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Introduction

Polymeric latex dispersions are widely used as paint, paper
coating, and water-based adhesive. They are applied as liquid
dispersions and form a film upon drying. It is generally accepted
that there are three steps during the film formation process:
evaporative drying and ordering, particle deformation, and
polymer interdiffusion (for reviews see refs 1–3). Various
aspects of the latex film formation process have been extensively
studied by using analytical balance, atomic force microscopy
(AFM), nonradiative energy transfer, etc.4–14 Furthermore,
scattering methods were proven to be useful to obtain insight
into the structuring process on length scales from a few to some
hundreds of nanometers in a nondestructive way.15–30 Small-
angle neutron scattering was used to study the film formation
of latex dispersions, making use of enhanced contrast by adding
D2O.19–23 Small-angle X-ray scattering (SAXS) has been used
to investigate the crystallization process of charged colloidal
dispersion.24–28 Recently, the structure evolution in a latex film
during stretching29 and the appearance of macroscopically
oriented colloidal crystals with fiber symmetry grown in a tube30

were studied by means of synchrotron SAXS.
In this Note, the first two stages of film formation (i.e., water

evaporation/particle ordering and particle deformation) was
followed by using in-situ synchrotron SAXS. To reduce the
influence of the substrate, the drying process of a latex droplet
was followed by synchrotron SAXS measurements on a pending
dispersion droplet of 2 mm diameter. All of the X-ray diffraction
peaks can be easily indexed by assuming a face-centered-cubic
(fcc) lattice structure. The structure evolution of the resultant
crystallites was analysis of the change of the lattice constant.

Experimental Section

A styrene/n-butyl acrylate copolymer (Tg ) 20 °C) with about
50 wt % of each monomer is used in this study. The average
diameter of the spherical polymer latex particles was about 118
nm (see below). It is a commercially available raw material for
coating and adhesion applications produced by BASF China. The
system is stabilized against coagulation by negative surface charges
on the latex particles originating from sulfate groups. The dispersion
contains additional emulsifier and electrolyte. The density of the
dried latex is 1.08 g/cm3.

Synchrotron SAXS measurements were performed at the beam-
line BW4 at HASYLAB, DESY, Hamburg, Germany. The energy
of the X-ray radiation was 8.979 keV, resulting in a wavelength of
0.138 08 nm. The size of the primary X-ray beam at the sample
position was 0.4 × 0.4 mm2. The glass capillary (d ) 1 mm) used
in this investigation was mounted vertically onto a 2-dimensional
translational stage. The latex dispersion with a solid content of ca.
40 wt % was injected into the glass capillary, yielding a droplet at
the lower orifice. The sample-to-detector distance was 5694 mm.
The effective scattering vector q (q ) (4π/λ) sin θ, where 2θ is
the scattering angle and λ the wavelength) range was 0.03-0.6
nm-1. The dispersion was dried at 25 ( 1 °C and at a relative
humidity of 30 ( 5%. SAXS patterns were collected with an
exposure time of 30 s every 80 s with a 2D detector array (1024 ×
1024 pixels, pixel size: 158.2 µm). The SAXS data were calibrated
for background scattering and normalized with respect to the
primary beam intensity.

Results and Discussion

Dispersion and Crystals. A photograph of a 40 wt % latex
droplet at the bottom of the glass capillary is presented in Figure
1a. The contact area between the latex droplet and the glass
tube is very small compared to the whole droplet; thus, the latex
droplet measured in this experiment can be considered as an
almost unconstrained sphere. Solidification proceeds for more
than 2 h and is driven by water evaporation. The water
evaporation rate was assumed to be identical anywhere on
surface of the droplet. The resulting solid material is transparent
to the naked eye with an air bubble in the center of the droplet.
It is safe to assume that a skin of coalesced particles formed at
the surface of the latex droplet initially with the water flux
carrying latex particles from the inside toward the skin. As a
result of this flux, an air bubble is formed in the center of the
droplet. Figure 1b presents selected 2D SAXS patterns taken
during the drying process. The drying time is indicated on each
pattern. The observed intensity is the product of the structure
factor S(q) resulting from the crystalline ordering of the latex
spheres and the single particle form factor P(q) given by

I(q) ∝ P(q) S(q) (1)

The theoretical scattering intensity distribution of a sphere, i.e.,
the form factor P(q), is given by31

