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Nucleation experiments (metastable zone width) were carried out for 4-dimethylamino-N-methyl-4-stilbazolium tosylate
(DAST) solutions at different saturation temperatures with and without the addition of a chelating agent. Using the results
obtained from metastable zone width experiments, the slope nucleation method growth of DAST was performed. It was
revealed that the addition of the chelating agent EDTA significantly suppresses spurious nucleation and cluster formation in
the DAST solution, so that fewer, but larger, crystals can be easily obtained. With EDTA, the crystals grown also showed
better crystallinity, hardness, and transparency in the visible/near-infrared region. [DOI: 10.1143/JJAP.43.1507]
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1. Introduction

Organic nonlinear optical (NLO) materials have attracted
considerable attention and have been extensively studied
owing to their higher nonlinear optical coefficients and faster
electrooptic response than those of inorganic materials.1,2)

Many new organic crystals have been found based on
predictive molecular engineering approaches and have been
shown to have potential applications in nonlinear optics. In
recent years, considerable research effort has been exerted in
exploring novel organic materials.3–5) The new organic NLO
crystal 4-dimethylamino-N-methyl-4-stilbazolium tosylate
(DAST) was discovered by Nakanishi et al.6,7) and shows
excellent properties. DAST belongs to the monoclinic
crystal system with the non-centrosymmetric space group
Cc and the point group m, and has the following lattice
parameters: a ¼ 10:365 �A, b ¼ 11:322 �A, c ¼ 17:893 �A,
Z ¼ 4 and � ¼ 92:24�.8) DAST also exhibits a large electro-
optic coefficient r111 ¼ 77� 8 pm/V with a low dielectric
constant,9,10) and can be used in second-harmonic gener-
ation,8,11) terahertz frequency generation,12) telecommunica-
tion,13,14) and other applications.2,15)

Although DAST crystals have shown excellent NLO
properties in many applications, the growth of high-quality
large crystals has been a challenging task. Pan et al.9) and
Sohma et al.15) have illustrated the feasibility of the growth
of large single crystals more than 16mm in diameter by
seeded growth. However, the quality of the crystals is still
not sufficiently good for many applications. Recently, Mori
et al.16) and Tsunesada et al.17) have developed a slope
nucleation method (SNM) for DAST growth in which laser-
induced nuclei could grow and eventually stand up for
further growth on the grooves of a Teflon plate. With a very
low growth rate (0.1–0.2mm/day at a cooling rate of about
0.1�C/day), DAST crystals with excellent quality and good
electrooptical (EO) sampling performance were also ob-
tained; the FWHM (full width of half maximum) of the
rocking curve is 18.7 arcsec. Indeed, SNM could be a
potential technique for the growth of high-quality DAST
crystals. However, the number of nuclei is still difficult to
control. Very often, too many crystals stick together making
them useless in applications. Meanwhile, many small

crystals appear at the bottom of the vessel, thereby reducing
the growth yield markedly. Therefore, the nucleation control
with a considerably low nucleus formation is important in
improving the growth method.

There are several methods of manipulating crystal
nucleation behavior and further controlling crystal growth.
Changing the growth temperature is an effective method of
morphology control. At a low growth temperature, very thin
crystals have been obtained using SNM by Sasaki’s group in
Japan.18) The use of an effective solvent is another method.
Rai et al.19) also tested a methanol/ethanol mixed solvent,
and observed that metastable zone width20) increases with
increasing ethanol percentage in the solvent. The use of a
chelating agent, such as EDTA,21) could be useful as well in
nucleation control. Indeed, several successful examples have
been obtained for both organic and inorganic crystals.22–25) A
chelating agent can suppress cluster formation by capturing
metallic ions and thus increase metastable zone width.
However, the concept of using a chelating agent on DAST
growth, especially by SNM, has not yet been reported thus
far. It is believed that the increase in metastable zone width
could yield fewer, but larger, crystals with high quality.
Therefore, in this study, the effect of EDTA the metastable
zone width and the SNM growth of DAST crystals were
investigated. The grown crystals were further examined for
comparison. The experiments are described §2. Section 3
presents the results and discussion, followed by conclusions
in §4.

