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EDITORIAL SUMMARY

Inorganic metal-oxygen clusters are structures where metal cations are coordinated by oxide, hydroxide, or
peroxide anions. These assemblies bridge the gap between molecular complexes and extended solid-state
structures, with the largest examples containing up to 500 metal atoms. Fellhauer and colleagues have
identified two unique spherical plutonium(VI) cage structures, each containing 60 plutonium polyhedra. This
discovery is unexpected, as there are no comparable analogs for uranium(VI) or neptunium(VI), despite much
more extensive research. Although many inorganic clusters have a topology based on Archimedean solids, the
Pug, clusters appear to be the first based on the truncated dodecahedron. The Scientific Advisory Committee
of Angewandte Chemie Novit recognizes this study as a major advancement in the study of actinide clusters,
with wide-reaching effects on actinide speciation, self-assembly processes, and inorganic cage chemistry.

ABSTRACT

Plutonium (Pu), a prominent representative of the 5f-block actinides, is a redox active element. Pu(III)-Pu(VI) are the four
thermodynamically stable redox states in aqueous solution. For Pu(VI), hydrolysis reactions in NaCl solutions start in weakly
acidic conditions (pH, ~ 5); increasing the alkalinity typically yields supersaturated solutions that are metastable with respect
to the formation of Pu(VI)-oxido-hydroxide solid-phases. We show that needle- and platelet-like crystals of Pu(VI) form in
strongly alkaline NaCl-NaOH solutions. Detailed characterization reveals that both are built from surprisingly novel, spherical
[(PuO,)400,0(OH),5,]4°~ cage clusters that are interlinked by sodium ions. The topology of the {Pug,} units resembles a truncated
dodecahedron (Archimedean solid), representing a rather uncommon case in structural chemistry. Each cage contains 20
identical trimeric subunits that correspond closely to the trimeric Pu(VI) solution complex predominant under the crystallization
conditions. This indicates that both solids form by a self-assembly from the precursor solution species, highlighting the trimer as
a hitherto not considered principal building block in actinide cage cluster chemistry. The present study also addresses an open
issue dating back to one of the earliest studies on Pu(VI) hydrolysis from 1949, which first described the two crystal types without
a clear structural interpretation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

Inorganic metal-oxygen clusters are assemblies of heteroatomic
{MO,} units, where the metal cation M is coordinated by
oxo/oxido (O*7), hydroxo (OH™) or peroxido (0,*~) anions. While
the minimum number of metal ions in a discrete cluster is three,
giant representatives contain several hundred atoms (current
maximum = 500) [1, 2]. Standing between molecular complexes
and extended solid-state structures, they exhibit fascinating
physical-chemical properties [3, 4]. Many inorganic metal-oxygen
clusters form in aqueous solutions by self-assembly of the
predominant metal solution complexes. Detailed knowledge of
the solution speciation of the precursors is therefore crucial for
a comprehensive understanding of cluster formation [5]. Large
clusters are of particular interest because they often mimic the
highly symmetric, spherical polyhedra derived from Platonic and
Archimedean solids [6]. Classical representatives are polyoxomet-
alates (POMs) of d-block elements (V, Nb, Mo, W, etc.). In the
last two decades, research has extended to oxygen clusters and
POMs of 5f-block actinides (An), which can be roughly divided
into An-containing clusters (built from non-actinide metals,
with the An as a minor component) and An-oxo-clusters (in
which the actinide is the main building block) [7]. The most
extensive group of large clusters in the latter subset consists of
uranium(VI) (U(VI)) peroxide cage structures, largely discovered
by the group of P. C. Burns and now numbering about 60 com-
pounds [7-11]. Most are built from uranyl penta- and hexagonal
bipyramidal polyhedra that contain two peroxido and one to
two additional ligands (hydroxide, oxalic acid, (pyro)phosphate,
organic phosphonates). Peroxide is considered essential because
the U-0,-U bridges linking the uranyl units are highly pliable,
enabling the curvature required for spherical cages [11]. Given
the large number of reported U(VI) peroxide clusters and the
analogous chemistry of actinides in the same oxidation state, it is
surprising that Pu(VI) peroxide clusters have not been identified
[12, 13]. However, their formation is highly challenging because
aqueous Pu(VI) is rapidly reduced to lower oxidation states by
peroxide, highlighting the strong redox sensitivity of Pu species in
water.

