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ABSTRACT: The process of osmotically driven crystal mor-
phogenesis of polyoxometalate (POM)-based crystals is inves-
tigated, whereby the transformation results in the growth of
micrometer-scale tubes 10—100 ym in diameter and many
thousands of micrometers long. This process initiates when the
crystals are immersed in aqueous solutions containing large
cations and is governed by the solubility of the parent POM
crystal. Evidence is presented that indicates the process is
general to all types of POMs, with solubility of the parent
crystal being the deciding parameter. A modular approach is

adopted since different POM precursor crystals can form tubular architectures with a range of large cationic species, producing an
ion-exchanged material that combines the large added cations and the large POM-based anions. It is also shown that the process of
morphogenesis is electrostatically driven by the aggregation of anionic metal oxides with the dissolved cations. This leads to the
formation of a semi-permeable membrane around the crystal. The osmotically driven ingress of water leads to an increase in
pressure, and ultimately rupture of the membrane occurs, allowing a saturated solution of the POM to escape and leading to the
formation of a “self-growing” microtube in the presence of the cation. It is demonstrated that the growth process is sustained by the
osmotic pressure within the membrane surrounding the parent crystal, as tube growth ceases whenever this pressure is relieved. Not
only is the potential of the modular approach revealed by the fact that the microtubes retain the properties of their component parts,
but it is also possible to control the direction of growth and tube diameter. In addition, the solubility limits of tube growth are
explored and translated into a predictive methodology for the fabrication of tubular architectures with predefined physical

properties, opening the way for real applications.

B INTRODUCTION

The re-fabrication of material architectures through morpho-
genesis from one form to another via the transformation of
crystalline materials,’ aggregatlon of nanopartlcles, 1nterfac1a1
self-assembly of polymers,® and amphiphilic systems* (or com-
binations of these) can allow the assembly of novel structures
spanning the nano, mesoscale and beyond.” In these systems, the
organization of matter under non-equilibrium conditions,’ ruled
by dissipative processes,” is vital since it allows the assembly of
complex new architectures, based upon a modular approach, and
with novel physicochemical properties.®

In chemistry today, one of the most exciting and least under-
stood areas revolves around manipulating complex non-equilibri-
um chemical systems, especially if the non-equilibrium process can
be manipulated during the fabrication of new materials. Such
materials can continue to grow/be fabricated as long as the system
is sustained far from equilibrium while the fluxes are maintained,
leading to the emergence of temporal and spatial structures. Key
chemical examples are the Belousov—Zhabotinsky (BZ) reaction,’
where an oscillating chemical reaction in a thin film can give rise to
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temporal pattern formation, and crystal gardens,'®”"* which yield
spatially defined structures formed by seeding a saturated silicate
solution with a crystal of a transition metal salt. Although these
systems are very interesting and form a range of temporally defined
patterns, a vast amount of research has already been carried out, and
they are still poorly understood, as it is difficult to construct
controllable examples in the laboratory to allow systematic
studies."” In this respect, we opted to examine the self-assembly
of a class of polymeric metal oxides, in the hope that robust
architectures can be formed and manipulated.

Polyoxometalates (POMs) are discrete molecular oxides of
early transition metals with a w1de Tange of apphcatlons from
catalysis'*'> and material science'®”'® to medicine.'” Their
synthesis generally involves the self-assembly of dissolved transi-
tion metal oxides through condensation and reductlon mechan-
isms, which can be controlled by an orgamc cation®®** or an
inorganic seed in a templating role, using “one-pot’ > conditions.”*
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Figure 1. Scheme showing how several POMs and either aromatic
cations or transition metal complexes can interact to form micro-
tubes. The original couple®® (POM I/compound 1; see Tables 1 and
2) that led to the discovery is highlighted. The POM is used in
crystalline form and immersed in an aqueous solution containing the
cations in a known concentration. The rate of growth is investigated
using time-lapse photography using an optical microscope equipped
with a CCD camera.