2. Experimental

DAST was synthesized by reacting 4-picoline and methyl
toluenesulphonate at 1 : 1 molar ratio for 2 h and 30min, and
treating the product (4-methyl-N-methyl pyridinium tosy-
late) with 4-N,N-dimethylaminobenzaldehyde in equivalent
molar ratio for 6 h using piperidine as a catalyst. The
synthesis process was carried out inside a glove box with
nitrogen atmosphere and the synthesized DAST material was
further purified by recrystallization using methanol as
solvent below 50�C. The twice-recrystallized materials from
methanol were used for nucleation studies and SLM growth.

The nucleation experiments for measuring metastable
zone width were carried out in small cells (20ml) with and
without the addition of EDTA. As the synthesis and
purification of DAST involved much time and effort, the�Corresponding author. E-mail address: cwlan@ntu.edu.tw
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‘‘small-cell’’ experiments were extremely useful in perform-
ing several experiments with less amount of starting
materials. Several experiments could be performed in a
water bath for checking consistency and reproducibility.
Also, the concentration gradient is less in a small cell.
Therefore, the data could be more reliable. The small-cell
experiments were carried out by putting growth cells into a
tray, as shown in Fig. 1(a), and immersing the tray in a
computer-controlled constant-temperature bath (CTB) for
nucleation experiments. The CTB stability is within
�0:01�C. In each cell, to avoid the sticking of the crystals
on the glass wall, an inert fluid, 3M Fluorinert electronic
liquid FC-77, was used to let the DAST solution sit, as
illustrated in Fig. 1(b); 5ml of preheated FC-77 inert fluid
and 10ml of DAST solution were added for each cell. The
clear interface between the inert fluid and the DAST solution
was very helpful in the observation of nucleation. Further-
more, because FC-77 does not wet DAST crystals, it helped
significantly in harvesting the DAST crystals grown while
keeping the solvent from sticking to their surface.

To start the nucleation experiments, the solutions were
kept at 50�C for 2 days for homogenization and then cooled
to the respective saturation temperatures of 40�C, 35�C, and
31�C at a cooling rate of 1�C/h. From the saturation
temperature, the cooling rate was reduced to 1�C/day.
Metastable zone width was measured by the conventional
polythermal method. In this method, the equilibrium satu-

rated solution was cooled from the overheated temperature
until a visible crystal was observed. The observation was
made in every 30min for 3 h until the nucleation was found
in the solution. After the growth, the DAST solution was
pipetted out, and the crystals were immersed in the inner
fluid for future experiments.

After having nucleation information from the small-cell
experiments, effective growth conditions were adopted for
the growth by SNM. The schematic of SNM is shown in Fig.
1(c). A given amount of EDTA (0, 10, 20 ppm) was added to
the solutions at the saturation temperatures of 35�C and
40�C. The growth solutions were prepared as described in
the earlier section. The DAST solution (200ml) was placed
into two identical Teflon bottles at the saturation temper-
atures of 35�C and 40�C with and without EDTA,
respectively. In each bottle, a clean and degreased Teflon
plate (6:7� 3:5� 0:3 cm3) of 1mm groove depth and 1mm
width was placed into the bottle having a slope of 30� before
the solution was poured, as shown in Fig. 1(c). Then, the
bottles were closed tightly for experiments. Again, the
growth solutions were maintained at 50�C for two days and
cooled to the saturation temperature at a cooling rate at 1�C/
h, and from the saturation temperature, the cooling rate was
reduced to 1�C/day. The spontaneous nuclei generated in
the solution condensed onto the slope and grew. A slower
cooling rate, i.e., growth rate, could be used for realizing
better-quality crystals; the effect of growth rate on crystal

(a)

(b)

(c)

Fig. 1. (a) Schematic of small-cell (DAST solution) in nucleation experiment. (b) Close-up view of a small cell with DAST solution

(top) and inert fluid (FC-77) (bottom). (c) Schematic of slope nucleation method.
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quality has already been investigated.26) Therefore, we only
chose one cooling rate for investigation here. After the
growth, the crystals were harvested and stored in the FC-77
inner fluid for future measurements.

