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ABSTRACT: Micrometric grains of anisotropic morphology
have been achieved by evaporation-induced self-assembly of
silica nanoparticles. The roles of polymer concentration and its
molecular weight in controlling the buckling behavior of drying
droplets during assembly have been investigated. Buckled
doughnut grains have been observed in the case of only silica
colloid. Such buckling of the drying droplet could be arrested by
attaching poly(ethylene glycol) on the silica surface. The nature
of buckling in the case of only silica as well as modified silica
colloids has been explained in terms of theory of homogeneous
elastic shell under capillary pressure. However, it has been observed that colloids, modified by polymer with relatively large
molecular weight, gives rise to buckyball-type grains at higher concentration and could not be explained by the above theory. It
has been demonstrated that the shell formed during drying of colloidal droplet in the presence of polymer becomes
inhomogeneous due to the presence of soft polymer rich zones on the shell that act as buckling centers, resulting in buckyball-
type grains.

1. INTRODUCTION
Recent advances in the area of self-assembly of nanoparticles
(NPs) have encouraged the exploration of various synthesis
techniques in fabrication of micrometer-sized grains with
tailored morphology. In particular, anisotropic grains have
been the subject of various studies in recent years. Such
anisotropic micrometric grains can be obtained through
different approaches, for example, either by deformation of
spherical colloidal droplets during drying1−3 or by forming
clusters of NPs.4−7 It has been demonstrated that such grains
are potential candidates to generate anisotropic colloidal
crystals.4,8,9 Hollow anisotropic grains are particularly interest-
ing for a variety of applications such as drug delivery, catalysis,
biotechnology, and contrast agents for ultrasound or echo-
graphic imaging.10,11 Microemulsion templated colloidal
assembly12−17 and spray-drying18−26 are the most widely
utilized techniques for fabrication of hierarchically structured
micrometer sized grains. Recently, highly ordered nano-
structured and hollow grains have been synthesized by using
polystyrene colloids as template during spray-drying.27,28

During drying of a colloidal droplet, various physicomechanical
processes take place, which in turn decide the morphology of
resulting dried/assembled grain. A viscoelastic shell of densely
packed NPs forms at the surface of a drying colloidal droplet.
Initially, the shell yields and gets thickened as the droplet
shrinks. Later, the capillary forces that drive shell deformation
overcome the electrostatic forces, stabilizing the colloidal
particles. At a critical value of the capillary force, the particle
undergoes a sol−gel transition, transforming the viscous shell

to an elastic solid, which triggers the onset of buckling. The
parameter that decides the formation of the shell and the shell
thickness is called the Peclet number (Pe). It is defined as the
ratio of mixing time of the NPs in the droplet (τmix = R2/D, R is
droplet radius, and D is diffusion coefficient of the NPs in the
dispersion) to the drying time of the droplet (τdry). If Peclet
number Pe≫ 1, the drying process is regarded as fast and there
is a possibility of formation of hollow or doughnut/crumpled
grains. However, if Peclet number Pe ≪ 1, the drying process is
regarded as slow and the droplet shrinks isotropically through-
out the drying process, resulting in a uniformly jammed spher-
ical grain. In our previous works, spray-drying experiments have
been carried out in both the regimes, slow and fast, which led to
spherical29 and doughnut30 grains, respectively. The origin of
the buckled grains was attributed to the mechanical behavior of
the elastic shell formed under capillary stress during drying
of colloidal droplets.30 Deformation of a spherical shell under
external pressure has been investigated recently, both
experimentally and numerically31−33 due to the pertinent engineer-
ing situations as well as the biomechanics. In this context, it is
worthy to mention that the mechanical deformation of a thin
elastic sheet of graphitic oxide,34 polymerized Langmuir
monolayer,35 or cytoskeletons of biological membranes36 has
been well-studied in the past. However, curved shells exhibit quite
different elastic behavior under external pressure because of the
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coupling between stretching and bending effects.37 This interplay
between bending and stretching leads to a reduced flexibility of the
shell.38−41 Some experimental and theoretical works42−49 show the
complex geometry (i.e., wrinkled or dimpled sphere) of the grains
due to buckling of shell formed during drying. The morphology of
the spherical shell under external pressure is a result of the
minimization of the energies due to extensional and bending
deformations. For larger deformation, extensional deformation is
not energetically favorable, and bending deformation is preferred.
It is important to mention here that for small deformations, the
potential energy of buckling is higher as compared to that of no
buckling. However, the potential energy for the buckled state is
lower as compared to that of the nonbuckled state for larger
deformation.45 It has been shown that for a homogeneous
spherical elastic shell, two modes of deformation may be
combined by the Föppl−von Kaŕmań (FvK) number γ. Recently,
it has been shown by simulations that the higher γ coupled with
high rate of compression may lead to multiple numbers of the
indentations on the shell, leading to the buckyball type of
morphology.43−45 The elastic shell formed during drying of
colloidal droplet in the fast drying regime may be treated as an
experimental model for the shell under external pressure. Peclet
number Pe and the capillary pressure on the shell decide the rate
of compression and the h/Rc ratio. It is interesting to note that the
nature of the shell buckling can also be controlled by altering the
pressure on the shell or by introducing inhomogeneity in the shell.
To the best of our knowledge, this aspect of the controlled
buckling has not been dealt experimentally so far and calls for
further experimental as well as numerical investigations.
In real systems, spherical shells are not always homogeneous
such as in engineering materials, soft materials, or living cells,
etc. They always possess some degree of inhomogeneity. The
effect of shell inhomogeneity on the buckling phenomenon has
not been well studied because of its complexity and needs
attention.
In the present work, it has been shown that the shell

