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Abstract

Making use of molecular graphics software, we have designed numerous models of HC,* (n=1-10) cationic clusters, and performed geometry
optimization and vibrational frequency calculation by means of the B3LYP density functional method. The linear ground-state isomers of HC,*
(n=1-10) are found to be linear with the hydrogen atom located at one end of the carbon chain. When 7 is odd, the carbon chain is polyacetylene-like
in configuration whereas when 7 is even, the carbon chain displays a polyacetylene-like structure that fades into a cumulenic-like arrangement
towards the carbon end. We detected trends of odd/even alternation in electronic configuration, energy difference, ionization potential as well as in
certain bond length and certain atomic charge of the linear ground-state HC,* (n =1-10) isomers. The results reveal that the odd-n cationic clusters
are more stable than the even-n ones; they match the relative yields of HC,* clusters as revealed in mass spectrometric investigations.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The research on the structures and properties of small car-
bon clusters has a long history [1]. The possibility of designing
novel materials by taking advantage of the size-dependent prop-
erties of atomic clusters has created tremendous interest among
experimentalists and theoreticians. Among the atomic clusters
investigated, the small carbon clusters are of special interest due
to their importance in combustion and pyrolysis, in astrophys-
ical processes, and in the formation and growth of fullerenes
and nanotubes. In recent years, carbon chains and rings such
as cyanopolyynes, isocyanopolyynes, methylpolyynes, methyl-
cyanopolyynes, cumulene carbenes, and ring-chain carbenes
have been identified in supersonic molecular beams by means
of Fourier-transform microwave spectroscopy [2,3]. Among the
carbon-chain molecules, the hydrogenated ones belong to a pop-
ular kind of species. In the past decade, Bell et al. reported the
observation of long C,H molecules in the TMC-1 dust cloud
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[4] and Millar described the detection of species that belong to
the polyyne families in circumstellar environment of late-type
carbon-rich stars (such as star IRC + 10216), and in dense and
dark interstellar molecular clouds (such as TMC-1) as well as
in hot molecular cores [5]. In the laboratories, polyyne com-
pounds were generated by means of laser ablation of graphite
targets and arcing across graphite electrodes inammonia [6]. The
electronic spectra of gas-phase Cp,+1H (n=2-4) radicals have
been recorded by Ding et al. [7]. By means of Fourier transform
microwave spectroscopy, McCarthy et al. detected the singly
substituted carbon-13 isotopic species of C3H, CsH, CgH, and
C7H in a supersonic molecular beam [8]. With the discovery
of long-chain carbon molecules in interstellar and circumstellar
environments, the H-substituted carbon clusters have received
much attention. For example, Hallett et al. and Schlatholter et al.
investigated the generation of H-substituted carbon clusters by
means of cluster vaporization source [9] and solid Cg4 impacted
by highly charged ions [10], respectively.

Due to the intriguing findings, a number of theoretical inves-
tigations on hydrogenated carbon cluster have been conducted.
Raghavachari et al. studied the structures and energetics of
C1—C3 carbocations by means of ab initio calculations with
MP perturbation [11]. The geometries of Cy,41H, CppeHY,
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and various Cp,+1Hj species (n=1-3) predicted based on ab
initio calculations were reported by Cooper at al. [12]. Largo
and Barrientos carried out ab initio studies (at the Hartree-Fock
level of the low-lying states) of the radicals and positive ions
of C,H, CyF and C,Cl [13]. In addition, ab initio calculations
were employed to study the low-lying states of C3H* by Largo-
Cabrerizo et al. [14]. Botschwina studied HCs™ by the coupled
electron pair approximation (CEPA) using a basis set of cGTOs
[15]. Woon studied the linear carbon-chain C,,H (n=2-7) radi-
cals with correlation consistent valence and core-valence basis
sets and the coupled cluster method RCCSD(T) [16]. By means
of high level coupled cluster methods, Crawford et al. investi-
gated the structures and energetics of Cs5H isomers [17]. Using
molecular orbital calculations, Blanksby et al. studied the two
isomers originated from the corresponding CsH anions [18].
Using B3LYP DFT method, Pan et al. conducted investigation
on C,H™ (n < 10) clusters [19], and using B3LYP density func-
tional method, Zhang et al. examined the size dependence of
electronic excitation energy of Co,H [20].

