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Proton-Induced Plasticity in Hydrogen Clusters
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The effect of protonation of pure hydrogen clusters is investigated at low temperature using a
combination of path-integral simulations and first-principles electronic structure calculations. The added
proton gets trapped as a very localizeg"Hmpurity in the cluster core, and is surrounded by stable
shells of solvating K molecules. These clusters are frozen with respect to the translational degrees
of freedom, while the H ligands undergo large-amplitude rotations. The classical approximation
for the nuclei fails to account for this effect which is akin to plastic behavior in crystals.
[S0031-9007(97)03136-0]

PACS numbers: 36.40.Wa, 67.20.+k, 67.90.+z

Protonated hydrogen clusters represent a unique clag®ther with underlying models, and structural as well as
of systems in that they consist of a quantum solute in @lynamical details still remain elusive. As an example we
guantum solvent. NeutréH,), and(D,), (isotropicJ = mention that, surprisingly, the rotational structure of the
0) clusters, their mixtures including simple impurities, observed vibrational bands could not be resolved despite
and the related helium clusters are already extensivelyuled out instrumental artifacts of the sophisticated high-
studied theoretically taking properly into account theirresolution technique [15].
quantum character at low temperatures [1]. Let us Quantum chemical calculations focused on exploring
review a few aspects that set the stage for the presetite potential energy surfaces of smaj)™Hclusters. Such
investigation. It was shown that smalH,), clusters studies [19—-22] uncovered that the typical minimum
(n = 20) exhibit extreme quantum behavior and remainenergy structures exhibit a cluster formed by a three-
guantum-liquid-like down to the ground state, whereasenter-bonded H moiety with bond lengths in the range
the corresponding deuterium clusters clearly freeze intof 0.8—0.9 A, solvated by essentially unperturbed H
solidlike structures [1-3]. Other exciting phenomenamolecules at distances of typically 1.5 A in the first shell.
[1] range from the quantum analog of binary phaselt was also stressed that the potential energy surfaces
separations in isotopically mixed D, clusters [4] to are very flat and anharmonic. Under these circumstances
the absence of magic numbers and superfluid behavior [fJuantum effects are expected to be significant, and it is
similar to that observed ifiHe, microclusters [6]. By far from clear whether at low temperatures the structure
seeding the hydrogen quantum clusters with Li, Hg, olis dominated by the minimum on the potential energy
Mg metal atoms a complex impurity-dependent behaviosurface, or if the behavior is more quantum-liquid-like as
has been found, which leads at times to localization or tdor the unprotonatedH,), clusters. The present paper
liquidlike structures [7,8]. Similarly complex scenarios addresses and answers these questions.
are known frontHe, clusters with impurities [1,9,10]. To this end we have performed an extensive quantum

In light of these findings one can only speculate whatsimulation study of isolated H clusters at 5 K in a wide
precisely happens if a proton is added to a neutfa),  range of sizesy = 3, 5, 7, 9, and 27. We followed the
microcluster. Does the cluster remain quantum-liquididea of a method [23] that combines path-integral simu-
like; does the impurity get trapped or does it delocalizejations [24] of the nuclei with first-principles electronic
does the proton chemically react; etc.? The experimentatructure calculations [25] to describe their interactions in
quest to answer such questions has a long history [11the Born-Oppenheimer approximation. The crucial point
17], and the picture that emerged over the years is thas that this technique allows us to explore simultaneously
of a tightly bound central kI" core which is solvated quantum and thermal fluctuations in cases where simple
by shells of H molecules H* - (H,),, with “magic num- model potentials fail [26], as required here. The electronic
bers” such ag = 3 andrn = 3 + 3 indicating successive structure and the resulting forces on the protons were cal-
shell closures, but see Ref. [18] for a different finding. Inculated within Kohn-Sham density functional theory [25]
particular, infrared predissociation spectroscopy is consisising a generalized gradient approximation [27]. The hy-
tent with a H* - (H,); structure that can be described asdrogen cores were described by a von Barth-Car type
three B molecules being attached at the corners of a cemrorm-conserving pseudopotential [28], and the orbitals
tral H;* triangle [15]. All these assignments, however,were expanded in plane waves with an energy cutoff of
are based on quite indirect pieces of evidence possibly t®80 Ry in a cubic supercell with an edge length of 30 a.u.;
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the positive charge was compensated by a uniform back- {a}
ground. The canonical path integral was mapped onto

