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Abstract

The structures and abundances of N, |, clusters produced by impact of 22Cf fission fragments (FF) on Nj ice target are analyzed. A
systematic search for the more stable conformers at the DFT/B3LYP level and a recently proposed methodology for a proper taxonomic
description (D-plot) of the cluster isomers in series are presented. Several new members of the previously reported linear series have been
identified. Besides that, three new series of clusters and some other stable structures have also been found. The clusters stability and ion-
ization potential analysis showed that the >>Cf FF exponential dependence of the cluster yield with its mass is rather a consequence of

the production mechanism than that of the cluster structure.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The generation of ion clusters from several condensed
gases has been recently studied by ~60 MeV 23°Cf fission
fragment (FF) impact on ice surfaces at controlled temper-
ature [1-7]. Processes in which very fast and highly charged
projectiles induce electronic sputtering on low-temperature
condensed-gas solids (ices) are relevant since they occur in
cometary’s surfaces and outer-solar-system bodies [7-12].
When the target is a frozen gas with low molecular weight
such as nitrogen, one might expect that the desorbed spe-
cies would be mostly atoms or small molecules with small
number of constituents because these gases condensate
only through weak van der Waals interactions. However,
the emission of a large number of cluster ions N has been
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observed in experiments with *>Cf FF (n up to ~22) [7],
with keV He™ ion bombardment (7 up to ~30) [8] and with
1.5 MeV/u Ar'** ion impact (n up to ~20) [11].

Since many of the clusters’ characteristics (e.g. geome-
try, binding energy) are difficult to obtain directly from
experiment, theoretical models and computational meth-
ods are very useful in predicting them and therefore helping
the interpretation of the spectroscopic and mass spectro-
metric data. Predictive ab initio theoretical chemistry is
essential for characterizing the structure of weak-linked
species. Nitrogen clusters have been characterized by ab ini-
tio methods such as the Hartree—Fock [13-19], the Moller—
Plesset (MP) perturbation theory [14-18,20-23] and the
coupled cluster method (CC) [24], as well as by density
functional theory (DFT) [14,15,17,21,23,25,26]. Although
studies on small ionic nitrogen clusters N have been
recently reported for n=3 [18,19,23], n=4 [13b], n=5
[18,19,23,26], n =7 [22] and n =11 [17], a systematic and
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accurate theoretical calculation of nitrogen ionic clusters,
to the best of our knowledge, has not yet been performed.

In this paper, the population distribution of positively
charged nitrogen clusters, N, for n up to 22, generated
by ?*>Cf FF impact on a N, condensed target is examined.
A systematic search for the possible conformers of the N
clusters (for n up to 18) has been conducted using DFT at
the B3LYP/6-311G™ level and a taxonomic study of the
obtained theoretical structures is described. The results of
these calculations are used to investigate if the mass spectra
population distribution can be understood in terms of the
clusters stability and the ionization potential.

2. Experimental method

The experimental features of >>>Cf-PDMS can be found
elsewhere [1,5,7,27]. Briefly, an N, ice target was grown by
condensation of N, gas over an Au substrate at controlled
low temperature (in the 30-40 K range). A fission fragment
produced by a *>>Cf source eventually collides with the N,
ice target inducing ion desorption in high vacuum condi-
tions (in the low 10~® mbar). The desorbed ions are accel-
erated by an extraction field towards the drift region and
are detected by a micro channel plate detector. The mass
analysis is performed by the time-of-flight technique
(TOF) [27].

3. Computational details

Positively charged nitrogen cluster structures were cal-
culated using DFT at the B3LYP/6-311G™ level with the
Jaguar 6.0 software [28]. The basis set superposition error
(BSSE) was found to be of the order of 0.02 eV. The accu-
racy of the B3LYP functional is known to be of the order
of ~3 kcal/mol, meaning that conformers differing by less
than that amount cannot be distinguished at this level of
calculation. No symmetry restrictions have been imposed
in the process of geometry optimization. A vibrational
analysis was performed in order to verify that the opti-
mized structures correspond to real minima in the potential
energy surfaces. It is true that some of the N clusters may
exhibit low lying electronic excited states. However, the
usual life-times of these excited states are much shorter
than the time of scale of the TOF experiments, which is
of the order of 107%s. Thus, it is quite reasonable to
assume that the detected ions are all in their ground elec-
tronic states.

