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1. Introduction

The ability of carbon atoms to form stable single, double and
triple bonds gives, together with bond hybridization, rise to a
number of allotropic forms of the element, including graphite,
diamond, amorphous carbon, graphene,’ carbon nanotubes>
and fullerenes.® The bonding flexibility is also reflected in the
variety of structures carbon clusters possess in the gas phase,
each with their own homologous series of electronic and
thermodynamic properties and reactivities of importance for
e.g. the energy dissipation processes by radiative cooling,
fragmentation, and electron emission.” The structural diversity
of carbon clusters has been demonstrated in ion mobility
experiments,” which showed that small carbon clusters are
linear chains up to around Cy" with N = 10, cyclic and bicyclic
for 10 < N < 31 and fullerene structures for larger sizes.>”

In astrochemical context, carbon is a particularly relevant
element, given its high relative abundance in the interstellar
medium and its ability to form stable extended covalent bonds.
To date, many carbon-based molecules®® and some carbon
clusters have been detected in space, such as C,,"® C;"*" and
Cs.™* Laboratory spectroscopic investigations have been per-
formed for this purpose on carbon chains.”>™*’

In an application context, carbon clusters are suspected to
play a role in combustion. The nature of the species that
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calculated with density functional theory.

ultimately form molecular compounds, e.g. polycyclic aromatic
hydrocarbons and soot particles in flames, is still unclear,®
although various nucleation and growth mechanisms have
been proposed.'®*?

In the present article we report experiments of unimolecular
decays on time scales of a time-of-flight mass spectrometer, i.e.
from several to tens of microseconds. This is beyond the time
required for the onset of thermal equilibrium. Internal conver-
sion, for example, requires**?* ~107'*-10"% s and intra-
molecular vibrational transitions®***> ~10""°-10"7 s. As the
experiments reported here concern highly excited clusters at
their limit of stability, the shortest time scales in the above
ranges are most likely the most relevant. The internal energy is
thus expected to be statistically distributed among accessible
rovibronic states. This allows a description of the unimolecular
reactions as arising from a completely equilibrated microcano-
nical system (the ergodic assumption). Several experimental
results about fragmentation patterns of small carbon clusters
have been interpreted successfully with statistical theories
(such as phase space theory*® and Weisskopf theory®”), indicat-
ing that the ergodic assumption is indeed valid. A combination
of the Metropolis Monte Carlo method and Weisskopf theory,
with input from ab initio quantum calculations, allowed to
explain the experimental branching ratios of neutral Cs, C; and
Co.%® Detailed balance rate constants have also been success-
fully used to describe a range of experiments on the electron
emission and thermal radiation of anionic carbon clusters; see
e.g. ref. 29 and 30 for a few examples.

A statistical description of the decays does not, however,
define the outcome entirely. As a first approximation the
application of statistical theories mixing assumption make
observed decay channels the lowest energy channels. It will
be shown in the analysis of the data presented here that the
ordering may change due to differences in rotational entropy.
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The fragmentation of cationic carbon clusters has been
investigated previously by several excitation methods, such as
UV-visible (multi-)photon absorption,*' ¢ low-energy collision-
induced dissociation,?” fast beam photo-fragment translational
spectroscopy,’® dissociative electron impact ionization,®
surface-induced dissociation®® and dissociation recombin-
ation.”® The dominant fragmentation channel for neutral,
cationic, and anionic carbon clusters is the release of a neutral
trimer C; for the non-fullerene clusters of N < 32 and C,
release for the fullerenes, which define the molecular struc-
tures for N > 32.*'7**

The general agreement from these studies is that emission
of the neutral C; (‘the « particle of carbon clusters’) is the
dominant channel for the non-fullerene clusters. However,
authors have reported differing observations for the fragmenta-
tion of several cluster sizes. O’Brien et al.** identified only C; as
the loss channel of Cy', N < 32. Besides the C; primary
dissociation channel, Radi et al.*® detected a number of differ-
ent fragmentation channels, i.e. loss of C;, Cs, C1¢ and C;4 from
Cy" (N < 30).%° These experiments are of particular interest
because they were performed on mass-selected ions, and a
delayed measurement eliminates the prompt ions, which can
be produced before internal equilibrium is established. Unfor-
tunately the equipment used in the experiments is plagued by
the presence of the artefact called ghost peaks (see ref. 47 for
details), which makes it uncertain if this elimination was
actually accomplished in these experiments. Other workers*®
observed that loss of C; is the major fragmentation channel for
Cy5', and in particular for C;4" and Cyo', with C; loss appearing
as a minor channel.

