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A sequence of morphological transitions in two-dimensional dehydration patterns of aqueous solutions
of ascorbic acid is observed with humidity as a control parameter. Change in morphology occurs due to
humidity induced variation in the concentration of the metastable supersaturated solution phase formed
after initial solvent evaporation. As percent humidity is varied from 40 to 80, patterns change from
compact circular ! radial ! density modulated radial (a new morphology) ! density modulated circular
! density modulated dendritic (a new morphology) ! dense branching.
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tion with the present system revealed that, by varying
humidity, morphological transitions could be obtained in
a controlled manner. Hence, it was thought that humidity

to solvent evaporation is negligible.
Solutions used in these experiments are very dilute, with

starting concentration c � 0:1M ( < 2% by weight), so
Pattern formation is a complex phenomenon occurring
due to rich interplay between diverse forces such as vis-
cosity and molecular diffusion, anisotropy in surface ten-
sion, external electric and magnetic fields, pressure, and
temperature [1]. Added to these, pattern formation from
aqueous solutions is also influenced by solution concen-
tration, loss of water by evaporation, and convective forces
[2,3]. In general, the study of morphological variations is
undertaken with an aim to understand the mechanism of
growth of a particular morphology and universality, if any,
underlying the growth mechanism for similar morpholo-
gies observed in different systems. In most of the systems
studied, some force field such as electric field [4], pressure
[5], or magnetic field [6] is used to induce change in these
parameters and, hence, for varying morphologies. In dif-
fusion limited growths, in the absence of sufficient anisot-
ropy, repeated tip splitting dominates the interfacial
dynamics. This, in the presence of surface tension, gives
rise to fractal structures [7–9]. Repeated tip splitting gives
rise to dense branching morphology in the limit of vanish-
ing effective surface tension [10]. Anisotropy plays an
important role in dendritic growths [11].

I present here the first systematic experimental inves-
tigation of morphological transitions occurring in two-
dimensional pattern growth during natural dehydration of
a simple system of aqueous ascorbic acid solutions. The
interesting observation that triggered these experiments is
the apparent coexistence of morphologies at constant ini-
tial solution concentration, on the same substrate, and
under thermal conditions. Coexistence of morphologies
under isothermal conditions is thought to be due to velocity
selection, fastest growing mode being selected [12,13].
However, in experimental growths, there should be some
physical parameter such as diffusion constant, surface
tension, or intermolecular interactions, a change in which
induces morphological variation. A careful experimenta-
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must be changing a parameter, which is responsible for the
change in morphology. A systematic study of the dehydrat-
ing film was undertaken to identify this parameter.

Some of the dehydration patterns reported here show
density modulations along the growth direction (popularly
known as ring morphologies). Ring morphologies, with
different mechanisms of their formation, have been re-
ported in several systems. For example, in freely suspended
chiral smectic C liquid crystal films [14], ring patterns are
formed in response to an in plane rotating electric field.
Liesegang rings appear due to two moving reactant fronts
with periodic removal of a weakly soluble reaction product
[15]. Bacterial colony growths also show ring morphology
[16]. In interfacial electrodeposition, ring morphology oc-
curs due to oscillatory accumulation/detachment cycles of
hydrogen generated at the growing edge of the deposits
[17]. In the present system, patterns are grown in isotropic
conditions, and instabilities related to direction dependent
effects are absent. The mechanism of ring formation ap-
pears to be similar to that in dehydration patterns of
aqueous solutions of glucose and sucrose [3].

Aqueous ascorbic acid solutions with 0:1M concentra-
tion were prepared by dissolving a requisite amount of
solute in double distilled water at room temperature and
filtered subsequently. 7:8� 10�2 ml=cm2 of the solutions
were spread on precleaned glass slides. The thickness of
the solution (0.078 cm) was very small compared to the
linear dimension of the sample (2.5 cm), thus resulting in a
nearly two-dimensional layer. The glass slides were
mounted on leveled benches inside a constant temperature
constant humidity bath (CTCHB). The bath temperature
was maintained at 21:5� 1 �C. Percent humidity (H) was
held constant for each set of experiments. For obtaining
different morphologies, H was varied from about 40 to 80.
The volume of the bath (64 L) � sample volume
(0.0005 L). Hence, spontaneous change in humidity due
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that c � cs, where cs is the saturated solution concentra-
tion. Hence, it is not possible to get any precipitation from
this solution. In a freely evaporating film such as this, there
is a continuous loss of water and, at some stage, the
solution concentration exceeds the saturation limit. At
this stage, the system becomes unstable resulting in solute
precipitation. The morphology of the pattern evolved de-
pends upon supersaturated solution concentration (css, in
weight percent) which can change with the rate of evapo-
ration. This is a normal scenario, for example, in dehydra-
tion of solutions of ionic salts such as NaCl, CuSO4,
CuCl2, or ZnSO4. The present system shows a very differ-
ent behavior. Here, the solution attains a metastable state,
where css is very high and remains constant for a long
period of time before the onset of nucleation and subse-
quent pattern growth. For a freely dehydrating film with
c � 0:1M, Fig. 1 gives a plot of sample weight as a
function of time at H � 40, 61, and 77. At H � 77, for
about the first 15 hours, there is a steady reduction in
the weight of the sample, 	5:50� 10�4 � 8:59�
10�6 g=min. After about 15 h, loss of water is insignificant,
the sample weight remaining almost constant hereafter.
The solution is supersaturated with css 	 75. Thus, a meta-
stable solution state is formed, where evaporation is almost
negligible. css depends upon temperature and humidity of
the bath and, for T � 21:5 �C, css varies from about > 90
for H � 40 to about <75 for H � 80.

