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A large number of studies have been devoted to the preparation of
different morphologies of NaCl crystals. In this work, we first use
DNA as an additive to prepare hopper-like NaCl crystals and mod-
ulate the size of these hopper-like NaCl crystals using silver ni-
trate. This work helps us not only to understand the growth of
NaCl crystals, but also to use DNA as an additive to design and
synthesize different crystal structures.

In recent years, the use of additives to control the
morphology of inorganic crystals has aroused the interest of
many researchers due to the physical and chemical properties
of crystals which depend on their composition and structure.
Inorganic salts, as an important part of the crystal world, play
an indispensable role both in industry and in our daily life.
Numerous studies have been carried out to regulate the
morphology of inorganic salts, including Na,COs," Na,S0,,>™*
CaCO;,> %" and NaClL.**® The growth process of crystals has
a crucial role in the composition, structure and morphology
of crystals. Therefore, in order to prepare crystals with
specific properties, it is very important to study the
mechanism of crystal growth. Recently, many research groups
have been dedicated to the study of crystal growth processes.
For example, Garcia-Ruiz®® reviewed the mechanisms of the
morphological changes. They reported the growth
mechanisms for three minerals, including NaCl, CaCO; and
CaS0,-2H,0.

NaCl, a typical representative of inorganic salts, is indis-
pensable both in industry and in life. It can serve as a raw
material to produce caustic soda and soda ash, and also as
an essential component in dairy, paper, fertilizer, textile, dye-
ing and pharmaceutical industries." However, NaCl has high
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hygroscopicity; a small amount of water molecules can form
sodium chloride dihydrate solid bridges between the powder
particles, making it unable to hold the crystal size and disper-
sion. In addition, the smaller the NaCl crystals, the easier the
moisture absorption that could happen. Therefore, develop-
ing methods of how to engineer NaCl crystals to reduce or re-
move caking is pertinent. The first example of using additives
to change the growth of NaCl crystals was found in 1783, by
Romé de I'Isle who reported the habit change from {100} —
{100} + {111} in the presence of urea.*” Since then, more and
more researchers have been devoted to the study of NaCl
habit modifiers. For instance, Gille'" and Spangeberg found
that by evaporating the solvent, NaCl crystals could transform
from {100} to {111} in the presence of formamide. The
Bienfait'®> group considered that the stability of {100} and
{111} is related to the initial supersaturation of the solution
relative to the concentration of formamide in the solution.
Currently, a variety of substances are used as additives to pre-
vent NaCl crystals from agglomerating or regulating their
morphology, such as formamide,”® benzodiazepine,>
glycine,”* ¢ gelatin,>”>° silica gel and agarose gel,>* sodium
dodecyl sulfate (SDS),*! various acids and their salts,'**>°
polymers,>>?” and ferrocyanide.*®

Compared to the above substances, DNA served as a biode-
gradable polyelectrolyte and can also be utilized as an inhibi-
tor of inorganic crystal growth to form regular crystalline
morphologies, which possess low immunogenicity and a clear
molecular structure.** However, studies on DNA used as an
additive are rarely found. As far as we know, DNA was only
used by Sommerdijk** and Kato** to regulate the growth pro-
cess of CaCO;. Herein, we used DNA as an additive to explore
its role in the growth of NaCl crystals by the solvent evapora-
tion method. We also explored the effects of different se-
quences of DNA on the growth of NaCl crystals. In addition,
we investigated the role of silver ions in modulating the mor-
phology and crystallography of NaCl crystals grown in aque-
ous solution. As a result, a series of hopper-like NaCl crystals
has been prepared on glass sheets by adding DNA into NaCl
solution and the size of the hopper-like NaCl crystals was
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controlled by adding silver nitrate. Details of the experiments
are given in the ESLf

Four different sequences of DNA were used to prepare the
NacCl crystals, which were labeled DNA-1, DNA-2, DNA-3 and
DNA-4, respectively. The DNA sequences were shown as
follows:

DNA-1: 5-CCCCCCCCCCCC(T:++++T)45-3'

DNA-2: 5'-CCCCCC(T"++++*T)5¢-3'

DNA-3: 5'-(A++++--A)45-3'

DNA-4: 5-(A-+++-A)5-3'

