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a b s t r a c t

In this paper, we report the design of numerous CnF3
− (n = 1–9) models. By means of B3LYP density

functional method, we carried out geometry optimization and calculation on the vibrational frequency.
After comparison of structure stability, we found that the structures of ground-state (G-S) isomers of
odd-n CnF3

− (i.e., n = 3, 5, 7 and 9) are with the three fluorine atoms located at one end of the linear Cn

chain. The G-S isomers of C2F3
−, C4F3

−, and C8F3
− are with two fluorine atoms bonded to an end carbon of

the Cn chain, and one fluorine atom bonded to the adjacent carbon atom. In other words, the two carbon
atoms involved in bonding to the fluorine atoms are sp2 hybridized and the Cn chain is not linear. In the

−

nF3

−

inary cluster anions
ensity functional theory study

case of C6F3 , the G-S isomer is planar cyclic in structure, with each of the three carbon atoms at one side
of the hexagonal C6 ring bonded to a fluorine atom. The Cn chain of G-S CnF3

− (n = 3–9; C6F3
− being the

exception) isomers are polyacetylene-like. It is found that the odd-n G-S CnF3
− (n = 1–9) are more stable

than the adjacent even-n ones. The finding is in accord with the relative intensities of CnF3
−observed in

mass spectrometric studies. We provide explanations for such trend of even/odd alternation based on
concepts of the geometrical structure, bonding character, atomic charges, vertical electron detachment

bindi
energy, and incremental

. Introduction

In the past decades, carbon clusters have been studied exper-
mentally as well as theoretically. Even before the development
f fullerene chemistry, small carbon clusters were studied due to
heir importance in combustion and pyrolysis, in formation and
rowth of fullerenes and nanotubes, and in astrophysical processes
elated to the identification of species in interstellar and circumstel-
ar media [1,2]. In outer space under quasi-collisionless conditions,
arbon takes the highly stable, albeit highly reactive, form of lin-
ar chains in which the atomic orbitals are sp hybridized [3]. In
ecent years, the doping of carbon clusters with heteroatom(s) has
eceived much attention because the addition of heteroatom(s) pro-
ides a means to stabilize the carbon chain. The study of anionic
lusters is of particular interest because method such as photoelec-
ron spectroscopy can only provide indirect information related to
he structures of these materials [4]. By means of secondary ionic
mission or laser ionization, CnX− clusters (X = an atom of main

roup, transition or non-metal element) can be fabricated [5–9]. As
or fluorine-doped carbon clusters, CnFm

− species were detected
xperimentally by Gnaser when a teflon specimen was sputtered
n a standard secondary-ion mass spectrometer investigation [10].

∗ Corresponding author. Tel.: +86 592 2182332; fax: +86 592 2184708.
E-mail address: mdchen@xmu.edu.cn (M.D. Chen).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.02.007
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© 2009 Elsevier B.V. All rights reserved.

Numerous theoretical studies on CnX− (X being an element other
than carbon) clusters have been conducted by various research
groups using different levels of calculation. Zheng and coworkers
studied CnN− (n = 1–13) [11], CnB− (n = 1 < 13) [12], CnP− (n = 1–13)
[13], AlCn

− (n = 1–11) [14], and CnSe− (1 ≤ n ≤ 11) [15] clusters
by means of HF/3-21G level or B3LYP/6-31G* density functional
method. Zhan and Iwata reinvestigated CnN− (n = 1–13) [16], CnB−

(n = 1–7) [17] and CnP− (n = 1–7) [18] using methods of ab initio
approximation. Pascoli and Lavendy proposed structures of CnN−

(n = 1–7) [19] and CnP− (n = 1–7) [20] based on data collected in
B3LYP/6-311G* density functional calculation. Fisher et al. con-
ducted BLYP density functional calculations on structures of CnP−

(n = 3–9) [21]. Tang and coworkers carried out a comparative study
on linear ground-state (denoted as G-S hereinafter) carbon clusters
CnX− (n = 1–10, X = Na, Mg, Al, Si, P, S or Cl) [22], PbCn