4. Results and discussion
4.1. N optimized structures

A systematic search for all the possible N structures
has been performed and their total internal energies
(including the zero-point correction) are presented in Table
1. The obtained structures (see Fig. 1) can be classified in
four series by their conformational similarities (as

Table 1
The N internal energy (including ZPE) at the BALYP/6-311G™ level of
calculation

Cluster Energy (eV) Cluster Energy (eV) Cluster Energy (eV)
N* —1468.38 N{ I —8926.80 Ny I —13395.39
N° —1482.85 N/ B —8926.35 N¢ I —13398.77
Ny —2965.20 N A —8917.36 N, I —14884.28
N9 —2981.04 Ng IV —8924.77 Nf, II  —14875.73
N7 B —4454.70 N{, IV —8924.75 Nf 1 —16373.66
NI —4467.27 NI, C  —10419.02 N, I —17862.92
N7 III  —4454.96 N, C  —10418.98 NL I  —17852.84
NI —4465.72 NI I —10416.93 Nj I —19352.31
Ny D  —5948.07 NI I —10417.58 N1 —20841.33
NO 1 Not stable Nf, I —10417.57 N, II  —20829.76
N; IV —5943.51 Ny 1 —11905.66 Nj5 1 —22330.65
NOIV  —5954.09 Ny 11 —11898.85 Nfg I —23806.69
NI 1 —7437.83 Ny A —11898.47 Njg II  —26783.60
NI I —7436.31 N IV —11906.00

described below) or by their total internal energy (D-plot
section).

4.1.1. Series characteristics

Series I: The n = 5-15 members exhibit a “linear’” chain-
like structure. The bond distances are practically the same
in all of the clusters, differing just in the second decimal
place, the average being equal to 1.1 and to 1.3 A for the
terminal and internal N-N bonds, respectively. The angle
between the terminal linear trimer segment and the internal
dimer segment was found to be ~110° for all the structures.
Moreover, an angle variation along the chain of 105-120°
was observed. In particular, for the NI cluster, for which
experimental results are available, we found the bond dis-
tances between the terminal and inner nitrogen atoms
equal to 1.301 and 1.111 A, in good agreement with the
experiments and with the results of previous calculations
[23]. The bond angles 112.6° (inner) and 166.1° (outer)
are also in good agreement with the experiments (110.3°
and 166.6°) [23]. The structures of the N7, Ny and N7,
clusters are very similar to those previously reported [17—
19,22,23,26].

Series II: This series is characterized by n-even clusters
formed by blocks of parallel N, units. All the members
of this series exhibit a “zig-zag” like conformation, with
almost equal angles in the lower and upper chains (106—
108°). The N-N distance between any two internal atoms
differs just in the second decimal place, the average value
being equal to 1.5 A, except for the bond between the ter-
minal atoms of the upper and lower chains which averages
to 1.2 A.

Series III: This series is formed by the following stable
members Ny III, N7 III, N7, , IIT and Ny III, and is char-
acterized by the presence of a triangular N7 core to which
N, units are attached. The Ny core is an equilateral trian-
gle with sides of 1.316 A. The distances from the N, units
to the NJ core, measured from the N atom of the Nyunit
closest to the core, are equal to 2.407, 2.514, 2.504 and
2.56 (average) A forn=5, 7a, 7b and 9, respectively.
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Fig. 1. Optimized geometries of the N, clusters at the BILYP/6-311G** level of calculation.

Series IV: This series is formed by the members N; IV,

N¢,, IV and Ny IV and is characterized by the presence of
a rectangular NI, with sides of 1.199 and 1.625 A, sur-
rounded by N, units. The average distance from the N,
units to the core, measured from the N atom of the N, unit
closest to the core, is equal to 2.73 and 2.76 A for n = 6 and
8, respectively.