The emission of small C,H,,* (n=3-20, m=0-3) clusters
upon impact of highly charged Xe?* (¢g=20-44) on Cgyq sur-
faces was studied by means of time-of-flight secondary ion mass
spectrometry [10]. According to the results, the relative yields
of odd-n HC,* (n < 10) clusters are higher than those of even-n
ones, implying that the former are more stable than the lat-
ter. To explore the experimental observation theoretically, we
conducted B3LYP density functional calculation on the HC,*
(n=1-10) clusters. We first identified the ground-state geometry
and then studied the bonding character, atomic charge, electronic
configuration, energy difference, ionization potentials, and dis-
sociation channels of them. Based on the results, we provide
explanation on why the odd-n HC,,* (n = 1-10) isomers are more
stable than the even-n ones. The findings are expected to elu-
cidate the mechanism of hydrogen interaction with the small
carbon clusters in terms of cluster size. The outcomes can serve
as a guideline for the synthesis of similar kind of materials as well
as for future theoretical studies on hydrogenated carbon clusters
which are so commonly found in circumstellar environments.

2. Computational method

During the investigation, devices for molecular graphics,
molecular mechanics, and quantum chemistry were used. To
start, a model of a cluster was designed initially using Hyper-
Chem for Windows [21] and Desktop Molecular Modeller [22]
on a PC computer. The model was optimized by MM+ molec-
ular mechanics and semi-empirical PM3 quantum chemistry.
Then, geometry optimization and calculation of vibrational fre-
quencies were conducted using the B3LYP density functional
method of Gaussian 03 package [23] with 6-311G** basis sets,
i.e., Becke’s 3-parameter nonlocal exchange functional with the
correlation functional of Lee—Yang—Parr [24,25]. It has been
pointed out that geometries computed with more expensive basis
sets do not necessarily lead to results of better accuracy [26].
The single point energy calculations following the optimiza-
tion were performed using the larger 6-311+G** basis set (i.e.,
B3LYP/6-311+G**//B3LYP/6-311G**). Because the change

of zero point energy (ZPE) could only be affected minutely by
the quality of the employed method, all energies were calcu-
lated with ZPE correction at the B3LYP/6-311G** level. The
optimized models were again displayed using HyperChem for
Windows. The data of partial charges and bond orders were
explored with Gaussian Natural Bond Orbital (NBO). All of the
calculations were carried out on the servers of SGI.

3. Results and discussion
3.1. Geometry configuration

The possible structures of the carbon clusters are many, and
the ground-state isomers of the heteroatom(s)-doped carbon
clusters may adopt a large variety of configurations. The lin-
ear configurations terminated by the heteroatom(s) are rather
popular among the most stable isomers, e.g., BeC,™ (n=1-8)
[27]. For the boron-doped carbon clusters C,B (n=4-10) [28]
and beryllium-doped carbon dianion clusters C,Be? (n=4-14)
[29], the linear configurations with the boron and beryllium atom
located inside the carbon chain are the most stable. For C,H™
(n < 10) clusters, the configurations with a bent C,, chain termi-
nated at one end by the hydrogen atom are the most favorable
in energy [19]. In the cases of CsC7;~ and CsCo ™, isomers with
a “lightly embracing” structure have been suggested to be the
most stable [30].

At the beginning of our investigation, we designed the initial
structures of HC,,* (n = 1-10) according to chemical understand-
ings. In order to reduce the chance of having the ground-state
structures wrongly determined, it is necessary to consider a huge
number of geometrical structures. We studied isomers of linear,
bent-chain, branch, cyclic and bicyclic structures. Optimiza-
tion of each cluster was performed by starting with different
spin multiplicities and initial structures, and through the explo-
ration of potential energy surface, the geometry corresponding
to the global minimum was located. After the optimization pro-
cess, the total energies were compared for the identification of
ground-state isomers. For models with imaginary vibrational
frequencies and/or of higher energies, they were discarded.