The crystals obtained from previous experiments were
examined by several techniques. XRD (CAD4 Kappa Axis,
Nonious, Netherlands) was used for checking the crystal
structure and DSC (Model-2920, LT-Modulate, USA) for
determining phase transition temperatures. However, no
significant difference in what was observed by both methods
between the crystals obtained with and without EDTA.
Therefore, crystallinity was further examined by analyzing
the XRD double-crystal rocking curve (Model RU-H3R,
Rigaku, Japan) of the (001) surface of the SNM-grown
crystals, where FWHM was measured for the best crystals
(with the best surface morphology). Moreover, the eight best
crystals selected from the experiments (40�C saturation
temperature) were cold-mounted for Vickers hardness
measurements using a micro-hardness tester (Model HMV-
2, Shimadzu, Japan) at a load of 490 dyne/cm2. Further-
more, the crystal absorbance from the visible to near-IR
region was measured using a spectrometer (Jasco 570,
Japan).

3. Results and Discussion

The amount of EDTA added was according to the
solubility curve of EDTA in methanol. The solubility
diagram of EDTA was drawn, and is shown in Fig. 2. As
shown, EDTA has a very limited solubility in methanol. Too
much of EDTA added caused the precipitation of EDTA
crystals on DAST crystals leading to poor surface quality.
On the other hand, if the amount of EDTA added was
sufficient, no significant effect was found. It was found that
20 ppm seemed to be the maximum amount of EDTA that
could be added for the experiments (at 40�C). At this
amount, a small number of EDTA crystals were observed
when the temperature was less than 31�C. For a lower
growth temperature, the amount of EDTA added should be
reduced.

3.1 Effect of EDTA on metastable zone width
The metastable zone width of pure and EDTA-added

DAST solutions were measured at different saturation

temperatures. The difference between the saturated temper-
ature and the nucleation temperature was taken to be the
metastable zone width of the system. It was found from the
experiments that EDTA had no appreciable effect on
suppressing the clusters in the solution prepared at a
saturation temperature of 31�C due to the very low solubility
of EDTA. Hence, the nucleation experiments with EDTA
were carried out at the saturation temperatures of 35�C and
40�C.

The nucleation temperatures for different EDTA concen-
trations at the saturation temperatures of 40�C and 35�C are
shown in Fig. 3. The metastable zone widths of the DAST
solutions prepared at a 40�C saturation temperature were
about 4�C, 6�C and 7�C for the pure (0 ppm EDTA), 10 ppm,
and 20 ppm EDTA-added solutions, respectively. As shown,
metastable zone width considerably increased with the
addition of EDTA in solutions of higher saturation temper-
ature (40�C). However, it was not considerably affected by
EDTA in the solution with a saturation temperature of 35�C.
This was believed to be due to the less dissociation of EDTA
in solutions at lower temperatures caused by its restricted
solubility.

3.2 Crystal size distribution
The harvested crystals in the nucleation experiments were

classified according to their size, and the size distributions
are given in Fig. 4. Because there were many tiny crystals
for the nucleation without EDTA, weight was used rather
than number in expressing size distributions. In order to
check the consistency of the results of the experiments, five
experiments were carried out and their results are compared
in Fig. 4, where the crystal photographs from the first
experimental run are shown for reference. As shown, the
average crystal sizes were about 1–2mm [Fig. 4(a)] and 2–
3mm [Fig. 4(b)] in pure and 10 ppm EDTA-added DAST
solutions at 35�C, and about 1–3mm [Fig. 4(c)] and 4–6mm
[Fig. 4(d)] in pure and 20 ppm EDTA-added DAST solutions
at 40�C, respectively. It is evidenced from the crystal size
distribution that the crystals are smaller in the pure solution
(0 ppm EDTA) at both lower and higher saturation temper-
atures. At the lower saturation temperature (35�C), theFig. 2. Solubility curve for EDTA in methanol.

