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The prominent(SiO,)gO,H; mass peak resulting from the laser ablation of hydroxylated silica,
attributed to magic cluster formation, is investigated employing global optimization with a dedicated
interatomic potential and density functional calculations. The low-energy spectra of cluster isomers
are calculated for the closed shell clustdSiO,)sOH™ and (SiO,)gO,H3 giving the likely global
minima in each case. Based upon our calculated cluster structures and energetics, and further on the
known experimental details, it is proposed that the abundant formati¢®i0f)sO,H; clusters is
largely dependent on the high stability of th&iO,)sOH™ ground state cluster. Both the
(Si0,)g0,H; and(SiO,)gOH™ ground state clusters are found to exhibit cagelike structures with the
latter containing a particularly unusual tetrahedrally four-coordinated oxygen center not observed
before in either bulk silica or silica clusters. The bare ground $&i@®,);0?" cluster ion core is also
found to have four tetrahedrally symmetric=SiO terminations making it a possible candidate,
when combined with suitable cations, for extended cluster-based structures/mater2085©
American Institute of Physic§DOI: 10.1063/1.1861889

I. INTRODUCTION composition of the supposed magic giased cluster ob-
served from laser ablating hydroxylated silca,i.e.,

The discovery of “magic” clusters displaying unusually (SiO,)gO,H3, and further some experimental hints at the
high abundances in cluster beam experiments has lead tguster formation mechanish;*® we have scanned the PES
numerous theoretical investigations aimed at explaining sucfor low-energy isomers of the likely experimentally relevant
observations in terms of energetic and atomic/electronielosed-shell clustergSiO,)gOH™ and(SiO,)gO,H3. In order
structure grounds. Such studies have been largely successtol ensure a comprehensive search as possible in each case,
in providing explanations for many metallic, rare-gas, andwe use a powerful combination of global optimization, em-
ionic cluster system&> Recently, it has been increasingly ploying our interatomic potential specifically parametrized
realized that, for a particular known cluster size, the potentiafor nanoscale Si§) together with density functionalDF)
energy surfacéPES of cluster isomers, and their accessibil- calculations to accurately confirm the structures and relative
ity subject to the experimental conditions, can strongly influ-energies of the clusters. The resulting low energy spectrum
ence the favored cluster structdréSuch considerations are of isomers from this procedure, for each cluster type, is ex-
particularly difficult to assess for clusters for which the PESamined for indications of particularly stable clusters with
exhibits many minima of similar energy with varying de- large energy gaps from other isomers and/or indications of
grees of thermal accessibilityerom our, and other, investi- highly symmetric structures often associated with “magic-
gations into puré™ and hydroxylatetf ' silica nanoclus- ness.” From such considerations, we propose that although
ters, it would appear from the evident rich structuralthere is a specific cluster structure that can be assigned to the
diversity of low energy forms that Sihased nanostructures observed magi¢SiO,)gO,H; cluster mass peak, this isomer
possess PES of this type. Indeed, although it is appealing is only moderately energetically favored over other
assign observed prominent peaks in cluster beam mass sp&&iO,)sO,H; cluster isomers. The reason for its high abun-
tra to a collection of magic clusters all possessing one spedance, we argue, is that the madBiO,)gO,H; cluster is
cific particularly stable structure, it is quite possible that suchdependent on the relative high energetic stability of the
peaks can correspond to a range of structurally distinct butSiO,)gOH™ ground state cluster structure with respect to its
similarly stable clusters of the same composition and/or tasomers; the former resulting from addition of,® to the
clusters favored, not particularly by stability but rather bylatter. Both precursor and resulting magi8iO,)s-based
facile formation routes. In this study, knowing the chemicalclusters are found to exhibit a similar cagelike structure, with

