoms (i.e., C1 and
C2) possess the largest f −k and f +

k values, respectively. As a
result, with regard to the [2 + 2] reaction between C2HClO and

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-016737
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FIG. 2. Possible bonding mechanisms for electrocyclizations of (a) 1,3-
butadiene, and (b) hexatriene.

CH2O, the bondings occur between their carbon atoms (i.e.,
between the C1 atom of C2HClO and the C1 atom of CH2O,
and between C2 atom of C2HClO and O2 atom of CH2O).
These results confirm that an atom k possessing the largest f +

k
(or f −k ) could correspond to the actual reaction site. For the
radical reaction pathway (Fig. 3), the bonding is between the
carbon (C1) atom of C2H2O (or C2HClO) and the C1 atom
of CH2O (i.e., f 0

bonding = f 0
C1 + f 0

C1), and between the C2 atom
of C2H2O (or C2HClO) and the O2 atom of CH2O and (i.e.,
f 0
bonding = f 0

C2 + f 0
O2).

FIG. 3. Possible bonding mechanisms for [2 + 2] cycloaddition reactions of
(a) C2H2O and CH2O, and (b) C2HClO and CH2O.

The bondings between atoms in the experiments for
[4 + 2] cycloaddition with 1,3-butadiene and ethylene, elec-
trocyclizations of 1,3-butadiene and hexatriene, [2 + 2]
cycloaddition reactions of two ketenes (C2H2O and C2HClO)
with formaldehyde (CH2O) are also in agreement with our
above analyses about the bonding sites, providing solid
support to that the atoms tending to form a bond in
the reaction usually possess the largest f +

k or f −k values.
Accordingly, we attempt to see whether these conclusions
are applicable to the SinOm cluster formation reactions in
Sec. IV D.

D. SinOm clusters

Silicon (Si) nanowires have attracted great interest due to
their intriguing quantum confinement effect and their electri-
cal, optical, and chemical properties.47,48 It has been known
that oxide or oxygen plays an important role in the oxide-
assisted growth (OAG)49–51 synthesis of Si nanowires.29,30

Consequently, using a high-reactivity silicon oxide cluster
(SinOm) is crucial in the synthesis of Si nanowires with high
yields. Our previous work suggests that SinOm with a smaller
O atom ratio has higher reactivity and thus favors the forma-
tion of the Si−−Si bond in the clusters’ reaction, whereas the
oxygen-rich cluster has lower reactivity and would be more
likely to give rise to Si−−O or O−−O bonds.29–31 This occurs
because the highest occupied molecular orbital (HOMO) is
located at certain Si atoms of some SinOm clusters (m < 2n),
but at the O atoms of oxygen-rich clusters (m = 2n). The low-
est unoccupied molecular orbital (LUMO) for most clusters is
located at the Si atoms. The explanations for this are mainly
based on frontier molecular orbital theory (FMO).

In practice, a covalent Siδ+−−Siδ� bond will be gener-
ated when one Si atom is susceptible to nucleophilic attack
(Siδ+) and the other to electrophilic attack (Siδ�). This pro-
cess of Si−−Si bond formation is also possible between two
Si radicals. In a SinOm cluster with a smaller O to Si ratio,
we anticipate that there will be more Si atoms that are sus-
ceptible to electrophilic, nucleophilic, and radical attacks. To
confirm this prediction, bonding reactivity descriptors were
used to assess the reactivity of a series of SinOm clusters,
whose optimized structures are shown in Fig. 4. The purpose
is to examine the possible mechanism of Si−−Si bond forma-
tions during the growth and processing of these SinOm nano
clusters.

This is what we did in the analysis. The condensed atomic
Fukui functions f +

k and f −k with the largest values for Si and
O atoms in these clusters were selected, and the descriptors
f ±bonding and f 0

bonding were then calculated to confirm the bond-
ing (Si−−Si, Si−−O, and O−−O) trends. The largest condensed
Fukui functions for Si and O atoms in the SinOm clusters
and the bonding reactivity descriptors (f ±bonding, f 0

bonding) in
revealing the bond formation (Si−−Si, Si−−O, and O−−O) were
summarized in Tables SI–SIII (see the supplementary material
for details), in which the negative condensed Fukui functions
were not listed.