As is evidenced by constancy of solution concentration
(right of point a in Fig. 1) and lack of nucleation for a long
period of time, precipitation is difficult even when a super-
saturated solution is formed. Nucleation occurs due to any
instability, such as local fluctuation in concentration, tem-
perature, or presence of an impurity. After nucleation
occurs, a depletion region is formed around the precipitate
with a concentration c0ss < css. The system, then, again
tries to attain equilibrium by evaporation of water and
FIG. 1. Percent sample weight as a function of time for H �
40, 61, and 77.
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subsequent attainment of steady state concentration css.
It is the competition between the rate of this evaporation,
the rate of precipitation, the solution concentrations css and
c0ss, and the interactions between solution, solute, solvent,
and the substrate, which then decides the morphology of
the subsequent pattern that evolves. At H � 40, nucleation
sets in quite fast, about 2 h after the solution attains a
steady concentration. However, as the humidity is in-
creased further, although the steady concentration is
reached in about 10 h, nucleation takes a longer time, a
couple of days. For H > 60, it takes a couple of weeks for
nucleation to occur. Once a nucleation center is formed,
pattern growth is very fast and is completed in a couple
of hours.

The sequence of morphologies observed for different
settings of humidity is seen in Fig. 2. Although observed
morphology depends upon css, H is used as a parameter.
This is because H is read directly on the hygrometer
whereas css is estimated indirectly as it depends upon
weights of the sample after supersaturation and after total
dehydration, and it is difficult to measure its absolute
value. The typical size of a fully grown pattern is about a
centimeter or two and the different morphologies can be
observed with the naked eye also. Microscopic observa-
tions are made under crossed polarizers so that the back-
ground is dark and the contrast improves. At H � 40, a
compact circular (CC) growth is observed [Fig. 2(a)]. The
deposition is spatially uniform. Above H	 50, the circular
growth starts becoming radial with a circular envelope
[Fig. 2(b)]. We call this a radial morphology (RM). For
H � 57, density modulations along the radius start appear-
ing, thus giving a density modulated radial (DMR) mor-
phology [Fig. 2(c)]. With an increase in H to about 65 to
70, morphology changes to density modulated circular
(DMC) morphology [Fig. 2(d)]. Here, the growth occurs
on well-defined rings, and no specific structure is observed
along the radius. For the above four morphologies, a spatial
variation in intensity of light is observed indicating that
there is preferential orientation of optic axes of micro-
crystallites. Around H 	 72, morphology changes to a
density modulated dendritic (DMD) [Fig. 2(e)]. The den-
drites grow as if there is no break in their growth due to a
change in density, which almost drops to zero at regular
intervals. So, three ring morphologies are observed in this
system. The differences between the three are as follows:
In the DMR morphology, the fjords grow radially. There
are no fjords observed for the DMC morphology; the
average density is distributed on rings. Density modulated
dendrites show a fluctuation in the direction of growth of
fjords and a variation in density along the radius. As the
humidity is increased further for H 	 80, the morphology
changes to dense branching (DBM) [Fig. 2(f)]. Here, grow-
ing branches fill up the space but average density does not
show periodic oscillation in the radial direction. For higher
values of humidity, dehydration does not occur. In the last
two morphologies, no directional variation in the intensity
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FIG. 2. Morphological variation as a function of humidity. (a) H � 40, nucleation for compact circular (CC) growth; (b) H � 56,
compact radial; (c) H � 59, radial growth with density modulation along radius; (d) H � 65, density modulated circular (DMC);
(e) H � 70, density modulated dendritic (DMD); (f) H � 80, dense branching morphology (DBM), arbitrary scale.
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of transmitted light is observed under crossed polarizers
indicating the growth to be totally amorphous. Similar
morphological transitions are observed at T � 23, 25,
and 27�C. Variation in c from 0:1M to 0:3M makes the
patterns thicker. At higher temperatures, it is difficult to get
a metastable solution phase. At higher c, the layer of
supersaturated solution formed is very thick to merit study
of 2D patterns. Dehydration does not occur at very low
temperatures.