Under such conditions, the control of the assembly of the POM
cluster is often defined by the precise reaction conditions; a large
variety of species are formed which can be considered to be
members of a dynamic library generated in situ. However, by
maintaining reactions in far from equilibrium states using a
constant flow of dissolved precursors, we are able to access
different materials, including intermediate species, and this can
be interesting for “selecting” given members of a library.”*

In a preliminary study, by us, it has been shown that micro-
tubes can be spontaneously grown from crystals of POM-based
materials® when immersed in solutions containing dihydro-
imidazophenanthridinium (DIP) cations (Figure 1) with variable
growth rates (1—100 xm/S) and vast aspect ratios (>1000: 1)2¢
Not only do the tubes remain hollow after growth has ceased, but
their diameter and direction of growth can be controlled in real
time, allowing complex pre-designed patterns to be realized.””

The transformation of the crystals into the tubular architec-
tures appears to occur when a solution of a bulky cation on a
sparsely soluble crystal allows it to dissolve locally and produce a
hollow membrane mediated by the electrostatically driven
aggregation of the POM crystal and the bulky cation added to
the solution, which produces an insoluble matrix. Once this
permeable membrane is formed, water can pass through and the
osmotic pressure inside increases. When the system reaches a
critical pressure, the membrane ruptures and the dissolved POM
material that is contained within the membrane is ejected
through the aperture, whereupon it comes into contact with
the cation solution, leading to further aggregation (see movie 1
showing this process). The aggregate is composed of the cations
and POM anions bound electrostatically in a charge-balancing
ratio.”” Since water ingress at the crystal maintains a constant
outflow of material through the opening, closure of the structure
is not possible, and the aggregation produces extended tubular
architectures. This process is able to transform a large number
of crystals simultaneously (see Figure 2).

Figure 2. Picture of a large number of crystals that have all been
transformed from crystalline form to crystals that have sprouted very
long tubes on addition of large cations to the aqueous solution (POM 1/
compound 1; see Tables 1 and 2) in which the tubes are immersed. The
photograph was taken 15 min after cation addition. Tubes have grown in
a uniform direction due to a bulk flow of solvent in this system (from
right to left). The white scale bar is 500 #m long.

The flow of the POM-based solution is sustained while
crystalline material is still present in the parent membrane and
continues to be dissolved. Consequently, the osmotic engine still
pumps water and the system is kept in flux, resulting in continued
tube growth until the material housed within the crystal is
completely expended. If, for any reason, the flux is weakened
or stopped, the tube growth stops immediately.

Herein, it is established that this phenomenon is not limited to
one POM compound but can be generalized over the entire
family of molecular metal oxides, as well as reporting key
mechanistic data. Specifically, an extensive study is presented
with a large range of POM materials and cations, including
transition metal complexes, and demonstrates the solubility
dependencies of tube growth. These data have allowed us to
substantiate our proposed mechanism for tube growth, as well as
to develop a new methodology for the design of POM-based
tubular architectures with predefined properties, opening the
way for the design of device architectures and development of
new applications. The development of the new methodology is
dependent upon understanding the critical solubility parameters
that govern the ability of the different POM/ cation combinations
to produce tubes. An assay of 10 different POM materials and 8
cationic species was carried out to show the robustness and
modularity of the POM-based tubular architectures and to
correlate the rate of growth and the average diameter of the
tubes with the concentration of the solution and the chemical
characteristics of the starting materials. In addition, it is observed
that the transition metal complexes containing polyaromatic
ligands such as 2,2'-bipyridine or 1,10-phenanthroline are also
able to act as a cation during the tube growth process, and this
opens the way for the development of truly modular systems,
combining functionality from both the POM anion and the
added cation. Finally, it is shown that tubes can be “artificially”
extruded from a needle and that a minimal “seed” of a single
POM crystal coated in an appropriate cation can grow tubes
when introduced to pure water.

B RESULTS AND DISCUSSION

Ever since we first reported the spontaneous growth of POM-
based tubular architectures from a crystalline POM sample
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Figure 3. Scheme detailing the general mechanism involved in tube
growth. A membrane (shown as a dotted line) is formed by electrostatic
interaction between the dissolved POM and the organic cations dissolved
in solution. Water comes through the porous membrane, and the increase
of internal pressure leads to rupture, whereupon tubes start to grow.