In summary, the presence of the prompt fragmentation
channels in these studies leaves some questions as to the decay
channels of statistically well mixed clusters, and as yet there is
no consensus about the fragmentation channels of metastable
carbon clusters. In the present work, we investigate the meta-
stable decay of cationic clusters, excited and ionized by a laser
pulse. The delayed extraction in time-of-flight mass spectro-
metry eliminates the problem of detecting the prompt products
in photo-excitation experiments and in collision-induced frag-
mentation (see e.g. the analogous case for silicon clusters in ref.
49). In other words, it allows a more system specific character-
ization of the processes, without the contamination from
excitation specific reactions.

2. Experimental procedure

The carbon clusters were produced in a Smalley-type laser
ablation source, which is described in detail in ref. 50. Briefly,
the second harmonic of a focused Nd:YAG laser (532 nm) was
used to ablate a graphite target. The formed plasma was cooled
by He gas which was injected into the source through a pulsed
valve, operated with a backing pressure of 7 bar and at room
temperature. The helium gas carrying the clusters underwent a
supersonic expansion into vacuum through a conical nozzle,
forming a directional molecular beam of the carbon clusters.
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Fig. 1 (a) Scheme of the time-of-flight mass spectrometer, composed of
extraction, reflection, and free-flight regions. Laser excitation takes place
in the extraction region, where prompt fragmentation occurs. Metastable
fragmentation takes place in free flight. The double arrows indicate the
(known) instrumental lengths needed to calculate flight times. x is mea-
sured from the point of laser excitation. (b) Example of a mass spectrum
after photofragmentation recorded under the optimal reflectron settings,
where metastable product peaks coincide with those of the prompt
products. (c) Measured and modeled times of flight of the prompt frag-
ments in the mass spectrometer. The inset presents the difference
between the experimental and calculated times, showing an agreement
of 1072 or better for the relative error in the flight time.

The mass distribution of the clusters was characterized after
ionization by a reflectron time-of-flight mass spectrometer,
depicted in the scheme of Fig. 1a. An example of a mass
spectrum recorded after ionization and excitation as described
below is presented in Fig. 1b, showing a wide distribution of
Cy' clusters, up to N = 72, and higher intensities for
certain sizes.

Ions produced in the source are rejected from the beam by a
static electric field and only neutral clusters enter the extraction
region of the mass spectrometer, where they are exposed to the
light from a focused F, excimer laser (157 nm). During the laser
pulse the clusters absorb a number of photons, resulting in a
rapid ionization and fragmentation. A large fraction of the
fragmentation caused by this excitation will occur practically
instantaneously compared with the microsecond timescales of
acceleration in the mass spectrometer, and will therefore occur
when the clusters are still in the extraction region of the mass
spectrometer. Following the literature we denote this type of
fragmentation as “prompt”.

Knowledge of the dimensions and applied potentials of the
mass spectrometer, depicted by the double arrows in Fig. 1a,
allows us to calculate the flight times of the prompt fragments
from the moment of laser excitation until detection. After
prompt fragmentation occurred, clusters may still have suffi-
cient internal energies to fragment. If the additional fragmen-
tation event takes place within the free-flight region of the mass
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spectrometer (Lp in Fig. 1a), the fragment is denoted as
“metastable”. Prompt and metastable fragments can be dis-
tinguished in a mass spectrum with suitable settings of the
reflectron potentials. The metastable clusters will then appear
as a series of peaks interleaved with the promptly fragmented
peaks. Details of the procedure for the apparatus used here can
be found in ref. 49. A summary on the flight times of the
prompt peaks is presented in Fig. 1c, where the measured flight
times (black squares) are compared with the calculations
(red circles), showing agreement between measurements and
calculations within the width of the peaks. In this calculation,
the main uncertainty is the exact position where the clusters are
excited by the pulse from the F, laser, denoted as x in Fig. 1a.
This value is fitted on the measured flight times where the
voltages and lengths are known inputs.