Seven major categories of HC,,* (n = 1-10) structures are dis-
played in Fig. 1. Belong to category la are isomers of linear
structures, the H atom is located at one end of the C,, chain. The
isomers of category 1b are “Y” shape with the H atom located
at the end of one of the branches. The isomers of category lc
are with the H atom bonded to a C atom which is connected
to two carbon branches. In category 1d are isomers with the H
atom bonded to a C atom of a C,, ring. The isomers of category
le show a carbon ring with a C atom bonded to a —C,H chain.
Belong to category 1f are isomers with a —Cy chain and the H
atom bonded to two separate C atoms of a C,,_, ring. The iso-
mers of category 1g show a C,_,_1 ring with one of the ring
atoms bonded to a —C,.C chain; the H atom is bonded to one
of the non-terminating carbon atoms of the —C,C chain. After
comparing the total energies, the linear ground-state geometries
of HC,,* (n=1-10) are identified to be those of category 1la.

A hydrogen atom has only one electron available for interac-
tion and cannot be incorporated as an internal part of a chain or
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Fig. 1. Seven main categories of HC,* (n=1-10) structures (x, y denote numbers of carbon atom(s)).

ring. This is the reason why the H atom is always located at the
end of alinear chain. If the hydrogen atom were initially attached
to a non-terminating atom of a carbon chain, it would end up
at one end of the chain after geometry optimization. Nonethe-
less, the hydrogen atom may attach to one of the carbon atoms
of a ring or a branch structure, and the isomers are higher in
total energy compared to the corresponding linear counterparts.
The same can be observed in the case of neutral C,,H clusters.
Pan et al. optimized four isomers of C7H, and found that the
ground-state isomer is linear in structure and the isomers with
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the hydrogen atom attached to a carbon atom of a ring struc-
ture are higher in total energy [19]. Crawford et al. optimized
seven isomers of CsH by means of high level coupled cluster
methods, the linear structures were determined as ground-state
isomers [17].

3.2. Bonding character

Displayed in Fig. 2 are the bond lengths and NBO charges
of the linear ground-state HC,,* (n=1-10) clusters. One can
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Fig. 2. Bond lengths (A) and NBO charges (in parentheses) of the linear ground-state HC,* (= 1-10) clusters.
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Fig. 3. Length (A) of the first, the last, the second last, and the third last C—C
bonds of the linear ground-state HC,,* (n=3-10) clusters vs. n.

see that the H—C lengths are within the 1.069-1.139 A range,
exhibiting essentially the characteristics of single bond. Shown
in Fig. 3 are the plots of the bond lengths of the first, the last,
the second last, and the third last C—C bonds (as counted from
the left) of the linear ground-state HC,,* (n=3-10) clusters ver-
sus the number of carbon atoms (7). For the bond lengths of
the first and the second last C—C bonds, one can see patterns
of distinct odd/even alternation: The C—C bond lengths of the
even-n clusters are longer than those of the neighboring odd-n
ones. One can also see that the alternation magnitude of the for-
mer is smaller than that of the latter, and the C—C bond lengths
decrease with a rise in n. Comparing to that of the first and
the second last C—C bonds, the alternation magnitude in bond
length of the last C—C bonds is relatively small. As for the bond
lengths of the third last C—C bonds, they show distinct odd/even
alternation but with parity inverse to those of the first, the last
and the second last C—C bonds. It has been pointed out that
the bonding of linear carbon chains can be either cumulene- or
polyacetylene-like [31]. Along the chains of the linear ground-
state HC,,* (n=3-10) isomers, the length of the C—C bonds
shows an alternate short/long pattern. When n is odd, the C—C
bonds display a typical polyacetylene-like character, i.e., a series
of alternate single and triple bonds. When # is even, the pattern
of short/long alternation of C—C bond lengths fades out gradu-
ally from the H end towards the carbon end of the chain, and the
C—C bonds close to the carbon end tend to even out in length,
showing some sort of cuamulenic character (i.e., with consecutive
double bonds). As an illustration, depicted in Fig. 4 are the bond
lengths of the linear ground-state HCo™ and HC¢* clusters ver-
sus the number of bond (as counted from the left in Fig. 2, e.g.,
the H—C bond length is plotted against “1” and so on). The curve
of the HCy* with polyacetylene-like carbon chain displays the
pattern of short/long alternation. As for HC1o*, the carbon chain
is polyacetylene-like along the side close to the H terminus but
cumulene-like along the other side. The results of NBO bond
order analysis confirm the above bonding characteristics. When
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Fig. 4. Bond lengths (in A) of the linear ground-state HCo* and HC * clusters
vs. the number of bond (as counted from the left side of chains in Fig. 2).