inhomogeneity plays an important role in inducing the buckling
of the shell formed during drying of droplet. Buckling of the
drying colloidal droplets has been controlled by modifying silica
colloids using poly(ethylene glycol) (PEG) of different mole-
cular weights and concentrations. Small-angle neutron scat-
tering (SANS) and scanning electron microscopy (SEM)
experiments have been performed to probe the hierarchical
length scales of the assembled grains. Thermogravimetric
analysis (TGA) and infrared (IR) spectroscopy experiments
have been performed to monitor the removal of the polymer
from assembled grains. In this paper, the origin of the dough-
nut, spherical, and buckyball type of grains has been inve-
stigated in the light of shell-buckling theory. It will also be
shown that the origin of the buckyball-like grains, in present
case, is because of shell-buckling during drying and not due
to templating by the polymer.

2. EXPERIMENTAL METHODS
Spray-drying experiments have been performed on stable 2 wt % silica
colloidal dispersion (Visa Chemicals, Mumbai, India) using a spray
dryer (LU 22850) having two fluid atomizer nozzle. PEG of molecular
weights 400 (PEG400) and 1450 (PEG1450) were obtained from
Sigma Aldrich; 0.5, 1.0, 2.0, and 3.0 g of PEG400 were mixed one by
one with 100 mL of 2 wt % silica colloids and stirred well. Similarly,
0.5, 1.0, 2.0, and 6.0 g of PEG1450 were mixed with 2 wt % silica
colloids. These stable dispersions were spray-dried at an atomization
pressure of 2.0 kg/cm2 and inlet temperature at 170 °C. The solution
feed rate was kept as 2 mL/min and the aspiration rate was fixed

at 50 m3/h. The spray-dried powder specimens were calcined at 500 °C
for 4 h in order to remove the polymer from the assembled grains.
Samples, obtained from spray-drying of dispersion containing PEG400
are designated as S1 in general. Further, specimens obtained for
different weight percent of PEG400 are named as S1pt5, S1p1, S1p2,
and S1p3 for 0.5, 1.0, 2.0, and 3.0 wt %, respectively. Similarly,
specimens, obtained from spray-drying of dispersion containing
PEG1450 are designated as S2pt5, S2p1, S2p2, and S2p6 for 0.5,
1.0, 2.0, and 6.0 wt %, respectively (S2 in general). The drying
experiments could not be performed beyond 3 wt % PEG400
concentration due to the sticky nature of the grains, which hindered
the collection of the powder from the cyclone separator of the spray
dryer. The concentration of PEG1450 could not be increased beyond
6 wt % for the same reason as mentioned above. The mesoscopic
characterization of the samples has been carried out by SEM. The
micrograph of the grains, obtained for 2 wt % silica only, is shown in
Figure 1. Micrographs of calcined specimens for S1 and S2 specimens
are shown in Figure 2 and 3, respectively.

IR spectroscopy has been performed on assembled grains before
and after calcinations in order to probe the nature of functional groups
of polymer and silica NPs in addition to ascertain the release of
polymer after calcination. Infrared spectra of the powders were
recorded in the spectral range 400−4000 cm−1 using a Bruker Vertex
80 V FTIR spectrometer under the vacuum condition, at an apodized
resolution of 2 cm−1. The spectrometer was configured with globar
source, KBr beamsplitter, and deuterated triglycine sulfate (DTGS-
Mid IR) detector. For recording the infrared spectrum, powders have
been pelletized with samples dispersed in KBr matrix. Background
spectrum using bare KBr pellet has been divided in each case to
obtain the absorbance spectrum, denuded from instrumental and

Figure 1. SEM micrograph of the self-assembled grains obtained for
drying of only 2 wt % silica dispersion.

Figure 2. SEM micrographs of calcined specimens of (a) S1pt5, (b)
S1p1, (c) S1p2, and (d) S1p3.
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environmental profiles. The IR spectra for S1 specimens before and
after calcinations are shown in Figures 4 and 5, respectively. IR spectra

for S2 samples, before and after calcinations, are shown in Figures S1
and S2 in the Supporting Information.

