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Abstract: We report distinct growth regimes of hollow silica fibers formed by hydrodynamic injection of
cupric sulfate into silicate solution. The tubes grow either steadily along a continuous jet of buoyant solution
or through relaxation oscillations that are governed by chemo-mechanical processes. The dependence of
the oscillation period on flow rate and copper concentration is explained in the framework of a simple
model. Tailored flow patterns allow the directional control of the tubes and their use as miniature connectors.
Our findings are applicable to the understanding of chemical gardens, promise a wealth of nonlinear
phenomena, and offer possible applications in microfluidics.

Introduction structure until the osmotic pump action ceases due to complete
dissolution of the seed crystal. Despite the wealth of remarkable

Chemical gardens consist of plantlike hollow fibers that form ) - - U .
features found in chemical gardens, little is known beyond this

if certain metal salt crystals are seeded into a solution containing S o
anions such as aluminates or silicates. They have been invesdualitative description.
tigated since the late 19th century when they were mistakenly ~The major obstacle for quantitative investigations has been
thought relevant to the origin of life.They are used as the erratic nature of tube growth. Its sources are the continuous
spectacular demonstration experiments and are among the fevgissolution of the crystal, the blistering of the membrane at
chemical phenomena described in popular literatdie.recent ~ Multiple sites, the presence of air bubbles at the growth points,
years’ their scientiﬂc Study has regained importance_ For and the interaction betWeen neighboring tubes. We, therefore,
example, it was shown that the tubes in aluminosilicate gardenshave devised an experimental model of the original system that
are hierarchical nanostructures and powerful Bransted acidallows us to analyze and control the growth dynamics reliably.
catalysts'—6 Beyond these and other intriguing aspects, chemical
gardens are a prototype of self-organized permanent structure
that include hollow fibers in Portland cement as well as tubular Our setup involves the hydrodynamic injection of aqueous metal
corrosion products of steét? salt solution (here CuS©QFisher) into a large volume of sodium silicate
Although the term chemical garden encompasses a diversesolution ¢~1 M; Fluka). The injection is carried out with a syringe
family of reaction-precipitation system%their general mech-  pump (KD Scientific 200) at constant flow rate<25 mL/h) through
anism is based on the formation of a semipermeable, colloidal a vertical glass capillary. The resulting silica tubes are monitored with
membrane between the dissolving salt crystal and the surround-2 Video camera connected to a PC for data analysis. Our approach
ing solution. Driven by osmosis, water traverses the gel typically leads to the formation of single, unbranched tubes with heights
membrane and induces its swelling and rupture. Subsequently of up to 30 cm or more. Other metal salts, such as Mrod Al

b t iet of salt solution is eiected into th di '(NOs)3, or mixed metal ion solutions give rise to qualitatively similar
a buoyant jet of salt solulion IS gjected Into th€ SUrrounding e ayior, In the case of cupric sulfate, the tubes have a dark blue color

medium, leading to the formation of a precipitatewithin because of the presence of cupric ion in the precipitate. No dependence

seconds to hours, this process builds up a hollow, tubular of the tube diameter on the radius of the injection nozzle is observed,
(1) Leduc, SThe Mechanism of LifeRebman: London, 1911 but large nozzles make the experiment susceptible to undesired back-
(2) Roesky, H. W.: Makel, K. Chemical CuriositiesVCH: Weinheim, 1996. flow of the dense silicate solution. All experiments are carried out at

(3) Mann, T.Doktor Faustus Bermann-Fischer: Stockholm, 1947. room temperature.
(4) Collins, C.; Zhou, W.; Mackay, A. L.; Klinowski, JChem. Phys. Lett.
1998 286, 88-92.