nis odd, the carbon chains are clearly characterized by a series of
alternate single and triple bond, and the clusters adopt a structure
that shows characteristics of polyacetylene-like clusters.

Also displayed in Fig. 2 are the NBO atomic charges (values
in parentheses underneath the atoms) of the linear ground-state
HC,,* (n=1-10) clusters. Shown in Fig. 5 is a plot of the charges
on the last, the second last, and the third last carbon atom of the
linear ground-state HC,,;* (n = 1-10) clusters versus 7. The levels
of positive charges on the last C atoms are relatively higher than
those on the third last and the second last C atoms. The value of
positive charges (in the range of 0.361-0.994) on the last C atoms
shows a pattern of odd/even alternation. That of an odd-» cluster
is larger than that of the neighboring even-n ones, and the charges
decrease with a rise in n. The third last C atoms accommodate
positive charges in the range of 0.186-0.471 for n=3, 5-9 and
negative charges of —0.053 for n =4, showing odd/even pattern
similar to that of the last C atoms but with larger alternation
magnitude. The charge of the second carbon atoms are mostly
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Fig. 5. The charge on the last, the second last, and the third last carbon atoms
of the linear ground-state HC,,* (n=1-10) clusters vs. n.
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Table 1
Valence orbital configurations of the linear ground-state HC,* (n=1-10)
clusters

Table 2
Electronic state, total energy (a.u.), energy difference AE, (a.u.), and ionization
potential (IP) (a.u.) of the linear ground-state HC,* (n=1-10) clusters

Isomers Configuration Clusters State Total energy AE, 1P

HC* (core) o2a?a? CH* I+ —38.08324 0.404500
HCy*+ (core) o2a?o! CoHY n —76.19188 —38.10864 0.423096
HC3* (core) o2a?a?o2m? C3H* I+ —114.34993 —38.15805 0.343409
HC4*+ (core) 02a?o?a?mt ol w? C4H* 3y- —152.42361 —38.07368 0.362870
HCs* (core) o2a?o0?a?mtolat CsH* I+ —190.55507 —38.13147 0.317294
HCe* (core) 02a?0?a?o?a?mtmt ol m? CgH* 3y- —228.62811 —38.07304 0.332689
HC,* (core) o2a?02020?a?o?mt mt ol mt C,H* I+ —266.74536 —38.11724 0.301443
HCg* (core) 02a?020?0? 0?0 a?mtmt it o2 2 CgH* 3y- —304.81945 —38.07409 0.313545
HCo* (core) o2a?a2020?a?olol ot mint o2t CoH* I+ —342.92992 —38.11047 0.290273
HCjo* (core) 02a?02 0?02?02 g0l ot mt mt it mt o2 m? CjoH* 3y- —381.00545 —38.07553 0.299946

negative (in the range of —0.271 to 0.060), showing obvious
odd/even alternation inverse to those of the last and third last
atoms, and the charge decreases with a rise in n.

3.3. Electronic configuration

Shown in Table 1 are the configurations of valence orbitals
for the linear ground-state HC,,* (n=1-10) clusters.