Removal of polymer from the assembled grains has also been
monitored by TGA and differential thermal analysis (DTA). The DTA
data were recorded in ambient air at a uniform heating/cooling rate
of 5 °C min−1 up to a maximum temperature of 500 °C in each
experiment employing the SETARAM TG-92 system. The TGA signal
was recorded using a microgram scale having 0.1 μg as the least count
for the same temperature range. The TGA−DTA curves for the
removal of PEG400 and PEG1450 polymers from the assembled
grains are shown in Figures 6 and 7, respectively.

Preliminary measurements with medium-resolution small-angle
neutron scattering (MSANS)51 on spray-dried grains have indicated
two levels of structural hierarchy in the grains. Further, SANS
experiments have also been performed on KWS152 and KWS353

instruments at the high flux reactor FRM-II (Garching, Germany) to
collect data over a wide scattering vector (q) range with improved
statistics and resolution. Since, the SANS experiments have been
performed on the powder samples, it is well-known that it is difficult to
convert the intensity scale into an absolute scale, although it has been
shown earlier54 that effective thickness may be obtained in such a case
if the exact composition and density of the powder sample is obtained.
Also, it is to be noted that data analysis has been carried out only for
calcined samples where PEG is removed from assembled silica grains.
Further, the amount of silica in calcined grains has been kept identical
for all the samples. Thus, normalization of the data at the high q region
has been done where scattering contribution from silica particles is

Figure 3. SEM micrographs of calcined specimens of (a) S2pt5, (b)
S2p1 (left and right inset show buckyball grains before and after
calcinations, respectively), (c) S2p2, and (d) S2P6 (inset shows the
micrograph of noncalcined S2P6 specimen).

Figure 4. Infrared spectra of the noncalcined grains with vary-
ing concentration of PEG400. The characteristic IR modes
are numbered and are listed in Table S1 of the Supporting
Information.

Figure 5. Infrared spectra of the calcined grains with varying
concentration of PEG400. The characteristic IR modes are
numbered and are listed in Table S1 of Supporting Information.

Figure 6. Heat flow and weight loss curves for spray-dried grains for
varying PEG 400 concentrations.

Figure 7. Heat flow and weight loss curves for the spray-dried grains
for varying PEG1450 concentrations.
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dominant. It is to be mentioned that the normalization of the SANS
profiles of the calcined specimens has been performed at q = 0.72 nm−1

in order to compare the functionality of the scattering profiles. It is
primarily based on two reasons. First, the size of the silica NPs remains
the same for all the calcined specimens. Hence, the functionality of the
form factor for the silica particle remains the same at high q. Second,
the effect due to interparticle interference is insignificant at higher q. It
is to be mentioned that the normalization of profiles may also be done
at any other q value at higher q for the above purpose. The SANS
profiles were corrected for instrumental resolution and incoherent
scattering. SANS profiles for calcined S1 and S2 specimens are shown
in Figures 8 and 9, respectively.

3. RESULTS AND DISCUSSION

From the SEM micrographs (Figure 1), it is evident that grains
obtained from spray-drying of only 2 wt % silica colloids
possess doughnut morphology. However, the grains obtained
from dispersion modified by PEG400 possess spherical

morphology, as depicted in Figure 2. It is found from Figure 2a
that spherical grains with a small dimple have been observed for
the S1pt5 specimen. This dimple disappears when the PEG400
concentration is increased to 1, 2, and 3 wt %. Spherical grain
morphology without a dimple has been observed for S2pt5
(Figure 3a). As PEG1450 concentration is increased further
to 1 wt %, the morphology of the grains undergoes a shape
transition from spherical to buckyball (Figure 3b). The
morphology of the grains has well-defined multiple inden-
tations on a nearly spherical matrix. Similar grain morphology
has also been observed for S2p2 specimens with an increase in
the size of the indentations (Figure 2c). Collapsed grains
having spongelike morphology have been obtained when the
PEG1450 concentration is increased to 6 wt % (Figure 2d).
The SEM micrographs in Figures 1 and 2 were analyzed for
their typical size by ImageJ software. The typical grain size,
estimated by image analysis of the electron micrographs for S1
and S2 specimens, are tabulated in Tables 1 and 2. It is
important to mention here that noncalcined S1 and S2
specimens were also characterized by SEM. It was observed
that SEM micrographs of the calcined and noncalcined grains
are identical, except for a small variation in overall grain size.
It is discernible from Figure 4 that IR spectra bear the

signature of the organic group −CH− in addition to the
characteristic modes of silica. The approximate positions of the
different modes and their assignment to a functional group
(based on the literature)55−57 are depicted in Table S1 of the
Supporting Information. IR spectra of the calcined S1
specimens are shown in Figure 5. It is evident that IR modes
related to −CH− groups are not present in the samples after
calcinations at 500 °C for 4 h. However, bending and stretching
modes of −OH groups are still present in the samples that are
calcined at 500 °C. The origin of the broad −OH stretch peak,
centered around 3450 cm−1 in calcined specimens, may be
attributed to the contribution from various −OH groups, such
as silanol groups on the silica surface and bound waters in the
interstices of the jammed silica NPs. Similar results have also
been observed for S2 samples. It has also been observed that
the relative absorption corresponding to Si−OH functional
group decreases after calcination, indicating the reduction of
Si−OH functional groups on silica NPs during heat treatment.
The IR spectra of the noncalcined and calcined S2 samples are
shown in Figures S1 and S2 of the Supporting Information.
It is observed that heat flow and weight loss curves for S1

