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Abstract Synchrotron small-angle X-ray scattering tech-
nique has been used to study the effect of ultrasound on the
microstructure of polystyrene (PS) in cyclohexane solu-
tions. The results show that the intramolecular radius of
gyration (Rg) decreases with ultrasound, indicating the
shrinkage and collapse of PS chains. There is an exponen-
tial relationship between Rg and the molecular weight of PS
(Mw), and the exponent changes from 0.5 to 0.417, as the
ultrasound time is increased. This means that the shape of
PS chain changes from random coil to shrunken form. The
Kratky plots also confirm the shape transformation of PS
chains induced by ultrasound. Moreover, the intermolecular
correlation length increases with the ultrasound time, which
is indicative of the entanglement of PS chains.
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Introduction

The relationship between the microstructure of polymers in
liquid solvents and its environment change has been an
interesting subject for many years [1–5]. It is well known
that the configuration of polymer chain depends remarkably
on solvent quality [6–8]. As the solvency of the solvent is

decreased, the polymer chain structures can be changed
from the random coil to rodlike aggregates. Many exper-
imental techniques have been used to determine the
polymer microstructure in liquid solutions, such as fluores-
cence spectroscopy [8], light scattering [9], small-angle
neutron scattering [10], and small-angle X-ray scattering
(SAXS) [11]. In particular, SAXS is a powerful technique
to study polymer conformation, especially in dilute so-
lutions [12–18]. It can provide structural information of
polymer chain in liquid solutions, such as the size, the
shape, and the intermolecular interactions.

Ultrasound has become an important tool in chemistry in
recent years [19–21]. It has been well known that ultrasonic
radiation in liquids has a variety of physical and chemical
effects deriving from acoustic cavitation, which can provide
a unique method for driving chemical reactions under
extreme conditions. Diverse and promising applications of
ultrasound have been exploited in polymer chemistry [22–
24], such as polymerization, degradation of polymers, and
modification of polymer surfaces. The utilization of
ultrasound in polymerization can significantly accelerate
the polymerization rate, and the polymers produced under
sonication have narrower polydispersity but higher molec-
ular weights than those produced under normal conditions
[25]. Ultrasound has also been used in degradation of
polymers [26]. In addition, as the bubble collapse near a
surface results in jets of liquid impinging at high velocity
onto the surface, ultrasound also has been utilized to the
modification for polymer and polymer surfaces [27].

In this work, the effect of ultrasound on the microstruc-
ture of monodisperse polystyrene (PS) in cycolohexane was
investigated by SAXS. The results show that the polymer
chains shrink, collapse, and entangle by ultrasonication, and
the polymer shape transforms from the random coil to
shrunken form.
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Experimental section

Materials

Monodisperse PS samples Mw=Mn � 1:08ð Þ were synthe-
sized by Nanjing Chemical Engineering University. Three
polymers with the molecular weights of 3,600, 10,000, and
20,000, respectively, were used. The solvent cyclohexane
was purchased from Beijing Chemical Factory (>99.5%)
and used as received. Each PS sample was dissolved in
cyclohexane at room temperature for more than 48 h before
the experiments. Complete dissolution of the polymer was
confirmed by observing transparency of the solution. The
solution concentrations were 5×10−4, 1×10−3, 2×10−3, and
4×10−3 g/ml, respectively.

SAXS experiments

SAXS experiments were carried out at Beamline 4B9A at the
Beijing Synchrotron Radiation Facility. The SAXS station
was located 31 m from the source. The station was equipped
with a SAXS camera, a detector, an online data acquisition, a
controlling system, and an alignment carriage. The detailed
description of the spectrometer was given elsewhere [28]. The
data accumulation time was 3 min. The angular range was
chosen so as to provide data from q=0.005 Å−1 to q=0.3 Å−1,
where the magnitude of the scattering vector is given by
q ¼ 4π sin θ=2ð Þ=1 with θ and 1 being the scattering angle
and the incident X-ray wavelength of 1.54 Å, respectively.
The sample-to-detector distance was 1.50 m. In a typical
experiment, the PS/cyclohexane solution was treated with
high intensity ultrasound (20 kHz, 50 W) for a certain time,
during which a circulating water bath was used to maintain
the temperature of the bulk solution at 307.7 K (±2 K). Then,
the X-ray scattering was recorded.