the former containing an unusual symmetric four-
dauthor to whom correspondence should be addressed. Electronic maifoOrdinated oxygen center within a stable tetrahedrally ter-
s.bromley@qf.ub.es minated(Si0,)g0?~ core. Interestingly, the precursor ground
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state(SiO,)gOH"™ cluster, although in a sense being the realdroxyl groups on silica surfaces rather than embedding itself
magic cluster, appears not to be simply structurally linked towithin the material. Due to the high number of terminating
our previously established stoichiometriSiO,)s magic  oxygen atoms in all of the cluster core isomers, hydrogen
ground state clustére.g., via addition of a hydroxyl ion. atoms were thus added to form terminal OH groups on each
However, it is noted that bot{SiO,)sO,H; and(SiO,)gOH™  cluster core in all possible symmetrically independent con-
ground state clusters bear strong structural similarities to oufigurations. Only in the case of the cagelike ground state
previously discovered low-energy ;84 cluste®®® The  clusters did we attempt to place a separate”@ithin the
study highlights the influence of cluster formation condi-center of the cluster structure resulting, however, in very
tions, which seem to play an important role in producing thehigh-energy isomers, which are not reported. The former as-
predicted observe@SiO,)sO,H; magic cluster structure. sumption, that the energetic ordering of the hydrogen-
terminated cluster isomers is not significantly different from
their BH-derived cluster cores, is tested by comparing the
Il. COMPUTATIONAL METHODOLOGY energetic ordering of the cluster cores, as given by the inter-
Building upon our previous global optimization studies atomic pqtential, with that of thg .hy'drogen-termina'ted clus-
of stoichiometric silica nanocluste?€? we employ our own €rs as given by DF energy minimization calculatidsse
specifically parametrized SiQinteratomic potential séf  Figs. 1 and 2showing reasonable agreement. The_ten Iowe_st
The potential has been found to accurately predict the enefN€rgy cluster cores from each class were terminated with
gies and structures of silica nanoclusters enabling us to préydrogen to form OH groups in all possible symmetrically
dict likely ground state candidates f¢8iO,)y N=6-128 !ndependent po§|t|qns, and were then energy m|n|m|zed_ us-
The interatomic potential set consists of three potentigis N9 DF optimizations - employing the B3LYP hybrid
Si, 0-0, and Si-Q) each of Buckingham form, combined exchange—porrelatlon fu'nctlorﬁl together with a 6-31
with electrostatic interactions. In this study we use the po-+G** basis set, employing no symmetry constraints. In all
tential set to explore the isomers of the nonstoichiometrid€'Minating positions the added hydrogen atoms were also
clusters: SiQO?~ and SIQO%". The SiQ interatomic poten- checked to bein the_energetlcally most favora_lble orientations
tials are combined with the basin hoppitBH) global opti- with respect to _p053|ble local hydrogen pondlng alternatives.
mization algorithrf® to search for low-lying minima on the All DF calculations were performed using t@aMESS-UK
respective nanocluster PES. The BH algorithm uses a confRRef- 24 code.
bination of Metropolis Monte Carlo sampling and local op-
t@mization to sample_ the phase.space of cluster C(_)nfiguram_ RESULTS AND DISCUSSION
tions. We base our implementation of the BH algorithm on
the GMIN progran?1 extended in order to treat systems with In Fig. 1 all (Si0,)gO,Hj; cluster structures found within
multiple elementgi.e., Si and Q. An additional hard-core 1 eV of the lowest energy cluster as by our procedure are
potential was also introduced to all potentials to prevent atshown. Thex-axis ordering of the cluster@N) follows the
oms from falling on top of each other, during a BH run, dueenergetic orderinglowest energy firgt of the (SiOz)BO‘Z“
to the unphysical infinite attractive well, inherent to the cluster cores as found by the BH procedure. Vkeis en-
