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Passive optical mapping of structural evolution in
complex fluids

Jose R. Guzman-Sepulveda,a Kyle M. Douglass,a Samiul Amin,b Neil E. Lewisb

and Aristide Dogariu*a

Self-assembling complex systems exhibit properties that involve a broad spectrum of thermal, structural,

morphological, and optical transitions. Various techniques have been used to assess different aspects of

the phase transitions in these complex systems. However, because of inherent technical constraints,

structural information is usually provided only within narrow ranges of concentrations and temperatures.

We show here that by effectively suppressing multiple scattering, low-coherence dynamic light

scattering permits assessing the aggregation dynamics of self-assembling systems in a completely

passive manner and over ranges of concentration and temperatures well beyond the limits of traditional

approaches. The power spectral analysis of scattered intensity fluctuations permits a reliable

characterization of multiple relaxation times. We demonstrate that the entire phase diagram can be

covered in a consistent way and structural phase transitions can be mapped over a broad optical regime

from weak to strong scattering.

Introduction

Self-assembling systems manifest a rich variety of structural
and nanoscale morphologies, and rheological, electronic, and
optical properties.1,2 The large range of mechanical properties
which can be designed and engineered makes them suitable for
applications such as directing growing in material synthesis3

and articial biological scaffolding in regenerative medicine i.e.
tissue engineering.4–6 Also, the electronic properties of self-
assembling systems play an important role in electronic,
photonic, and plasmonic devices for sensing and energy
storage.6,7 More interestingly, functional materials for sensing
and control of biological processes6,8–12 as well as therapeutic
delivery13–19 can also be designed based on the characteristic
bio-responsivity of these systems.

Although a variety of protein, nucleic acids (DNA), and
peptide systems exist and have been studied in great detail, the
polymer-based self-assembling systems, and particularly those
conformed by amphiphilic species i.e. block copolymers, are of
considerable interest for both the fundamental science and the
related technological development and applications.2

Self-assembling processes are characterized by critical
temperatures and concentrations that dene the phase transi-
tions between states with soluble individuals e.g. monomers,
and situations where the constituent blocks aggregate forming

more complex structures, e.g. micelles.20 Following experimen-
tally the structural evolution is rather challenging because
physical properties change considerably across such phase
transitions. Some of these difficulties, like maintaining the
structural integrity during the process, are of general nature.
Others depend strictly on the system examined. For instance,
the physical property or the contrast mechanism utilized in an
experiment, as well as the concentration and the temperature
ranges of interest.

The structural transitions in self-assembling systems are
being intensively studied using a variety of techniques, among
which scattering-based approaches such as small-angle neutron
and X-ray scattering (SANS, SAXS), and static and dynamic light-
scattering (SLS, DLS) are the most widely used. However, there
are inherent experimental constraints, which stem from a
variety of thermal, structural, morphological, rheological, and
optical transitions experienced by these systems. The situation
complicates even more at high concentrations since hydrody-
namic interactions are progressively screened as the concen-
tration increases.2

Optical scattering-based techniques offer signicant experi-
mental exibility but, so far, suffer from some critical restric-
tions. Firstly, the samples have to be low-concentrated such that
multiple scattering can be avoided. Also, DLS studies normally
result in an average decay time which characterizes a dominant
relaxation process,21,22 this, of course, limits the amount of
structural information that can be retrieved. As a result, most
common techniques reported so far cover only limited regions
of the phase diagrams.
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A standard example of a complex, self-assembling system is
the case of aggregating block copolymers. The structural
evolution of such complex uids has been intensely studied by
means of SANS,22,23 laser temperature jump,24 ultrasonic relax-
ation,25 differential scanning calorimetry (DSC),21 Fourier-
transform infrared spectroscopy (FTIR),21 and both SLS and
DLS.21,22,25,26 The concentration and temperature regimes
covered by these techniques are summarized in the schematic
phase diagram of Fig. 1 for the specic case of Pluronics L64, a
well-studied block copolymer system.27–29 As can be seen, it is
mainly the low-concentration regime which is accessible to
most current experimental procedures. Nevertheless, this situ-
ation imposes signicant limitations in understanding the role
of higher concentrations in, for instance, the evolution of
micellar hydrodynamic size and diffusion.21,22

Among the techniques illustrated in Fig. 1, optical
approaches are of particular interest because of the exibility in
their practical implementation and potential noninvasiveness.
In order to scale to higher concentrations, commonly, colloidal
probes are embedded into the system and a global analysis of
the dynamic light scattering provides information about the
microrheological properties of the complex uid.26,30 This
approach has its own limitations when the scattering from the
probes starts competing with the intrinsic scattering of the
complex system itself. In addition, the presence of the probes
alters in certain degree the system's integrity and, complicates
the interpretation of the measured dynamics.