The electronic configurations can be depicted as (except for
HC* and HC, )

-1
(core)lo? ... 17*...(n + 1)o? <r12> 7% nisodd

(core)la? ... 1x*...(n + a2 (g) 72 niseven

The linear ground-state HC,* (n=3-10) clusters possess
4n valance electrons, among which are 2n — 2 m-electrons and
2n + 2 ag-electrons. Thus for odd n, the highest occupied molec-
ular orbital (HOMO) with doubly degenerate 7 orbital is fully
occupied. Such a situation (i.e., with fully filled m-orbital) is
energetically more favorable than that with a half-filled shell.
The linear ground-state HC,,* (n = 3—10) alternates between ' =+
(odd n) and 3~ (even n) electronic states. This arises from the
fact that all MOs with -symmetry are doubly degenerate. When
n is odd, the addition of an extra carbon atom would result in
having two more electrons included in the m-system, and the
accommodation of these two electrons in a r-orbital would lead
to a triplet state.

3.4. Energy differences

The energy difference which is defined as the difference
between the total energies of the adjacent clusters can be used
to evaluate the relative stability of the clusters of various sizes.
For the cationic clusters, the energy difference is determined as

AE, = E(HC, ") — E(HC,_ ")

Listed in Table 2 are the electronic state, total energy, energy
difference (AE,), and ionization potential (IP) of the linear
ground-state HC,,* (n = 1-10) clusters acquired using zero point
energy correction. In the case of triplet-state HC,* (n=1-10)

isomers. The spin contamination (SZ) value (before annihilation
of the contaminants) stays within the 2.02-2.11 range, and such
a small deviation should not have severe effect on our results.

Displayed in Fig. 6 is the variation of energy differences
(AE,) of the linear ground-state HC,,* (n = 1-10) clusters versus
n. One can see that the odd-n clusters are lower than the even-n
clusters in AE, values. The results illustrate that the clusters
with odd n are more stable than those with even .

3.5. lonization potentials

Tonization potentials (IP, adiabatic) are computed as the
energy difference between the optimized cationic and neutral
clusters (Eoptimized cation — Eoptimized neutral)- A lower IP means
that less energy is needed to remove an electron from the neu-
tral molecule, and the generation of the corresponding cationic
isomer is more readily done. Shown in Fig. 7 is the IP variation
curve of linear ground-state HC,,* (n=1-10) versus n. One can
see that the IP values of HC,,* with odd n are lower than those of
the neighboring even-n ones, and the IP values decrease with a
rise in n. This implies that compared to the cases of even #, it is
easier to remove an electron from a neighboring odd-n HC,,. The
pattern of odd/even alternation reiterates that the clusters with
odd n are more stable than those with even n. Such odd/even

-38.06
] u m ] =
-38.084
S 3810
s J ] ¥
-38.12 .
1 n

-38.14

-38.16 4 "

T » T . T ¥ T ¥ T
2 4 6 8 10
Number of Carbon Atoms

Fig. 6. Energy differences AE, (a.u.) of the linear ground-state HC,,* (n=1-10)
clusters (as shown in Table 2) vs. the number of carbon atoms.
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Fig. 7. Electron affinity IP (a.u.) of the linear ground-state HC,* (n=1-10)
clusters (as shown in Table 2) vs. n.

alternation of IP and AE, is in consistency with the experimen-
tal observation that the odd-n clusters are higher in abundance
than the even-n ones [10]. Since the IP of the odd-n clusters are
obviously lower than that of the even-n clusters and the AE,
of the odd-n clusters are lower than that of even-n clusters, it
is envisaged that the odd-n clusters are more stable and less
susceptible to fragmentation.