At the present level of calculation, it is not possible to
determine which of the N7 , III and Ng,, IV isomers is
the most stable. '

4.1.2. A-D labeled clusters
Besides these clusters, four other sets of structures,
labeled A, B, C and D in Fig. 1, have also been found:

— The structures labeled A are formed by interconnected
N, units. The N} A structure is a equilateral triangular
prism, with all sides and height in average equal to
1.5 A, differing just in the second decimal place. The
Ny A species is similar to the N{ 1I cluster, but exhibits
a boat-like conformation. The N-N distance between
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any two internal atoms of the clusters differs just in the
second decimal place and averages to 1.5 A, except that
for the bond between the terminal atoms of the upper
and lower chains which is in average equal to 1.2 A.

— Structures labeled B can be viewed as formed by Nj
units (one and two). The N3 B cluster is a linear trimer
with bond distances equal to 1.18 A, while the N{ B is
formed by two Nj units connected by their terminal N
atoms, in a boat-like conformation, with internal and
terminal N-N bond distances equal to 1.12 and
1.31 A, respectively.

— The structures labeled C derive from the cluster N3 I by
the attachment of one N, unit. The distance of the N,
unit to the closest N atom of the N I is equal to 3.00
and 3.04A for the Ni, C and Ni, C isomers,
respectively.

— The structure labeled D is formed by two N, units,
bonded by their terminal atoms in a linear conforma-
tion. The N-N distance is equal to 1.100 and 2.190 A
for the N, and the N,-N, bond distance, respec-
tively.

Although the clusters labeled A to D are apparently not
structurally similar to those of Series [-1V, some of these
species can be however related to those of the four series
once an energy criterion is used to classify the clusters. This
point will be discussed in the next section.

4.2. Deviation plot analysis ( D-plot)

Let E', be the total energy of the ith isomer of the N
cluster (values in Table 1) and E,.(n) the average energy
of all n-isomers. The average energy shows a linear depen-
dence on n: E,(n)=10.13-1489.23n (Fig. 2a). For each
isomer, the deviation energy D is defined as: D, = E'—
E,(n), so that the smaller the D value, the lower the energy
of the isomer and more stable it is.

From the D-plot (Fig. 2b) one sees that: (i) the cluster
series can be characterized by their D behavior; (ii) for a
given cluster size n, the D-plot shows the relative stability
of the possible isomers and (iii) for a given series, the suc-
cessive D value differences can be directly related to a com-
monly used stability function [30,31]. The Series I-1V,
previously defined according to the criterion of conforma-
tional similarity, are also identified in the D-plot analysis
(full lines in Fig. 2b). Furthermore, the D-plot analysis per-
mits the identification of new series (dashed lines), reveal-
ing the connections between members of Series I-IV and
the A-D labeled structures.

The structures labeled as A, B and C present almost the
same positive slope of those of Series III and IV (Fig. 2b),
which is probably related to the attachment of N, mole-
cules (see Fig. 1) as the cluster size increases. Moreover,
a negative slope in the D-plot characterizes changes from
linear to triangular to rectangular structure of the cluster
core as its size increases (e.g. the Nj D — NI III — N
IVa,b).
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Fig. 2. (a) Total internal energy of the clusters as a function of the cluster
size n. (b) D-plot: deviation of the internal cluster energy as a function of
the cluster size n. The D-deviation is the difference of the average energy
E,(n) and the cluster energy E'.

4.3. Clusters stability and ionization potential effects on the
mass spectra

The interpretation of mass spectral intensities is not
straightforward and a proper description of the cluster for-
mation requires a dynamical approach. Nevertheless, since
the time scale of the TOF measurements is of the order of
10®s and that for reorganization and fragmentation
through unimolecular processes is of the order of 1074~
10735 [9], it is reasonable to assumed that the species
being detected are the ones thermodynamically most stable.
Based on this assumption, one would expect a correlation
between the cluster population in the mass spectra and its
stability.

4.3.1. Clusters stability and the mass spectrum abundances

Despite the systematical search performed, other N7
structures may exist for a given n. However, it is reason-
able to suppose that the main series are the ones already
identified (Series I-1V). Within this assumption, the fac-
tors that affect the population in a mass spectrum are
discussed.
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The stability analysis shows that the members of Series |
are more stable than those of the Series II (see Fig. 2).
Within Series I, the stability analysis using the stability
function S,, [30,31], defined as S,=FE, |+ E,+; —2E, =
D, |+ D, —2D,, shows that the n-odd members are
more stable than the n-even ones (Fig. 3). The tendency
indicated by the stability analysis is, however, opposite to
that of the mass spectra, where the n-even clusters are the
most abundant ones (Fig. 4).