during an exchange reaction with a large organic cation,?® we
have been trying to define the critical parameters that control
tube growth and exploring the mechanism in order to potentially
exploit the process of crystal-based morphogenesis to develop
new material architectures with desired applications. Until our
report this process was unknown, although there are some
mechanistic parallels with the growth processes in crystal garden
formation,">"" which can provide a useful guide for investigating
this phenomenon. In the formation of crystal gardens, a sodium
silicate membrane is formed around a crystal of a transition metal
salt which is then dissolved by ingress of the solution. As in the
crystal garden process, the growth of POM-based tubular
architectures appears to be driven by an osmotic pump mechan-
ism, modulated by the rate of water ingress over an initially
formed membrane around the crystal. In this work, we set out to
extend our study to a variety of POM- and cation-based
systems.”® In general, following the addition of a drop of the
aqueous cation solution, the POM crystal begins to dissolve, and
aggregation of the POM fragments and cations forms a highly
insoluble, yet semi-permeable, membrane around the crystal.
Once formed, the membrane effectively isolates the crystal from
the surrounding solution. However, water ingress is not pre-
vented, so the encapsulated crystal continues to dissolve. The
resulting gradient of concentration causes the formation of an
osmotic pump (Figure 3) that draws further molecules of water
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Figure 4. Plot of growth rate/crystal surface area against the overall
concentration of DIP, showing how the diameter is related to the cation
concentration. Red squares show the linear decrease in growth rate as
the concentration is decreased, and blue squares show rate data for a tube
in which the concentration of DIP is varied while it is growing. Note:
The crystal surface area is considered as it relates directly to the
limiting rate at which water can enter the membrane surrounding the
crystal, and therefore the rate of POM dissolution and tube growth.
This allows direct comparison of tubes grown from crystals of varying
sizes and shapes.

through the walls of the membrane. Eventually, this results in
rupture of the membrane, whereupon POM material is ejected
into the cation solution and continuously aggregates to form the
wall of a tube, with closure being prevented by the continued flow
(see movie 1 showing this process). This sustained flow allows
the whole system to sustain a high material flux, which is
terminated only by the complete dissolution of the crystal, at
which point tube growth ceases. Key differences with the crystal
garden system include the fact that, due to the relative density of
their components, the tubular architectures usually grow hor-
izontally across the surface (despite the fact that the experiment
is carried out in a relatively large volume), whereas convection
tends to cause the crystal gardens to grow vertically, and also the
fact that the tubular architectures remain open and do not
collapse into each other.'®”"* The other major difference is that
the controlling concentration of the cation in solution is very low
compared to that in crystal gardens, which require more con-
centrated, sometimes nearly saturated, solutions of sodium
silicate.'9 3

This process could theoretically allow a single tube to propa-
gate until the crystal is entirely consumed, since the flow depletes
POM concentration in its neighborhood. This is, however, not
the case, and the growth often stops within 2—3 min (although
growth can persist for as long as 30 min). This may be due to the
pressure in the tube causing a new rupture point, either at the
source or somewhere along the tube, in which case tube growth
continues from that new rupture point and the original tube
ceases to grow. The likelihood of this occurrence is increased
when the growing end of the tube encounters an obstruction on
the surface. The diameter of a growing tube can be controlled by
changing the concentration of cations, and this has been demon-
strated in the range 1.5—2.5 mM for cation 1 (see Figure 4).
Increasing the cation concentration leads to a decrease of the
tube diameter, whereas addition of pure water (to decrease the
overall cation concentration) leads to an increase of the tube
diameter.”” In the limiting case, when the cation concentration
is raised too far, tube growth will not propagate/initiate because
any ruptures in the membrane will be immediately sealed.

These changes can be made in real time, while the tube is still
growing, and repeated many times to predictably produce a tube
with variable diameter. Once the initial membrane has formed
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Figure 5. Addition of aqueous sodium chloride solution to a growing
tube (I/1) causes tube growth to temporarily stop as a competitive
osmotic flow is initiated. After equilibration of the sodium chloride
concentration across the membrane (30—60 s), tube growth continues,
not necessarily on the same path.

around the crystal and tube growth has started, the limiting rate at
which water can cross the membrane, and therefore the rate of
POM dissolution, becomes fixed and is related directly to the
surface area of the membrane. Since the membrane forms on the
surface of the crystal, the initial crystal size can be used to
estimate the membrane surface area and correct for this effect.
The growth rate then varies proportionally with cation concen-
tration over the range where tube growth can occur. Controlling
the diameter by changing cation concentration can be explained
in terms of the availability of cations to reach a critical level of
aggregation required for precipitation of the tube-forming ma-
terial. The increase in the cation concentration in the neighbor-
hood of a growing tube supplies a greater density of cations, so
fragments in the plume of ejected POM material will travel less
distance before they encounter sufficient cations to aggregate.
Once the solid material is aggregated and becomes part of the
tube wall, it is relatively inflexible, so the diameter of the tube
decreases. In the reverse scenario, when the cation concentration
is reduced, the ejected POM material expands further before the
critical aggregation point is reached, so the tube diameter
increases. If the concentration of cations is reduced too far,
aggregation may occur too far away for fragments to join the
walls, and the tube may cease to grow.