Buckingham potential form for very short distances. Al- ergy scale indicates the energies resulting from terminating
though the BH algorithm is one of the least hindered globathese cores with three hydrogen atoms in all possible non-
optimization methods with respect to the specific topology ofsymmetric positions, and energy minimizing the resulting
the PES? due to the inherent finite sampling time, the form (SiO,)gO,H5 clusters employing DF calculations. We find
of the PES largely dictates the extent of the samplinghat the five lowest energy cluster cores from the BH proce-
achieved In order to overcome such problems a selection ofdure do indeed correspond to the bottom five DF-optimized
different starting structures can be made to help ensure amydrogen-terminated clusters albeit with a small error in the
even and extensive phase space samffifr each of our  energetic ordering. Five other energetically higher lying clus-
BH runs a number of randomly generated cluster structureger cores other than the five used in Fig. 1 were all found to
of the respective size and stoichiometry, were used as startorrespond accordingly to H-terminated clusters outside of
ing structures. Also, we took selected low-energy clustethe 1 eV displayed range and are not reported. It is clearly
structures from completed BH runs as starting points for subseen that the energy spectrum (&i0,)gO,H; cluster iso-
sequent runs, using relatively lower temperatures, to specifimers is very dense with 20 clusters occupying the 1 eV en-
cally sample low energy regions of phase space. The lengtérgy range, six isomers within 0.2 €8.9 meV/atom of the
of a typical run was 1D steps and for each run the 100 ground state, and the second lowest energy cluster being only
lowest energy structures encountered were retained. 0.121 eV (4.2 meV/atom above the ground state. Such an
It is assumed that the S0~ and SiQOj3™ clusters re-  energy difference would seem to make it unlikely that any
sulting from the BH procedure form the core of the respec-particular isomer would be very strongly preferred after cool-
tive cluster anion$SiO,)sOH™ and(SiO,)gO,H; and that the  ing from the highly energetic laser ablation procedure used
addition of the hydrogen atoms to such cluster cores does nat experiment.’*8 It can be seen that by only varying the
significantly perturb the energetic ordering of the respectiveposition of the three hydrogen centers on the same
isomers nor the structure of the cluster core. The latter as(—SiOz)go‘z“ cluster core one can typically produce a range of
sumption is based upon the grounds that hydrogen is eluster energies spannirzg0.15 eV. Within the bottom four
monovalent atom, which is known to form dangling hy- energetically favored clusters, however, three different clus-
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ter core types are represented showing that the spectrum liswest energy clustergsee Table ) Of all the cluster
dense with respect to silicon and oxygen atomic ordering andSiOz)gog‘ cores and derive(SiO,)gO,H5 clusters, only the
not simply just due to different hydrogen termination possi-lowest energy cluster coréand one of its hydrogen-
bilities. The lowest energy cluster isomer is also not particuterminated derived clustershows a highly symmetric struc-
larly special with respect to its electronic spectrum, with itsture (Cg,) with all nine other calculated cluster cores and
gap between the highest occupied molecular orH&MO) their respective hydrogen-terminated isomers having point
and the lowest unoccupied molecular orbitaUMO) being  symmetries ofCg or lower. TheseC;, symmetric clusters
equal or surpassed in magnitude by seven other of the 28@lso interestingly display a three-coordinated oxygen center;
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FIG. 2. The lowest energ§SiOg),OH" clusters as found by our BH/DFT proceduyeaxis) corresponding to the ten lowest energy cluster cores.x¥ds

