
Journal of Crystal Growth 490 (2018) 35–40
Contents lists available at ScienceDirect

Journal of Crystal Growth

journal homepage: www.elsevier .com/locate /crys
The Morse code effect: A crystal–crystal transformation observed in
gel-grown lead (II) oxalate crystals
https://doi.org/10.1016/j.jcrysgro.2018.01.004
0022-0248/� 2018 Published by Elsevier B.V.

⇑ Corresponding author.
E-mail address: J.Lisgarten@greenwich.ac.uk (J.N. Lisgarten).
J.N. Lisgarten a,⇑, J.A. Marks b

a Faculty of Engineering and Science, University of Greenwich, Medway Campus, Chatham Maritime, Kent ME4 4TB, UK
bDepartment of Chemical and Physical Sciences, Walter Sisulu University, Nelson Mandela Drive, Mthatha 5117, Eastern Cape, South Africa

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 October 2017
Received in revised form 30 December 2017
Accepted 3 January 2018
Available online 4 January 2018
Communicated by Keshra Sangwal

Keywords:
A1. Diffusion
A1. Growth in gels
A1. Crystallites
A1. Crystal phase transition
B1. Oxalates
This paper reports on an unusual crystal–crystal transformation phenomenon, which we have called the
Morse Code Effect, based on the change in appearance of lead(II) oxalate crystals grown in agarose gels.

� 2018 Published by Elsevier B.V.
1. Introduction

The growth of crystals in gels has a long history, but dates from
the work of Liesegang [1]. The ring patterns named after Liesegang
were first observed in photographic quality gelatin and were pro-
duced by diffusing together soluble ionic species in the gel to form
insoluble colloidal precipitates. The precipitates formed usually
had a distinctive band or ring structure. A secondary process,
which Liesegang must have regarded as an unwelcome interfer-
ence, was the occasional appearance of crystals in the bands. This
secondary process is called Ostwald ripening [2], and an example
from our own work is shown in Fig. 1. This shows crystals of cop-
per(II) benzoate trihydrate growing in silica gel, among and, at the
expense of, the Liesegang rings, which formed initially.

Ostwald ripening is explained by an extension of the Kelvin
equation, [3] which was originally developed to explain why dro-
plets of a liquid have a greater vapour pressure compared to the
flat liquid surface. In the extended form of the equation, small par-
ticles of compound precipitated in solution have a greater solubil-
ity than larger particles. Thus, the smaller particles tend to dissolve
for the benefit of the larger particles, and as shown in Fig. 1, the lar-
ger crystals grow at the expense of the colloidal precipitate.
In modern times, the value of crystallizing sparingly soluble
salts by gel growth has become widely recognized since the publi-
cation of the monograph by Henisch [4]. In this paper, we report on
the crystallization of lead (II) oxalate in agarose gel, and how it has
enabled us to witness an apparent phase transition in slow motion,
many weeks after an initial crystallization took place. The mecha-
nism appears to rely on an Ostwald ripening process.

The crystallization of lead(II) oxalate has received considerable
attention over the last fifty years. Part of the motivation is the tox-
icity of soluble lead salts, and the observation that precipitation of
the highly-insoluble oxalate salt is a common defence mechanism
used in nature to remove lead from the environment. For example,
Sayer et al. report that the fungus Aspergillus Niger can transform
pyromorphite (Pb5(PO4)3Cl), the most stable lead mineral under a
wide range of geochemical conditions, into lead oxalate dihydrate,
PbC2O4�2H2O [5]. The fungus then converts the hydrate into the
anhydrous form, PbC2O4.