3. Quantum calculations

Complementary density functional theory (DFT) calculations
were performed for Cy" clusters in the N = 10 to 27 size range,
focusing in particular on the dissociation energies for the
neutral monomer C, dimer C, and trimer C; emission chan-
nels. The calculations were performed with the ORCA 5.03
software package,’’ employing the PBE exchange-correlation
functional®® together with the Def2-TZVPP basis set.”® In addi-
tion, the effect of dispersion forces was included using the D3B]
dispersion correction.>® This level of theory was shown to
correctly predict the transition from linear to ring configura-
tions in small cationic carbon clusters.>® The geometries of the
clusters were obtained from the work in ref. 56 and consist of
single rings.

The ion mobility experiments showed single-ring geometries
from N = 10, and competition with double rings starting at N =
21, which then becomes dominant above N = 28.” Each geo-
metry was first optimized at the PBE(D3B])/Def2-SVP level, after
which a second geometry optimization was performed, using
the larger Def2-TZVPP basis set. Harmonic vibrational frequen-
cies were computed for all Cy" clusters, obtaining only positive
vibrational frequencies. Hence, the optimized geometries are
confirmed as true minima on the potential energy surface.

The dissociation energies of the neutral monomer (D),
dimer (D,), and trimer (D;) emission channels are computed
based on eqn (1), with E the zero-point-corrected absolute
energy of the cluster in parenthesis and i = 1, 2, 3.

D; = E(Cn_;") + E(C;)) — E(Cy"). (1)

The difference in the ground state energies is identical to the
activation energy for fragmentation when there is no reverse
process activation barrier for attachment. This is a non-trivial
assumption for molecules and for clusters that are bound by
covalent bonds, as those here. An experimental signature is
provided by measured kinetic energy release distributions. Any
attachment barrier will appear as an offset in these energy
distributions, ie. a thermal distribution shifted up by the
barrier height. The measurements in ref. 57 and 58 show that

31120 | Phys. Chem. Chem. Phys., 2023, 25, 31118-31124

View Article Online

Paper

for cluster sizes 5-11 and 10-13, 18, respectively, no attachment
barrier is present. In the comparison of experiments and
quantum theory, the no-barrier assumption will be applied
for all sizes.

4. Results and discussion

As outlined in the Experimental procedure section, the flight
times of the metastable fragments can be calculated and the
fragmentation channels unambiguously identified. We see
emission of neutral monomers (Cy' — Cy_," + C), dimers
(Cy" = Cy_," + Cy), and trimers (Cy* — Cy_3" + C;). This is
illustrated with two examples in Fig. 2a. A summary of the
analysis is shown in Fig. 2b, presenting the intensities in mass
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Fig. 2 (a) Examples of fragmentation channels identified in time-of-flight
mass spectra; trimer and dimer loss for C,o" and Cgo*, respectively. The
black arrows indicate the observed metastable fragment peaks, the red
arrows the possible but not observed channels. The slight asymmetry
toward longer times seen for the fullerene is due to delayed ionization and
decay during acceleration. (b) Intensities of prompt and metastable clus-
ters in mass spectra as a function of size N. Loss of neutral monomers,
dimers, and trimers are observed. The apparent emission of tetramers is
most likely due to the sequential emission of two dimers by the two
fullerenes (N = 64 and 74) from which it is seen. (c) Fraction of metastable
fragments, calculated from the values in panel (b) and normalized by the
total intensity of prompt plus metastable fragments.
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spectra of the prompt and metastable fragments corresponding
to each size N.