P(q) ∝ (sin qR- qR cos qR)2

(qR)6
(2)

where R is the radius of the sphere.
In order to describe the scattering intensity of dispersions,

the hard-sphere model proposed by Percus and Yevick32 was
applied. It was shown by Ashcroft and Lekner33 that this model
leads directly to the structure factor of the dispersion, S(q), and
can be written in the following form34

S(q)) 1
1-NpC(2qR)

(3)

with

C(2qR))-32πR3∫0

1 sin(2sqR)
2sqR

(R+ �s+ γs3)s2 ds

where the volume fraction is defined by

φ) 4
3

πR3Np

The coefficients R, �, and γ are defined by
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R) (1+ 2φ)2/(1- φ)4

�)-6φ(1+ 0.5φ)2/(1- φ)4

γ) 0.5φ(1+ 2φ)2/(1- φ)4

To derive P(q) directly and avoid the influence of S(q), dilute
latex dispersions were measured. This procedure is viable
because S(q) approaches close to unit in the experimental q range
(0.03-0.6 nm-1) for dispersions with a concentration of 1%.
In this case, the system can be regarded as a suspension made
of noninteracting particles. When polydispersity in particle size
is also considered, the scattering intensity of the dilute system
is35

I0(q))∑
i

NiIi
2(q) (4)

where Ni denotes the number density of particles with size i.
Figure 2a presents the 1D SAXS intensity distribution of the

latex at different concentrations. The discrepancy of scattering
intensity data for the 1% latex dispersion at large q range is
due to the limited exposure time and detector statistics. The
data from the latex at higher concentrations show that the
scattering curve differ in the small q range (<0.08 nm-1);
however, the shape of the curves at high q is hardly affected.
All these data were fitted with the Percus-Yevick form
assuming a radius of 59 nm of the latex particles (Figure 2a).
It can be seen that the Percus-Yevick model describes the
scattering behavior of the latex dispersions well. To obtain P(q),
scattering data from the 1% dispersion was fitted with eq 2. It
was found that a form factor of a sphere with a radius of 59 nm
fits the data best. When the polydispersity of the particle size
distribution is considered, eq 4 must be applied to fit the data.
Here a Gaussian distribution of the particle size distribution with
a variance of 5% was used to fit the experimental data. It can
be seen that the data can be described sufficiently well by
assuming polydispersity. We also measured the size distribution
using dynamic light scattering (DLS). The results show that the
radius measured by DLS is about 10% larger than the radius
determined by SAXS. This can be explained by the dragging
of extra liquid along with the spheres.36 The data at high volume
fractions clearly show a correlation hole effect.

Figure 2b presents the integrated 1D SAXS intensity distribu-
tion of the latex after being dried for 133 min. Each Bragg peak
is identified by assuming diffraction from an face-centered-cubic
(fcc) crystal with the lattice constant of 143 nm (dashed lines).
From this lattice constant, we calculated the size of the dried
particles before deformation: d ) 2 × d220 × (100%/74.1%)1/3

) 111 nm, where 74.1% is the volume fraction of close-packed
spheres. This diameter is smaller than the size determined from
the scattering of the dilute dispersion. This discrepancy may
be due to again the dragging of extra liquid along with the
spheres in dilute dispersion.36 The occurrence of Debye-Scherrer

rings in Figure 1b implies that the polymeric spheres of the
latex formed many randomly oriented crystallites resulting in a
multidomain structure in the dried droplet.

From Figure 1b it is evident that a fraction of the primary
X-ray beam was reflected at the interface of the latex and the
bubble: the reflection was detected at small q value around the

Figure 1. (a) Photograph of a 40 wt % latex droplet at the orifice of a glass tube. (b) Selected time-resolved SAXS patterns taken during the drying
process of the latex droplet. The number indicated on each pattern denotes the drying time in seconds.

Figure 2. (a) Integrated 1D small-angle X-ray scattering intensity
distribution of the latex dispersions at various concentrations (black
open circles). The volume fraction φ of the latex dispersions is indicated
on the plot. Each curve was fitted by using eqs 1–3 with a particle size
of 59 nm (dashed line). Curves were vertically shifted for the sake of
clarity. Inset: scattering data of a φ ) 0.01 dispersion (open circles);
the form factor P59(q) calculated using eq 2 with a sphere radius of 59
nm (solid line) and the form factor P0(q) calculated using eqs 2 and 4
considering of a Gaussian distribution of particle size with the average
radius of 59 nm and a variance of 5% (dashed line). (b) Integrated 1D
SAXS intensity distribution of the latex after drying for 8000 s. The
indices of an fcc crystalline structure with a lattice constant of 143 nm
are indicated (dashed lines).
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beam stop, seen as streaks in the last two patterns. From the
analysis of integrated 1D SAXS intensity distribution, one
observed a sharp increase of the scattering intensity at very small
q value (0.03-0.05 nm-1) after 560 s of drying, indicating the
formation of the air bubble in the droplet.