P = 32 cyclically connected replicas defining the imagi-

nary time axis [24]. Nuclear exchange was neglected &
because of the vanishing effect of the Bose-Einstein statis-

tics in the case ofH,), clusters at 5 K [3], which implies

that no nuclear spin symmetry restrictions on the rota- (b}
tional J levels are imposed. The sampling efficiency was
increased by using the staging action together with Nosé-
Hoover thermostat chains of length 4 coupled separately

to each nuclear degree of freedom [29]. A time step of

0.6 fs was used and the fictitious bead mass was set to the
physical proton mass. Statistical averages were obtained
from about5 X 103 configurations after equilibration. In (c)
addition, we performed simulations with classical protons

of the same length.

We checked the accuracy of our electronic structure
modeling by comparing the optimized structures with
those of correlated configuration interaction with single

and double substitutions (CISD) calculations [21] per-
formed forn = 13. The structures agree within 5% on
average with deviations that decay to less than 3% for (d)

the largest clusters that we could compare. These static
structures are depicted in Fig. 1 and show the expected
shell structure around a centraj Hcore.

The finite-temperature distribution functions of the dis-

tances that involve at least one proton of thg Htore are
displayed in Fig. 2 for the three largest clusters. The clasFIG. 1(color). Optimized geometries (point group symmetry)
sical simulations at 5 K reveal a pronounced radial strucof the protonated hydrogen clusters. (@IHDM); (b) Hs™
turing corresponding to successive sharp solvation shelfC20): (€) Hr* (Ca.): (d) Ho™ (Ds1); (€) Hor™ (Dsy); (f) snap-

. ot of a full imaginary time path for #* at 5 K. To guide
that are clearly separated. The peak around 1 Ais Splﬁw eye atoms marking the origin of the path are shown by large

in the case of the " cluster in (a), which indicates that palls with bonds shown by sticks. Beads in thg'Hore ion
the Hs* core is asymmetric with two short and one longand in the successive shells are shown in different colors.

H-H bond as a result of one and two attachediglands,
respectively. The more symmetricoH and H;* clus-
ters, on the other hand, have a unimodal first peak anihtegral simulations using a model potential [3]. In order
thus an equilateral-triangularsH core. The general pic- to quantify the floppiness of the cluster these authors
ture that emerges from these classical simulations at 5 K isomputed Lindemann'’s relative rms bond length fluctua-
that all the investigated clusters are extremely rigid objectgions § = (32.0 * 2.0)% and the cluster radius of gyra-
This character changes if quantum fluctuations are progion R, = 4.5 = 0.2 A based on the molecular centroid
erly taken into account at 5 K. All peaks broaden substandistances at 5 K; see Ref. [2] for similar quantum ground-
tially, in particular, those of the solvation shells, and arestate results. The numbers are in remarkable contrast
not as clearly separated as in the classical approximatiomith what we calculate in the protonated case, namely,
The broadening is particularly severe for our largest cluss =~ (2 X 1077)% andR, =~ 2.7 A. The dramatic reduc-
ter, Hy; ", that displays only a broad band after the secondion of § by many orders of magnitude signals a proton-
minimum. We also simulated the;H cluster classically induced freezing out of the internal translational molecular
at higher temperatures and observed a similar smearindegrees of freedom; note that clusters are commonly con-
only around 500 K. However, the cluster was unstablesidered as liquidlike ib exceeds about 10%. Furthermore,
and dissociated after about 800 steps ing0 ldnd H, frag-  the reduction by a factor of 2 of the cluster sizgreflects a
ments, which underlines that quantum effects cannot bstrong electrostrictive effect which is responsible for these
mimicked simply by thermal fluctuations. Note that the phenomena. Similar numbers have been obtained for H
peak positions in Fig. 2 shift by only around 5% after theand H ", which strongly suggests that these are generic
inclusion of quantum effects; i.e., the bond distances aréeatures.
essentially unaffected. Given this rigidity, one might ask the reason for the
At this stage it is interesting to contrast the characterissubstantial broadening observed in Fig. 2. The answer
tics of the protonated hydrogen clustet H (H,),; to its can be found in Fig. 3 which shows in (a) that the
neutral counterpaii. )3, which was the subject of path- H, ligands can undergo very large-amplitude rotations.
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FIG. 2. Normalized partial distribution functions
[[Dy(r)dr =n — 1] of bond distances involving at
least one proton from the # core. (a) H*, (b) Hy*, and