§xperimental Section

(5) Collins, C.; Mokaya, R.; Klinowski, Phys. Chem. Chem. Phyk999 1, Results
4669-4672. _ _ N .
(6) Callins, C.; Mann, G.; Hoppe, E.; Duggal, T.; Barr, T. L.; Klinowski, J. We are able to distinguish three regimes of tube growth

Phys. Chem. Chem. Phyk999 1, 3685-3687. . . A
(7) Double, D. D.; Hellawell, A.; Perry, S. Proc. R. Soc. London, Ser. A (Figure 1). At low concentration of cupric sulfateQ.1 M),

1978 359, 435-451. in sili

(8) Coatman, R. D.; Thomas, N. L.; Double, D. D. Mater. Sci.198Q 15, we c.)bserve. thin silica tUbeSVQOO um).that f.orm along a
2017-2026. continuous jet of buoyant copper solution (Figure-bM). If

© sonlzaq%vG'\;'-G-;G’ee”ev N. Dorrosion EngineeringMcGraw-Hill: New the concentration is increased to 0.15 M, this steady-growth

ork, . . . . . :

(10) Balkese, D.; Crkan, F.; Kdktirk, U.; Ulutan, S.; Uk, S.; Nsli, G.J. Sol.- behavior is replaced by oscillatory dynamics. As illustrated in
Gel Sci. Technol2002 23, 253-263. ; _

(11) Cartwright, J. H. E.; GafatRuiz, J. M.; Novella, M. L. Otara, F.J. Figure 1A-1, a small membrane-bound droplet forms at the
Colloid Interface Sci2002 256, 351—359. tip of the fiber, inflates, pops off, and rises to the surface of the

4338 m J. AM. CHEM. SOC. 2003, 125, 4338—4341 10.1021/ja0298343 CCC: $25.00 © 2003 American Chemical Society



Growth of Silica Tubes in Chemical Gardens ARTICLES

SRURNRY
1

Figure 1. Image sequences of tube growth in the popping-}jetting (3-M), and budding regime (NQ). In all experiments, aqueous cupric sulfate
solution is injected into sodium silicate solution (100 niLM in Si, 25°C) at a constant flow rate (here 7.0 mL/h). The time intervals between frames and
the image areas are 0.5 s, %120.4 mn? (A—Il, N—Q) and 2.0 s, 1.6« 3.6 mn? (J—M), respectively. The concentrations of cupric sulfate are 0.25 M
(A—1), 0.05 M (3-M), and 0.50 M (N-Q).

K L M

silicate solution. The period of this cyclic process is on the order per oscillation period and, hence, measures the volume of the
of seconds, and the resulting tubes are approximately 5 timesdetaching droplets. This critical volume increases with the con-
wider than those at low concentrations. We observe a secondcentration of the metal salt, but does not depend on flow rate.
transition in the formation of the silica tubes if the concentration The existence of a critical volume is the key feature of the cyclic
is increased beyond 0.35 M. Under these conditions, the growth mechanism because it controls the switching between
expanding droplet does not detach but rather bursts and nucleateslow volume expansion of the buoyant droplet and rapid forma-
a new droplet at the rupture site (Figure-1fQ). The repetitive tion of a new membrane at the temporarily uncapped tube. This
stretching and bursting creates a very wide (here8 2nm) finding reveals that silica tubes growing in the popping mode
bulging tube that shows signs of helicity. are relaxation oscillators which are intensively studied in a broad
To obtain quantitative clues regarding the mechanism of the range of disciplines such as optics, hydrodynamics, and
oscillatory dynamics, we carried out systematic measurementsPiology -2~
of tube growth in the intermediate concentration, popping |he relaxation oscillator that is most reminiscent of our sys-
regime. Figure 2A shows an example of the sawtoothlike height (€M is the “dripping faucet” in which a transition from jetting
evolution of a typical tube. The time interval between subsequent {0 dripping occurs via a SavarPlateasRayleigh capillary in-

popping events varies around an average value of 5.6 s with asftability}%” Tate’s law for the dripping faucet predicts the cri-
large standard deviation of 2.6 s. Short and long intervals tical mass of the drop by equating the corresponding weight to

