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In Situ Observation of NaCl Crystal Growth by the Vapor Diffusion Method
with a Mach–Zehnder Interferometer *
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1Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics,

University of Science and Technology of China, Hefei 230027
2National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190

(Received 24 January 2011)
Vapor diffusion experiments with different thicknesses of oil barriers are observed by a real-time optical diagnos-
tic system consisting of a Mach–Zehnder interferometer, a microscope and an image processor. Spatiotemporal
analysis is first employed to extract the absolute concentration evolution and supersaturation during the en-
tire crystallization process. The nucleation and crystal growth processes are then analyzed. It is found that the
crystallization process can be easily classified into four stages in our experiments, according to the analysis of
interferograms and the absolute concentration curve. This can help us understand the details of crystal growth.
The rule of quality change of crystals with increasing thickness of oil barriers is also analyzed, and could be
interpreted by the absolute concentration variation and crystallization phase diagram.

PACS: 81.10.Dn, 42.30.Rx DOI:10.1088/0256-307X/28/10/108102

The growth of large crystals with a high degree
of perfection is essential in the chemical industry and
the protein field. Vapor diffusion[1] is the most widely
used technique in protein crystallization, the principle
of which is that the solution gradually reaches satura-
tion and then starts to crystallize through diffusion or
evaporation. It is a challenge to know the precise sta-
tus of nucleation and supersaturation evolution in va-
por diffusion experiments[2] because they are affected
by both water vaporization and crystal growth. Va-
por diffusion also suffers from a common problem, i.e.
the production of showers of small crystals instead of
single, large ones. This is probably because the pro-
cess of crystallization takes place too rapidly. To slow
down the crystallization process and control evapora-
tion rates, Chayen[3] presented an approach that em-
ploys an oil barrier over the reservoir of conventional
vapor diffusion trials. The effect of different evapora-
tion rates on crystal quality has been qualitatively dis-
cussed before,[3,4] but quantitative analysis was rarely
carried out. Therefore, it is necessary to develop diag-
nostic and monitoring experiments to investigate the
crystal growth kinetics of vapor diffusion and the in-
fluence of different evaporation rates on the crystal-
lization process.

Over the past few decades, many studies have
been carried out on crystal growth kinetics,[5] mass
transfer[6] and the crystallization phase diagram.[2]

However, current non-invasion techniques applied
in the research of crystal growth, such as Ra-
man spectroscopy,[7] near-infrared spectroscopy[8]

and holographic interferometer,[9] including real-time

phase-shift interferometry,[6,10] cannot accurately ob-
tain the absolute concentration, but only the relative
spatial concentration at a certain instant. Recently,
spatiotemporal analysis,[11] a novel technique that can
extract phase variation along the time axis, was pro-
posed and successfully applied to investigate dynamic
processes from a sequence of digital holograms,[12,13]

speckle patterns[14] and non-interferometric fringe
patterns.[15] In this Letter, to investigate the crystal
growth kinetics of vapor diffusion, the method is first
employed to extract the spatial and temporal phase,
which can be transformed to absolute concentration
and supersaturation directly. Furthermore, the influ-
ence of different evaporation rates on crystal quality
is also studied.

Crystallization experiments with different thick-
nesses of oil barriers (0, 0.06, 0.095, 0.12, 0.14 and
0.175 mm) were conducted by evaporation that was
similar in principle to vapor diffusion. The unsatu-
rated solution gradually reaches supersaturation, and
spontaneous nucleation will happen when the super-
saturation reaches a certain value. Then these nuclei
can grow into crystals of visible sizes in this supersat-
urated system.

The crystallization process was real-time moni-
tored with a modified Mach–Zehnder interferometer,
as shown in Fig. 1. The light source is a He-Ne laser of
wavelength 632.8 nm. The interferograms are magni-
fied by a microscope objective and recorded by a CCD
camera with a pixel size of 9.9 × 9.9µm2. The initial
concentration of NaCl solution was 24.24%, which was
prepared at 20∘C. The dimensions of the sample cell
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are 14 × 6 × 12 mm3. The interferograms can be au-
tomatically and continuously grabbed by setting the
image grab interval to one frame per minute. The total
experimental times ranged from 7 to 14 h, correspond-
ing to different oil barrier thicknesses.
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Fig. 1. The experimental setup of the interferometry. 1:
He-Ne Laser; 2: mirror; 3: spatial filter; 4: collimation lens;
5: beam splitter; 6: growth cell; 7: imaging lens; 8: CCD.
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Fig. 2. The sequence of interferograms during the crystal-
lization process captured by CCD. The three points, A, B
and C, marked in (b) represent nucleation, crystal growth
and solution, respectively.