− (n = 1–10)
[23] and GeCn

− (n = 1–9) [24] by means of DFT/B3LYP method. Van-
denbosch and Will analyzed RbCn

− (n = 1–10) [25] clusters by ab
initio method. Hunsicker and Jones performed density functional
calculations with annealing simulation on SinCm

− (n + m ≤ 8) [26].
Gomei et al. investigated various SiCn

− (n = 2–5) anions by ab ini-
tio molecular orbital approach [27]. Pan et al. studied CnH− (n ≤ 10)

based on density functional calculations [28]. Using density func-
tional method, Largo and coworkers conducted researches on AlCn

−

(n = 1–7) [29], NaCn
− (n = 1–8) [30], MgCn

− (n = 1–7) [31,32], CaCn
−

(n = 1–8) [33], CnCl− (n = 1–7) [34], TiCn
− (n = 1–8) [35], and VCn

−

(n = 1–8) [36]. Zhai et al. performed study on CrCn
− (n = 2–8) by

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mdchen@xmu.edu.cn
dx.doi.org/10.1016/j.ijms.2009.02.007
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ensity functional method [37]. We carried out density functional
tudy on the structures and energies of CnAs− (n = 1–11) [38], BeCn

−

n = 1–8) clusters [39] and CsCn
− (n = 1–10) clusters [40].

Until now there is no theoretical investigation on fluorine-doped
arbon anions. In the generation of clusters of fluorine-carbon
nions CnFm

−, Gnaser observed an odd/even pattern: the intensi-
ies of odd-n species are distinctly larger than those of even-n ones
10]. To explore the experimental observation and to explain this
triking effect, we designed a large number of structural models
f CnF3

− (n = 1–9) and performed geometry optimization and cal-
ulation on vibrational frequencies by means of the B3LYP density
unctional method. The geometrical structure, bonding character,
tomic charges, vertical electron detachment energy, and incre-
ental binding energy of the clusters were examined. Based on

he results, we provide an explanation to why the odd-n G-S CnF3
−

n = 1–9) isomers are more stable than the even-n ones. The out-
ome can serve as a guideline for the synthesis of related materials
s well as for future theoretical studies of carbon/fluorine binary
lusters.

. Computational method

The approach adopted in this study has been described else-
here [41]. Briefly speaking, devices for molecular graphics,
olecular mechanics, and quantum chemistry examination were

sed. First, a three-dimensional model of a cluster was designed
sing HyperChem for Windows on a PC computer [42]; the model
as then optimized by MM+ molecular mechanics and PM3

emi-empirical quantum chemistry. At the final stage, geometry
ptimization and calculation of vibrational frequencies were con-
ucted using the B3LYP density functional method of Gaussian 03
ackage [43]; i.e., Becke’s 3-parameter nonlocal exchange func-
ional with the correlation functional of Lee–Yang–Parr [44,45]. The

ingle point energy calculations following the optimizations were
erformed using the larger 6-311+G* basis set, including diffuse
unctions (i.e., B3LYP/6-311+G*//B3LYP/6-311G*) [46]. It has been
ointed out that the common practice of running a high-level sin-
le point energy calculation at a geometry computed with a cheaper

Fig. 1. Twenty-six isomer
s Spectrometry 282 (2009) 56–63 57

method is just as good than performing all calculations at the higher
level of theory. Using geometries computed with more expensive
models (include diffuse function) do not necessarily lead to more
accurate final results [32,47]. All energies were calculated with zero
point energy (ZPE) correction; as the quality of employed method
for calculation has very little effect on ZPE variation, all energies
were calculated with ZPE correction at B3LYP/6–311G* level. The
optimized models were again displayed using HyperChem. The
data of partial charges were analyzed with Gaussian Natural Bond
Orbital (NBO). All the calculations were carried out on SGI servers.