In contrast to peroxo systems, U(VI) oxide clusters that contain
more than 16 U(VI) cations (i.e., more than the number of U(VI)
ions in the smallest known U(VI)-O, cage) and where the U(VI)
polyhedral building blocks contain only the intrinsic building
blocks of water, H,0/OH~/0?%*", are practically unknown [9,
11]. Instead, most reported U(VI) solids with H,0/OH~/0*"
ligands adopt one- and 2D structures (infinite chains or sheets)
[14]. This suggests that uranyl polyhedra coordinated solely
by these ligands favor extended “linear” structures rather
than discrete spherical cages, lacking the pliability conferred
by peroxide. For plutonium (Pu), a prominent representative
of the transuranium elements and notorious for its unique
physicochemical properties, only a few structures containing
Pu-oxygen clusters with > 16 Pu ions have been documented
[9, 15, 16]. While such clusters are absent for Pu(III), Pu(V)
and Pu(VI), a notable Pu(IV) example is the [PusOs4]**
central core unit found in Li,(H,0),[Pu;304Cls,(H,0)s] and
Li,[Pu;045,Cl,,(H,0),0]-15H,0 [17, 18]. Analogous {Ans;gOse}
core units have later been reported for UIV) and Np(IV) species
[19, 20].

FIGURE 1 | Structural formula of trimeric An(VI) hydrolysis species
(AnO,)5(u3-0)(up-OH);(t-OH), (+-H,0)6_, '™ (x = 0-3), briefly assigned
as (An0,);(0OH)s, '~ or “(3,5+x)” [27].

A relevant difference between aqueous systems of U(VI) and
Np(VI) versus Pu(VI) is the metastability of Pu(VI) at T =
25°C toward the formation of solid (hydr)oxide compounds
from oversaturation conditions. While U(VI)/Np(VI) precipitate
readily upon addition of alkali hydroxides around near-neutral
pH, Pu(VI) remains predominantly as dissolved polyatomic
(Pu0,),(OH), > species over the pH range 5-14, even at millimo-
lar Pu(VI) concentrations and over extended periods [21-23]. The
results of several studies confirm that dimeric (PuO,),(OH),**
and trimeric (PuO,);(OH);* are important species at pH = 5-7
[22, 24, 25]. However, a clear picture of the polynuclear Pu(VI)-
OH species dominating at pH > 7 was lacking for a long time.
To fill this gap we recently analyzed the speciation of metastable
Pu(VI)-OH complexes in 1.0 mol-L~' NaCl-NaOH solutions as a
function of pH, (pH, = 2-14) and [Pu(VI)] concentration ([Pu(VI)]
~ 1075 to 1072 M) by Vis/NIR and XAFS spectroscopy [26]. By
systematic analysis of the dependencies on pH, and [Pu(VI)]
(slope analysis) in =~ 200 sample spectra, we demonstrated that
a class of trimeric polyoxometalates (PuO,);(u;-O)(u,-OH);(¢-
OH),(t-H,0),_,'™ (x = 0-3) are the predominant Pu(VI) species
over wide pH, and [Pu(VI)] ranges (Figure 1) and derived the
corresponding thermodynamic hydrolysis constants (the Pour-
baix diagram in Figure 2 summarizes important results from that
work, that is, the predominance fields of relevant species) [27].
Under certain conditions the formation of brownish needle-like
(I) and smaller blackish platelet-like (II) crystalline Pu(VI)-OH
solids was observed.

In the present work we elucidate the nature of these two solid
compounds and their relation to the predominant Pu(VI) solution
species.

2 | Results and Discussion

Figure 2 summarizes the formation conditions of the crystalline
Pu(VI)-OH precipitates observed in selected Vis/NIR samples
from our related study. The experiments used 0.4-2.0 mL of
1.0 mol-L! NaCl(Cl0,)-NaOH with pH, = 13-14 and [Pu(VI)]
~1073 to 1072 M, corresponding to Pu inventories of 0.2 to 1.5 mg
(sections 2.1-2.2 of the Supplementary Information). Compounds
(I) and (II) crystallize within a few days at high [Pu(VD)] ~
> 1-107% mol-L™! and pH, > 12.8 [26]. No systematic dependence
between the solution conditions and the initial prevalence of
a crystal type was observed; however, in several samples a
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FIGURE 2 | Formation conditions of needle-like (I) (solid black
squares) and platelet-like (II) (solid green squares) Na-Pu(VI)-O(H)
crystals with respect to the predominance fields of the metastable Pu(VI)-
OH solution species [26]. Green asterisks indicate that the initially formed
(D) transformed into (II) within about 1 year. No significant solid-phase
formation was observed in the three samples indicated by open circles.