The absolute concentration evolution is measured
by spatiotemporal analysis,[11] which determines the
instantaneous refractive index of solution by analyzing
the intensity variation of interference speckle along the
time axis, pixel by pixel. The Fourier transfer method
with a band-pass filter is usually applied to extract the
refractive index evolution from the temporal signal of
each pixel. The relationship between the refractive in-
dex and the concentration of NaCl solution measured
by the WAY-15 ABBE refractometer can be written
as 𝑐 = 5.3899𝑛− 7.1852, where 𝑐 and 𝑛 represent the
concentration and refractive index of the solution, re-
spectively.

The interferograms of the crystallization process
were recorded by a CCD camera in temporal sequence,
as shown in Fig. 2. Changes in fringe spacing denoted
the variations of the concentration gradient, and the
direction the fringes moved depended on an increase

or decrease in the absolute concentration of the solu-
tion. As soon as the experiment began, interference
fringes moved up uniformly until crystal nucleation,
then crystal appeared at the upper section of the solu-
tion at about 278min. Subsequently, the fringes thick-
ened and moved in the opposite direction with the
growth of the crystal. Finally, the fringes became thin-
ner and gradually became more static.
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Fig. 3. (a) The evolution of the absolute concentration of
the three points A, B and C marked in Fig. 2(b). (b)
The concentration variance velocity of point C.
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Fig. 4. The supersaturation curve during the nucleation
and growth stages.

Since the refractive indices of the crystal and so-
lution are different, the laser beam passing through
the crystal-liquid interface will be scattered. Corre-
sponding to the interferogram, the interference fringes
where the crystal appears will be distorted. On the
contrary, the area in which no crystal exists is always
covered by straight interference fringes. In Fig. 2(b),
points A, B and C were selected to represent the nu-
cleation, growth and solution, respectively. Figure 3(a)
shows the absolute concentration curve of these three
points, which were extracted by spatiotemporal anal-
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ysis. The concentration curves of points A and B are
constant after being covered by crystal. Curve C de-
noted the concentration evolution of the solution, be-
cause point C was full of solution through the crystal-
lization process. The concentration change rate (which
indirectly denotes the evaporation rate) could be ob-
tained from the concentration curve of point C, as
shown in Fig. 3(b).
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Fig. 5. The evaporation rates versus the thickness of oil
barriers (0, 0.06, 0.12, 0.14 and 0.175mm).
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Fig. 6. Optical micrographs of crystals growing under dif-
ferent thicknesses of oil barrier (0, 0.06, 0.12, 0.14 and
0.175mm).

From the absolute concentration curve C, super-
saturation after nucleation (∆𝑐 = 𝑐 − 𝑐*, where 𝑐*

is the solubility), which is the driving force of crys-
tal growth, could be calculated easily as shown in
Fig. 4. It is shown that the stable crystal nucleus
was formed when absolute supersaturation reached
1.43945 (g/100gH2O) in this experiment. Afterwards,
supersaturation increases to the maximum when 𝑡 =
304 min and then decreases to the equilibrium.

Figure 5 shows the rates of concentration variance
before nucleation with different thicknesses of oil bar-
riers, which can be obtained from the velocity curve
of concentration variance as shown in Fig. 3(b). The
results indicate that the rates of concentration vari-
ance (namely the evaporation rates) decrease quickly
with the increase in oil thickness, and then the de-

crease rates become slower. The micrographs of crys-
tals grown under different oil thicknesses are shown
in Fig. 6. This demonstrates that crystal quality has
been improved with the increase in oil thickness.