3. Results and discussion

3.1. Model structures

Since the possible structures of clusters could be many, it is
sensible to identify the G-S ones. At the beginning of the study,
nothing was known other than the CnF3

− formula. The assump-
tion of a reasonable geometrical structure was the beginning of the
optimization process. In order to reduce the chance of having the
G-S structures wrongly identified, we examined a huge number of
models with various configurations. There are four major config-
urations adopted by G-S isomers of carbon clusters doped with a
single heteroatom: (1) the linear configurations terminated by the
heteroatom, e.g., CnN− (n = 1–7) [19]. (2) The linear configuration
with the heteroatom located inside the Cn chain, e.g., CnB (n = 4–10)
[48]. (3) The configurations with a bent Cn chain terminated by
the heteroatom atom, e.g., CnH− (n ≤ 10) [28]. (4) The configura-
tions with the heteroatom lightly embraced by the carbon clusters,
e.g., CsCn

− (n = 1–10) [35,40,49]. In the fluorination of carbon clus-
ters, the number of isomers doped with three fluorine atoms is
higher than that doped with one fluorine atom. In the investiga-
tion of CnF3

− clusters, we mainly considered models that are chain,

cyclic, branched, cyclic-branched, and shared cyclic in structure.

The adopted approach for the determination of geometries is
based on comparison of total energies. After geometry optimiza-
tion, the total energies were compared for the determination of
G-S isomers. Shown in Figs. 1–5 are the CnF3

− (n = 1–9) isomers

s of CnF3
− (n = 1–5).
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Fig. 2. Twent

orresponding to local minima with real vibrational frequencies.
or the models of a particular n, they are arranged in the order of
scending total energy. In the figures, dark gray (bigger) balls rep-
esent carbon atoms and light gray (smaller) ones denote fluorine
toms. The 26 isomers of CnF3

− (n = 1–5) acquired are shown in
ig. 1: one for CF3

− (Model 1a), 2 for C2F3
− (Models 1b and 1c), 2

or C3F3
− (Models 1d and 1e), 7 for C4F3

− (Models 1f–ll), and 14

or C5F3

− (Models 1m–1z). If the number of isomers acquired for
particular n is more than 20, only the “low-energy” 20 would be
epicted in this paper. We obtained a total of 34 isomers of C6F3

−,
nd depicted only the “low-energy” 20 (Models 2a–2t) in Fig. 2.
hown in Fig. 3 are 20 C7F3

− isomers (Models 3a–3t). Depicted in

Fig. 3. Twenty isom
ers of C6F3
− .

Fig. 4 are 20 “low-energy” isomers of C8F3
− (Models 4a–4t) out of a

total of 30 obtained isomers. Depicted in Fig. 5 are 20 “low-energy”
isomers of C9F3

− (Models 5a–5t) out of a total of 45 acquired iso-
mers. As far as we know, none of these models have been reported
before.

Listed in Table 1 are the symmetry, electronic state, total energy,
and relative energy of the CnF3

− (n = 1–6) structures displayed in

Figs. 1 and 2. Similar data of the CnF3

− (n = 7–9) structures displayed
in Figs. 3–5 are listed in Table 2.

According to the relative energies shown in Tables 1 and 2, the
G-S isomer of CF3

− adopts a single pyramidal structure whereas
that of C2F3

− a planar configuration. In the latter case, the two

ers of C7F3
− .
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Fig. 4. Twent
arbon atoms are sp2 hybridized, forming a C C double bond;
ne of the two carbon atoms is connected to two fluorine atoms
nd the other to one fluorine atom. For the G-S isomers of CnF3

−

n = 3–9) with that of C6F3
− being the only exception, we see chain

Fig. 5. Twenty isom
ers of C8F3
− .
structures. When n is odd, Cn is linear and the three fluorine atoms
are bonded to an end carbon, forming a pyramidal CF3 unit. When
n is even, the Cn chain is bent, displaying a C2F3 unit having config-
uration similar to that of G-S C2F3

− (Model 1b) at one end. In the

ers of C9F3
− .
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Table 1
Symmetry, electronic state, total energy (a.u.), and relative energy (kcal/mol) of CnF3

− (n = 1–6).

