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This paper reports the first characterization of the gNNH™ cluster series produced by?2&Cf fission
fragments (FF) impact onto a Nlite target. The (NB)n—1—-sNH™ members of this series have been analyzed

theoretically and experimentally. Their ion desorption yields show an exponential dependence of the cluster

population on its mass, presenting a relative higher abundance &t The results of DFT/B3LYP calculations

show that two main series of ammonium clusters may be formed. Both series follow a clear pattern: each

additional NH group makes a new hydrogen bond with one of the hydrogen atoms of the resgédiye
NH} ™ and{NH,NH,}* cores. The energy analysis (i.B-plot and stability analysis) shows that the calculated
members of the (Nk,—1{ NHoNHz}t series are more stable than those of the NH{NH3;NH} " series.
The trend on the relative stability of the members of more stable series){NHNH.NH,} *, shows excellent
agreement with the experimental distribution of cluster abundances. In particular, thp{(NHLNH} "
structure is the most stable one, in agreement with the experiments.

1. Introduction the previous experiments using other ionization techniques, the

Studies on the structure and properties of cluster ions in thetechnlque employed in ref 34 gives rise to a new series of

gas phase have been conducted for many decades. InvestigatioflUSters (NH)1-eNH™ in addition to the ones previously
on the formation of ammonia or water clusters are of particular reported.
interest since they provide insight into the nature of hydrogen- ~ From the theoretical side, with the advent of predictive ab
bonded systems not only in the gaseous state but also in thenitio methods, cluster ions have been investigated with several
liquid and solid phases. Recently, several theoretical and methodologies including accurate ab initio methods that include
experimental investigations on hydrogen-bonded molecular €lectron correlation. Ab initio calculations on ammonia clusters
clusters of polar molecules, especially water and ammonia have been extensively performed using the Hartféeck (HF)
containing clusters, have been reportel. The generation of ~ method?>3the Mgller-Plesset (MP) perturbation thedfy> 8
positively charged ammonia clusters has been performed usingthe coupled cluster (CC) metho#fs383° and the density
a number of different ionization techniques: multiphoton functional theory (DFT) with extended basis. In a previous
ionization16-18 single-photon ionizatio® electron impact  paper, DFT calculations with extended basis were used to
ionization2°=22 and ultrafast pumpprobe technique®-25The explain the relative mass abundance of @MHsNH;T and
main positively charged ammonia cluster series observed (NHs)1—-gNH2~ ammonia clusters (magic numbef&f! The
experimentally are as follows: (NJ#NHz", (NH3),NH3™, calculations have shown that the clusters’ stability can be related
(NH3)nNHs*, (NHz),NH4*, the last one being the predominant to the magic numbers observed in the mass spéttfa.
one. ) ) . Although studies on positively and negatively charged
The study of such series, produced by electronically induced gmmonia clusters have been reported, to our knowledge a
sputtering on low-temperature condensed-gas solids (ices) [€.9.comprehensive and detailed characterization of thes(NENH"
refs 26-30] is important for understanding cometary surfaces ggries has not been performed. This paper reports the first
and outer-solar-system atmosphetes? In a recent paper, the  characterization of the (Ngh_sNH* cluster series produced by
generation pf ammonia clugter ions (pqsmve gnd negative) g 252cf fission fragment (FF) impact onto a NHte target. In
performed via the impact of highly energetic and highly charged paticular, we are interested in describing the correlation between
fission fragments (FF) from &7ZCf source on the Nilice the cluster stability and the relative cluster populations in the
surface at controlled temperature was repoftdifferent from mass spectra. The observed results are discussed based on a
*To whom correspondence should be addressed. E-mail: chaer@iq.uftj.br. SySte.matIC search for the more stable conformers U§Ing dgnsny
t Pontificia Universidade Catiza. functional theory at the B3LYP level of calculation with
* Universidade Federal do Rio de Janeiro. extended basis set.
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Figure 1. (a) Time-of-flight mass spectrum of the Nite bombarded calculation.
by #52Cf fission fragments. The inset is an extension of the spectrum
for mup to~105 u. (b) Relative secondary ion yields of the (iH
NHT series as a function of the number of Nithits. The inset shows
the exponential decrease of the (NMNH™ yield as a function of the