Data analysis of SAXS

The X-ray scattering from polymer chain includes contribu-
tions from both the intermolecular and intramolecular inter-
actions. The scattering function I(q) is given by the product of
two factors: the form factor, P(q), which depends solely on
the size and shape of the polymer particles; the structure
factor, S(q), which accounts for attractive or repulsive
interactions between polymer particles [29]. By assuming
that the solvent is structureless, the total scattering is:

I qð Þ ≒ S qð Þ � P qð Þ ð1Þ
Aggregation of the polymer particles leads to the

increase in the structure factor at low q. However, when
the system is sufficiently dilute, interparticle interactions
are significantly reduced. In our experiment, as the
concentration of polymer solutions is very low, yielding

S(q)=1, we can obtain the P(q) directly from scattering
curve at low-q range using Debye equation [30]. For the
random coil, the form factor is given by the Debye function
as:

P qð Þ ¼ 2

q4R4
g

exp �q2R2
g

� �
þ q2R2

g � 1
h i

ð2Þ

The intramolecular correlation defined by Rg for differ-
ent concentration of the solution is determined by Debye
equation at low-q scattering range from 0.005 to 0.01 Å.
Moreover, the overall shape of the polymer chain molecule
was also analyzed by Kratky plot, i.e., I(q)×q2 vs q plot.

The intermolecular correlation length for PS/cyclohex-
ane solutions was obtained by Ornstein–Zernike fitting at
mid-q range of 0.04 to 0.08 Å [31]:

S qð Þ ¼ S 0ð Þ
1þ q2x2

ð3Þ

where S(0) is the scattering intensity at q=0, and ξ is the
Ornstein–Zernike correlation length. From the Ornstein–
Zernike plot, i.e., 1/S(q) vs q2, the correlation length can be
evaluated from the slop of the straight line and the value of
S(0) by extrapolation.

Results and discussion

Scattering Intensity

As examples, Fig. 1 shows the SAXS curves of the PS/
cyclohexane solutions (Mw=20,000, [PS]=5×10−4 g/ml)
after the different ultrasound time. In contrast to the solution
without ultrasound, it is found that the scattering intensity of

Fig. 1 The experimental SAXS profiles of the PS/cyclohexane
solution (Mw=20,000, [PS]=5×10

−4 g/ml) by different ultrasonication
time
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the solution with the ultrasound is higher, and as the
ultrasound time-in belonged, the scattering intensity at low-q
range is increased. The scattering in the PS/cyclohexane
solution is due to differences in the electron density of the
electron-rich polymer chain and the electron-poor solvent.
The ultrasound in the solution may cause an increase in the
electron density of the polymer phase, which provides better
contrast between the polymer and solvent and results in a
corresponding increase in the scattering intensity.

Intramolecular radius of gyration

Figure 2 shows the scattering curve of the PS/cyclohexane
solutions (Mw=20,000, [PS]=5×10−4 g/ml) after the
different ultrasound time at low-q range from 0.005 to
0.01 Å and the corresponding Debye fits. The intramolec-
ular radius of gyration Rg for PS at different ultrasound time
were determined by extrapolating the Rg at different
concentrations to zero concentration, which are shown in
Fig. 3. Without the ultrasound, the Rg values of the PS/
cyclohexane solutions obtained at Mw of 3,600, 10,000, and
20,000, is 16.1, 27.0, and 37.3 Å, respectively. These
values agree well with the unperturbed θ values for PS in
cyclohexane of Rg�q � 0:269�M 0:5

w [32–34]. At 307.7 K,
cyclohexane is the θ solvent for PS, and the polymer chains
expand with a random coil shape. As we can see from
Fig. 3, with the increasing of ultrasound time, the Rg value
of PS decreases, indicating that the polymer chains shrink
and collapse during the ultrasound process, and it shows
that the Rg value decreases drastically in the beginning
certain minutes and subsequently decreases less with
ultrasound time, which suggests that the effect of ultra-
sound on the polymer shape is the most remarkable in the
beginning certain minutes.

The effect of molecular weight Mw on the intramolecular
gyration radius Rg at different ultrasound time can be
extracted from Fig. 3. If the values of Rg are replotted
double-logarithmically against Mw at different ultrasound
time, the data point can be fitted by straight line with the
power law relationship of Rg ¼ a�Mb

w. The exponent b
can provide the information on the microstructure of
polymer chains. In the θ solvent, the exponent b is 0.5
characterized of the random coil of polymers. Figure 4 shows
the coefficients of a and b in the function of Rg ¼ a�Mb

w

for PS/cyclohexane solution after ultrasonication for various
time. As we can see, by increasing the ultrasound time from 0
to 109 min, the exponent b is decreased from 0.5 to 0.417,
which means that the PS chains shrink and collapse from
random coil. But this shrunken form of PS induced by
ultrasound cannot be globular, as it has been predicted that,
for the complete globular particles, the exponent b value was

Fig. 2 The experimental SAXS profiles (solid dots) and
corresponding Debye fits (solid lines) for PS/cyclohexane solution
(Mw=20,000, [PS]=5×10

−4 g/ml) by different ultrasonication time

Fig. 3 Gyration radius Rg for PS/cyclohexane solution by different
ultrasonication time

Fig. 4 The coefficient of a and b in the function of Rg ¼ a�Mb
w for

PS/cyclohexane solution by different ultrasonication time
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1/3 [35]. It can be concluded that PS exhibits an intermediate
structure between the original random coil and globular
shape.