The mechanism of tube growth is osmotically driven, and this
is clearly seen by the effect of changing the solution ionic strength.
When 2—3 drops of a saturated sodium chloride solution in water
are added to a system in which tube growth has already initiated,
the growth process is temporarily halted (Figure S). On addition
of the brine outside, the ionic strength of the solution is increased
to around 0.5 M (13 that of the original cation solution; see
Supporting Information for calculation parameters), so the
osmotic potential across the membrane is reversed, since the
region of lowest ionic strength is now the inside of the membrane
surrounding the POM crystal. The salt injection causes a second,
competitive osmotic pump to initiate, drawing solution into the
membrane surrounding the crystal, through the tubes. This
disrupts the osmotic growth mechanism, as no POM material
can be ejected against this new flow direction. Competition
between the newly added ionic species and the aggregated
material in the tube walls leads to local formation of POM-Na ™,
and DIP- Cl ™, species, which causes some dissolution of the tube
walls (see movie 2 showing this process).

Once the concentration of NaCl has equilibrated with the
surrounding solution, the original osmotic pump, whereby dis-
solved POM material is ejected through the tube, becomes
predominant once again. The continued presence of NaCl in
the solution no longer influences the osmotic potential directly.
However, it does change the solubility properties of the compo-
nents and the aggregate, leading to significantly thicker/less
consolidated tube walls (possibly due to ion exchange of the
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Figure 6. Plot of rate of tube growth against the overall tube length for
the system I/1, showing that the rate remains constant after initiation.
Error bars show one standard deviation over the samples measured. Data
are shown for tubes with diameters ranging from 2 to 42 um.

sodium with some of the organocations that form the tubular
architecture). Without further perturbation, the system will once
again continue the morphogenesis until all the crystalline ma-
terial is expended.

The reaction to salt addition, and the recovery of tube growth,
demonstrates that the growth process can be considered to
follow a siphon-like mechanism, in that the concentration of
dissolved POM material is maintained along the whole length of
the tube. While the POM material remains available in crystalline
form, the local concentration of POM material in solution will
tend toward saturation, because of the low solubility of the POM.
Once a membrane rupture has occurred and tube growth is
underway, the ingress of water into the membrane is controlled
by the removal of saturated solution from the membrane
“chamber” through the tube. This means that the POM material
is at saturation along the length of the tube, and as a consequence
of this, the rate of tube growth remains constant, even as the tube
extends several hundred micrometers from the parent crystal
(Figure 6).

The overall solubility of the crystals is critical not only in
modulating the rate of tube growth but also in initiating tube
growth. When the pH of the overall solution is raised after tube
growth initiation, thus modulating the solubility of the POM, the
rate of tube growth increases as expected. However, if the pH is
raised before tube growth has started, only precipitation is
observed, as the crystal dissolves too rapidly for the initial
membrane shell to become consolidated.”” In order to evaluate
the limits of POM solubility in the tube initiation/growth
phenomenon, 10 different POMs and 8 different cations were
selected—polyaromatic molecules and transition metal com-
plexes—to conduct an assay of tube growth. A representation
of the different component species is shown in Tables 1 and 2,
along with the charges of cations and solubilities of POMs (in
water at 20 °C).