Crystallization Process. The structural evolution of the latex
droplet from the liquid to the crystalline state was followed by
synchrotron SAXS. Since the final product consists of fcc
crystallites and since the scattering peaks did not change
qualitatively during drying (i.e., no lattice transition), it is safe
to assume that the colloidal crystals with an fcc lattice structure
formed during the evaporation of the water. The peak positions
shifted to larger q values while the particles are approaching
each other. The first two stages of film formation are water
evaporation/particle ordering and particle deformation. Since a
skin of coalesced particles was formed at the surface of the latex
droplet initially, the particle ordering first occurred at the surface
of the droplet. The center of the droplet initially remains liquid.
Therefore, the initial data sets resulted from an overlapping of
the scattering intensities from crystals and liquidlike structures.
However, it is difficult to decompose the scattering data into
contributions from these two phases. Fortunately, crystalline
diffraction peaks are clearly identifiable from the data, and no
further treatment of the data was needed. Before discussing the
changes in the crystal lattice constant during drying, we look
at the scattering power of the system. The scattering power Q
is given by37

Q)Virr∆Fe
2
φ(1- φ) ∝ ∫0

∞∫0

∞
I(qxqy) dqx dqy (5)

where Virr is the volume of the sample irradiated by the X-rays,
φ is the volume fraction of one phase, and ∆Fe is the electron
density difference between the phases in the system. The
scattering power of the droplet decreases during the first 690 s
and then increases (Figure 3a). The observed changes in
scattering power can be discussed qualitatively using the above
equation. During drying, Virr becomes smaller while the product
of φ(1 - φ) decrease when φ exceeds 50%. In addition, because
the electron density of the liquid phase of water with salt and
emulsifiers dissolved in the system is lower than that of latex
particles, evaporation of water naturally leads to an increase of
the electron density of the liquid phase, leading at first to a
decrease of ∆Fe. Thus, at the beginning of the drying process
the decrease in Virr and ∆Fe already outweighs the slight increase
of the product of φ(1 - φ) before φ exceeds 50%. After the
point where φ exceeds 50%, all factors lead to a decline of the
Q value. However, the situation changes when φ reaches about
74% when particles start to contact. It should be mentioned that
there is evidence that particle deformation can proceed before
contact.38–40 Beyond this point the intensity rises with further

drying. This phenomenon might be explained using above
argument on the change of ∆Fe as follows: After water
evaporation, the scattering results from the contrast between
the particles and nonpolymeric material (salts, emulsifiers, etc.).
This nonpolymeric material with a density higher than water is
assumed to surround the particles homogeneously. Therefore,
one expects a complete contrast matching at a certain concentra-
tion and an increase of ∆Fe and thus Q thereafter until
completely drying. At the point of contrast matching, a minimum
Q value is observed as shown in Figure 3a. For ideal systems
Q should be zero at this point because then ∆Fe ) 0. This is
not observed in our experiments and can be attributed to the
nonhomogenous internal structure of latex particles which could
also contribute to the scattering intensity.

The evolution of the interplanar distance shows that the
shrinking rate was almost constant until the solid volume fraction
reaches 91.4% (Figure 3b). Obviously, this rate was not affected
by the particle deformation. The uniform rate of the evolution
of the interplanar distance is in line with the observation that
the latex dispersion always shows a constant drying rate.2

Conclusions

We have performed an in-situ synchrotron SAXS investiga-
tion on the drying process of a 40 wt % latex droplet. The first
two stages of film formation, i.e., water evaporation/particle
ordering and particle deformation, were recorded. Dilute
suspensions were measured to determine the scattering single
particle form factor and the particle size distribution. The
resulting solid material was transparent to the naked eye with
an air bubble in the center of the droplet. The SAXS pattern of
the dried droplet revealed that colloid crystals with an fcc lattice
were formed. It was found that the particle diameter determined
by the scattering of a dilute dispersion is 10% smaller than the
data from DLS but 7.5% larger than the diameter calculated
from the dried fcc colloid crystal. The scattering intensity
evolution has a turning point when the volume fraction of the
particle reaches about 74%. The rate of the change of interplanar
distances was almost a constant until the solid volume fraction
is larger than 91.5%.
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