The NaCl crystals prepared using DNA were labeled NacCl-
1, NaCl-2, NaCl-3 and NaCl-4, respectively. Fig. 1 exhibits typi-
cal optical micrographs of NaCl-1 crystals, which were pre-
pared using 25 pl DNA-1 solution and 25 pl NaCl solution. Be-
fore mixing, the concentrations of the NaCl solution used in
Fig. 1a-f were 0.15 mol L* (a), 0.30 mol L™" (b), 0.75 mol L™
(¢), 1.50 mol L™" (d), 2.25 mol L™" (e) and 3.00 mol L™ (f), re-
spectively, while the concentration of the DNA-1 solution was
maintained at 100 pmol L™". It can be observed from the fig-
ure that as the NaCl solution concentration increases, the
morphology of the precipitated crystals changes. When the
NaCl solution concentration was 0.15 mol L™ (Fig. 1a), the
NaCl crystals formed petal-like structures, while increasing
the NaCl solution concentration to 1.50 mol L' resulted in a
very regular hopper-like morphology (Fig. 1d). When the con-
centration of NaCl continued to increase, the hopper-like
crystals started to show defects, which we encircle in Fig. 1f.
The crystal length of the prepared NaCl crystals was 150-200
pm, which strongly indicated the regulation effects of the

e e S —

Fig. 1 Optical micrographs of NaCl crystals prepared at NaCl
concentrations of (a) 0.1 mol L™, (b) 0.25 mol L%, (c) 0.50 mol L%, (d)
1.00 mol L™, (e) 1.50 mol L™ and (f) 2.0 mol L™, Scale bar = 160 um.
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DNA on the growth of the NaCl crystals. The NaCl crystals
did not agglomerate, further indicating that DNA is an effec-
tive anticoagulant for NaCl crystal growth. The same proce-
dure applies to DNA-2, and the optical microscopy of the pre-
pared NaCl-2 crystals is shown in the ESI (Fig. S1t). From
Fig. Sla-d,j we can also see the formation of hopper-like
NacCl crystals.

The pictures shown in Fig. 2a and b are micrographs of
the NaCl crystals prepared by the addition of 100 umol L™
DNA-1 and 1.5 mmol L™ silver nitrate, and 100 umol L™
DNA-2 and 1.5 mmol L™ silver nitrate, respectively. When we
added 100 pmol L™ DNA-1 or DNA-3 and 1.5 mmol L™ silver
nitrate to the 0.15 M NaCl solution, or added 100 pmol L™
DNA-1 or DNA-4 and 1.5 mmol L silver nitrate to the 0.15
mol L' NaCl solution, the NaCl crystals included not only
hopper-like crystals, but also dendritic crystals (Fig. S27).
Compared with Fig. 2a and b, we can see that they all formed
hopper-like NaCl crystals. However, dendritic crystals appear
in Fig. S2a-d,} while not in Fig. 2a or Fig. 2b where comple-
mentary single-stranded DNA was not added. This is because
DNA-1 and DNA-3 or DNA-1 and DNA-4 are hybridized follow-
ing the Watson-Crick base pairing rule. Some double-
stranded DNA formed to guide the crystallization of NacCl,
thereby obtaining dendritic crystals aside from hopper-like
crystals. In Fig. 1a and 2a, both of them used 100 pmol L™
DNA-1 and 0.15 mol L™" NaCl solution. The difference is that
1.5 mmol L™ silver nitrate was added in the experiment in
Fig. 2a, while not in Fig. 1a. The crystal length of the NaCl
crystals in Fig. 1a is about 160 pm, while their length is about
20 um in Fig. 2a. It can be concluded that the addition of sil-
ver nitrate can make the prepared crystals smaller.

The samples were imaged with SEM, as shown in Fig. 3.
NaCl-0 crystals were prepared without adding any DNA
(Fig. 3a). It was observed that the NaCl-0 particles were cubic
and a large number of NaCl-0 crystals clustered together with
highly heterogeneous size distribution. Crystals prepared by
addition of DNA-1 and silver nitrate, as shown in
Fig. 3b and c, exhibited some hopper-like surface structures,
having square and rectangular morphologies. In another ex-
periment, with the addition of DNA-2 and silver nitrate
(Fig. 3d), we prepared hopper-like NaCl crystals with relatively
uniform size distribution. From the high-magnification image
in Fig. 3d (as well as in Fig. 3e and f), we can see that the
hopper-like NaCl crystal face is formed by a regular sequence

Fig. 2 Micrographs of (a) NaCl-1 and (b) NaCl-2 prepared by 100
umol L™ DNA-1, 1.5 mmol L™ silver nitrate and 100 umol L™* DNA-2,
1.5 mmol L silver nitrate, respectively. Scale bar = 40 pm.
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Fig. 3 SEM images of NaCl crystals (a) without DNA, (b and c) with
100 pmol L™ DNA-1 and 1.5 mmol L™ silver nitrate and (d-f) with 100
umol L™ DNA-2 and 1.5 mmol L™ silver nitrate.

of thin growth steps. Therefore, we can conclude that addi-
tives such as DNA-1 and DNA-2 could modify the crystal mor-
phology from a non-regular random structure to more or-
dered hopper-like structures with homogenized size
distribution.