structures at the level of calculation employed. All frequencies
were found to be real, indicating that the optimized structures

number of NH units. correspond to true minima in the potential energy hypersurfaces.
The frequencies were also used to compute the zero-point
2. Experimental Methods correction energy (ZPE) for all the optimized structures. No

. ) . symmetry restrictions or those of any other kind have been
The eXperlmental details of thH&2Cf-PDMS techn|que can imposed in the process of geometry Optimization_

be found elsewher®-293442Briefly, an NH; ice target is grown

by condensation of Nklgas over an Au substrate at low and
controlled temperature. Fission fragments frof?%&f source

are impacted onto the NHce target, inducing desorption of
positive and negative ions, as well as of neutral particles, at

high diti 16 mb he d bed | effect becomes less important as the size of the ions increase.
igh-vacuum conditions (10 mbar). The desorbed ions aré 14 chack for possible inconsistencies, the smaller structures were
accelerated by an extraction field toward the drift region and

. ,Sglso optimized at the MP2/ 6-311G** level of calculation. No

. . . . ubstantial changes were observed either in the geometrical
performed by time-of-flight technique (TOF)A correction has parameters or ingthe relative stability of the clustersq

been applied to take into account that the detection efficiency The barrier for the interconversion between the two different
of the ionized clusters varies smoothly and monotonically across NoH.* o determined. taking int tth i
the mass range. The typical mass-resolution power in the current_ 2 4 cores was also determined, taxing into account the zero
spectra is aboutVAm ~ 200 for the worst case. Nevertheless, point energy correction. A vibration analysis confirmed that both

even within such a modest resolution, the peaks are completelyCores 'optlmlzed geomeltries correspond. to minima in their
resolved for low values off. potential energy surfaces and that the optimized transition state

The?52Cf FF impact produces secondary ions whose structure geometry is a first-order saddle point._ An intrinsic reac_tion
can be written as (N§:NH.+, wherem = 1—5 (Figure 1 top). coordinate (IRC) was performed to verify that the determined

The desorption yield¥(n) of the members of the (NBhy NH-* traanltloln S|ta'te does conngc(; the two cor:e structures. o
series decrease exponentially as a function of the cluster size: All calculations were carried out using the Jaguar 6.0 software

It is well-known that DFT calculations on charged species
may be in error due to the fact that, for most of the present
available functionals, the exchange energy does not exactly
cancel the Coulombic self-interactiéhOn the other hand, this

Y(n) ~ exp(—0.1781). A relative higher abundance is observed Package?
for the cluster (NH),=sNH* compared to the other members _ _
of this series (Figure 1 bottom). 4. Results and Discussion

The systematical search for the most stable structures shows
that two main series of ammonium clusters can be produced

Theoretical calculations have been performed, at the B3LYP/ (Figure 2), corresponding to two distinctiy,™ central cores,
6-311G** level, with the purpose of determining the most stable {NH3NH}*™ and {NH,NH2}*, to which the NH units are
structures of the (NpJn=1—7NH*T ammonia clusters and to attached. The similarity of the obtained structures suggests that
investigate if the clusters stability could be directly related to the mechanism of the cluster formation is strongly related to
their relative cluster populations in the mass spectra. The basisthe formation of the ion cores and the successive attachments
set superposition error was found to be of the order of 0.02 eV. of NH3 neutral units. The charge distribution of the cores were
A vibration analysis was performed for all the obtained found to be (NH)?1TNH?8% and NHLS*NHL 5,