transformation of initially formed needles (I) into platelets (II)
occurred after ~1 a, indicating that (II) is thermodynamically
more stable. In samples with 10 < pH, <12.4 and high [Pu(VD)] =
5-107% mol-L, no significant solid-phase formation was detected
even after ~ V2 year of equilibration. Correlating the synthesis con-
ditions with the predominance fields of the different Pu(VI)-OH
aqueous species reveals that (I) and (IT) form preferentially when
the complex (PuO,);(OH)s*" is predominant or present at high
concentration (Figure 2). Representative photographs, optical
microscope images, results from scanning electron microscopy
with energy dispersive x-ray analysis (SEM-EDX), visible-near-
infrared (Vis/NIR) and x-ray absorption fine structure (XAFS)
spectroscopy, and single-crystal x-ray diffraction (SC-XRD) are
summarized in sections 2.3-2.9 (Supplementary Information).

Compound (I) crystallizes in the monoclinic space group
C2/c (no. 15), whereas the platelets (II) are cubic Pa-3
(no. 205) [28]. Both are built from spherical cluster units
[(Pu0,)6(0),0(0OH),5]*°~, which are charge-balanced and inter-
connected by sodium ions. The overall topology of the {Pug,} cage
clusters is identical in (I) and (II) and is shown in Figure 3.
Details of the SC-XRD evaluation (including the assignment
of oxygen atoms as oxo, hydroxo, and oxido ligands), the total
stoichiometries of (I) and (II), and the structural properties of
the sodium ions are discussed in section 2.8 (Supplementary
Information).

A single cluster unit in (I) and (II) contains 12 [10]-membered
and 20 [3]-membered rings of plutonyl pentagonal bipyramids,
giving 12 decagonal (non-occupied) and 20 triangular (occupied)
topological faces. The clusters comprise 60 vertices defined

by the Pu ions and 90 edges (3/2 per Pu unit) defined by
the axes that connect neighboring Pu ions. These topological
axes simplify the real connections between two Pu ions, which
occur by sharing two equatorial u,-OH ligands and therefore
do not represent direct bonds. Based on these properties, the
topology of the cluster units resembles a truncated dodecahedron.
The overall symmetry of the {Puy,} units, however, is lower
than that of the corresponding ideal Archimedean solid (I),
a fact that can be illustrated by comparing the dimensions
of the large decagonal faces. In the ideal Archimedean solid,
all decagonal faces are identical, whereas (II) contains two
structurally different faces. Their dimensions are quite regular:
Pu-Pu distances between opposite Pu atoms in a face range from
12.19-12.45 A (average 12.31 + 0.08 A), so opposite edges run
almost parallel. In (I) the six structurally unique faces show
a larger variety (Pu-Pu = 11.28-13.02 A, average 12.21 + 0.34
A); some faces appear more roundish, others already oval (see
section 2.10, Supplementary Information). The outer diameters
of a cluster unit are ~ 25 A for (I) and 26 A for (II), comparable
to the {Ug,} peroxide cage clusters [(UO,)s0(0,)s0(OH)40]%~ (d
~ 24 A) and [(UO0,)g(0,)60(C20,)5]%°" (d = 27 A), both of
which exhibit truncated icosahedral topologies [30, 31]. Dodec-
ahedral ligand coordination is not uncommon in mononuclear
complexes of heavier elements, and truncated dodecahedral
crystal morphologies can be obtained by shape-selective growth
of nanoparticles (“tailoring”) [32]. Nevertheless, inorganic cage
structures with a truncated dodecahedral topology appear to be
unique; apart from the present (I) and (II), we found no further
examples [6, 33].