and S2 grains are quite different. From Figure 6, it is found that
for S1pt5 and S1p1 specimens an exothermic peak appears
nearly at 300 °C due to calcination of PEG. Some weaker
endothermic peak like structures are also observed before this
exothermic peak. When the concentration of PEG400 is
increased to 2 and 3 wt %, an extra exothermic peak appears at
relatively lower temperature. This exothermic peak is not
preceded by any endothermic peak. It is known that removal of
the trapped and free polymer shows different thermogravi-
metric behavior.58 Free polymers manifest an exothermic peak
at relatively low temperature. However, for trapped polymers,
an exothermic peak appears at relatively higher temperature,
as it requires a larger amount of energy for dissociation.
The presence of an endothermic peak before the exothermic
peak due to trapped polymers indicates that some amount of
heat is required to desorb the attached polymers. A smaller
endothermic peak indicates the noncovalent nature of
interaction between silica and the polymer. In the present
case, the polymers may get attached on silica NPs via

Figure 8. Normalized SANS profiles of calcined assembled silica grains
obtained for different PEG400 concentrations (S1) are shown. The
solid lines are a fit of the model to the data. The inset shows SANS
profiles for noncalcined and calcined samples for varying PEG400
concentration. The profiles in the inset have been scaled vertically for
clarity. Noncalcined and calcined specimens are abbreviated as NC
and Cal, respectively.

Figure 9. Normalized SANS profiles of calcined assembled silica grains
obtained for different PEG1450 concentrations (S2). The solid lines
represent the fit of the model to the data. The inset shows SANS
profiles for noncalcined and calcined samples for varying PEG1450
concentration. The profiles in the inset have been scaled vertically for
clarity. Noncalcined and calcined specimens are abbreviated as NC
and Cal, respectively.
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physisorption or through hydrogen bond because of the
presence of the −OH groups on the silica colloids. The weight
loss curves during the removal of polymer show a consistent
behavior with the calculated weight loss. Weight loss curves also
show one or two slopes according to the appearance of one or
two exothermic peaks in the heat flow curve. Figure 7 shows
the thermogravimetric behavior of the S2 grains. It is evident
that the exothermic peak due to free PEG1450 appears even at
1 wt % concentration, while the appearance of an exothermic
peak in the case of PEG400 was at 2 wt %.
The TG analysis and IR spectra of the PEG incorporated grains

provide crucial information regarding the interaction of PEG and
silica NPs. While IR indicates the presence of the Si−OH functional
groups on its surface even after calcinations at 500 °C, the heat flow
curves indicate the existence of both trapped as well as free
polymers in the assembled grains. On the basis of these results, it is
believed that PEG interacts with the silica NPs via Si−OH groups
and gets absorbed on silica NPs. These polymer-covered NPs get
assembled in a random jamming process during drying of the
droplet. Thus, coated polymers in this case are trapped between the
interstices of the jammed NPs and manifest an exothermic peak at
higher temperature. When the concentration of the polymers is
increased to higher weight percent, absorption of polymer on NPs
gets saturated and additional PEG polymers become free and may
also form smaller aggregates. It is also evident from the heat flow
curve that for high molecular weight polymer, free polymer appears
at lower concentration as compared to that of low molecular weight
polymer. It shows that the absorption of polymer on NPs saturates
at lower concentration for higher molecular weight.
It is worth mentioning that microscopy is a direct but local

probe and thus does not provide statistically averaged
information. Nevertheless, it is an important complementary
technique to scattering results. SANS provides statistically
averaged information over the mesoscopic length scale. The
SANS profiles of calcined S1 and S2 specimens are depicted in
Figures 8 and 9, respectively. Scattering profiles showing
the effect of calcinations of the grains containing PEG400
are depicted in the inset of Figure 8. It is discernible that
calcination modifies SANS profiles at very low q region. Guinier
analysis of the scattering profiles shows that the size of grains
decreases slightly after calcination. The image analysis of the
electron micrographs for the grains before and after calcinations
also supports this observation. From the inset of Figure 9, it is
observed that scattering profiles of calcined and noncalcined
specimens for both S2pt5 and S2p1 approximately match.
However, the scattering profiles for S2p2 and S2p6 specimens
differ slightly in scale before and after calcination except at
higher q; however, their functionality remains more or less
similar, indicating almost similar morphology except the change
in contrast due to removal of PEG.