In the following we will introduce an optical technique based
on low-coherence dynamic light scattering (LC-DLS), which
allows monitoring the evolution of the structural changes in
complex systems in a completely passive manner. We will show
that LC-DLS provides means to effectively isolate the contribu-
tion of single scattering events even in the case of media with
very high optical densities.31,32 Thus, the underlying structural
evolution of the system can be mapped over extended ranges of
temperature and concentration, which cover a broad optical
regime ranging from the weak single-scattering of monomers in
aqueous solution to the strong multiple-scattering.

The unique capabilities of LC-DLS will be demonstrated on a
standard self-assembling system, Pluronics L64. We will
show that the structural evolution of this complex uid can
be followed noninvasively, over a broad temperature range,
and at concentrations inaccessible to other experimental
techniques.

Low-coherence dynamic light
scattering

The uctuations of the scattered light due to the structural
dynamics in the copolymer system were analyzed in the
frequency domain by using the LC-DLS technique.33

The ber-based, LC-DLS experimental setup consists of a
common path interferometer built around a multimode optical
ber as schematically depicted in Fig. 2. Light from the low
coherence source, a super luminescent diode of �40 nm
bandwidth centered at 670 nm, is launched into a 62.5/125
multimode ber and then coupled into a 50/50 multimode
splitter.

The ber probe is inserted into the cuvette containing the
sample and an analog photodetector measures the intensity of
the scattered light coupled back into the ber. The uctuations
of the electrical signal are digitized using specialized DAQ
hardware and further analyzed in the frequency domain.

Due to the inherent coherence gating, this LC-DLS technique
allows isolating the back-scattered light from picoliter-sized
volumes thus effectively suppressing multiple scattering. This
procedure permits isolating the single-scattering component
even in optically dense media.31,32

The temporal uctuations of the intensity resulting from the
optical mixing between the back-scattered eld and the refer-
ence eld provided by the reection at the end facet of the ber
probe are analyzed directly in the frequency domain. It has been
shown that, in a range of complex uids, the associated power
spectrum of the intensity uctuations can be represented as a
superposition of multiple Lorentzian spectra31,32

Pð f Þ¼ 2

p

XM

i¼1

ai=si
f 2 þ ð1=siÞ2

; subject to
XM

i¼1

ai (1)

which is characterized by a distribution of decay times and
corresponding amplitudes.

Fig. 1 Schematic of the phase diagram of Pluronics L64, adapted from
ref. 27–29. Different experimental techniques cover limited domains
of phase diagram as indicated.

Fig. 2 Fiber optic-based low-coherence dynamic light scattering
setup.
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Using LC-DLS to monitor structural
changes in block copolymers

The LC-DLS procedure was tested on a triblock copolymer
which constitutes a typical example of self-assembling system.
Common material systems are amphiphilic nonionic surfac-
tants, commercially available as Pluronics, which have
symmetric structures poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide), PEO-PPO-PEO, or PPO-PEO-PPO.

The self-assembling process in block polymers can be
modied not only by changing the intrinsic properties of the
polymer but also by changing the solvent properties and the
environmental conditions.34,35 In addition, the system's evolu-
tion is strongly inuenced by temperature because, for
instance, the micellar structure is directly determined by the
temperature-dependent solubility of the conforming blocks.36,37

It is also well understood that a transition region exists above
the critical micellization temperature where both monomers
and micelles can coexist.20,35,38,39 Further increase in the
temperature leads to more complex interactions such as micelle
aggregation, gelation, and even crystalline lattice packing can
be produced due to the symmetric nature of the triblock
copolymers.2,23,40–47 A possible representation of this compli-
cated temperature-dependent process in PEO-PPO-PEO Plur-
onics systems is schematically illustrated in Fig. 3.

We performed systematic experiments using PEO13-PPO30-
PEO13, commercial grade Pluronics L64 (BASF). The L64 was
used as received, without any additional purication. A multi-
dimensional study was carried out by testing aqueous solutions
of Pluronics L64 with concentrations of 10% wt, 20% wt, and
30%wt, over an extend temperature range from 25 �C to 65 �C in
steps of 5 �C. We note that these concentrations are larger than
the range accessible to traditional techniques.