In addition to the cage composition [(Pu0,)s,(0),0(0OH);]*°",
the SC-XRD analysis identified several lighter elements (Na*,
H,0/0OH") directly bonded to the {Pug} units. A complete
description of the cage’s internal chemistry (including the center
region) could not be deduced because the potentially present
elements were not defined crystallographically. Owing to the high
anionic charge and large open faces, we expect the cage to be filled
with matrix components (H,O0, Na*, Cl-, OH", or even Pu(VI)
species). Dedicated studies on the U(VI)-peroxide system have
shown that these internal species elements stabilize the cages,
can exchange with the surrounding medium, and may initially
even template the cluster assembly—particularly counter alkali
cations [34]. Future work should provide concrete insights into
the internal composition of the present Pu(VI) system.

Out of the 60 Pu polyhedra of a {Pug} cluster unit, 30 in
(I and 10 in (II) are crystallographically asymmetric. All
have the same formal coordination environment, being di-oxo-
plutonyl(VI) pentagonal bipyramids (PuO,)O(OH),. Two Pu =
O bonds form the almost linear plutonyl center unit. The latter
is coordinated in the equatorial plane by one u;-oxido (0*7)
and four u,-hydroxo (OH™) ligands, which bridge neighboring
plutonyl sites. The mononuclear Pu polyhedra may be formally
regarded as the principle building blocks of the {Puy,} clusters,
but a more comprehensive picture emerges from the twenty
trimeric Pu subunits present in the cages. Two of the u,-OH and
the u;-O of a (PuO,)O(OH), polyhedron are shared with two
neighboring Pu sites to build a trimer, whereas the remaining
two u,-OH ligands connect to a Pu polyhedron in a neighboring
trimer, thereby interlinking the trimeric units (Figure 3 and
Figure 4). The twenty trimers are all identical, described as
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FIGURE 3 | Structure of the {Pug} cluster units in (I) and (II) in ball-and-stick (a) and polyhedral (b) presentations with Pu in blue and O in red
[29]. The overall diameters are approx. 25 and 26 A, respectively. Graph (c) highlights the positions of selected [10]-membered and [3]-membered rings

and the corresponding decagonal and trigonal faces of the truncated dodecahedral topology. In the plutonium skeleton presentation (d), topological
vertices and edges represent Pu ions and axes connecting them, respectively. Graphs (a) to (d) are based on the crystal structure of compound (II). The
{Pug} units in (I) are topologically analog but show a greater degree of structural distortion.

(PuO,);(u3-0)(1,-OH i))s(4-OH o) )e2>~» Where the indices in
and out assign OH groups inside and outside a trimeric subunit.

Table 1 summarizes the interatomic distances and angles of
(I) and (IT) based on SC-XRD results. Average distances d(Pu-
H,-OH) differ slightly for u,-OH ligands located inside versus
outside a trimeric subunit, while deviations are even more
pronounced for the d(Pu-Pu) distances between two neighboring
Pu ions that belong either to the same trimer or to different
trimers. Structural parameters derived from room temperature
Pu L;-edge XAFS measurements for (I) and (II) are in good
qualitative agreement with the SC-XRD results and are shown
for comparison in Table 2. Compared to the unhydrolyzed,
mononuclear Pu(VI) aquo ion, PuO,(H,0);** (measured as a
reference during the same EXAFS beamtime), the plutonyl units
in (I) and (IT) exhibit significantly shorter distances dp,._qeq to the
equatorial oxygen, and clearly show Pu-Pu backscattering. While
the plutonyl units of (I) and (IT) display two well-separated shells

for the equatorial oxygen (the short-distance contribution from
the u;-oxido ligands and the long-distance contribution from the
#>-OH ligands), the Pu(VI) aquo ion shows only a single O, shell
corresponding to the five coordinated H,O ligands and lacks any
Pu-Pu backscattering signal. Details of the XAFS are provided in
section 2.7 (Supplementary Information). The average dp,.o and
dp,p, distances and O = Pu = O angels are almost identical in
the {Pug,} clusters of (I) and (II), with the former displaying a
distinctly larger range owing to its lower symmetry.