It is evident from Figures 8 and 9 that a wide q range enables
us to examine two level structures of the grains. The scattering
profiles may be broadly divided into two zones mainly. The
scattering contribution from overall grains is centered
predominantly in zone I. The information on the smaller
entities, i.e., the assembled NPs, is primarily dominant in zone
II of the scattering profiles. Similar observations also follow for
S2 grains. However, this is not true for the S2p6 specimen, as
we will discuss later. It is interesting to note that simple
addition of scattering contributions from different entities may
be approximated by additive terms if their length scales
differ widely. The scattered intensity from two level
structure is modeled as I(q) = I1(q) + I2(q), where I1(q) is
the scattering contribution from overall grains and I2(q) is
the scattering contribution from the packed silica NPs within
the grains.
It is evident from SEM micrographs that the grains are

spherical in nature for the S1 specimens. The grains for S2pt5
are spherical, and grains for S2p1 and S2P2 are deformed
spheres. Hence, the scattered intensity from the overall grains
I1(q) is modeled in the light of polydisperse spheres, I1(q) =
C1∫ P(q,r)r6D(r,r0g,σg) dr, where P(q,r) is the form factor of a
sphere of radius r and may be written as59 P(q,r) = 9{[sin(qR) −
qR cos(qR)]/(qR)3}2. It is to be noted that the scattering intensity
depends on the square of the volume of the inhomogeneity. For a
system of polydisperse spheres, the square of volume term (r6) has
been taken inside the integration. All other r independent terms
are absorbed in the coefficient C1. D(r,r0g,σg) is the log-normal size
distribution with median grain radius r0g and the polydispersity
index σg. The expression for the log-normal size distribution
having median size r0 and polydispersity index may be written as

60

D(r,r0,σ) = [1/(2πσ2r2)1/2] exp{−[ln(r/r0)]2/2σ2}.
The average radius of grains ⟨rg⟩ can be expressed as ⟨rg⟩ = r0g

exp(σg
2/2). The volume weighted averaged grain size distribution

for S1 and S2 specimens are depicted in Figure10 and its inset,
respectively. It is interesting to note that the effect due to the
correlation between the overall grains is expected to be manifested
at very low q. It is evident from Figures 8 and 9 that SANS profiles
are not significantly affected by the correlation between overall
grains in the present accessible q regime. However, one can
explore the effect of correlation between grains by accessing the
further lower q by static light scattering experiments.
The expression for I2(q) may be written as the following if an

interacting polydisperse spherical particle model is assumed
under local monodisperse approximation:61 I2(q) = C2∫ P(q,r)
r6D(r,r0np,σnp) S(q,τ,Φ) dr, where D(r,r0np,σnp) is the log-normal
size distribution of jammed silica NPs with a median radius r0np
and polydispersity index σnp. S(q,τ,Φ) is the structure factor and
is assumed to be a sticky hard sphere type with τ as the inverse
stickiness parameter and Φ as the local packing fraction of the
NPs.62 The expression of the S(q,τ,Φ) is quite complex and can be

Table 1. Fitting Parameters Obtained from SANS Data Analysis for Calcined S1 Specimens

structure factor S(τ,Φ) parameters due to
jammed silica NPs

pore size distribution
parameters templated by
free PEG aggregates overall grains size distribution parameters

specimen
(calcined) stickiness parameter, τ volume fraction, Φ

average
radius
(nm) polydispersity, σ average radius, rg (nm) polydispersity, σ

Guinier
radius, Rg
(nm)

grain size by
image analysis

(μm)
C1/C2
(×10−5)

S1pt5 0.2 0.58 no contribution 76 0.45 257 ± 30 1.1 ± 0.6 9.54

S1p1 0.2 0.49 no contribution 94 0.41 263 ± 37 1.9 ± 0.9 4.70

S1p2 0.2 0.49 5.2 0.42 114 0.50 401 ± 14 1.5 ± 0.8 4.89

S1p3 0.2 0.49 6.4 0.40 128 0.55 488 ± 10 2.2 ± 1.1 2.08
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retrieved from the literature.62−64 It is found that neither the exact
hard sphere repulsive interaction nor the fractal correlation could fit
the data well. At the same time, a sticky hard sphere model
produces a better agreement. Jamming behavior during drying of a
colloidal droplet gives an exact idea about the interaction between
jammed NPs. During drying of a colloidal droplet, the NPs come
closer because of the attractive capillary force and finally get trapped
in van der Waal type of potential well at the end of drying. The
nature of the van der Waal potential between locked NPs may be
approximated as a sticky hard spheres interaction type. The above
two level structures model is successful to fit the scattering profiles
for S1pt5 and S1p1. The scattering profiles of S1p2 and S1p3 could
not be fitted by realistic parameters without considering extra
scattering contribution in zone II (as scattering in zone II is increas-
ing with increasing polymer concentration), which in fact originates
from the templated pores from the PEG aggregates. Similarly, the
scattering profiles for the S2pt5, S2p1, and S2p2 could not be
modeled using the above-mentioned two level structures model.
The scattering contribution due to PEG templated pores may be
written as I3(q) = C3∫ P(q,r)r6D(r,r0pore,σpore) dr.
The existence of such small pores is evident from the