The intensities of the prompt fragments in Fig. 1b show
several well-known features, such as the high intensity of the
peaks of Cso', Cgo" and C,,'. Generally, the intensities of hot
clusters result from a combination of intrinsic stabilities,
stabilization caused by radiative cooling, and the mass spec-
trum reshuffling due to evaporation events prior to mass
selection. These effects have been discussed elsewhere (see
e.g. ref. 55 for small carbon cations) and we will not elaborate
on the subject of intensities here.

Fig. 2b confirms the loss of dimers for the fullerene struc-
tures. This pattern is well-known for large carbon clusters,”
and agrees with the equally well known pattern seen in the
intensities of the promptly produced clusters, where only even-
numbered species are seen.

The main subject of this article is the emission channels of
the clusters of sizes N < 28. With three exceptions the C;
channel is dominant with no traces of other channels at the
level of 4% in our data, based on the level of noise on the mass
spectra. The exceptions to the trimer emission pattern are C,5",
where both C, and C; emissions are observed, and C;;" and
C,,", where only monomer emission occurs. Notably, no larger
fragments than the trimer were seen, in strong contrast to a
number of the studies mentioned in the Introduction where
also the loss of five atoms and occasionally even larger frag-
ments were reported. As shown in ref. 49 for silicon clusters,
such large fragments can be detected with the device used in
the present study.

The dissociation energies of the C, C,, and C; loss channels,
calculated with density functional theory (DFT), are shown in
Fig. 3. The channels seen experimentally agree well for most
cluster sizes with the expectations from the computed Dy
values when one assumes that the observed fragmentation
channel is the one with the lowest dissociation energy. This
holds also for the two monomer emitters C,;* and Cy,".

There are, however, a few disagreements with this simple
picture. A simple correlation between lower dissociation energy
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Fig. 3 Dissociation energies computed for Cy* clusters in the N = 10-27 size
range. The fragmentation channels of neutral C, C, and Cs are shown.

1 1
10 12 14 16 18

This journal is © the Owner Societies 2023

View Article Online

PCCP

and observed fragmentation channel cannot explain the dom-
inance of the C; emission channel for C;s" and C;4', and
neither the competition between C, and C; loss observed
for C,s". Likewise, neither the absence of two competing
channels for N = 19, 20 is understandable by the simple
energetic argument.

Considerations of the rotational entropy of the emitted
neutral provides an understanding of the systematics of most
of these cases. The number of rotational degrees of freedom of
the product differs by two when a dimer or a trimer is emitted,
compared with atom emission. The detailed balance rate con-
stants for dimer or trimer emission will then get a contribution
from the summation over these extra degrees of freedom. This
adds a factor for those channels, which is on the order of
the thermal average over the rotational degree of freedom.
This calculation has been discussed in some detail for the
slightly different case of dimer loss from fullerenes.®® A com-
plete derivation here would require consideration of both
attachment cross sections and a rigorous treatment of angular
momentum conservation, including the role of angular
momentum of the vibrational motion of the linear molecules
(see e.g. ref. 61). This is beyond the scope of this work, and we
limit the considerations to the leading order terms, with the
limitations this will give to the conclusions.

The monomer emission rate constant of cluster size N can
be written to a reasonable approximation as®?

vy = o2 E D), ®)

where o has a weak energy dependence and a weak dependence
on the mass of the fragment lost. The p’s are the level densities
of the cluster sizes indicated by the subscripts. For trimer
evaporation, two rotational degrees of freedom are added
during evaporation. Five vibrational degrees of freedom are
lost. For comparison, atomic evaporation causes a loss of three
vibrational degrees of freedom, i.e. two fewer than for trimer
evaporation. The accounting of vibrational degrees of freedom
goes as follows:

3N-6->3N—-1)—-6=3N—-9 (3)
3N—-6 >3N-3)-6+3x3-5=3N—-11, (4)

for monomer and trimer loss, respectively. The loss of two
vibrational degrees of freedom will have a relatively small effect
compared to the gain of the two rotational degrees of freedom,
because the density of states of two rotations is orders of
magnitude larger than the density of states of two vibrational
modes. We will therefore use the level density of the
monatomic loss;

pn-3(E) X py-1(E). (5)
To get the angular momentum integrated rate constant we
then have
E=P3py ((E = Dy = Eor)
0 pn(E)

knz = wJ Prot(Erot)dErot, (6)
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where p,o is the density of states for the trimer rotational
motion. The integral is calculated by an expansion of the
logarithm of py_1(E — Dy — Eror) to leading order in E,q:

PN—1(E — Dngs — Erot) ~ PN—l(E - DN,S)G_EM/T, (7)

with kg set to unity. The expansion parameter provides an
effective (microcanonical) temperature for the N — 3 cluster.®®
It is evaluated at the energy £ — Dy_3. The integral then
becomes

J Pyo1(E— DN,3)67EM/TProt(Erot)dErot
0 (8)

= py_1(E = Dn3)Ziot 3(T),

where the Z,, is the canonical rotational partition function.
The canonical partition function is the exponential of Helm-
holtz’ free energy F:

7= efF/T — efE‘/TJrS [9)

’
where E is the average thermal energy and S the entropy. The
relevant classical limit of the partition function is

Z == (10)

where B is the rotational constant for the trimer and 2 is the
symmetry number. In the same limit, the energy is £ = T. We
then have to a good approximation

Z ~ €’ (11)
or, for the frequency factor,

T
= Oz (12)

For decays on the microsecond time scale the microcanoni-
cal temperature is given as a fraction of the activation energy,
less the so-called finite heat capacity correction. The first term
is essentially the reciprocal of the logarithm of the frequency
factor multiplied by the experimental time. In the present case,
this is about 1/25 to 1/30 and the finite heat bath correction
about 1/2 to 1/3 of this, with a negative sign. For details of these
estimates, please see ref. 64.

Motivated by these considerations we parametrize the
microcanonical temperature by the parameter o as T = aD,
where D is the dissociation energy pertaining to the observed
decay. With 4D the difference in activation energy for trimer
and monomer loss, D; — D,, this makes trimer decays
dominant if

Z. e~ D3/T

:_1)7” = (13)

exp<5D)

b, (14)
2B

and monomer decay dominant when the complementary
inequality is obeyed.
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Fig. 4 The ratio of monomer to trimer decay intensities. Open circles
indicate values for N = 11, 12, filled circles values for N = 15, 16 (top to
bottom N = 11, 12, 16, 15). The two vertical lines enclose the region of «
where the dominant calculated and observed decay channels agree. The
rotational constant used for the trimer is calculated with the DFT to the
value 0.422798 cm™.

Fig. 4 shows the calculation of the left-hand side of eqn (14)
for the four sizes N = 11, 12, 15 and 16 for which the monomer
dissociation energy is less than that of the trimer. Points above
the ordinate 1 line correspond to monomer emission. The
expected value of the parameter o that defines the microcano-
nical temperatures for each of the four sizes is seen to fall in
this region, between the two vertical red lines, where all sizes
behave theoretically as experimentally observed.

5. Conclusions

We have measured the carbon trimer to be the dominant decay
channel for non-fullerene carbon clusters up to size 31. The
detection limit of the decay channels is 4% of the total amount
of metastable decay. The loss of larger neutral fragments
reported in earlier studies is absent in these experiments at
this level. Clusters of three different sizes emit smaller frag-
ments and in two of those cases, the behavior is consistent with
the calculated ground state energies of the species. The domi-
nant channels of the four clusters that energetically show
monomer-trimer competition can all be rationalized in terms
of the trimer rotational entropy contribution to the evaporative
frequency factor. Although the dominant channel is explained
correctly this way, the contrast in the experimentally observed
monomer-trimer branching ratios is actually much stronger
than the theoretical prediction. The reason for this is not clear.
A remaining significant discrepancy between experiment and
theory is the dimer decay of N = 25. We suggest that the
presence of isomers can cause this. Finally, we would like to
reiterate the observation that previous experiments applying
collision induced fragmentation may involve processes of a
more direct nature and that problems caused by such inter-
ferences are eliminated by considering delayed processes, as
done here.
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