The key properties of the POM material that influence the
growth of tubes are the size and solubility of the crystal. These
govern both the amount of material that can be dissolved from
the crystal surface and the rate at which it can aggregate. The size
and shape also directly influence the surface area of the mem-
brane, which later controls the rate at which water can enter, and
therefore the rate of tube propagation. Temperature and pH can
be considered as secondary factors, as they also affect the growth
process but do so by modulating the crystal solubility.
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Table 1. Polyhedral Representation (Counterions Omitted)
of the 10 POM Species Used in the Solubility Experiments”

A B c D E
K'salt | Phosshoungstic [ K'salt | KYLi'salt | Na'salt
720 mg/mL | 192 mg/mL| 73 mg/imL | 37 mg/mL | 29 mg/mL
F G H | J

Na'salt |EMID-salt | TBA salt i"fP::"t"“""" HMTA-salt

9.9 mg/mL

5.9 mg/mL | 3.6 mg/mL | 3.1 mg/mL | 2.0 mg/mL

aA; Ké[PZWISOéz] -19H,0; B, [H3PW12040] -nH,0; C, K24[P4W52‘
0175]-47H,0; D, KysLisH;[PsW,450154]-92H,0; E, Nays[(PO,)s-
PNb9034] *22H,0; F, Nazz[M0w360112(H20) 16] C[M0w130M0V200442'
(OH) 14(H,0)41] - 180H,0; G, (CoHi11N, )5 (SiW10036)2(NigO,) ] - 10H,0;
H, [[CH;(CH,)3]4N]4[SiW1,0.0]; I, (C4H10NO) 40 W7,Mn50565Si,] -
48H,0-4(C,HoNO);  J,  (CgH13N4)a[Fey(H,0)9Mo,044] - 2H,0.
Polyhedra are colored to show their metal center’s nature: Mo, blue;
W, teal; Nb, red; Fe, brown; Ni, light yllow; Mn, purple; Si, golden
yellow; P, dark yellow. EMID = 2-ethyl-4-methylimidazolinium and
HMTA = hexamethylenetetrammonium.

It is important to consider the initial stages of tube growth, as
this is the critical time when the membrane shell is formed. If the
membrane is weak or the dissolution of the crystal is too rapid,
there will not be sufficient containment to produce the required
osmotic potential for tube growth. Conversely, tube growth will
also not initiate if the aggregated membrane is too strong to be
broken by the osmotic pressure within, or if the cation concen-
tration is so high that ruptures are instantly “self-healed”.

The properties of the cation must also be considered. In
experiments with larger volumes (>1 mL), the solution concen-
tration can be considered as a constant throughout the tube
growth. Indeed, even if the tube formation depletes the cations in
the medium immediately surrounding the growing end of the
tube, the point of growth continuously moves forward into areas
where the cations are still present. In experiments conducted in
droplets, the concentration change over time becomes more
significant, and indeed tube diameter is seen to increase slightly.
When a droplet experiment is continuously supplied with fresh
cation solution, so as to truly maintain a constant concentration,
no change in tube diameter is observed. The cation must also be
sufficiently soluble to allow a high enough concentration in the
vicinity of the crystal at initiation for aggregation to occur; see
Table 3, which describes the crystal/tube initiation results. These
data provide a template for the development of a robust
predictive methodology for the design of modular tubular
architectures. However, it is important that the charge and size
of both the cations and anions are considered, as the aggregation
process is electrostatically controlled. This is because we have
established that the aggregation of POM and cation occurs in a
ratio that is expected to result in full charge balancing,”® and it can

Table 2. Representation of the 8 Cationic Species Used in the
Solubility Experiments, Showing Their Charges (Counterions
Omitted)”

1 2 3 4
i 3 # #
s 4 =
NI ENH X IN,“‘li",,.uI = Q
INJ :(: 8 I: Nf?“\. N 'S

Co > &)
N7 N
1

O A

5 6 7 8
+

-2 2+ DIP 3+ » / \ 2+

o) NN N=
‘e N A
X IN‘\.i.c"N o oie O COOH K/:?:s
I:N”?‘“" DIP = R.N/H g Y O 3:3

=N

= /\j N=

“1, 1-methyl-2,3-dihydro-1H-imidazo[1,2-f]phenanthridin-4-ylium
bromide {Me-DIP};** 2, N,N'-bis(5-phenanthridinium-3-yl-ethyl chlor-
ide)octane-1,8-diamine dihydrochloride; 3, (phenanthroline)bis(2,2’-
bipyridine)ruthenium(1I) ditetrafluoroborate; 4, methylene blue; S,
tris(2,2"-bipyridine)ruthenium(II) dichloride; 6, cis-1,3,5-tris(2,3-dihy-
dro-1H-imidazo[ 1,2-f]phenanthridinium)cyclohexane tribromide; 7,
rhodamine B; 8, 1,3-propoxy-DIP-propane dibromide.

be tentatively proposed that this modulates both the porosity of
the initial membrane and the thickness of the tube walls. It is also
observed that, with the same POM, the use of more highly
charged cations gives rise to faster-growing, narrower tubes since
a lower local cation concentration is required in order to cause
aggregation.