existence of free PEG aggregates in noncalcined samples
through TGA. It is to be noted that the size of PEG templated
pores is comparable to silica NPs size and hence should not be
confused with the hole size of the buckyball, as their size is on
the order of a micrometer. At this juncture, it is important to
mention that in present data analysis, the scattering
contribution from smaller pores [I3(q)] is simply added to
the scattering contribution from NPs [I2(q)]. There may be
some effect due to avoidance of cross terms which may arise
due to similar length scale of NPs and pores. However, for
simplicity and also to reduce the number of parameters in
fitting, the above approximation is adopted.
It is to be noted that the silica NPs size distribution was kept

fixed during analysis of SANS data for all the calcined
specimens, as the size of the NPs in the initial colloids remains
the same. The NPs size distribution D(r,r0np,σnp) is shown in
Figure S3 of the Supporting Information. The average radius of
the silica NPs is found to be 5.8 nm with polydispersity index
0.43. Although, the size distribution of the NPs remains
constant, the local packing fraction (Φ) of NPs does not
remain constant at the higher weight fraction of PEG. For
S1pt5 grains the local packing fraction (Φ) of NPs is 0.60. The
local packing fraction decreases to 0.50 when PEG400
concentration is increased to 1 wt %, and it remains constant
for higher concentration. The pore size distribution, asT
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Figure 10. The grain size distributions for the S1 sample series as
obtained from the SANS analysis. Inset shows grain size distributions
for S2 samples obtained from the SANS analysis except S2p6.
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estimated by SANS analysis, is depicted in Figure 11. It is
evident from Figure 11 that the typical size of the PEG

templated pores is 10 nm; hence, these pores cannot be seen in
SEM micrographs due to resolution limitations. Similarly, local
packing fraction Φ of NPs was nearly 0.60 for S2pt5 specimens.
When the concentration of PEG1450 is increased to 1 wt %, Φ
decreases to 0.5 and it remains constant at higher con-
centrations. The pore size distributions for S2 specimens are
shown in the inset of Figure11. The value for C1/C2 has been
estimated for each specimen. We have observed a decreasing trendin
the ratio of the C1/C2 in the S1 specimens. Actually, an attempt has
been made to understand the trend in terms of the com-
pactness of the grains. It is important to note that the poly-
disperse solid sphere model was adopted in fitting the
scattering contribution from the grains. However, if the grains
would have been true solid sphere in all cases, then the ratio
C1/C2 should have remained constant. The decrease in the ratio
of C1/C2 is attributed to the decrease in the compactness of the
grains. The C1/C2 ratio for untreated assembled silica grains
was found to be highest with a value 13.8 × 10−5.
The other ratios, such as C3/C2 and Cfractal/C3, were also

estimated, but these ratios could not provide conclusive
information regarding grain morphology.
It is worth mentioning that the SANS profile for S2p6

specimen is entirely different. In this case, the scattering profile
follows power law behavior over a wide q range. The cor-
relation of the assembled NPs is modified from sticky hard
sphere interaction to a fractal type of interaction. The scatted
intensity has been modeled as follows:
I(q) = Ifractal(q) + I3(q), where Ifractal(q) = Cfractal[∫D(r,r0np,σnp)-

r6P(q,r) dr]S(q,rav,ξ) and S(q,rav,ξ) is the fractal structure factor
and is expressed as
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Γ −

+

− ξ

ξ

−

−

⎡
⎣⎢

⎤
⎦⎥

S q r
qr

D D

D q

( , , ) 1
1

( )

( 1)

1

sin[( 1) tan ( )]

D

q

D

F

av
av

F F

1
( 1)/2

1

F

2 2

F

where rav and ξ are lower cutoff (average NPs size) and upper
cutoff lengths of the fractal structure, respectively. DF is the
fractal dimension and describes the nature of the correlation of
the NPs in the aggregate. The ratios C1/C2 for S2 specimens do
not follow any kind of trend because of the significant deviation
of its shape from a sphere. To avoid the complexity and also to

reduce the number of fitting parameters, the shape poly-
dispersity is not accounted for in the present model of SANS
analysis. It is to be noted that the ratios Cfractal/C3 were also
estimated, but they do not provide any conclusive information.
The parameters obtained from SANS analysis for PEG400 and

PEG1450 are tabulated in Tables 1 and 2, respectively. It is
observed from the tables that there is a difference in size of the
grains obtained from SEM micrographs and SANS analysis. This
arises primarily due to two reasons. First, SEM is a local probe of
materials. The information, extracted by the image analysis of the
micrographs, may not be adequately statistically averaged, as it is
based on counting of fewer grains. Smaller grains, which are not
observed from SEM, remain uncounted as far as image analysis is
concerned. However, SANS is a bulk probe of the matter and
gives statistically averaged information on the distribution of the
grains. Further, the polydispersity of the grains is also significant.
Second, the SANS data has been recorded in limited q regimes.
The scattering contribution from large enough grains may not be
significant in the present experimental q range. However, the
qualitative trend in the variation of grain size, as obtained by SEM,
Guinier analysis, and model fitting of whole profiles, corroborate
each other. At this juncture, it is important to mention that the
model is complex enough to extract information on the buckyball-
type holes and grains separately, as the grains are significantly
polydisperse for S2p1 and S2p2. The scattering contributions from
the buckyball holes in the grains and smaller grains may overlap in
the same q region and are difficult to separate. This might have led
to somewhat of an underestimation of the actual grain size.
Recently, the origin of the doughnut morphology of grains