3. Theoretical and Computational Details
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lon Core Formation. The ion core formation can be
described by the following: }
Channel A: 038V T, “gi
NH. + NH* — {NH,NH} *; T INRNH
AE = —6.59 eV;AG = —6.25 eV ’ i
Channel B: {NHNH}*

-3035.83 eV
NH3+ + NH0—>{NH3NH}+; Figure 3. Mechanism of interconvertion between the two proposed

AE=-525eVAG=—492ey o Sruces

2.0f=—(NH3) INHNHY T,
—o— (NH3 HNH} <
1.6‘ ( }"_‘{N 2 2} ;j.g -6

Channel C:

NH, + NH," — {NH,NH} *: 5 o =
— 1.24 "~.___ 12 S 2>
AE = —7.50 eV;AG = —7.11 eV L —— =
0.8- n o
: & ©
Channel D*: w® 04 \_\ /,-—4/ )
NH; " + NH® — {NHNH} ™ — {NH,NH,} *; L 00 el s
AE = —6.62 eV;AG = —7.62 eV 04] \ o
Channel E*: -0.8- e i

1 2 3 4 5 6 7

NH’ + NH* — {NH;NH} ™ — {NH,NH,} *; Cluster size n

AE=—-7.96 eV;AG=—6.29 eV

_ ) 0.8 —=—(NH,)_{NHNH}’
All the thermodynamic properties were calculated at the DFT/ < . ™

B3LYP/6-311G** level considering a temperature of 298.15 0.6 \\“\R_O_(NHz)n-dNHzNHz}
K. The AG values indicate that all of the described channels :
are thermodynamically favorable. However, the channels have
different rates, depending on the production efficiency, ioniza-
tion efficiency, and stability of the reactant molecules. The
analysis of the experimental and the theoretical results can

En-1 s En°1 - 2E

0.0

v B
provide some insights on the mechanism of the ion core = P L
formation. ' . . . . .
The relative experimental ion desorption yields ¥(&H™): 2 3 4 5 6
Y(NH2"):Y(NH3") = 1:3.8:18.2. The ion desorption by fast Cluster size n

projectiles (-50 MeV) is characterized by a high emission of Figure 4. (top) D-plot: Deviation of the total cluster energy as a
neutral species, and an estimated% emission of ionic function of the cluster size. In the inset, the total energf, as a
specie€? Moreover, if one assumes that the neutral species funct!on of the cluster size. (bottom) Th_eore@ncal clusters stability as a
formation follow the same trend as the ionic ond¢NHO): function of the cluster size. Data are given in Table 2.
Y(NH29):Y(NH3%)], the probability of formation of each core
structure can be estimated. Since the ion yields are directly
related to the probability of the ion formation, then the relative
probability of channels AC can be described as

the energy barrier for this process (Figure 3). The calculated

barrier to convert (Ng)NH* into NHNH; is 1.61 eV, and

the barrier for the reverse process is 2.98 eV. The large amount
of energy required for the interconvertion of one core structure

P(Channel A)P(Channel B)P(Channel C)= into the other makes these processes unlikely to occur. Thus,
. + ] : once formed, the cores should retain their original structures.
Y(NH30)Y(NH )-Y(NH, )Y(NHO)'Y(NHZO)Y(NHZ ) Deviation Plot Analysis D-Plot). The obtained structures
can be classified by their conformational similarities or, as
previously proposetf*l by their total internal energy. The
P(Channel A)P(Channel B)P(Channel C)= taxonomic exercise consists of logically conciliating these
18.2:18.2:14.44 different types of sorting. LeE,(i) be the total energy of the
T ith isomer of the (NB)n=1-6NH™ cluster andEa(NH3)n=1-6NH™)
The higher probability of channels A and B is related to the the average energy of altisomers. The average energy shows
structure of the NHlice target, which makes the NMspecies ~ a linear dependence on as depicted in the inset of Figure 4
the most probable emitted fragments. Nevertheless(tkiel): (top): Eal(NH3)n=1-6NH*) = —1496.44— 1539.30. For each
Y(NH2"):Y(NH3™") ratio is also affected by whether these ions isomer, the deviation enerdy is defined aDn(i) = Eq(i) —
are formed directly from the surface or from the fragmentation Ea{(NH3)n=1-sNH™) so that the smaller th® value, the lower