The hopper-like NaCl crystals prepared in the experiment
were subjected to X-ray diffraction (XRD) tests, and the prod-
uct map (Fig. 4) was compared with the map of JCPDS no. 05-
0628 in the database. We can see that the XRD pattern of the
hopper-like NaCl crystals has no other impurity peaks, and
the peaks are symmetrical, indicating that the crystal struc-
ture of the NaCl crystals is still of high quality. In particular,
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Fig. 4 XRD patterns of hopper-like NaCl crystals prepared using 25 pul
of 100 umol L™ DNA-1 solution and 25 ul of 1.50 mol L™ NaCl solution
(above).
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we can see the presence of only the {100} form in our hopper-
like NaCl crystals. Combined with the existing experimental
results and related literature, we deduced the DNA-mediated
growth mechanism of hopper-like NaCl as follows. It has been
demonstrated (through calculation) that the equilibrium
shape of NaCl (in its vapor phase) can only be made by the
{100}-cube form and that the adsorption of water occurring
in solution cannot modify this situation.*> Moreover, it has
been shown, both experimentally and theoretically, that the
{111} octahedron can coexist with the cube, in specific do-
mains of supersaturation in pure aqueous solutions. This is
due to pure kinetic effects. In the experiment of Aquilano*®
and co-workers, hopper-like cubes are produced along with
the octahedron through the solution evaporation method. At
variance with the experimental results obtained by the
Aquilano group, we didn't observe the octahedron form in
our {100} hopper-like crystals. Hence, we should argue that
the DNA molecules have a different interaction with the cube
face with respect to that with the {111} octahedron, since the
cube does not have a polar face whilst the octahedron is
strongly polar. Thus, the adsorption energy cannot be the
same for the two faces and this surely affects the growth mor-
phology. The experimental results show that in the supersatu-
rated NaCl solution, DNA makes the NaCl crystals form a
{100} cube. In general, there is a non-homogeneous concen-
tration gradient in the resting solution. In our experiment, as
the solution evaporates, a thin film of solution envelops the
crystals on the glass. This gradient is higher in the corners,
then in the edges of the crystal, and it reaches its minimum
value in the middle of a flat cube face. Thus, the supersatura-
tion values of the growth solution should be maximum in the
corners and minimum in the middle of the face. Under these
circumstances, the local growth rate will follow the supersatu-
ration values. Thus, the dendrites and hoppers are generated.
Moreover, Gwinn®’ et al. reported that Ag" was capable of
binding to four bases, adenine (A), thymine (T), cytosine (C)
and guanine (G) in DNA, of which cytosine (C) was more in-
volved in binding to Ag" in the C,-Ag," -C, mode, whereas
thymine (T) was more involved in T,-Ag," binding. Ag" could
thus bind and even agglutinate different strands of DNA by
binding to cytosine (C), whereas Ag" bound to thymine (T)
could not agglutinate the different strands of DNA. Therefore,
when AgNO; was added, the DNA tended to be aggregated.
Therefore, we believe that the addition of silver ions affects
the distribution of DNA, thus affecting the adsorption of DNA
on NaCl {100}, resulting in a change in the size of the hopper.
Starting from our observation and from the quoted theoreti-
cal considerations, we attempt to propose the following
growth process. When NaCl, DNA and AgNO; are placed to-
gether in an aqueous solution and then water evaporation is
carried out at constant temperature, the solution becomes
supersaturated with respect to NaCl; then, 3D NaCl nuclei
form and, under the action of DNA and AgNO; (dissociated
in the solution bulk), they grow as hopper-like {100} cubes,
without the presence of other forms in their growth
morphology.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

In summary, we first used DNA as an anticoagulant of NaCl
crystal growth to prepare hopper-like NaCl crystals via the sol-
vent evaporation method. In particular, the prepared hopper-
like NaCl crystals are uniform. The experimental results show
that the single-stranded DNA and double-stranded DNA can
guide the NaCl crystals to grow into hopper-like and dendritic
crystals, respectively. Besides, adding Ag" can reduce the size
of the hopper-like crystals. Through precise control over the
relative concentration of NaCl and DNA, regular hopper-like
NaCl crystals were generated. Therefore, this study will pro-
mote the application of DNA as an effective additive to regu-
late the syntheses and applications of other inorganic crystals.
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