Model Anion Symmetry State Total energy Relative energy Model Anion Symmetry State Total energy Relative energy

1a CF3
− C3v

1A1 −337.731034 0.00 1x C5F3
− C1

3A −489.961069 75.48
1b C2F3

− Cs
1A′ −375.786010 0.00 1y C5F3

− Cs
3A′ −489.960742 75.82

1c C2F3
− C3v

3A1 −375.733675 32.84 1z C5F3
− Cs

3A′ −489.921171 100.31
1d C3F3

− C3v
1A1 −413.906808 0.00 2a C6F3

− C2v
1A1 −528.163411 0.00

1e C3F3
− Cs

1A′ −413.823017 52.58 2b C6F3
− Cs

1A′ −528.153788 6.04
1f C4F3

− Cs
1A′ −451.965960 0.00 2c C6F3

− Cs
1A′ −528.143706 12.36

1g C4F3
− Cs

1A′ −451.957927 5.04 2d C6F3
− Cs

1A′ −528.135812 17.32
1h C4F3

− Cs
3A′′ −451.937669 17.75 2e C6F3

− C3v
3A1 −528.131310 20.14

1i C4F3
− Cs

1A′ −451.934545 19.71 2f C6F3
− Cs

1A′ −528.119036 27.85
1j C4F3

− Cs
1A′ −451.934221 19.92 2g C6F3

− Cs
1A′ −528.103647 37.50

1k C4F3
− C2v

3B1 −451.900682 40.96 2h C6F3
− C1

1A −528.099212 40.29
1l C4F3

− Cs
3A′′ −451.847441 74.37 2i C6F3

− C1
1A −528.094318 43.36

1m C5F3
− C3v

1A1 −490.081032 0.00 2j C6F3
− Cs

3A′′ −528.093558 43.83
1n C5F3

− Cs
1A′ −490.049274 19.93 2k C6F3

− Cs
3A′′ −528.091021 45.43

1o C5F3
− C1

1A −490.030905 31.46 2l C6F3
− Cs

3A′′ −528.074074 56.06
1p C5F3

− Cs
1A′ −490.008455 45.54 2m C6F3

− Cs
3A′′ −528.065093 61.70

1q C5F3
− C1

1A −490.008262 45.66 2n C6F3
− Cs

1A′ −528.062841 63.11
1r C5F3

− C1
3A −490.008132 45.75 2o C6F3

− Cs
3A′′ −528.058605 65.77

1s C5F3
− C1

1A −489.997036 52.71 2p C6F3
− Cs

1A′ −528.058308 65.95
1t C5F3

− C1
1A −489.994962 54.01 2q C6F3

− C1
1A −528.054846 68.13

1 2
1 2
1 2

c
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t
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3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4

u C5F3
− Cs

1A′ −489.983676 61.09
v C5F3

− Cs
3A′′ −489.982233 62.00

w C5F3
− Cs

3A′′ −489.960202 75.28

ase of C6F3
−, a structure with a Cn chain (Model 2c) is not the most

table; it is beat (by 12.36 kcal/mol) by the planar isomer having
he three fluorine atoms bonded to one side of a C6 ring (Model 2a).
t is apparent that regardless of Cn geometries, having the fluorine
toms located at terminal positions is preferred for better stability.
he energies of the isomers for a particular cluster are deter-
ined by the configuration of Cn and the positions of the fluorine
toms.
The previous theoretical CnX− studies are on carbon clusters

oped with one heteroatom. In the CnF3
− (n = 1–9) study, the carbon

lusters are doped with three fluorine atoms. When n is odd, the G-S
somers are with an end carbon atom of the Cn chain bonded to the

able 2
ymmetry, electronic state, total energy (a.u.), and relative energy (kcal/mol) of CnF3