or

of larger emitted species. the energy of the isomer and the more stable it is. The relevant
The D* and E* channels are characterized by a two-step aspect of theD-plot is that certain isomers present the same
process: (i) the formation of th€NH3NH}** and (i) its systematic deviation, revealing the successive attachment of the

conversion tof NHaNH} *. The first step has the same prob- Same molecular unit.
ability as the A and B channels. However, the transformation ~ As previously discusself;*! from the D-plot one sees the
of the { NH3NH} ™ core structure into NpNH,"™ depends on following: (i) the cluster series can be characterized by tbeir
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TABLE 1: Theoretical Results for the Clustering of o 55
Ammonia around the {NH3NH}* and {NH,NH_} * Cations S +
at the B3LYP/6-311G** Level of Calculation® % 5.0 (NHs)n-1{NH3NH} .
cluster size DFT energl, (eV) binding energy BE (eV) g s ‘ /
(NHani  (NHn1  (NHws  (NHans o
n {NHsNH }* {NHNHz}* {NHsNH}* {NH;NH;}* S 40l o
@] . 1
1 —3034.46 —3035.83 6.59 7.96 © &
2 —4574.80 —4575.61 1.75 1.19 2 351 -2 "
3 —6114.41 —6115.06 1.02 0.86 £ S |
4 —7653.45 —7654.40 0.45 0.75 A 3.0 e
5 —9192.52  —9193.60 0.48 0.61 S
6 —10731.80 —10732.60 0.69 0.41 2 3 4 5 6 7
7 —12270.72 —12271.59 0.33 0.40 Cluster size n

aE(NH3z) = —1538.59 eV at the DFT/B3LYP/6-311G** level.
Binding energies calculated according to the equation=BE,-; +

55

.
(NH,), ANHNH 5

different isomers. The series stability is well-described by the
D-plot analysis: the members of the (B)K-1{ NH.NH_} ™ series
present lower energy values than those of thegjNi{ NHaNH} *
series.

Stability Analysis. The cluster stability can be related to two
quantities: the binding energy (BE, as defined below) and the
cluster geometry (size of the solvation shell), which are, of
course, closely related. The binding energies (BE) were TABLE 2: Experimental Yield Y(n) and Theoretical
calculated considering the reactions Stability (S,) Values

(]
8
E(NHs) — En T 501
= /
behavior; (ii) for a given cluster size, the D-plot shows the 8 451
relative stability of the possible isomers; and (iii) for a given 2
series, the successi2 value differences (stability function, o 49
see next section) indicate the relative cluster stability of the § 351
3
a

3.0

2 3 4 5 6 7
Cluster size n

Figure 5. Distances from the NHunits to the center of mass of the
core.

. . cluster size  experimental yield S, = E,-1+ En1 — 2E,(eV)
(NHg),_{ NH;NH} ™ — (NHg),_,{ NH;NH} ™ + NH; (1) Log(Y(n)/ (NH3z)n-1 (NH3z)n-1

n YN  Y(+1)  {NHNH}T  {NH:NHz*
+ +
(NHg),_,{ NH,NH,}* — (NHy), {NH,NH,} " + NH; - (2) 1 0799  0.291
2 0.409 0.168 0.73 0.33
The energy of the clusters, including ZPE, and the binding 3 0.277 0154 0.57 0.11
. . 4 0.195 0.111 —0.03 0.14

energies are shown in Table 1. 5 0.151 0.228 021 0.2

Both the energy values and tfizplot analysis show that 6 0.089 0.162 0.36 0.01
the members of the (Ngh—1{ NHoNH,} ™ series are more stable 7 0.061

than the ones of the (Nfjh—1{ NH3NH}* one. The binding in
both series is essentially due to electrostatic forces. The assume that the species being detected (the ones formed during