(c) Hy;". Bold solid lines: quantum simulation at 5 K; light
solid lines: classical simulation at 5 K; dashed line in (a):
classical simulation of I at 500 K (this particular trajectory
contains only about 800 configurations because the cluster
dissociated into K" and H).

D(9,8)

3
r(A)

These rotations are much reduced in the classical case
(b) and hence are a quantum-induced phenomenon. The
combination of a rigid translational structure together with

the pronounced rotational softness can be referred to g§4 3(color). Angular distributionD(®, ®) of the first-shell

“quantum plasticity.” _ _H, molecules relative to the 1 core ion for H* at 5 K. ©
The degree to which the different protons behave likés the angle between the;H plane and the H-H axis of the

guantum mechanical particles can be put on a quantitativid. molecule, andP the angle between the H-H axis and the

footing in terms of the rms position displacement COrre_connection between its center of mass and the closest proton
lation functionR,; (A7) = (|R,() — R (7’)|2)1/2 where of the H™* core; both angles are taken to be the smallest
1 1 1 angles of twist. The distributions are normalized to an arbitrary

0=A7=r7— 17" =pgh with g =1/kgT and R;(1)  constant. (a) Quantum simulation, (b) classical simulation, and
denotes the coordinate of partideat imaginary timer.  (c) definition of angle® and®.

The midpoint valueR ;(B7/2) of this function is a mea-
sure of the particle’s spatial “size,” whereas its variationcorrelation functions foA = larger than aboud.28%. We
in imaginary time determines the degree of ground-stat¢hus conclude that the closure of the first solvation shell
dominance and thus localization [30]. Localized statesat Hy™ induces a pronounced ground-state dominance and
with a large energy ga\E between ground and ex- localization on the K" core ion, a trend that is enforced
cited states are characterized by a constant function in thia the larger H;" cluster with a second solvation shell
range of roughlyi/AE < A7 < Bh — #/AE, whereas and an onset of a third one. The localization properties
R (A7) varies over the entire\7 range for extended in successive solvations shells are analyzed separately
quantum states. in Fig. 4(b) for the largest cluster. Here, it becomes
These correlation functions are depicted in Fig. 4(a) forvident that the ki" core protons of k* are clearly
the three core protons that constitute thg*Hunit for  ground-state dominated, whereas those of the solvating
all clusters studied. First of all, one observes a cleaH, ligands are much more delocalized in space, which
trend of decreasing size of the three protons as the clustgoes hand in hand with the rotational delocalization of
grows: theR(B#/2) extension of the protons shrinks the ligands. Furthermore, there is a clear trend that the
by a factor of more than 2 from the bare;Hion to  H, delocalization increases systematically from inner to
the core of H;". More importantly, it turns out that outer solvation shells. This behavior is shown pictorially
these protons seem to be tightly localized in the Hand  in Fig. 1(f) showing a typical snapshot of the distribution
even more so in the H* clusters as proven by the flat of beads representing the proton density.
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