The average distances d(Pu-O,y), d(Pu-;-0), d(Pu-u,-OH,)),
d(Pu-u,-OH yyy), d(Pugy)-Pugy) in a trimeric unit are identical
to the total mean values in the respective {Pug,} clusters of
(I) and (II) within A = 0.03 A, despite the larger number of
crystallographically distinct Pu atoms (30 in (I) and 10 in (II)).
The high crystallographic homogeneity embodied in the trimers
underpins their relevance as structural building blocks rather
than the mononuclear Pu polyhedra.
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FIGURE 4 | Excerpt of the structure of the {Pug} cluster units in (I)
and (II), highlighting the trimeric building blocks [29]. Top view on the
convex side (a) and side view (b) revealing the curvature of the trimer.
Assignment of the O atoms: 1 = Oy, 2 = u3-0, 3 = u,-OH(p,) (inside
the trimer), 4 = (,-OHoyy) (outside the trimer). Sodium atoms are not
displayed.

TABLE 1 | Average interatomic distances and angles in the {Pug}
cluster units of (I) and (II), including the 1o standard deviation and the
range (absolute min/max values) in brackets, obtained from SC-XRD
results. Indices (in) and (out) are discussed in the text.

o (Im
d(Pu-0,,) (A) 1.75 + 0.05 1.77 + 0.02
(1.65-1.89) (1.75-1.81)
d(Pu-u;-0) (A) 2.23 +0.05 2.25 + 0.02
(2.10-2.33) (2.23-2.30)
d(Pu-u,-OHg,) (A) 2.41 +0.04 2.42 +0.01
(2.30-2.51) (2.40-2.45)
d(Pu-p,-OH o) (A) 2.38 + 0.04 2.38 + 0.02
(2.26-2.47) (2.35-2.41)
d(Pupy-Pugny) (A) 3.74 + 0.02 3.77 + 0.02
(3.70-3.78) (3.74-3.80)
d(Puipy-Pu ) (A) 3.82+0.03 3.84 +0.03
(3.76-3.87) (3.82-3.89)
< 0=Pu=0 (°) 177.4 +1.7 177.4 £ 0.6

(170.8-179.7) (176.5-178.5)

TABLE 2 | Structural parameters for the solid compounds (I) and
(ID), and for 3.2:1073 mol-L~! Pu(VI)O,%* in aqueous 0.016 M HCIO,,
obtained from Pu L;-edge EXAFS.

09) I Pu(VI)0,**

d(Pu-0,,) (A) 1.81 1.82 1.75

(N=2) (N=2) (N=2)
d(Pu-0,, ,) (A) 2.12 218 2.46

(N=0.5) (N=15) (N=3.6)
d(Pu-0,, ,) (A) 232 2.38

(N=423) (N=3.9)
d(Pu-Pu),, (A) 3.78 3.78 n/a

(N =15) (N=15)

The trimeric subunits in (I) and (II) closely resemble
the structures of the aqueous An(VI) hydrolysis species,
“(An0,);(OH)s,/' = = (AnO,);(u3-O)(,-OH)5(--OH), (¢
H,0),_,'™ (x = 0-3), which are known to dominate in solutions
at moderate to high An(VI) concentrations, including the
recently investigated Pu(VI) species [25, 26, 35]. Consequently,
the formation of (I) and (IT) can be rationalized as the self-
assembly of twenty aqueous Pu(VI) trimeric precursor ions,
specifically the divalent (3,8) complex (PuO,);(u;-O)(u,-OH),(¢-
OH),(t-H,0);%". Condensation of the terminal OH/H,0O ligands
links the polynuclear units, in line with observations from other
polyoxometalate systems [3, 4]. Condensation of hydrolyzed
actinide species to form larger oligomers and assemblies can
occur via two principal mechanisms, olation (An-OH + (H,0)-
An < An-OH-M + H,0) and oxolation (An-OH + OH-An <
An-O-M + H,0), with the former being the relevant pathway for
the present Pu(VI) case [36].