Important to our considerations here is the work of Grases et al.
[6]. In their studies of lead(II) oxalate crystalline growth in solu-
tion, they observed the growth of needle-like acicular crystals
within two hours of mixing reactant solutions of lead nitrate and
sodium oxalate (both solutions 0.2 M, final pH 5.6), but on standing
these crystals transformed into a polyhedral form. Both forms anal-
ysed as PbC2O4. The nature of this transformation was indetermi-
nate, but Grases et al. suggested, on the basis of kinetic evidence,
that it may arise due to a surface nucleation process.
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Fig. 1. Crystals of copper(II) benzoate trihydrate growing in a silica gel by double diffusion in a U-tube. The gel was formed by neutralising sodium silicate solution (density:
1.04 g/cm3) with 0.1 M sulphuric acid following Henisch [2]. The reactants: 0.1 M copper(II) sulphate and sodium benzoate solutions were each placed in opposite arms of the
tube. The bands of fine precipitate – the Liesegang rings – were slowly invaded by the crystals, apparently by an Ostwald ripening process.
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In this paper, we report on an ongoing transformation between
fine needle-like lead(II) oxalate crystals to a polyhedral form,
in situ, in an agarose gel. Agarose is a relatively ‘‘soft” gel, com-
pared to silica gel, and we had previously used this gel successfully
for protein crystallization. For reasons which will become appar-
ent, we have called this transformation the ‘Morse code effect’.
2. Experimental

Lead (II) nitrate, Pb(NO3)2, and oxalic acid were supplied by
Aldrich Co. and were used without further purification. Stock solu-
tions of 0.1 M of lead(II) nitrate and oxalic acid were prepared
using 0.22 lm filtered distilled water. The agarose gel used was
electrophoresis grade supplied by Life Technologies Inc. This was
a low melting point agarose having a low gelling temperature �
30 �C for a 2% (w/v) solution. Prior to use a 1% agarose gel was pre-
pared by dissolving 0.5 g of agarose in 50 mL of filtered (0.22 lm)
Table 1
Upper and lower gel compositions per tube.

Volumes in mL

Upper gel Composition tube A
1% Agarose 400
Water 1100
0.1 M Oxalic acid 500
Total volume 2000
Initial pH*, ** 2.26

Interface region Observation Polyhedra
Lower gel 0.1 M Lead(II) nitrate 100

Acetate buffer * 250
Total volume 2000
Initial pH*, ** 4.70
Observation Needles

* For the lower gel the pH is set 0.1 M acetate buffer pH 4.7.
** For the upper gel the initial pH calculated as described in the text.
distilled water. The agarose solution was kept under sterile condi-
tions at 80 �C for 20 min to minimize bacterial growth. Lead nitrate
solution was mixed with 0.1 M acetate buffer and water according
to the volumes shown in Table 1 under the heading ‘Lower Gel’ and
placed in a small 7.5 mm diameter glass tube, previously sterilized.
The tube was placed in a water bath at 80 �C and 400 lL of 1% agar-
ose gel was transferred to the tube. When the bath temperature
was reached, the tube was removed, vortexed for 20 s and then
placed in the bath for a further 5 min. The tube was then sealed
with parafilm and placed in a cold room to gel.

In a separate experiment a mixture of oxalic acid solution, agar-
ose and water were mixed together according to the values shown
under the heading ‘Upper Gel’ (Table 1). This mixture was warmed
gently in a Bunsen flame until the first signs of boiling were
observed (slight bumping). The mixture was then vortexed and
then 2 mL of the mixture were transferred to the tube containing
the lower gel [see above]. The tube was then quickly sealed with
parafilm and placed in a cold room to set. In later experiments it
B C D E
400 400 400 400
1200 1300 1400 1500
400 300 200 100
2000 2000 2000 2000
2.29 2.34 2.41 2.53

Polyhedra Polyhedra
200 300 400 500
250 250 250 250
2000 2000 2000 2000
4.70 4.70 4.70 4.70
Needles Needles
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was found better practice to include a barrier gel of 0.2% agarose to
prevent the hot mixing of gel layers. A volume of 200 lL was found
to be sufficient to prevent mixing of gel layers.

As can be seen from Table 1 the concentrations of the reactants
were arranged to vary from low lead – high oxalate (tube A) to high
lead – low oxalate (tube E).