− (n =

odel Anion Symmetry State Total Energy Relative energy M

a C7F3
− C3v

1A1 −566.255565 0.00 4
b C7F3

− Cs
1A′ −566.213495 24.92 4

c C7F3
− Cs

1A′ −566.198252 34.49 4
d C7F3

− Cs
1A′ −566.192845 37.88 4

e C7F3
− C2v

1A1 −566.190731 39.21 4
f C7F3

− C2v
3B1 −566.178785 46.71 4

g C7F3
− Cs

3A′′ −566.177544 47.48 4
h C7F3

− Cs
1A′ −566.175327 48.88 4

i C7F3
− Cs

1A′ −566.168942 52.88 4
j C7F3

− Cs
1A′ −566.169163 52.74 4

k C7F3
− C2v

1A1 −566.165958 54.75 5
l C7F3

− Cs
1A′ −566.165679 54.93 5

m C7F3
− Cs

1A′ −566.148147 65.93 5
n C7F3

− Cs
3A′′ −566.144220 68.40 5

o C7F3
− C2v

3A2 −566.137862 72.39 5
p C7F3

− Cs
3A′ −566.135567 73.83 5

q C7F3
− Cs

1A′ −566.127081 79.15 5
r C7F3

− Cs
3A′′ −566.109243 90.34 5

s C7F3
− Cs

3A′ −566.099774 96.29 5
t C7F3

− Cs
3A′ −566.098309 97.21 5

a C8F3
− Cs

1A′ −604.318782 0.00 5
b C8F3

− Cs
1A′ −604.311126 4.73 5

c C8F3
− Cs

3A′′ −604.311247 4.80 5
d C8F3

− Cs
1A′ −604.302659 10.12 5

e C8F3
− Cs

1A′ −604.301919 10.58 5
f C8F3

− Cs
1A′ −604.299951 11.82 5

g C8F3
− Cs

1A′ −604.299724 11.96 5
h C8F3

− C2v
1A1 −604.296889 13.74 5

i C8F3
− Cs

1A′ −604.286742 20.11 5
j C8F3

− C2v
1A1 −604.284434 21.55 5
f C6F3
− C1

1A −528.052968 69.30
s C6F3

− C1
1A −528.043454 75.27

t C6F3
− Cs

3A′′ −528.041857 76.28

three fluorine atoms, giving a linear Cn chain with a pyramidal CF3
unit at one end. Such a configuration resembles that of the most sta-
ble isomers commonly observed over carbon clusters doped with
one heteroatom. When n is even (with the case of C6F3

− being the
only exception), the Cn chain is bent at one end, displaying a C2F3
unit with a C C double bond; such a configuration has never been
reported before for carbon clusters doped with one heteroatom. On

the other hand, we find that it is impossible to have the configura-
tions with the fluorine toms located inside the Cn chain or with the
fluorine toms lightly embraced by the Cn chain; those are configu-
rations found possible in the studies of carbon clusters doped with
one heteroatom.

7–9).