Such apparent links between trimeric solution species as building
blocks and solid-phase structures can also be stated for some
classical U(VI) oxide compounds. The trimer described by
Aberg, [(UO,);0(0H),(H,0),](NO;)(H,0), represents the most
explicit example, with the aqueous (3,5) hydrolysis complex
(UO,);(u5-0)(u,-OH)5(t-H,0)¢* crystallized as a finite cluster
[37]. For other U(VI) compounds the link is less obvious but
can still be argued. Examples are the class of U(VI)-O(H)
minerals with sheet anion topologies consisting of triangles and
pentagons, for example metaschoepite [(UO,),0(0H),](H,0)s,
becquerelite Ca[(UO,);0,(0OH);],(H,0);) and fourmarierite
Pb, 5,[(UO,),00(OH),, J(H,0);; [14]. Their synthetic analogues
typically form in aqueous solutions under slightly acidic pH
at high initial U(VI) concentrations, that is, under conditions
where the trimeric (3,5) complex (UO,);(OH),* is highly relevant
together with mononuclear UO,?*, UO,(OH)* and dinuclear
(U0,),(OH),*" [25, 38-41]. Thus, the formation of these phases
can be interpreted to be largely the result of a condensation of
the trimeric uranyl precursors in solution, and remnants of the
precursor may be identified in the resulting topologies.

As larger Pu(VI) and Np(VI) oxide clusters are not reported, the
closest comparison to (I) and (II) is the U(VI) peroxide cage
cluster system [9-11]. Several substantial differences between the
U(VI)-0O, and the present {Pugy} cage clusters are noteworthy.
Firstly, the latter are based solely on oxido and hydroxo as
bridging ligands and contain exclusively pentagonal bipyramidal
Pu(VI) moieties. Burns et al. also pointed out that the relevance
of the side-on bonded peroxide in U(VI)-O, cages is not only
related to the pliability of the U(VI)-O,-U(VI) bridges but also
to the limitation of the number of connections to neighboring
uranyl polyhedra [11]. Both properties are fulfilled by the trimeric
subunits in the {Puy,} clusters, classifying their aqueous precursor
molecules—here the divalent (3,8) solution complex—as a new
class of fundamental building blocks in actinide cage cluster
chemistry. The fact that (I) and (II) form in simple aqueous
NaCl-NaOH solutions highlights their principal relevance for
Pu-containing systems in alkaline, oxidizing milieu.

Our results also provide insight into why the formation of larger
U(VI) cage clusters with An > 16 based solely on (hydr)oxide
ligands is challenging. The formation of (I) and (II) occurs
in highly alkaline conditions where the anionic trimeric
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Pu(VI)-O(H) solution species (precursor) are long-term
metastable and present at high concentrations. U(VI) as well as
Np(VI) undergo immediate precipitation starting at near-neutral
pH, typically leading to the formation of layered oxy-hydroxide
phases. These phases limit U(VI)/Np(VI) concentrations by
solubility equilibria to lower values than are achievable in
the metastable Pu(VI)-OH system, reducing the probability of
forming U(VI)/Np(VI) aqueous trimers—especially an analog
divalent (3,8) species. Indeed, the mononuclear AnO,(OH);~
and AnO,(OH),?" are predominant in most solubility-controlled
U(VI)/Np(VI) systems [25].

Finally, it is interesting to note that the formation of dark-
brown crystals with rod- and plate-like shapes precipitating
from metastable Pu(VI)(aq) systems in the presence of 0.5 M
NaOH and with an initial Pu(VI) inventory of about 200 pg—
that is, closely resembling the building conditions of (I) and
(IT) in the present work—was already reported in one of
the earliest studies on Pu(VI)(aq) chemistry performed during
the Manhattan Project [42]. However, with the exception of
optical-microscopic inspection and an oxidation state analysis,
no additional characterization was described. Possible reasons
might be the peculiar mechanical instability of the material,
allowing compounds (I) and (II) to easily disappear or redissolve
during handling operations such as washing steps, as well as the
challenges related to crystallographic analysis of large-unit-cell
clusters that were difficult to manage with the methods at that
time. Our results provide a compelling contribution to closing the
unresolved issue.

3 | Conclusion

The present work opens interesting options for future research
into the fascinating topic of inorganic actinide cage cluster chem-
istry, for example, analyzing the impact of different synthesis
conditions on the Pu(VI) cage cluster structure, exploring the
potential existence of analogous U(VI) and Np(VI) compounds
and trends within the An(VI) series, and applying dedicated spec-
troscopic and thermodynamic techniques. As both An(VI) and
An(V) intrinsically grant access to pentagonal structural motifs,
investigations into the redox properties of the Pu(VI) clusters aim-
ing at the formation of similar Pu(V) compounds are also inter-
esting perspectives. Finally, our work highlights that an in-depth
understanding of metal solution speciation and thermodynamics
strongly facilitates investigations into self-assembled systems.
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