To avoid the problem of the intrusive effects of inserting a pH
electrode into the gel, the initial pH of the oxalic acid gel (upper
gel) was calculated using an iterative method based on the oxalic
acid equilibria:

H2C2O4ðaqÞ þH2OðlÞ ¼ HC2O
�
4 ðaqÞ þH3O

þðaqÞ;Ka1 ¼ 5:9� 10�2

ð1Þ
Fig. 2. Tube A after three weeks. The develop

Fig. 3. Tube B after one week. At the center of the spray pattern a polyh
HC2O
�
4 ðaqÞ þH2OðlÞ ¼ C2O

2�
4 ðaqÞ þ H3O

þðaqÞ;Ka2 ¼ 3:8� 10�5

ð2Þ

Adding these equilibria yields

H2C2O4ðaqÞ þH2OðlÞ ¼ C2O
2�
4 ðaqÞ þ 2H3O

þðaqÞ;Ka3

¼ Ka1 � Ka2 ¼ 3:8� 10�6 ð3Þ

The equilibrium can then be written:

Ka3 ¼ f½C2O
�
4 �½H3O

þ�2g=½H2C2O4� ¼ ½X� � ½2X�2=½F� X� ¼ 4X3=ðF� XÞ
ð4Þ
ment of the Morse code effect is evident.

edron is forming. Note that it is not in contact with its needle arms.
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where X is the change in the formal concentration of oxalic acid,
[H2C2O4]F denoted by the symbol, F. At equilibrium, [H2C2O4] =
[H2C2O4]F � X = F � X. Eq. (4) rearranges to give

X ¼ f1=4Ka3ðF� XÞg1=3 ð5Þ
This equation may now be solved by the method of successive
approximations [5], by writing it as an iterative equation:

Xiþ1 ¼ f1=4Ka3ðF� XiÞg1=3 ð6Þ
With i = 0, 1, 2.. with 0 � Xi < F, the iteration converges rapidly
within four or five cycles. The initial pH with pH = �log10 [H3O+]
= �log10 [Xi] was obtained after four iterations starting with X0 =
0.00 M.

3. Results and discussion

Needle-like crystals appeared in the lower lead-rich gels of
tubes A and B within 24 h after the addition of the upper gel. The
needle axes of these crystals were roughly parallel to the tube axis.
At the interface between upper and lower gels small, poorly
formed octahedral crystals appeared, frequently showing twin-
ning. In tubes C and D crystal growth occurred in the upper gel.
In tube C similar irregular polyhedra were visible just below the
interface, giving way to fine particles of white precipitate in the
upper gel. This also occurred in the upper gels of tubes D and E
but with much higher densities of precipitate.

In tubes A and B the needle form crystals extended through the
lower gel in an unusual manner, showing apparent discontinuous
growth. Needle growth appeared to be interrupted at intervals
along the needle axes by small spaces containing one or more poly-
hedra which were not, however, joined to the needles. In some
cases this gave rise to the ‘‘Morse Code” pattern: the dots are the
polyhedra, and the dashes the needles (Fig. 2). In other cases it
appeared that the polyhedra formed the origin of a ‘‘spray” of nee-
dles (Fig. 3). Furthermore, re-examination after 3 weeks indicated
that the needles were disappearing, being replaced by small poly-
hedra some of which coalesced with one another. In other tubes a
change of morphologies was also evident. In tube E, for example,
Fig. 4. Tube B after three weeks. The po
the precipitate in the upper gel re-dissolved and was replaced by
small needle shaped crystals.

It was noted that the polyhedral forms appeared in the gels
with high oxalate-low lead concentration ratios. This is evident
from inspection of the crystals formed in the gel interface region
of tubes A, B and C. It is also apparent, from the changes which
develop in tube E with time, that low the low oxalate-high lead
ratio favour the needle forms.