odel Anion Symmetry State Total energy Relative energy

k C8F3
− Cs

3A′ −604.283954 21.85
l C8F3

− C1
1A −604.283234 22.31

m C8F3
− C1

1A −604.277757 25.74
n C8F3

− C2v
3B2 −604.272312 29.16

o C8F3
− C2v

3B2 −604.269120 31.16
p C8F3

− Cs
1A′ −604.267016 32.48

q C8F3
− Cs

1A′ −604.250745 42.69
r C8F3

− Cs
3A′′ −604.246641 45.27

s C8F3
− C1

1A −604.245117 46.23
t C8F3

− Cs
3A′′ −604.234940 52.61

a C9F3
− Cs

1A′ −642.430213 0.00
b C9F3

− D3h
1A1’ −642.413205 10.67

c C9F3
− C2v

3B1 −642.387097 27.06
d C9F3

− Cs
3A′′ −642.380673 31.09

e C9F3
− Cs

1A′ −642.380356 31.29
f C9F3

− Cs
1A′ −642.376861 33.48

g C9F3
− Cs

1A′ −642.371549 36.81
h C9F3

− Cs
1A′ −642.371683 36.73

i C9F3
− Cs

1A′ −642.367496 39.36
j C9F3

− Cs
1A′ −642.366601 39.92

k C9F3
− Cs

3A′′ −642.362534 42.47
l C9F3

− C2v
1A1 −642.349597 50.59

m C9F3
− Cs

3A′′ −642.349195 50.84
n C9F3

− Cs
1A′ −642.344210 53.97

o C9F3
− Cs

1A′ −642.340458 56.32
p C9F3

− Cs
3A′′ −642.339943 56.64

q C9F3
− Cs

1A′ −642.338647 57.46
r C9F3

− Cs
1A′ −642.338151 57.77

s C9F3
− Cs

1A′ −642.335366 59.52
t C9F3

− Cs
1A′ −642.331648 61.85
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.2. Bonding character

Displayed in Fig. 6 are the bond lengths, NBO charges, and bond
rders of the G-S CnF3

− (n = 1–9) clusters. One can see that the C–F
engths are within the 1.331–1.450 Å range, exhibiting essentially
haracteristic of single bond. It has been pointed out by Van Orden
nd Saykally that the bonding of short linear carbon chains could
e either cumulene- or polyacetylene-like [1]. Along the Cn chains
f G-S CnF3

− (n = 3–9), we find that the length of the C–C bonds
how an alternate short/long pattern. When n is odd, the C–C bonds
isplay character typical of polyacetylene, i.e., a series of alternate
riple and single bonds with lengths falling, respectively, into the

.221–1.263 and 1.325–1.432 Å range. When n is even (with n = 6
eing exceptional), the Cn chains also show polyacetylene-like char-
cter, only that the C2F3 units are with C C bonding (1.335–1.343 Å).
s an illustration, the bond lengths of G-S C8F3

− and C9F3
− ver-

Fig. 6. Bond lengths (Å), NBO charges (in parentheses), and bond orders (l
s Spectrometry 282 (2009) 56–63 61

sus the number of bond (as counted from the left side of chains
in Fig. 6) are depicted in Fig. 7. Furthermore, the results of Gaus-
sian NBO based on natural bond orbitals analysis corroborate the
above bonding characteristics. The results show that all the C–F
bonds are single bonds; when n is odd, the Cn chains display alter-
nate triple and single bonds (i.e., polyacetylene-like), when n is
even, the Cn chains are also polyacetylene-like but with the C–C
of the C2F3 unit being a double bond. The bond orders of the G-S
CnF3

− (n = 1–9) clusters shown in Fig. 6 are results of direct NBO
calculations.

As for the G-S C6F3
− isomer, the main structure is a planar C6

ring (Model 2a). In some cases of NaC − and MgC − clusters, the
n n

G-S isomers are cyclic rather than linear [30–32]. The pz orbitals of
the six carbon atoms of Model 2a overlap, and the six � electrons
delocalize to form a cyclic � bond. The pz orbitals of the three flu-
orine atoms overlap with the cyclic � bond, resulting in reduction

ine number between two atoms) of the G-S CnF3
− (n = 1–9) clusters.
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Table 3
Vertical electron detachment energy VDE (a.u.), and incremental binding energy �EI

(a.u.) of the G-S CnF3
− (n = 2–9).

Clusters VDE �EI

C2F3
− 0.132918 0.197709

C3F3
− 0.165945 0.263531

C4F3
− 0.133631 0.201885

C5F3
− 0.165302 0.257805

C6F3
− 0.145377 0.225112

C7F3
− 0.159657 0.234887

C8F3
− 0.144258 0.205950

C9F3
− 0.158998 0.254163

where �Ea is defined as the energy difference between a molecule
and its component atoms [47].