As shown in Table 3, there is a double-threshold effect where
the concentration of cations and the solubility of the POM must
be “in-range” before tube growth can occur. If the concentration
is too high, the initial membrane is formed but then no tube
growth is observed, since any ruptures to the membrane are
immediately closed. If the cation concentration is too low, POM
material dissolves but is able to diffuse too far from the parent
crystal before aggregation occurs. No consolidated membrane is
formed, but local precipitation is observed. Considering the
solubility and tube growth data, the rate of tube growth was
investigated for a POM crystal dropped in a solution of cation ata
known concentration. To do this, two different POMs, I and G,
were selected as they are capable of undergoing morphogenesis
with many different cations, and the rates of tube growth with
solutions of the original DIP molecule (1), a similar but highly
charged dimer (2), and a transition metal complex (S) were
measured. The concentrations of the solutions were kept be-
tween 10> and 10> M, as this gives reliable tube growth with
measurable rates, and the results of the average speed of growth
versus the initial cation concentration are displayed for POMs I
and G in Figure 7.

Two main results can be extracted from these data:

(1) The more soluble POMs give rise to faster tube growth for

any cation.

(2) For either POM, the most highly charged cations give the

fastest growth rates.
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Table 3. Presentation of the Tube Growth Assay Results”

Cl—=|TIOmMmoo m>

—+—Result
@

~Prediction

ll'-'le‘mbrane nubes

“ Green areas shown along the x and y axes are the estimated thresholds
in which tubes can grow. Using this, we made a prediction of the
experiments results: if both POM and cation are in the green solubility
area, tubes are expected; if only one of the species is on the limits,
membranes are expected; and if neither of them is on the green area,
nothing is expected. In terms of the experimental data, green indicates
that tubes were observed, orange indicates that membranous material
was formed but not in the form of tubes, and red indicates that no tubes
or membranous materials were observed.

Data were not adjusted for crystal surface area, but similar
sized crystals were chosen for each experiment to avoid surface
area effects. The dependence of growth rate on POM solubility
stems from the “siphon” mechanism, where the more soluble
POM will allow the whole pumping mechanism to operate faster
and with a higher osmotic potential. This will cause material to be
ejected from the growing tube end at a greater rate. At the
growing end of the tube, the cation charge modulates the growth
rate because it changes the number of molecules that are required
to enter into an electrostatic interaction with the dissolved POMs
to produce a neutral aggregate.

Initiation of tube growth requires a sufficient local concentra-
tion of cations to be present in order to form the membrane
around the POM crystal, and it is therefore not possible to grow
tubes under normal conditions in pure water or solutions with
very low cation concentration. However, since the process only
requires a local availability of cations, it is possible to construct a
minimal system where the cations are coated onto the crystal of
the POM and are in sufficient concentration to produce tubes.
This localization is achieved by depositing a shell of cation
material all around the POM crystal using a cation solution in
a solvent in which the POM is totally insoluble. The introduction
of such a micro-sized core—shell particle into pure water gives

8
Cation concentration (mmol)

Figure 7. Plot of average speed of growth versus cation concentration
for the POMs I and G along with the cations 1, 2, and S. The rate of
growth is clearly higher for the more soluble POM G and more highly
charged cations 2 (4+) and 5 (2+).

rise to a situation where initial membrane formation is instanta-
neous, and the remaining cations diffuse around the neighbor-
hood of the crystal. This “seed” then proceeds to grow tubes by
the normal mechanism (Figure 8), although due to the limited
availability of cations, the membrane around the parent crystal is
weak and so several rupture points occur, leading to multiple
tubes. The tubes grow rapidly and, as expected, their diameter
increases due to the decreasing concentration of cations as the
growing end travels farther from the source of cations (precisely
the same effect as lowering the cation concentration to control
the diameter in previous experiments). Growth continues until
the tubes reach a region where there is insufficient cation
concentration, after which they remain open and dissolved
POM material is continuously expelled until the crystal is
expended. Because the tubes remain open and material is
pumped out through them, the osmotic pressure is continuously
relieved, and further ruptures to the membrane around the
parent POM crystal do not occur.