Average radius of a growing front as a function of time is
measured for different morphologies (Fig. 3) using an
indigenous image acquisition and analysis system. [18].
The growth is linear, indicating a constant velocity of
interface propagation. The slope of the line gives the
growth velocity. Growth velocity, obtained by least square
fitting, increases with increasing humidity up to H 	 65,
beyond which it does not vary significantly though the
morphologies change (Table I).
FIG. 3. Growth radius as a function of time for H � 40, 51,
and 65.
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The ring morphologies observed in these experiments
are not similar to Liesegang rings. In Liesegang ring
patterns, the ring radius 	t1=2 and the growth velocity is
	t�1=2. In the present system, as can be seen from Fig. 2(d),
the rings are almost equally spaced, r	 t (Fig. 3), and
macroscopic growth velocity is constant as a function of
the radius of the growing front. This is similar to the
behavior of ring patterns grown from aqueous glucose
solutions [3].

In order to understand how morphological variations are
induced, a simple observation is made. These solutions are
inspected after the solution concentration reaches a steady
state. For H � 40, css > 90 and, if the slide is held verti-
cal, the solution does not flow. With a little scraping, the
solution can be rolled into a ball, thus indicating it to be a
soft solid. This indicates that the solution is highly viscous.
Thus, this is a solution in which molecular diffusion is
restricted. This results in a compact circular growth
[Fig. 2(a)]. For H 	 80, css 	 70. If the slide is held
vertical, the solution flows. This indicates that the solution
is less viscous and molecular diffusion is possible. A dense
branching morphology is observed at this concentration
[Fig. 2(f)]. Thus, a drastic change in morphology, from a
compact circular to a dense branching, occurs when a
supersaturated solution changes from a highly viscous to
TABLE I. Morphology and growth velocity as a function of
humidity.

Humidity (%) Morphology Growth velocity (M=s)

40 Compact circular 0:18� 0:002
51 Compact circular 0:81� 0:001
65 DMC 3:13� 0:003
72 DMD 3:82� 0:02
80 DEN 2:97� 0:04
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a less viscous medium, due to a change in humidity from
40 to 80.

A simplified picture of the growth of density modulated
circular and dendritic morphologies can also be given. It is
reasonable to assume that the density of precipitate, �p, is
higher than that of the solution, �s, from which it evolves.
This results in a precipitate with a radius rp smaller than
that of the solution from which it precipitates, rs, thus
leaving a gap � between the solution and the precipitate.
�, and hence, the ring width increases with increasing H,
that is, decreasing css. A depletion region develops around
the precipitate with concentration c0ss � css � �. For
higher css, c0ss will fall in the viscous regime, and compact
circular growths will occur. With decreasing css, at some
stage, c0ss will fall to a value where molecular diffusion will
be possible, though css will still remain in the viscous
regime. Molecules in the depletion region will diffuse to
the surface of the precipitate. The precipitate will grow
until the solution in the depletion region is devoid of solute
particles. The next precipitation will now be on the inner
periphery of the surrounding solution, thus resulting in
density modulated morphologies. According to Mullins
and Sekerka [19], rate of growth of a spherical harmonic
distortion roughly varies as G-C, where G is related to
concentration gradient and C to capillarity. It is fairly
reasonable to assume that, for higher css, � and � are
small and G will be suppressed resulting in a shape pre-
serving ring morphology. When � and � increase, G will
increase, thus resulting in dendritic growth in the region
between two rings. The origin of radial morphologies is not
understood.

In conclusion, I have investigated a simple system of a
dehydrating film of aqueous ascorbic acid solution which
gives a sequence of morphological transitions. Novel fea-
tures observed in these experiments are as follows: (1) In
this system after initial loss of solvent by evaporation, a
metastable supersaturated solution phase is formed, where
the solution concentration remains constant over a long
period of time. (2) Morphological transitions occur as a
function of css, which can be changed in a controlled
manner by varying humidity. (3) Occurrence of density
modulated radial and density modulated dendritic mor-
phology is reported for the first time. (4) Morphological
transitions seem to occur due to changes in several factors
such as diffusion properties of the system, rate of evapo-
ration in the depletion region, rate of precipitation, solution
concentrations css and c0ss, and complex interactions be-
tween solution, solute, solvent, and the substrate. At
present, the mechanism of growth of different morpholo-
gies is not clearly understood.
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