Figure 5 shows the relationship between f ±bonding and the O
ratio for the formation of Si−−Si, Si−−O, and O−−O bonds. As
can be seen from Fig. 5(a), a clear pattern is visible. It is much

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-016737
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FIG. 4. Optimized structures of SinOm clusters.

easier to form a Si−−Si bond than a Si−−O or O−−O bond when
the O atom ratio is smaller than 0.62. In contrast, a Si−−O
bond can be formed when the O atom ratio is in the range
0.62–0.75. As the O atom ratio is larger than 0.75, the for-
mation of an O−−O bond is more likely. These trends are
similar for the radical reaction of SinOm clusters, as shown
in Fig. 5(b), where we found that the most favorable radical
reaction occurs between the Si atoms of clusters when the
O atom ratio is less than 0.70, producing Si−−Si bonds. The
radical reaction between Si and O atoms could also occur,
but is less likely, followed by the least likelihood of the rad-
ical reaction between O atoms of clusters. When the O atom
ratio is larger than 0.70, as shown in Fig. 5(b), the radical
reaction between the O atoms in the clusters becomes more
likely than that between the Si and O or between Si atoms
of the clusters. Although using f ±bonding and f 0

bonding descriptors

to analyze bond formation preferences is different from using
the orbital energy difference in the frontier orbital theory [∆E
= ELUMO(electron acceptor) � EHOMO (electron donor)],30 the conclu-
sion derived from these two approaches agrees well from each
other, that is, the formation of a Si−−Si bond between two sil-
icon oxide clusters is preferred relative to the formation of a
Si−−O or O−−O bond when the atom ratio of O in the cluster
is less than about 0.62.30 Compared to the previous work30

using the contribution of a Si or O atom to the HOMO or
LUMO to explore atomic reactivity and bonding tendency,
the bonding reactivity descriptor proposed in this work based
on Fukui functions is able to grasp the essential reactivity
trend in a simpler and more direct manner. This is because
the reactivity of an atom susceptible to an electrophilic, nucle-
ophilic, or radical attack is the direct consequence of this new
descriptor.
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FIG. 5. The relationship between (a) the f ±bonding and the O atom ratio and
the reactivity trend for the formation of a Si−−Si bond, a Si−−O bond, or an
O−−O bond; (b) the f 0

bonding and the O atom ratio and the reactivity trend for
the formation of a Si−−Si bond, a Si−−O bond, or an O−−O bond. (Note: the
curves for the formations of a Si−−O bond and an O−−O bond do not start from
0.2 of horizontal ordinate because of the negative Fukui functions.)

It should be noted that electron-transfer effects make
the dominant energetic contribution to organic reaction (e.g.,
pericyclic reactions discussed above), so these orbital-
controlled52 reactions can be well explained by the condensed
atomic Fukui functions at various atomic sites of the molecule
using the derived bonding reactivity descriptors. With respect
to the SinOm clusters, by nature, it is a hard–hard interaction
system tending to be electrostatically controlled. As pointed
out by Melin et al.,53 atomic charges should be a better reactiv-
ity indicator in describing hard–hard interactions because of
the electrostatic nature. Nevertheless, we observed that there
are Si (or O) atoms in the SinOm clusters that have simi-
lar atomic charges (i.e., electrostatically similar) but different
reactivities when n = 2 (or m = 2), suggesting that atomic
charge alone cannot tell the whole story about the reactiv-
ity for the clusters system. On the other hand, the new bond
descriptor proposed in this work is able to adequately elu-
cidate its reactivity, as we showed above. As a result, the
bonding trend for SinOm clusters’ reaction reflected by bond-
ing reactivity descriptors based on the Fukui functions is
effective.

V. CONCLUSION

In this work, the bonding reactivity descriptor derived
from Fukui functions in conceptual density functional the-
ory has been proposed and then applied to reveal the bonding
tendency in pericyclic and clusters’ reactions. For pericyclic

reactions, the atom k1 of one molecule with a large value in
f +
k1 can readily form a covalent bond with atom k2 of another

molecule with a large value in f −k2. The same is true in radi-
cal reactions when both atoms possess large values in f 0

k1 and
f 0
k2, respectively. For the SinOm cluster, when a small O atom

ratio is observed, Si atoms in the cluster are susceptible to
nucleophilic and electrophilic attacks, leading to the formation
of covalent Siδ+−−Siδ� bonds. These Si−−Si bonds can also
be formed through the free-radical mechanism as indicated
by the bond reactivity descriptor. These results suggest that
the nucleation of Si nanostructures using these highly reactive
clusters is feasible. Results from this study indicate that this
new descriptor can be utilized in synthesizing Si nanowires
with high yields. In addition, our results show that Si−−O
and O−−O bond formations are more likely with a higher O
atom ratio. Put together, our results show that the derived
f ±bonding and f 0

bonding descriptors can be used to reliably and
effectively understand and elucidate the bonding formation
tendency. Our present approach with the bonding reactivity
descriptors is simple and straightforward, and is complemen-
tary with the approach from the frontier orbital theory. We
anticipate that the approach established in this work could
be applied to study reactivity properties for other systems as
well.

SUPPLEMENTARY MATERIAL

See supplementary material for the largest condensed
Fukui functions for Si and O atoms in the SinOm clusters and
the bonding reactivity descriptors (f ±bonding, f 0

bonding), and Carte-
sian coordinates for all the optimized structures of the SinOm

clusters.
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