during drying of bare silica colloids in fast drying regime has been
elucidated.30 It was observed that buckling of the shell formed
during drying gives rise to doughnut morphology. Dimensionless
Peclet number Pe has been estimated to be ∼3.5 for the present
drying conditions for 2 wt % silica colloid, which indicates that
drying comes under the fast drying regime.30 The formation of the
shell of NPs during evaporation-driven assembly plays an
important role in deciding the final morphology of the self-
assembled grain. As mentioned earlier (Figure 1), only the grains
for 2 wt % silica colloids possess doughnut morphology. However,
spherical morphology is achieved on just addition of PEG400
polymer in 2 wt % silica colloids. Slightly dimpled spherical
morphology is observed for S1pt5 specimens. The arrest of the
buckling phenomenon on addition of PEG400 polymer may be
understood as follows. During drying of the colloidal droplet,
evaporation brings the NPs into the liquid−water interface, where
their concentration grows. In contrast, in the core of a droplet, the
volume fraction of the NPs remains approximately equal to its
initial value. This accumulation thus leads to the formation of a
boundary layer through which the concentration changes. As time
passes, two effects occur. The concentration at the shell increases
and the boundary layer becomes thicker. When the concentration
reaches the gel concentration value (∼0.6), a characteristic of the
close packing of particles, a gelled shell forms at the surface. As
evaporation continues, the drop progressively flattens. As water
evaporates, tiny menisci form in the gaps between particles at the
surface of the shell. The pressure difference across the menisci is
2γ/rM (capillary pressure), where rM is the local radius of
curvature. This capillary pressure drives the deformation of the
shell. Stress on the shell due to capillary pressure may be
controlled by the modification of the colloidal particle size.
However, a critical pressure pc = 4Y0(h/Rc)

2 is required to induce
the buckling of a homogeneous shell.44 If the stress due to capillary
pressures exceeds the critical pressure, the formed shell buckles.

Figure 11. Pore size distributions for S1p2 and S1p3 calcined
specimens, as obtained from the SANS analysis. Inset shows the pore
size distributions for S2p1 and S2p2 specimens.
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As observed from Figure 1, the buckled grains with a single
indentation (doughnut grains) has been observed for the case with
only silica colloids. When the PEG is added to silica colloids, it
interacts with the silica NPs via hydrogen bond and gets adsorbed
on the NPs to form a coating. Due to polymer coating, silica NPs
could not come closer as compared to that in the case of only
silica NPs case. Thus, the local menisci radius rM is relatively
large in this case, resulting in smaller capillary pressure, which is
not sufficient to induce the buckling during drying of the droplet.
For 0.5 wt % of PEG400, buckling of the shell is not fully arrested
and dimpled grains are observed. However, coating of the
polymers on NPs increases when the concentration is increased
to 1 wt %, leading to the lower packing fraction of NPs in the
calcined grains, as was observed from SANS analysis. Thus, an
increase in the coating amount on NPs leads to further reduction
of capillary pressure, resulting in spherical grains without any
dimples. If the concentration of the PEG400 is increased further to
2 and 3 wt %, the coating of the polymer saturates and free
polymers in the form of aggregate result, in addition to the coated
polymers, as is supported by the TGA−DTA curve. SANS data of
the calcined samples indicate the presence of the pores which was
templated by free PEG aggregates. The size of PEG aggregates was
similar to that of NPs size (∼10 nm). Since the size of the PEG
aggregates is similar to that of the silica NPs size, they became the
part of the shell that is formed during the assembly process of
colloids in the drying droplet. Thus, the shell in this case is not
homogeneous. However, for small molecular weight polymer
(PEG400) the number of aggregates is not significant, even for
3 wt %. If the molecular weight of the PEG is increased from 400
to 1450 (approximately 4 times) free PEG appears even at 1 wt %.
It was observed from the SEM micrographs that the assembled
grains of S2p1 and S2p2 are of buckyball-type morphology, which
is quite an intriguing observation. As discussed earlier, addition of
PEG400 reduces the buckling due to a coating of polymers on
NPs. However, in the case of S2pt1 and S2p2 specimens the
buckyball type of grains have been observed due to increased
buckling of the shell. It is to be noted that the addition of polymer
of low molecular weight, as in the present case, does not modify
the viscosity of the initial dispersion significantly.65 Also, the drying
parameters remained identical for both cases, i.e., for only silica
colloid and polymer-treated colloid. An attempt has been made to
understand the origin of the grain morphology having multiple
indentations in view of the theory of homogeneous spherical
elastic shell. It has been discussed earlier that the relative thickness
of the shell (h/Rc) and the rate of deformation decide the degree
of the buckling or the number of indentations during drying for a
homogeneous elastic shell. Since the drying parameters and
dispersion properties are not altered significantly on addition of
polymer, it is expected that the rate of deformation and relative shell
thickness should not change significantly. It was argued earlier that
the capillary pressure on the shell decreases on addition of polymer.
Also, the relative shell thickness (h/Rc) may increase on addition of
polymer due to coating of silica NPs and the presence of the free
PEG aggregates on the shell at higher concentration. This will lead
to lower γ value and smaller external pressure as compared to those
for the unmodified silica colloids case. Thus, according to the elastic
homogeneous spherical shell theory, buckling should have been
arrested in the case of S2p1 and S2p2 specimens. Hence, in the
present scenario, the theory of homogeneous elastic spherical shell
fails to explain the origin of the buckyball-type morphology for the
S2p1 and S2p2 specimens. However, if inhomogeneity on the shell
is invoked, the present experimental observation may be explained
satisfactorily. An elastic shell, formed during assembly, will comprise