Proton affinity (PA) of amolecule can be defined as the energy
released when a proton (H") is added to the molecule, and is
computed as the difference in energy between the molecule and
the as-generated cation [26]. The PA of C,, can thus be related to
the energy of C,H* quantitatively as PA=E (C,) — E (C,H™).
The PA of linear C, (n=2-9) clusters are 0.25137, 0.30078,
0.21641,0.27420, 0.21577, 0.25998, 0.21682, and 0.25320 a.u.,
respectively. Fig. 8 is a plot of the PA values versus n. With H*
added to a terminating C atom, the formation of the C—H bond
would result in having the positive charge incorporated into the
 system. As depicted in Fig. 8, there is a nearly linear rise of
PA values versus n. It is apparent that with n increases, there is

0.384
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Fig. 8. Proton affinities PA (a.u.) of linear ground-state C,, (n =2-9) clusters vs.
n.

enhanced stability of the HC,* clusters due to the wider spread
of the positive charge in the enlarged T system.

3.6. Dissociation channels

Despite there is only one hydrogen atom located at one end of
the carbon chains, the possible dissociation channels of HC,*
(n=1-10) could still be complicated. We have no attempt to
characterize the reaction pathways and transition states for frag-
mentation in this work. Our evaluation of the relative stability of
the clusters in terms of fragmentation energy is based on hypo-
thetical pathways only. The six dissociation channels are divided
into two groups: reactions (1)—(3) with C, C,, and C3 genera-
tion and reactions (4)—(6) with H, HC, and HC, generation,
respectively.

C,H"— C,_iH"+C (D)
C,Ht - C,oHT +C, (2)
C,H" — C,_3H" +C; 3)
C,H" - C,"+H 4)
C,H" - C,_1"+CH (5)
C,H*— C, 2" +CH (6)

The fragmentation energies versus n are depicted in Fig. 9.
Fragmentation energies related to reaction (1) with the release of
one carbon atom exhibits distinct odd/even alternation and the
dissociation energies with odd n are always larger than those with
even n. The results reiterate that the linear ground-state HC,,*
(n=1-10) with odd n are relatively more stable; the ejection
of a single carbon atom will cause an inversion in parity of the
clusters and the more stable odd-n clusters requires more energy
for fragmentation than the less stable even-n clusters. In reaction
(2), the loss of a C; fragment does not involve significant change
in parity of the parent cationic clusters, and the alternation effect
is much less apparent than that of reaction (1). The energy curve
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Fig. 9. Fragmentation energy (a.u.) vs. the number of carbon atoms.
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of reaction (3) shows an odd/even trend similar to that of reac-
tion (1). The dissociation energies of reaction (3) are smaller
than those of reactions (1) and (2), plausibly due to the special
structural stability of the C3 fragment as previously pointed out
by Rao et al. [32]. The dissociation energy of reactions (4)—(6)
which involve the loss of H, CH, and C,H, respectively, exhibit
similar trends of odd/even alternation. Reaction (4) with the loss
of a hydrogen fragment shows a slight change in parity when n
is bigger than 3, the dissociation energy are the smallest and the
loss of a hydrogen atom is likely to be the dominant dissociation
pathway. Compared to reaction (4) that involves the breaking
of the H—C bond, reaction (5) needs more energy because it
involves the breaking of the C—CH bond. The dissociation ener-
gies of reaction (5) exhibit distinct odd/even alternation with
the dissociation energies of odd-n clusters always larger than
those of even-n ones. The dissociation energies of reaction (6)
show a trend of odd/even alternation when 7 is smaller than 5,
and the trend becomes less apparent when n is bigger than 5.
In summary, the dissociation energies of reactions (1), (3), and
(5) for HC,* (n=1-10) show clear pattern of odd/even alter-
nation: Those of the odd-n isomers are larger than those of the
neighboring even-n ones.

4. Conclusion

The ground-state structures of HC,* (n=1-10) are linear
with the H atom located at one end of the C,, chain. When 7 is
odd, the bond lengths and bond orders suggest a polyacetylene-
like structure along the C, chain, whereas when n is even,
the data suggest a polyacetylene-like structure that fades into
a cumulenic-like arrangement towards the carbon end. The odd-
n clusters are more stable than the even-n ones. The regularity
of odd/even alternation are illustrated according to the proper-
ties of bond character, atomic charge, electronic configuration,
energy difference, and ionization potential. The results are in
concord with the relative abundance of the HC,* (n=1-10)
species observed in experimental studies.
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