correspond to small and large height changes, respectively.the surface tension force at the point of detachmilica
Despite the oscillatory character, we find constant average tUP€s in the oscillatory popping mode can be discussed in an

growth velocities ¢). These velocities reveal a proportional 2nalogous way. We equate the buoyant force of the detaching

dependence on flow rate, but no significant dependence on thedroplet with a critical forcé=ci. The latter force does not depend

cupric sulfate concentration (Figure 2B). Moreover, tubes O" the flow rate, but refle_cts the physica_ll properties _of the drop-
created in the low concentration, jetting mode (Figure ) let's membrane. Accordingly, we obtain the equatgfaTAp
have growth velocities very similar to those shown in Figure = Ferit, \{vhereg de”F’teS .the acceleration of gravity ,(9'8 ?WS
2B, whereas the average velocities in the high concentra‘tion,"’md A,p is the density difference betwegn the 590“””‘ silicate
budding mode are significantly higher. Our findings differ from  S0lution, p2 = 1124 kg/nf, and the effective density, of the

earlier results by Coatman et al., who reported decreasing grovvthdmpkaht'_ BecallJlse the concentration gange for pOPp'“g tube
velocities in conventional chemical gardérur experiments ~ 9"oWth is small (0.2 M), we express the concentration depen-

indicate that their observations are affected by transients such,dence ?f the dens[:_yﬁ aspo +f§[guﬁq]'l"’2er?§ IS an exper-
as the continuous dissolution of the seed crystal. imental constant. Thus, we find thalT = Feri/{ 9(p2 = po =

CuS :
Important conclusions can be drawn from the flow rate depen- SICusaD}

dence of the period of poppina events (Figure 2C). The average(12) Mork, J.; Mark, J.; Tromborg, BPhys. Re. Lett. 1999 65, 1999-2002.
P POppINg ( 9 ) 9 (13) Steinbock, O.; Lange, A.; RehbergPhys. Re. Lett.1998 81, 798-801.

)

)

period T changes with the flow rat® in a nearly inverse rela- (14) McMillen, D.; Kopell, N.; Hasty, J.; Collins, J. Proc. Natl. Acad. Sci.

i ieldi i _ U.S.A.2002 99, 679-684.
tlon,’ yleldlng C_OnStam productsT andQTfor agiven cqncen (15) Clanet, C.; Lasheras, J. @.Fluid Mech.1999 383 307-326.
tration of cupric sulfate (Figure 2D,E). The produdt is the (16) Shi, X. D.; Brenner, M. P.; Nagel, S. Bcience1994 265, 219-222.
average growth per period, which ranges between 250 and 750117) Ambravaneswaran, 8. Philips, S. D.; Basaran, GPiys. Re. Lett.2000
um. The producQT specifies the volume of solution delivered  (18) Tate, T.Philos. Mag.1864 27, 176-180.
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Figure 2. Data obtained from silica tubes in the popping mode. (A) Example of the oscillatory height evolution atjJGa®@5 M and a flow rate of

Q = 3.0 mL/h. The average growth velocity is @n/s (solid line). In general,

this velocity shows a nearly proportional dependence on the flow rate (B).

The average oscillation period decreases with increasing flow rates (C), yielding constant values for the growth peF fBjiadd the volume delivered
per periodQT (E). In parts B-E, O, A, andO indicate data obtained for [CugO= 0.20, 0.25, and 0.30 M, respectively.