both silica and soft PEG aggregates, as they are of comparable sizes.
In this process, the shell becomes inhomogeneous as far as the
shear modulus is concerned. It is important to mention that
deformation of the shell under external pressure also depends on
the Young modulus of the shell. If the Young modulus is smaller,
the induced deformation is larger. The PEG aggregates on the
surface of the shell act as the center for the buckling under capillary
pressure. Also, the critical pressure for this kind of inhomogeneous
shell will be lower as compared to that of the homogeneous shell of
silica. The zones with soft components of the shell will be buckled
at relatively smaller capillary pressure. It was observed that although
free PEG aggregates in case of S1p2 and S1p3 are available, the
number of aggregates will be smaller as compared to that for S2p1
and S2p2 due to higher molecular weight. Thus, buckling could not
be induced for the shell having fewer PEG aggregates on the shell.
It is to be mentioned that, in present case, the size of the PEG
aggregates (∼10 nm) is significantly smaller as compared to the size
of the buckyball holes (∼1 μm) in the grains. So, buckyball holes in
the grains cannot be due to mere templating of PEG aggregates of
size 10 nm. Hence, the origin of such buckyball holes on the grains
is attributed to buckling of an inhomogenous shell as PEG
aggregates of 10 nm make the shell inhomogenous during drying. It
needs to be mentioned that the buckyball-like grains may also be
synthesized by using bigger polymer colloids, like polystyrene under
nonbuckling regime, where buckling of the shell does not occur
during drying.27,28 However, the size of polystyrene colloids should
be comparable to the buckyball holes in the templating method
unlike the present case. This also becomes evident from the SEM
micrograph (inset of Figure 3c) that such buckyball holes are
present even in the noncalcined grains. A schematic regarding the
mechanism for the origin of the buckyball type grains has been
depicted in Figure 12.

Figure 12. The schematic shows three different stages of drying (a)
silica colloids coated with polymer and no PEG aggregate, (b) silica
colloids coated with polymer and PEG aggregates are small in number
(size of the PEG aggregates is 10 nm), (c) silica colloids coated with
polymer and PEG aggregates are larger in number (size of the PEG
aggregates is 10 nm). Note that buckyball holes do not arise due to
PEG aggregates but result due to shell buckling.
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To see the effect of further higher concentration of PEG1450,
spray-drying experiment has been performed on silica colloids
modified with 6 wt % polymer. It is observed from Figure 3d that
spongelike grains are observed. The SEM micrograph of the
noncalcined S2p6 specimen shows the grains are collapsed into
each other (inset of Figure 3d). It is also observed from SANS data
that a fractal-like correlation between the silica NPs exists over two
decades of the length scale. The SANS data also show the
presence of the pores templated by PEG aggregates. This result
also indicates that the concentration and molecular weight of PEG
polymer are key parameters to tune the buckling phenomenon in
this system.

4. CONCLUSIONS
It has been shown that the phenomenon of morphological
transformation to doughnut-like shape during drying of
droplets containing a single type of colloid can be
comprehended in terms of buckling theory of a homogeneous
elastic shell. Further, such buckling phenomenon could be
arrested by covering the NPs by PEG. The buckyball-type
morphology of the grains could be realized due to buckling at
higher molecular weight and concentration of the polymer.
SANS results show the existence of PEG aggregates, which are
much small than the dimples in the buckyball-type grains, at
higher polymer concentration. The origin of such buckyball-
type grains could not be explained either by theory of elastic
homogeneous shell buckling or by templating of pore by PEG
aggregates. It is revealed that a threshold number of soft PEG
rich zones on the shell are necessary to induce buckling. The
relatively small elastic modulus of the soft zones induces
buckling at various centers, resulting in buckyball type of grains.
A theoretical approach toward the simulation of the
inhomogeneous elastic shell under external pressure is quite a
complex problem and needs further attention.
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