The mass abundance (or yield, Y) is a function of the
production mechanism (P), the ionization mechanism (/)
and the stability (S) of the clusters: Y = F(P,I,S). Some
insights on the cluster production and ionization mecha-
nisms can be extracted from the fitting of the experimental
population values, using the stability analysis results. We
can assume that each series contributes exponentially to
the mass spectra, since this behavior is characteristic of
FF experiments [1,5,7,27]. Also, since the cluster mass var-
ies almost linearly with its energy (see Fig. 2a), the desorp-
tion yields can expressed as

Yn :ZYZ eXp (BIE;,)7 (1)

where Y, is the experimental desorption yield of the N
ions, Y; and B; are the fitting parameters and £’ is the total
energy of the cluster of size n of the ith series. In Eq. (1), the
stability within the series (energy fluctuation) is explicitly
taken into account (S = S(£!)). Fig. 4 shows the results
of the experimental desorption yields compared to the ones
obtained from Eq. (1). According to the calculations, only
clusters with n > 9, i.e. members of the Series I and II are
stable and therefore contribute to the mass spectra. The
experimental desorption yield description can be then re-
duced to

Yﬂ — YI exp (BIEEI) —+ YII €Xp (BHEE,I) (2)

The values of Y, for n =16, 17 and 18 are extrapolations of
the fitting function, and a perfect agreement with the exper-
iments is observed (Fig. 4). For n <9 not enough data is
available to perform the fitting according to Eq. (1).
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Fig. 3. The D-deviation (top) and stability (bottom) values for the
members of Series I. Notice the higher stability of the n-odd clusters.
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Fig. 4. TOF mass spectra (top) and total desorption yield (bottom, in
semi-logarithmic plot) for the N, ion clusters produced by B2Cf FF
impact on the N, ice target. The values for n = 16-18 are extrapolation of
the fitting function (as defined by Eq. (1)).

The fitting analysis gives very similar parameters for the
contributions of the members of series I and II:
By =0.000116 eV~' and By =0.000136 ¢V~'. The desorp-
tion yield Y can then be expressed as a function of only
one fitting parameter (within an error of less than 8%)
characteristic of the desorption process B =0.000126 +
10 eV as

Y, = exp [BE\|{Yi+ Yy exp [B(E) —E})]} (3)

The fact that the experimental desorption yields can be
fitted by using a unique fitting parameter (B) as a function
of the cluster internal energy implies that the relative abun-
dances, for n>9, do not depend on the production and
ionization mechanisms. The ratio Yyexp (B(EY —E) ))/Y;
represents the relative abundances of Series I and IT mem-
bers. Since the fitting parameter B is very small as well as
the energy difference between the isomers of the different
series (a few eVs, as shown in the D-plot), the exponential
factor is almost equal to one and the relative abundance is
characterized by the Yy/Yj ratio. The fact that the series 11
members are the most abundant is possibly related to the
N, ice target characteristics, where the N, units are already
pre-formed.
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Table 2
Ionization potential (IP) of the four smallest nitrogen clusters calculated at
the DFT/B3LYP/6-311G** level

Neutral — ion +e~

Energy difference IP (eV)"

NS NT+e E (N — E(N% 14.47 (14.53)
N) = Nj +e” E(NJ) - E(NY) 15.84 (15.58)
Ny VI — Nf VI+e™ E (N7 VI) — E (N} VI) 12.57
NS IIT — N7 I +e” E (N7 III) — E (N9 I1I) 10.76
N)IV - Nj IV+e™ E (N} 1IV) - E(NY 1V) 10.58

* In parenthesis the experimental values of the ionization potential [29].

4.3.2. Ionization potential and the mass spectra abundances

The most abundant species in the mass spectra are the
N[, ions [7,8,11]. For *>Cf FF [7] and 1.5 MeV/u Ar'*"
[11] projectiles, the desorption yield of the N ions is the
highest, differently from the results obtained with electron
or keV ion-impact desorption experiments, where the N
yield is the highest [8].