label (N) denotes the energetic ordémwest to highestof the anionio(Siog)zog‘ cluster cores as found via the BH methodology. The lahgbsc... for each
cluster core shown denote H-termination positions. The ordering of the energy levels for each cluster follow alphabetical ordering with theetgyest e
isomer level being the lowest in each displayed spectfium, a=lowest energyb=second lowest energg=...). For clusters 2 and 8 the two respective
isomers(a andb) are so close in energy as to make the energy levels indistinguishable in the figure.
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TABLE |. Relative energies and HOMO-LUMO gaps of the 20 lowest only in a slight perturbation of the tetrahedrally coordinated
energy(Si0,)gO,Hj; cluster isomers. See Fig. 1 for structures correspondlngoxygen center towards the hydroxylated SiliCOﬂO.l A)

to the notation in column one, i.eN-(a,b,c), whereN is the cluster-core t Th tral . to bl le simi
number(x axis) and(a,b,c) is the specific hydrogen-termination combina- atom. e central oxygen species appears 1o play a rolé simi-

tion. lar to that of a complex ion with the remainder of the cluster
acting as a quadridentate ligand. The closest silicon atoms of
(Si0,)s0-H; . the cage to the oxygen center are considerably larger
N(h‘;'grsézre'ns‘;’;‘;;ms ii'::g’;etgt)a' Hog"agi'é\%""o (~1.9-2.0 A than that found in typical Si-O-Si bridging
oxygen species~1.65—-1.7 A. The charge the central oxy-
2-(a,c,d) 0.000 4.89 gen, as simply judged by Mulliken charge partitioning, is
1-(a,c,e) 0.121 4.94 0.6e more negative than the other oxygen atoms in the clus-
4-(a,c,e) 0.141 4.89 ter also indicating its special status. Such a tetrahedrally ter-
2-(a,c.e) 0.165 4.93 minated ionic cluster core ligand, when combined with suit-
j‘ii"g'g g'igs jgz able cations, other than simply protons, may be useful in the
l-(a’c’ 0 0:2 15 4:72 design of_ interesting cluster-based materials/structures. _
1_(a:b:d) 0.216 498 Can|dered as energy per atom, the grounq sta.te gap in
2-(b,c.d) 0.232 471 the (SiO,)gOH™ spectrum35 meV/atomis over eight times
4-(b,c,d) 0.283 4.99 larger than the corresponding largest gap in(®i©,)gO,H;
4-(a,c,d) 0.285 4.86 spectrum(4.2 meV/atonm. This relatively large energy gap
3-(b,c,e) 0.289 4.89 would suggest that, if the proposed symmetric ground state
4-(b,d,e) 0.316 4.85 (Si0O,)gOH™ cluster structure were accessible under the ex-
3-a,c.e 0.411 4.74 perimental conditions in Ref. 17, its persistence would be
1-a,b,c) 0.449 4.31 thermodynamically favored. In this way we consider that the
5(a,c,d) 0.719 479 occurrence of the magi€SiO,)sO,H; cluster is actually
5-(a,c,e) 0.725 4.73 . . .
3(ac.d) 0.755 453 maln]y du_e to the_ proposed likely high abundance. of the
5a.b.d) 0.849 462 specific (Si0,)gOH™ ground state structure we have identi-

3-(a,b,0) 0.935 3.96 fied. The transition between the strongly energetically fa-
vored (SiO,)gOH™ structure and ground stat&iO,)gO,H3
structure could occur, we speculate, by the reaction of the
former with water, either eventually produced in the cooling
0plasma resulting from the laser ablation of the hydroxylated
silica or simply as present in trace amounts. The reaction of
single H,O molecule with clusters has been previously ob-
served in mass spectra for other cluster systems. In particu-

clqster iso_mers (see_ Fig. 2 in contrast _to that _Of lar, in the production of cluster from the laser ablation of
(Si0,)g0,H3, has a single strongly preferred isomer with ay 1k aluminum gives rise to both Aland AFH,O series of

highly symmetric(Tg) (SiO,)gO%” cluster core. As with the ¢y sters; the latter series is produced by the reaction of the
(Si0,)gO,H; cluster isomers the ground stat8iO)sOH™  former with trace amounts of watétlt is interesting to note
cluster core has a higher symmetry than all other ningpat this reaction also gives rise to a magic cluster in the
SiO,0°” cluster cores and respective hydrogen—termmateq\mHzo series(Al},+H,0— Al1,H,0). In addition to the
clusters. The energetic ordering of the cluster cores as founghown thermodynamic favorability of silica hydroxylation
by the FB/BH proceduréx axis, Fig. 2 is again found to  reactions, simply by comparing the structures of the two
correlate quite well with the energetic ordering of the ground state¢see Fig. 4, it can be seen that such a reaction
(SiO,)gOH" clusters as determined by DF calculations. Spewould not require significant structural change to the
cifically, the lowest energy symmetric ground state is identi<Sj0,);OH~ ground state. This, we argue, would make it
fied accurately by both methods. This consistency betweemore likely that the ground stateSiO,)gO,H; structure is
both approaches is particularly pleasing when consideringroduced rather than other energetically low-lying isomers.
the structure of the(SiO,)gO% cluster. The ground state Finally, the transition from a preferred population of
(Si0,)g0?" cluster core possesses four tetrahedrally symmetSiO,)gOH™ clusters to that of(SiO,)gO,H; clusters is
ric Si=0 terminations. Due to this high symmetry there isstrongly corroborated by the experimental results which
only one independent position to terminate it with hydrogen point to a steady production of sequencé®iO,)sOH" clus-
resulting in a distinct lowest energ§SiO,)gOH™ cluster  ters with a increasingly fast transformation of a part of this
separated from all other cluster isomers #¥.9 eV. The cluster sequence t6Si0,)gO,H; clusters.’® In the laser
cluster core also displays a centrally placed tetrahedrally caablation experiment the cluster formation conditions are
ordinated oxygen center. Similar oxygen centers are knowghanging with time(e.g., concentration of different species
to exist in some bulk oxide®.g., ZnO and Zr§) where they in plasma with time/number of laser pulsed/e suggest that
play the role more of noncovalently bonded ions rather tharthe observed high abundance of ma@i0,)sO,H5 clusters

as part of a continuously bonded semicovalent network as isnly occurs when the conditions are such that they are suit-
usual in SiQ. The addition of a single proton to a dangling able to allow for the thermodynamically preferred production
Si=0 termination, to form thgSiO,)gOH™ anion, results of the magic(SiO,)gOH™ cluster, which quickly become

a motif which has been noted before in our investigation int
the low-energy isomers of stoichiometi§iO,)y N=6-12
clusters®*®