In general, according to the changes in the fringes
after analysis of the sequence of interferograms (Fig. 2)
and concentration curves (Fig. 3(a)), the crystalliza-
tion process of vapor diffusion can be classified easily
into four stages: (1) the solution evaporation stage,
in which the unsaturated solution gradually reaches
supersaturation; (2) the crystal nucleation stage, in
which crystals appear in the upper section of the so-
lution and the concentration gradient begins to al-
ter, (3) the crystal growth stage, in which the bound-
ary layer,[6] convection[16] and other phenomena could
usually be observed due to mass exchange (most re-
search was focused on this stage in the past few years);
and (4) the completion stage, in which the concentra-
tion gradient becomes smaller and gradually tends to
be static.
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Fig. 7. Crystallization phase diagram of vapor diffusion.

From the supersaturation curve during the nucle-
ation and growth stages, as shown in Fig. 4, it is found
that only NaCl crystals can nucleate spontaneously
when the solution is supersaturated. In this exper-
iment, when the absolute supersaturation reached
1.43945 (g/100gH2O), a stable nucleus can be found
near the evaporating surface. This is because the crys-
tallization process is an orderly process, which means
that molecules in a random state in the solution were
embedded into an ordered solid phase. The formation
of a new phase (crystal) requires a certain degree of su-
persaturation to overcome surface free energy in order
to generate a solid-liquid interface. Since the supersat-
uration when nucleation can be obtained, the nucle-
ation kinetics parameters,[17] such as the critical ra-
dius (𝑟𝑐 = 2𝜎𝜈

𝑅𝑇 ln 𝑠 = 30 nm), and the maximum Gibbs
free energy (∆𝐺max = 16𝜋𝜎3𝜈2

3𝑅2𝑇 2 ln2 𝑠
= 7.9×10−16 J), can

be calculated, where 𝜎, 𝜈, 𝑅, and 𝑇 are the interfa-
cial tension, molar volume of the crystals, gas constant
and temperature, respectively, and 𝑠 = 𝑐/𝑐*. It is also
worth noting that supersaturation still increases after
the crystal nucleus appears because water evaporation
is faster than crystal growth. In contrast, when the
crystal growth rate is larger than the water evapora-
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tion rate, supersaturation decreases after 𝑡 = 304 min.
Figure 7 shows the crystallization phase

diagram,[18] which provides a method for quantify-
ing the influence of concentration, temperature, etc,
on the production of crystals. Areas A and B de-
note the unsaturated area and spontaneous nucle-
ation area, respectively. The metastable zone is the
area where good-quality crystals can grow. In this
area, spontaneous nucleation cannot happen without
seed crystals, unless concentration reaches the nucle-
ation zone. Since the experiments are conducted by
evaporation at a constant temperature, the line from
A to B, which represents the concentration increase
with the evaporation of solvent, is perpendicular to
the temperature axis. After nucleation, the concen-
tration curve still rises for some time to reach max-
imum supersaturation. The dotted line denotes the
decrease in concentration at the same temperature as
the crystal growth rate exceeds the evaporation rate,
which corresponds to the decrease part of the abso-
lute concentration, as shown in Fig. 3(a). Based on the
concentration evolution and the crystallization phase
diagram, it is better for the concentration to return
to the metastable zone once stable nuclei have been
formed in the nucleation zone. When the oil barrier is
covered on the solution, the evaporation rate becomes
slow, as shown in Fig. 5. The maximum supersatura-
tion will be smaller when the corresponding oil barrier
is thicker. The concentration is easier to decline to the
metastable zone. Consequently, slowing down the wa-
ter vaporization rate can be a means to control crystal
quality. The results of experiments with different oil
barriers also confirm that crystal quality is improved
with a decrease in water vaporization rates induced
by the increasing oil thickness, as shown in Figs. 5 and
6.

In summary, vapor diffusion experiments with dif-
ferent thicknesses of oil barriers have been carried out
with a real-time optical diagnostic system. The ki-
netic parameters of vapor diffusion, such as absolute

concentration, supersaturation and evaporation rate,
through the entire crystallization process are obtained
by a spatiotemporal analysis of interferograms. The
quantitative analysis of the relationship between crys-
tal quality and evaporation rate is discussed. The re-
sults show that the crystallization process can be clas-
sified into four stages. The evaporation rate decreases
and crystal quality is improved with increasing oil bar-
rier thickness. This can be interpreted by analysis of
the absolute supersaturation and crystallization phase
diagram.
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