Fig. 3. Metastable zone width of EDTA-added DAST solution.
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crystals stuck together in the pure solution (0 ppm EDTA).
However, with the addition of EDTA, the clustering
phenomenon was markedly suppressed. Therefore, EDTA
indeed improved crystal size, and decreased the number of
crystals. The higher the saturation temperature (40�C), the
larger the crystal grown. The addition 20 ppm EDTA further
reduced clustering to a great extent which in turn yielded
bigger crystals. As shown in the first experiment whose
results are shown in Fig. 4(d) (20 ppm EDTA-added solu-
tion), we only obtained one crystal. Furthermore, the crystals
grown at the higher saturation temperature (40�C) were
found to be thicker, whereas the crystals grown at the lower
temperature (35�C) were thinner. This was also consistent
with the observation by Sasaki’s group18) as well as with the
Jackson �-factor theory.27) According to the Jackson’s �-
factor theory, i.e., � ¼ �S=R � �Hsol=RT , crystal growth at
a lower temperature can have a large �-factor, so that the

crystals grown could have larger faces (more platelike). In
the equation, �S is the entropy of the solution, R the gas
constant, and �Hsol the enthalpy of the solution, which is
almost constant.

As shown Fig. 4, the results of different experimental runs
were very consistent. The trends of the results were
reproducible. On the other hand, adding too much EDTA,
e.g., more than 25 ppm, yielded poor-quality crystals. The
insoluble and precipitated EDTA particles stuck on the
crystal surfaces. This is also the reason the allowable EDTA
concentration at lower temperatures is low.

3.3 Effect of EDTA on SNM growth
The crystals grown using the slope nucleation method

(SNM) with and without EDTA are shown in Figs. 5(a)–
5(d). Again, fewer, but larger, crystals were obtained from
the EDTA-added solutions. Apparently, the number of

(a) (c)

(b) (d)

Fig. 4. (a) Crystal size distribution for ‘‘small-cell’’ experiment: pure DAST solution (0 ppm of EDTA) prepared at 35�C saturation

temperature. (b) Crystal size distribution for ‘‘small-cell’’ experiment: 10 ppm EDTA-added DAST solution prepared at 35�C

saturation temperature. (c) Crystal size distribution for ‘‘small-cell’’ experiment: pure DAST solution (0 ppm of EDTA) prepared at

40�C saturation temperature. (d) Crystal size distribution for ‘‘small-cell’’ experiment: 20 ppm EDTA-added DAST solution prepared

at 40�C saturation temperature.
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nucleation decreased in the EDTA-added DAST solutions.
Moreover, the surface morphology of the crystals was
considerably improved and the clustering of crystals was
significantly minimized.

Because the cheators bind strongly to metallic ions if they
can interact either 90� or 180� apart around the ions, the
secondary nucleation due to the presence of impurities is
suppressed.25) From the metastable zone width diagram in
Fig. 3, it was observed that the addition of EDTA increased
the metastable zone width of the solutions (both at 35�C and
40�C saturation temperatures). Although the metastable zone
width difference was not large between the pure and EDTA-
added solutions at both saturation temperatures, especially at
35�C’s, from Fig. 5, the effect of EDTA seemed to be large
in suppressing spurious nucleation and cluster formation. As
shown, many nuclei were found to grow in the grooves of
the slope and cluster together in pure DAST solution (0 ppm
EDTA) at both the lower and higher saturation temperatures
(35�C and 40�C). In addition, the lower saturation temper-
ature (35�C) yielded smaller crystals than the higher
saturation temperature (40�C). However, with EDTA, as
shown in Figs. 5(b) and 5(d), it can be concluded that the
addition of EDTA to the growth solution at an optimum

level increases the size and improves the morphology of the
crystal. The clustering of nuclei was suppressed as well. It
can be further observed from the results that the effect of
chelators in suppressing clustering and spurious nucleation
was more significant at 40�C than that at 35�C. The trend of
the crystal size distribution was the same for both small-cell
and SNM experiments. Apparently, EDTA interacted
strongly with DAST or impurity ions in the solution. This
interaction might reduce the concentration of free DAST or
metallic ions. As a result, the rate of crystallization was
reduced. Thus, only a few crystals were obtained. This
controlled crystallization became more probable with in-
creasing EDTA concentration within the solubility limit. The
enhancement of the metastable region by EDTA also
increased the stability of the solution for nucleation.