(NH3)NH* and NHNH," cores polarize the Nrheutral units,  time interval of~10-8—10"7 s) are the thermodynamically more
resulting in a net attractive force that binds these units to the staple.
central core. The closer the NHinit is to core, the stronger The stability trend of the (NEJn_+{ NH.NH,} * series agrees

the attractive force should be. However, as the number of NH
units increases, steric effects start to play a role in determining
how close from the central core these units can be. The
contribution of steric effects can be inferred from the trend in
the BE values as the cluster size increases. On the other hand
for the larger clusters, the attraction from the central core and

the mutual polarization between the ligands may lead to larger 'lcﬁvevifg:;[esrtlgbrlzpéjrzsel(Z‘rll;brlneog)g Elbr?elgii?;r?c.gfr; Errﬁfg]re,mgould
BE values as in the case of the (B){ NH3NH}* and : e

(NHs)s{ NHsNH]} *structures. to th? cetntr?l C(?re (ce{\tesr cl):f_masssof lt:het(r:]ore) dserll_?ws afn aL'most
The stability analysis was performed using the commonly constantva ur? onup g ? \gure r: ”urh erde:j. aron l(;th
defined stability functior§, = E,—1 + Eny1 — 2E,, whereE is units opens the second solvation shell, the additiona] dhis

the total energy of the corresponding cluster, including the zero P€ing attached to the terminal hydrogen atoms of one of the

point correction energyE = E, + ZPE). The relative stability NH3 units of the first solvation shell. The second S(_)Ivatlon_ shell

of the clusters is a function of the charge stabilization provided Should be completed at= 15 (n—1 = 14), after which a third

by the NH; ligands and of the arrangement of these ligands solvation shell shquld start to be filled, probably according to

around the central core as to minimize the steric repulsion amongth® same mechanism.

them. Figure 6 shows the core charge for {idéHzNH} ™ and{ NH,-
(NH2)n-1{ NH.NH,} * Series.Considering that the time scale  NH2} * species, computed by fitting of the electrostatic potential

of the TOF experiment~41076 s) is much larger than the time  using the CHelpG algorithrff as a function of the cluster size.

elapsed since the ionic cluster formation and its reorganization For both series the core charge decreases as the cluster size

and fragmentation~10"14-10"13 s), it is quite reasonable to  increases. Moreover, the charge of {ii¢H,NH,} * is always

with that obtained from the experimental data, the g\ks-
NHT < (NH3)4{NH.NH,} ™ being the most stable cluster of
this series (Figures 1 and 4). For the (N 1NH,NH, ™ series,

it is clear thatn = 5 is the maximum number of NfHunits that
¢an be attached to the central pNH,™ core providing the
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10{ g - (NH,), {NH,NHY'
i \ o~ (NH,)_{NH,NH_}
5 81 . —a— (NH,)_{NHNH}NH,}
5 os] \
2
3 044 R & S

0.2 Nl

o+

Cluster size n
Figure 6. Core charge as a function of the cluster size.

higher than that of thé NH3NH}* core. This higher charge
certainly contributes to the higher stability of the (BH1NHNH;™
series.

(NH3)n—1{ NH3NH} ™ Series.The (NHs)n—1{ NH3NH} ™ series
shows a very different trend from that observed in the

Fernandez-Lima et al.

agreement is probably due to the fact that the time scale of the
TOF experiment{ 10°% s), being much larger than the time
for the clusters formation, reorganization, and fragmentation (
1071410713 s), favors the detection of the thermodynamically
more stable clusters. The core charges and the shell analysis
are also consistent with the energetic analysis.

IRC calculations show that the energy barriers are high
enough to prevent the interconversion of one core structure into
the other. This is probably the reason why the series contribution
to the mass spectra is well-described by the results of the
stability analysis using the more stable structures.
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