To explore different avenues for the fabrication of the tubular
architectures, it was postulated that growth of such tubes could
be possible from a narrow aperture involving an extrusion
process. To investigate this, crystals of compound I were
dissolved in water, and the filtered solution was injected into a
cation solution (1) via a S um aperture needle, using a syringe
pump. As predicted, it was possible to fabricate 25 m diameter
tubes up to 500 um in length. Fabrication was possible via
extrusion when the needle was both stationary and moving,
demonstrating that such tube “drawing” could be used to make
pre-designed patterns with tubes (Figure 9). However, the main
limitation is once again the solubility, and “writable” tubes
require relatively insoluble POM-based materials; injection of
the more soluble POMs did not result in the formation of tubes.

It was also suggested that microcrystalline POM materials,
formed into a hard pellet under pressure, might also be used to
grow tubes, so this was investigated by immersing a pellet derived
from powdered compound I into a solution of cation 1. Tube
growth was indeed observed, further demonstrating that the
crystalline form of the POM is not necessary for growth initia-
tion, although the tubes produced were less stable as those
produced from single crystals due to the slightly increased
solubility of the POM pellet.
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Figure 8. Picture describing the seed growth experiment. A crystal of I was suspended in a methanolic solution of 1. After dry evaporation, some cationic
molecules were stuck on the crystal, and tube growth was observed whenever it was dropped on pure water.

Figure 9. Growth of a tube from a needle. Dissolved POM I was
injected into a solution of cation 1 via a micromanipulator needle.

Bl CONCLUSIONS

In conclusion, the spontaneous morphogenesis of crystals of
POM-based clusters into tubular architectures by addition of a
solution of a cation has been investigated. In this study, both the
mechanism of growth and a new methodology for the predictive
design of the tubular architectures are presented. It is shown that
the tube growth is robust and depends on modular components,
whereby the physical properties of the components can be
translated into the overall tubular architecture; this is a general
phenomenon that is limited only by the solubility of the parent
materials. In the initiation phase, if the crystal is too soluble, the
formation of the initial membrane will not occur, as POM
material will diffuse too rapidly for aggregation with the cations.
Conversely, if the POM is not sufficiently soluble, the continued
dissolution of the crystal and consequent ingress of water across
the membrane, once formed, by osmosis will never reach the
critical level required to cause rupture. However, there is little
observed interdependency between the solubility of POMs and
cations. Instead, a double threshold is observed in the case of the
crystalline POM, whereas the solubility of the cation has to be
above a certain value in order to have sufficient molecules
available in the vicinity of the POM crystal to take part in the
initiation of membrane formation and tube aggregation. Any
other combinations lead to either failure of the tube formation or
plastic-like membrane formation.*®

Growth rate data show that once tube growth has initiated,
and while POM-based material is available at the parent crystal,
the concentration of POM fragments in the membrane and along
the tube is maintained at saturation. The mechanism of growth
can therefore be conceptualized as a “siphon” mechanism,
whereby the aggregation of material at the growing end and
the ingress of water across the membrane at the crystal are the
only limiting factors to growth rate. The data imply that this
mechanism is general for any POM and any sufficiently large
organic cation or transition metal complex, as long as the POM
solubility is within the limits of 1—25 mg/mL. Tube growth rates
for different cation/anion combinations reveal that the more
soluble POMs give rise to faster tube growth, regardless of cation,
while for a given POM, the most highly charged cations will give
the fastest growth rates. Further, the osmotic mechanism is
underlined by the fact that non-active salt addition leads to an

immediate stop of the tube growth by reversing the osmotic
potential across the membrane.

By defining the solubility limits of tube growth and translating
these into a predictive methodology, it is now possible to predict
whether given POM/cation combinations can undergo morpho-
genesis to produce tubular architectures. This has also given
insights regarding manipulations on the limits of the phenom-
enon. For example, it was shown that the solid and precisely
ordered form of the crystalline POM is not essential for tube
growth, as a tube can be fabricated by extruding dissolved POM
material from a needle, or from a pellet of powdered POM
material. This new method of tube synthesis may allow mor-
phogenesis to tubes from POM materials which are difficult to
crystallize in a convenient time scale. Also, by stripping away the
unnecessary components to make a tube-growing “seed”, a
“minimal self-growing system” was achieved, to which various
physicochemical properties could be functionalized.