3.4 Characterizations
The best crystals selected from the 40�C SLM growth

were further examined by analyzing their double-crystal
rocking curves. Figure 6 shows the XRD rocking curves for
the (001) surface (the second largest facet of the crystal) of
the DAST crystals grown from the solutions with and
without EDTA. As shown, the crystallinity of the crystal

(a)

(b)

(c)

(d)

Fig. 5. (a) DAST crystals grown by slope nucleation method from the pure DAST solution prepared at 35�C saturation temperature. (b)

DAST crystals grown by slope nucleation method from the 10 ppm EDTA-added DAST solution prepared at 35�C saturation

temperature. (c) DAST crystals grown by slope nucleation method from the pure DAST solution prepared at 40�C saturation

temperature. (d) DAST crystals grown by slope nucleation method from the 20 ppm EDTA-added DAST solution prepared at 40�C

saturation temperature.
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grown from the EDTA-added solution was much better than
that grown in the solution without EDTA. The FWHMs of
the two curves are about 170 and 475 arcsec, respectively.
Again, because the impurities in the growth solutions were
captured by chelators, crystals with higher quality were
formed as expected. Although the FWHMs are larger than
the highest FWHM reported by Sasaki’s group,17,26) they are
still better than those reported based on the same cooling rate
of 1�C/day. Our result is comparable with that of the seeded
growth at 0.18mm/day in ref. 26, which corresponds to a
cooling rate of about 0.1�C/day. Furthermore, the Vickers
hardness of the crystal obtained from the EDTA-added
solution was significantly larger than those without EDTA.
The average Vickers hardnesses of the four crystals (five
indentations each) was about 50� 7 in the solution with
EDTA and 30� 8 in the solution without EDTA. Clearly,
the crystals grown in the EDTA-added solution were
significantly harder and showed better mechanical proper-
ties. Furthermore, the hardness of the crystal grown in the
solution with EDTA was slightly better than those reported
by Adachi et al.;26) however, they did not report how much
load was used for indentation. Therefore, further comparison
was not possible. Nevertheless, it could be concluded that
the crystals grown in the EDTA-added solution were
significantly better in both crystallinity and hardness. These
properties may be further improved if the growth rate is
reduced as discussed in ref. 26. The optical absorbance in the
visible/near-infrared region of the grown crystals was
further examined using a Jasco 570 spectrometer, and a
typical result is shown in Fig. 7. The crystal grown from the
EDTA-added solution seemed to be more transparent. This
could also be an indication of the better crystallinity of the
crystals grown from the EDTA-added solution due to the
slower nucleation process and the low cluster formation. In
summary, based on the above consistent results with
sufficient evidence, fewer, but bigger, crystals could be
obtained using the chelating agent EDTA, which is a great
advantage in crystal growth, and the crystals grown from the
EDTA-added solution also had better quality, not just in

terms of surface morphology, but also in terms crystallinity,
and mechanical and optical properties.

Moreover, the results obtained from the ‘‘small-cell’’
nucleation experiments will be utilized for seeded growth in
the near future. A study using an optimum concentration of
EDTA in the seeded growth is also in progress.

4. Conclusion:

Nucleation experiments (metastable zone width) were
performed with and without the addition of a chelating agent
at different saturation temperatures, which showed that the
addition of the chelating agent EDTA increases metastable
zone width. Also, they revealed that spurious nucleation and
cluster formation in the solution could be suppressed
significantly. Using the results obtained in metastable zone
width experiments, the slope nucleation method growth of
DAST was performed. Again, it was inferred that the
addition of EDTA in the slope nucleation method could
yield crystals with good morphology, and fewer crystals
were grown in the grooves of the slope. The rocking curve
measurements and hardness tests also indicated that the
crystals grown in the EDTA-added solution have better
crystallinity and mechanical properties. The transparency of
the crystals in the visible/near-infrared region was also
slightly improved. To grow crystals having sufficiently good
quality for device applications, a much lower growth rate
should be used; however, this is beyond the scope of this
study.
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Fig. 6. XRD rocking curves for the DAST crystal growth by SNM with

and without EDTA (20 ppm at 40�C saturation temperature); cooling rate

was at 1�C/day.

Fig. 7. Absorbance in the visible to near-IR region of the EDTA crystals

grown by SNM with and without EDTA.
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