As shown in Fig. 10, the values of �EI vary according to a pattern
of odd/even alternation: when n is odd, the �EI value is big whereas
ig. 7. Bond lengths (Å) of the G-S C8F3
− and C9F3

− clusters versus the number of
ond (as counted from the left side of chains in Fig. 6).

f total energy. In Fig. 8, the � molecular orbital of 3D isosurface of
-S C6F3

− is depicted schematically.
According to the NBO charges shown in Fig. 6, the majority of

egative charge is located on the fluorine atoms (in the range of
0.333 to −0.496). It is understandable because fluorine is higher

han carbon in electronegativity. The rest of the negative charge
s distributed in the Cn chain, with the two carbon atoms at the
ther end of the chain showing higher level of negative charge. It
s known that a distribution of negative charges at the two ends
f a chain may reduce Coulomb repulsion force, and hence better
tructure stability [50].

.3. Vertical electron detachment energy

Vertical electron detachment energy (VDE) defined as the energy
equired to remove an electron from an anion but without any
eometric change, can be used to evaluate the relative stability of
nionic clusters of different sizes. VDE can be expressed as [51]:

DE = E(neutral at optimized anion geometry) − E(optimized anio

isted in Table 3 are the VDE and incremental binding energy (�EI)
f G-S CnF3

− (n = 2–9) whereas Fig. 9 depicts the VDE values versus
he number of carbon atoms in G-S CnF3

− (n = 2–9). There is an
bvious parity effect on the VDE curve: the VDE of odd-n clusters are

igher than those of adjacent even-n cluster(s). The results suggest
hat the odd-n CnF3

− clusters are more stable than the neighboring
ven-n ones. This behavior reflects the higher stability of odd-n
nF3

− (n = 2–9) clusters.

Fig. 8. Schematic of � molecular orbital of 3D isosurface of G-S C6F3
− .
Fig. 9. Vertical electron detachment energy VDE (a.u.) of the G-S CnF3
− (n = 2–9)

clusters (as shown in Table 3).

3.4. Incremental binding energy

The incremental binding energy (�EI) which is the atomization
energy difference (�Ea) of adjacent clusters can reflect the relative
stability of anionic clusters [52]. It is expressed as

�EI = �Ea(CnF3
−) − �Ea(Cn−1F3

−),
Fig. 10. Incremental binding energies �EI (a.u.) of the G-S CnF3
− (n = 2–9) clusters

(as shown in Table 3) versus n.
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hen n is even, the �EI is small. Because a larger �EI value implies
more stable CnF3

− structure, one can deduce that a CnF3
− clus-

er with odd n is more stable than one with even n. Such odd/even
lternate pattern of VDE and incremental binding energy is consis-
ent with the experimental observation of Gnaser using a standard
econdary-ion mass spectrometer [10].

. Conclusion

When n is odd, the G-S isomers of CnF3
− (n = 3–9) are with the

hree fluorine atoms bonded to an end atom of the linear Cn chain.
he carbon atoms of G-S C2F3

− isomer are sp2 hybridized, giving
planar FC CF2 structure. For G-S C4F3

− and C8F3
−, the C4 and

8 chain are bent, displaying a C2F3 unit with structure similar to
hat of G-S C2F3

− at one end. The G-S C6F3
− isomer is with the

hree fluorine atoms bonded to the three carbon atoms at one side
f a planar C6 ring. For the carbon chains with odd or even num-
er of carbon atoms, the bond lengths and bond orders suggest a
olyacetylene-like structure. The odd-n anionic clusters are more
table than the adjacent even-n ones. The trend of odd/even alter-
ation can be observed in the variation of bond length, vertical
lectron detachment energy, and incremental binding energy. The
esults of calculation are in good agreement with the relative inten-
ity of the CnF3

− species observed in mass spectrometric studies. In
he synthesis of carbon clusters doped with three fluorine atoms,
he molecules with a pyramidal CF3 unit bonded to an end of a lin-
ar carbon chain would be the most favorite. When there is a rise in
he number of carbon atoms, the clusters with the fluorine atoms
onded to the atoms of a carbon ring structure would be preferred.
nder suitable conditions, the configurations could be the popular
tructures of carbon clusters richly doped with fluorine atoms.
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