As shown by the least-squares fit in Figure 3, our experi-
mental data are in good agreement with this equation. Assuming
that the membrane makes only a small contribution to the
effective droplet density and thag is the density of pure water
(999 kg/n?), we found that these values yidfg;; = 2 uN and
& = 0.3 kg/mol. The latter parameter is remarkably close to the
known value’ = 0.16 kg/mol for the concentration dependence
of the density of pure cupric sulfate solutiof{sWe suggest
that the critical forceF; is related to the tensile strength of
the colloidal membrane surrounding the droplet. Although the
membrane thickness is unknown, one can expect it to have
extremely low tensile strength, which is in agreement with the
low critical force obtained. Our results emphasize the importance
of buoyant forces and the characteristics of the repetitively
forming membrane. These factors also dominate the transition
from popping to budding behavior (see Figure 1). Here, the
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buoyant forces are not strong enough to induce detachment, anc;—‘igure 3. The volume of solution delivered during one period of the

the droplets expand beyond their elastic limit, leading to small
ruptures without release of material. This interpretation predicts
that under micrograviff-?! popping oscillations should be

(19) Sdnel, O.; Novotc6, P.Densities of Aqueous Solutions of Inorganic
SubstancesElsevier: Amsterdam, 1985.

(20) Jones, D. E. H.; Walter, U. Colloid Interface Sci1998 203 286—293.

(21) Jones, D. E. HAm. Sci.2002 90 (Sept.-Oct,)454-461.
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oscillatory popping event§T, is shown as a function of the concentration

of cupric sulfate. Each data point is the average of several experiments at
different flow rates in the range of-2L5 mL/h. QT also estimates the
maximal volume of the droplets forming at the top of silica tubes (e.g.,
Figure 1C). The solid curve represents the fit of the func@in= 1/(a +

b [Cu?™]) to the experimental data. It yields the parameters (0.61 +

0.05) mnT3 andb = —(1.64 0.2) x 10° mol~* that are related to physical
quantities in the framework of our model (see text).
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Figure 4. Silica tube growth between two glass capillaries before and after
formation of a connection (A,B). The tube is grown in the jetting mode
([CuSQy = 0.05 M) by injection from the lower capillary. It is attracted to
the upper capillary that withdraws liquid from the system at the same rate
(5 mL/h). The resulting tube has a diameter of 240 and establishes a
bridge between the inflow and outflow port. Field of view %3L0.7 mn?.

(C) Injections of rhodamine solution into the flow of cupric sulfate (see
arrows) lead to temporarily decreasing intensities within the lower and upper

bottom

intensity (a.u.)

150 200

time (s)

in the sodium silicate solution. Moreover, we have succeeded
in producing self-guiding connections between inflow and
outflow ports of a simple model device. A typical example for
this technique is shown in Figure 4. A silica tube grows between
a lower glass capillary injecting cupric sulfate solution and an
upper capillary withdrawing liquid from the system. The tube
forms around a continuous jet attracted by the fluid-intake into
the upper capillary. Once the hollow fiber reaches the orifice,
it creates a footlike junction (Figure 4B) or sometimes continues
to grow inside the capillary. We tested the sturdiness of the
connection by injecting rhodamine solution to the flow. Figure
4C shows the intensity changes in the upper and lower capillary
in response to two injections, demonstrating the mechanical
integrity of our unusual microfluidic connection.

Conclusions

From studies of conventional chemical gardens, it is known
that silica tubes can undergo splitting or merge with neighboring
fibers8 Our experimental approach should allow the control of
these phenomena, thus providing all of the necessary compo-
nents to build up three-dimensional networks for lab-on-a-chip-
like applications and chemical sensors. The microtubes in these
networks can consist of a variety of mixed or stratified metal/
silica materials with interesting catalytic properties and tailored
surface characteristics. Further studies on this system should
also clarify the lack of strict periodicity in the relaxation
oscillations. Such efforts are likely to reveal a wealth of

glass capillaries, demonstrating that the silica tube forms a closed connection.nonlinear phenomena including quasi-periodic dynamics and

suppressed and give way to the lower frequency dynamics of

budding.
While more work is needed to develop a full understanding
of the involved mechanisms, our alternative experimental

deterministic chaos.
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approach to chemical gardens also opens avenues for micro-j,g-9g343

fluidic applications?? For example, one can direct the growth
of the silica tubes through tailored hydrodynamic flow patterns

(22) McDonald, J. C.; Whitesides, G. Mcc. Chem. Re2002 35, 491-499.
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