According to Table 1, the pH of the crystallization lies in the
range 2.2 � pH < 4.70. In the interface region between the two gels,
the oxalate speciation diagram, Fig. 6, indicates that the dominant
oxalate species in the interface region is C2O4

2� [6,7]. Comparing
our results to those of other workers, Khunur et al. [8] used a work-
ing pH of 4.8, while Grases et al. adjusted their working pH to 5.6.

Khunur et al. [8] found that this pH favours the growth of nee-
dles of lead(II) oxalate dehydrate, Pb(C2O4)�2H2O, but did not
observe the polyhedral form. Their crystallizations were conducted
in silica gel by double diffusion in ‘U’ tubes following Henisch’s
method [2]. Their findings are in contradiction to those of Grases
et al., who had found that both needle and polyhedral forms anal-
ysed as PbC2O4.

Turning now to the factors governing the transformation from
needle to polyhedral forms, at first sight it appears to be due to a
simple determinant, that is the oxalate-lead (Ox:Pb) concentration
ratio, with a high Ox:Pb ratio favouring polyhedra, and a low ratio
favouring the needles. However, this cannot be the full picture as is
evident from Figs. 3 and 5. Both Figures show the needle crystals
branching, sometimes at 90�. Fig. 3 also shows a remarkable spray,
with a polyhedron set at the centre of the bouquet. Also, the nee-
dles and polyhedra are not in contact, yet there clearly is an inti-
mate relation between the two. And the needles are slowly
transforming into polyhedra. Since the polyhedra appear at the
expense of the needles, it appears that the former are at least in rel-
ative terms, the equilibrium form. It is possible that the polyhedra
represent the final stage of evolution of the crystallites of PbC2O4,
that is, it’s Wulff structure [9,10].

The needles shown in Figs. 2–4, frequently exhibit rounded
ends when in proximity to their nemeses, the polyhedra. Given
lyhedra are beginning to coalesce.



Fig. 5. Tube E.
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the small widths of the needles at their rounded ends or tips, it
appears that dissolution at the tips may occur in preference to
remaining body of the needle, by a. Such a process of evaporation
is described by the extended form of the Kelvin equation [9]:

RT ln
C
Co

� �
¼ 2c

r
� Vm ð7Þ

The concentration, C, can now be interpreted as the dissolution con-
centration of PbC2O4 at the tip of the needle, radius, r, and Co as the
equilibrium concentration at the surface of the Wulff structure. The
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Fig. 6. Variation of fractional concentrations of oxalate
question arises here is how to interpret c
r. For a Wulff structure this

ratio is a constant for all faces [9], but it is clear for dissolution to
occur at the tip, followed by transport to the polyhedron, and depo-
sition on its surfaces,

ðcN=rNÞ > ðcW=rWÞ ð8Þ

where the subscripts: N, and W, stand for needle tips and Wulff
structures respectively. As evident from Figs. 2–4, since rN << rW,
then the inequality 8 would imply that cN >> cW.
4.00 5.00 6.00

pH

species with pH in aqueous oxalic acid solution.
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4. Conclusion

There are two aspects of this work that break new ground. Evi-
dence has been presented of a solid phase transition in progress.
This is the transition from the needle-like acicular crystals to a
polyhedral form. And this transition has been captured, in slow
motion and in situ, in an agarose gel.

Although the observations made in this paper can be explained
by appeal to classical crystallization theory, in particular, Wulff’s
theorem [9], Ostwald ripening and the Kelvin equation, the origin
of the spray bouquet in Fig. 3 is confounding, as the originator of
the spray appears to be a polyhedral crystal. While this polyhedron
may have formed on a foreign particle, given the precautions taken
to purify the solvent, this appears unexplained. Another question
arises as to why the polyhedra formed in Fig. 4 appear to prefer
to coalesce together rather than grow bigger separately. It is possi-
ble that the gel itself exercises a channeling effect on the solution,
but at this time there is no satisfactory explanation for this coales-
cent growth.
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