The spectrum of energetically low-lyingSiO,)sOH"
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. Cooling of Upon further cooling
Laser-induced High temperature 00 /gfro " condensation of H;O
plasma at surface gas phas? isomeliragment is increasingly
of hydroxylated aggregation of population as it migrates established leading to
silica producing fragments yleldmg g target.ed st thermodynamically
numerous small —% many transient e lead.lng 2 — favoured
fragments e.g. cluster isomers e.g. accumulat}on of hydroxylation
Sio,”, OH, H*. (8i02)s, (8i02).0H". pr;fcrred 1omers: e:8: reactions e.g.
(?IO:)“OH magic (Si0,),OH + H,0 — FIG. 3. Schematic diagram to illus-
clusters. (Si02),0,H5" trate our proposed likely magic
(SiOg),0,H3 cluster  formation
pe mechanism.
L
FRAGMENT CLUSTER ISOMERS MAGIC CLUSTER HYDRRTION OF
PRODUCTION FORMED PRODUCTION CLUSTERS

very abundant. This magic cluster population, however, weest neighbor isomer and also displays four symmetric termi-
suggest, although stable against transforming into othemating Si=0O groups. The two clusters, however, are other-
higher energy cluster isomers would, like most silica speciesyise quite different structurally with th€SiO,)sOH™ ground
in the presence of J0 rapidly react to give rise to the ob- state cluster having a cagelike morphology whereas the sto-
served magic(SiO,)gO,H5 cluster peak. In order for this ichiometric(SiO,)g cCluster takes an open, near-planar form.
supposed magic cluster formation process to occur we wouldlthough it is tempting to link these two magic clusters, the
assume that the presence of significant quantities of watedifferences in structure make it unlikely that the formation
would only be favorable at conditions prevailing after theroute of the(SiO,)§OH™ magic cluster proceeds via its sto-
production of magi¢SiO,)gOH™ clusters. This could simply ichiometric counterpart. Conversely, we note that we have
be due to a cooling of the laser-induced plasma as it leavasreviously found a very low-energy 8, , cluster(energeti-
the silica surface with first silica cluster isomegmssibly  cally ~8 meV/atom above the ground state G, cluster
containing OH/H*) forming and then later water forming calculated at a 6-31@,p)/B3LYP level of theorﬁ'lg)
from the condensation of OHand H' ions. Only at this later which displays many of the structural motifs of both the
stage would we suppose that the ma@uO,)gO,H; clusters  (SiO,)gOH™ and(SiO,)gO,Hj; cluster cores. This low-energy
would be formed via hydration reaction. A schematic illus- Si;O;4 has G, symmetry and a symmetric three-coordinated
tration of this hypothesis is shown in Fig. 3. oxygen centelflike the (SiO,)gO,H; ground state cluster

In a previous investigation we have theoretically identi-core] and has four near-tetrahedrally arrangee=%) termi-
fied a particularly stable stoichiometii§iO,)g magic cluster nations[much like both the(SiO,)gOH™ and (SiO,)gO,H;
structure® the occurrence of which we hope will be verified ground state cluster coresThis SO, cluster is shown in
by experiment. This ground state cluster, like the ground-ig. 4, where the obvious structural similarities between it
state(Si0O,)gO?" cluster core, also has a relatively large gapand the hydrogen-terminatedSig-based clusters can be
in its energy spectrum between it and its energetic next neaseen. Based on the comparable structures and the low energy

i &\ FIG. 4. Structural relationships be-
tween a low-energy(SiO); cluster
(left), the ground state(SiOg),OH"
Sloz’ OH cluster(middle), and the ground state
(SiOg),0,H3 cluster (right). The top
group of three clusters and the bottom
group of three clusters are viewed
from similar angles, respectively, for
ease of comparison.
Low energy (Si0,); Ground state (S10,)sOH" Ground state (Si0;)3O0,H3"
cluster cluster cluster
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