The first ionization potentials (IP) of the five smallest
N species are presented in Table 2. For n = 3, the two iso-
mers, N3 B and N7 III, were considered; for n = 4, only the
neutral rectangular isomer (relative to the Ny I'V structure)
is stable. From Table 2 one sees that IP has its maximum
value for n =2 and decreases as n increases. On the other
hand, the relative abundance of these ions (n = 1-4) do
not follow their ionization potential tendency, since the
IPs vary exactly in the opposite way to the abundances in
the mass spectrum (Fig. 4). This result indicates that the
abundance is related to the preferential emission of N,
units in the *>>Cf FF electronic sputtering. The relative
high desorption yield of the N ions via a single process,
probably due to a (N»),-type of cluster formation, appears
to be the reason for its larger yield.

4.3.3. The production mechanism and the mass spectra
abundances

The analysis performed shows that, at least for n > 9, the
22Cf FF abundances can be characterized by an exponen-
tial dependence of the clusters yield with its energy. On the
other hand, since the ionization potentials are not directly
related to the mass abundance, the production of the smal-
ler clusters should involve a more complex mechanism.

Based on the large yields of N*, N, N7 and N ions
observed in the mass spectra, one order of magnitude
higher than those of the larger species, it is reasonable to
assume that two mechanism for the ionic cluster produc-
tion are possible. The first production mechanism is related
to the emission of species, hereafter called “pre-formed spe-
cies”, from the surface, induced by ion impact. This first
production mechanism is responsible for the exponential
decay observed for the clusters with n > 3. The second
mechanism is responsible for the higher abundance of the
smaller ions (n = 1-4), due to either (i) the condensation,
into small clusters, of N and N species that have been
formed by atomization in the hottest region of the bom-
barded ice or (ii) the emission of “excited” pre-formed spe-
cies (as a part of the first mechanism) that easily dissociate

into smaller ions. The analysis performed in the previous
sections cannot tell which one of the two processes is
responsible for the ion cluster production. That is, the sta-
bility and the ionization potential analysis cannot distin-
guish if the larger clusters are formed by the combination
of the four smallest clusters with neutral ones or if the lar-
ger clusters are initially formed and subsequently dissoci-
ated into those smaller ions. To accomplish that, a
dynamical approach would be required.

These two mechanisms have been previously reported in
[1], where the desorption yield of water cluster ions was
studied for two types of projectiles: the >>Cf FF
(E ~ 100 MeV) and the N* (E =810 keV). The exponen-
tial decay of the desorption yield with the cluster size, rel-
ative to the formation of pre-formed species, showed the
same slope for both incident projectiles. However, only
for the 2>Cf FF the second mechanism was observed,
probably due to the larger energy deposited in the surface
by the projectile.

5. Conclusions

Four series of nitrogen clusters, N¥, for n=2-18 are
identified in the systematical search performed at the
DFT/B3LYP level of calculation. New members of the pre-
viously reported linear series have been found as well as
three new series of clusters and some other stable struc-
tures. A new methodology is used to classify the different
cluster structures based on the cluster internal energy,
rather than its structure.

The experimental desorption yield was described as a
function of the cluster internal energy using a unique expo-
nential fitting parameter, characteristic of the *>>CF FF
desorption process. For n> 9, the fact that the experimen-
tal desorption yields can be fitted, as a function of the clus-
ter internal energy, using just one parameter (B), implies
that their relative abundances do not depend on the pro-
duction mechanisms. On the other hand, for the smaller
clusters, the fact that the ionization potentials of the neu-
tral clusters are not directly related to their parent ions
mass abundance, suggests that a more complex production
mechanism must be involved.

The stability and the ionization potential analysis can-
not distinguish if the larger clusters are formed by the com-
bination of the four smallest clusters with neutral ones or if
the larger clusters are initially formed and subsequently
dissociated into those smaller ions. To accomplish that, a
dynamical approach is needed.

The relative high desorption yield of the N3 ions via a
single process and the high abundances of N, molecules
(as pre-formed species) seems to be the reason of the larger
yield of the even sized clusters.
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