In this work we have established a new phenomenon, the
growth of hollow mineral tubular architectures, and this may
have significance in the interpretation of architectures found in
the fossil record that have been thus far attributed to biological
processes.”” For example, microtube architectures have been
reported containing organic residue that have been postulated to
be one of the earliest life-forms present on planet Earth. However,
it has been shown in this work that microtubes can spontaneously
form “naturally” if the correct oxides and cations come into
contact. Therefore, the assumption that microtubes imply life is
no longer valid in isolation.>® In future work we will take advantage
of the use of the transition metal complexes and especially those
based on ruthenium to undergo catalysis, such as water oxidation.
The use of one-pot-synthesized POM species to catalyze water
oxidation is now well described in the literature and could be
adapted to this tubular system, with the advantages of the retrieval
of the catalyst and also the ability to grow tubes into complex
patterns for catalytic device manufacture. Further work will seek to
expand on the modularity emphasized here, by producing new
POM:-based tubular architectures that show catalytic and func-
tional properties associated with their precursor materials.

B EXPERIMENTAL SECTION

Sample Preparations. The different POMs were synthesized
according to the published literature.”**'~3* Materials in crystalline
form were collected directly from the bulk synthesis and dried under
vacuum. Commercially available cations and transition metal complexes
were purchased from Sigma-Aldrich Ltd. and used without further
purification. The DIP derivatives were synthesized following the proce-
dures reported earlier by our group.>* Solutions of fixed concentrations,
typically 1 x 102 mol-L ™", were prepared by dissolving the correct
amount of dry material in 10 mL of water, and solutions of lower
concentration were prepared by dilution.

Synthesis for Cation 2. To S-(2-bromoethyl)-phenanthridinium
bromide (BEP) (2 equiv, 2.77 mmol, 1.02 g) and 1,8-diaminooctane (1
equiv, 1.39 mmol, 200 mg) were added dichloromethane (DCM,
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80 mL) and 5% Na,CO3 (40 mL), and the resulting biphasic solution
was stirred for 4 h at room temperature. The organic layer was removed
and washed with water, HCI (1 M) was added, and the mixture was
stirred for 90 min. Both layers were then concentrated to give a pale
yellow powder, which was dissolved in water and transferred to a
separating funnel along with DCM and Na,COj (all in equal volumes),
forming a creamy suspension in the upper aqueous layer. The DCM was
removed and replaced with CHCI; with the same outcome. Both organic
layers were combined and extracted into HCI, after which the aqueous
layer was concentrated, giving a pale yellow residue. Ethyl acetate was
added to the aqueous layer from the DCM wash, forming a brown upper
layer which was removed and extracted into HCI. This final HCI solution
was concentrated, giving the final product 2. Analytical details can be
found in the Supporting Information.

General Microscope Measurements. Experiments were con-
ducted at room temperature and under air using plastic well or glass
slides with an Olympus IX81 inverse microscope. Images were taken,
analyzed, and processed through the Cell® software.

Typical Rate of Growth Experiment. Five milligrams of crystal-
line POM material was deposited on the bottom of a dry plastic well.
Next, 0.5 mL of the cation-containing solution was added at t =0's, and
time lapse images (focused to the bottom of the well) were recorded
every few seconds. The rate of growth was measured by image analysis
on focused growing tubes for each system. Time lapse of one image per 2
s for S0 frames proved to be convenient. However, in the case of low
concentrations such as 2.5 x 10~ mol-L ™" and/or slow systems, time
lapse of every S s for 50 frames was used.

Il ASSOCIATED CONTENT

© Ssupporting Information. Details of the equipment and
experiments, tables of growth rate data, synthesis of 2, and
relevant pictures. This material is available free of charge via
the Internet at http://pubs.acs.org.

@ Web Enhanced Feature. Two videos, in .avi format, are
available in the HTML version of this paper. Movie 1 shows a
tubular architecture growing from a crystal of POM covered by a
drop of an aqueous solution containing organic cations. Movie 2
shows the effect of adding NaCl solution to a growing tube
system. The tube growth ceases and back-flow of material is
observed. After a lag time during which the salt concentration
equilibrates, tube growth starts again.
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