Kratky plot

The Kratky plot [I(q)×q2 vs q] is useful in describing the
overall shape of the polymer chain molecule [36–39]. In
essence, the Kratky plot shows a clear peak for a globular
conformation but has a plateau shape and then increases
monotonically for a flexible chain-like molecule. Figure 5
shows the Kratky pattern for PS/cyclohexane solution
(Mw=20,000, [PS]=5×10

−4 g/ml) after ultrasonication for
various times. As we can see, without the ultrasound, the
Kratky pattern for the PS/cyclohexane solution is monoton-
ically increased, which indicates that the PS chain is in a
flexible chain-like conformation. After ultrasonication, evi-
dently, there are some changes for the Kratky pattern. It can
be seen from Fig. 5 that the Kratky plot increases gradually
in the low-q range and shows a not very clear broaden peak
at high-q range. This means that the PS, after ultrasonication,
exhibits an intermediate conformation between the original
random coil and globular shape [39]. The results from the
Kratky plot, together with the estimates of Rg and the relation
between Mw and Rg, demonstrate that the PS molecule in
cyclohexane has an original expanded flexible chain confor-
mation but has a restricted spatial distribution and a shrunken
form induced by the ultrasound.

Intermolecular correlation length

As examples, Fig. 6 shows Ornstein–Zernike plots for PS/
cyclohexane solution (Mw=20,000, [PS]=5×10−4 g/ml)
after ultrasonication for various time. From Ornstein–
Zernike plots, the correlation length ξ, which is a measure

of the spatial extent and temporal lifetime of transient,
unstable concentration fluctuations of polymer in solutions,
can be obtained. Figure 7 shows the dependence of
correlation length ξ on ultrasound time. Without the
ultrasound, the Rg value obtained by Debye equation for
the PS of Mw=3,600, 10,000, and 20,000 is 16.1, 27.0, and
37.3 Å, respectively, and the corresponding correlation
length ξ is 9.5, 15.5, and 21.7 Å. The relationship of
ξTθ ¼ Rg�θ

� ffiffiffi
3

p
can be obtained, which is exactly the same

as the results obtained by Fujita [40], des Cloizeaux and
Jannink [41]. From Fig. 7, it is clear that the correlation
length is increased gradually with the increasing ultrasound
time, especially in the beginning certain minutes. This
indicates that the ultrasound results in an increase in the
size and lifetime of transient concentration fluctuation in
the PS/cyclohexane solution. The possible reason for this
phenomenon is that the ultrasound drives the PS chain to
shrink and collapse, which makes the polymer chains closer
and leads to a increase in the intermolecular correlation

Fig. 5 The Kratky plot for PS/cyclohexane solution (Mw=20,000,
[PS]=5×10−4 g/ml) by different ultrasonication time

Fig. 6 Ornstein–Zernike plots for PS/cyclohexane solution
(Mw=20,000, [PS]=5×10

−4 g/ml) by different ultrasonication time

Fig. 7 Correlation length for PS/cyclohexane solution by different
ultrasonication time
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length. The possible mechanism for the shape change of PS
chains in cyclohexane is discussed in the following.

Possible mechanism

The ultrasound-induced microstructure changes of PS in
cyclohexane can be explained from the viewpoint of acoustic
cavitation: the creation, expansion, and implosive collapse of
bubbles in ultrasonically irradiated liquids [42–44]. It has
been well known that during cavitation, bubble collapse
produces intense local heating, high pressures, and very
short lifetimes; these transient, localized hot spots have
temperatures of ∼5,000°C, pressure of about 1,000 atm, and
heating and cooling rates above 1010 K/s [19]. Thus, the
interfacial region around cavitation bubbles has very large
temperature and pressure. In dilute solutions, the polymer
chains are in random coil and are free to move in the flow
fields around the bubbles. The special temperature and
pressure effects of acoustic cavitation could make the
polymer chains shrink, collapse, and entangle. In addition,
the very large shear and strain gradients in the vicinity of
bubbles generated by the very rapid streaming of solvent
molecules around the cavitation bubble, as well as the
intense shock waves emanated on collapse, may also partly
contribute to the shrinkage and entanglement of polymer
chains. Moreover, as the ultrasound time is increased, more
polymer chains are entangled, which restrict the movement
of polymers in the flow field around the bubbles. Therefore,
the microstructure change of the polymers is less remark-
able at long ultrasound time.

Conclusion

Synchrotron SAXS technique has been used to study the
effect of ultrasound on the microstructure of monodisperse
PS in solvent of cyclohexane. The intramolecular correla-
tion of the polymer chain decreases with the ultrasound
time, and its shape changes from random coil to shrunken
form. The Kratky plot also gives further support for the
shape transformation of the polymer induced by ultrasound.
The correlation lengths between the polymer chains
increase with the ultrasound time. This means that
ultrasound can cause the entanglement of polymer chains.
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