Power spectra ranging from 1 Hz to 50 kHz were recorded
over a period of 10 s of continuous sampling and then a total of
20 such samples were averaged during a total acquisition time
of approximately 3 min per temperature point. Fig. 4 illustrates
typical LC-DLS experimental power spectra corresponding to
scattering from the L64 10% wt system at different tempera-
tures. According to the phase diagram of L64, these

temperatures are close to the critical transition lines: the critical
micellization temperature (CMT) at 25 �C, and the so-called
“percolation line” and “cloud point” at 45 �C and 55 �C,
respectively.27–29

The recorded power spectra were tted to the multi-
Lorentzian model of eqn (1), as shown in Fig. 4. Even though
the tting algorithm allows weighting many contributions, we
found that in most cases the frequency range from 10 Hz to 10
kHz could be appropriately described using three Lorentzian
components.

As we discussed before, the effective isolation of single
scattering regime together with the multiple relaxation times
analysis of the power spectrum of intensity uctuations allowed
us to examine the complex polymer system in a consistent
manner over a large domain of concentration and tempera-
tures. We emphasize that the entire region of the phase diagram
is explored with the same instrument, at the same irradiation
power and, most importantly, in a purely passive manner
without using external probes.

The collection of relaxation times and amplitudes provided
by the multi-Lorentzian analysis is summarized in Fig. 5. The
relative contributions (amplitudes) of the Lorentzian compo-
nents are normalized according to eqn (1) and are indicated by
the color bar. In this representation, the dominant relaxation
events can be easily identied and the dynamic evolution of the
system can be followed over all accessible time scales.

In this way a comprehensive mapping of the underlying
structural evolution can be achieved since the longer relaxation
times could relate to the dynamics of large structural compo-
nents of the complex uid while the shorter times could
potentially describe the uctuations of smaller species.

Even though the measurement does not provide information
about the specic origin of the relaxation events, the collection
of times and amplitudes describing the system's dynamics is a
direct measurement of the underlying microstructure itself.

Therefore, a number of observations can be made in the
context of structural evolution of Pluronics and the features
exhibited in the evolution maps can be related to the moreFig. 3 As temperature increases, the micellization process evolves

from a state of dispersed monomers to a gel state.

Fig. 4 Typical experimental power spectra and the corresponding
multi-Lorentzian fits recorded from Pluronics L64 at 10% wt
concentration and at different temperatures as indicated.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 5357–5362 | 5359
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specic characteristics reported previously for this same
complex system.

For instance, at 10% wt, the temperature range from 30 to 55
�C is dominated by the contribution of the shorter relaxation
times while a region where larger features start have a signi-
cant contribution can be seen around 60 �C. At 20% wt, the
evolution map shows slight dominance of the short relaxation
times from 25 to 35 �C. The activity is dominated by longer
relaxation times from 35 �C to 45 �C and then the short time
relaxation events reappear up to 60 �C. Beyond this point the
dynamics is overall described by longer relaxation times. At the
highest concentration, the dominant contribution comes from
the shorter relaxation times, however, in this case the impact is
more evenly distributed over these short time scales and this
situation extends up to 60 �C.

The temperature evolution of the spectral components in
Fig. 5 offers an inclusive perspective onto the process of struc-
tural evolution. For instance, we note that the (color) transition
occurring at the lowest temperature relates to the critical

micellization condition. This transition shis to lower temper-
atures as the concentration increases; it shis from 30–35 �C for
10% wt to around 25–30 �C for 20% wt and then below 25 �C for
30% wt. We note that these temperature ranges found in our
experiments are in good agreement with those extrapolated
from lower polymer concentrations.21,23,42

In the evolution maps shown in Fig. 5, one can also note the
transition occurring around 60 �C, which could be indicative of
the so-called “cloud point” corresponding to different concen-
trations. This transition is normally associated to phase sepa-
ration involving precipitation of the solid compounds but it has
also been reported as the signature of the combined effect of
anisotropic micellar growth from spherical to rod-like struc-
tures,48 the onset of strong intermicellar attractive interaction22

and clustering,40,49 and even the entanglement of worm-like
micellar sub-systems.42,50–52

As mentioned before, the LC-DLS spectra in our experiments
are properly described by three spectral components, each one
related to a specic relaxation time. The three main relaxation
time scales we identied are in good quantitative agreement
with other reported data concerning the structural evolution of
L64.41,42 Our results also conrm that the slow and fast relaxa-
tion events are separated approximately by a factor of 103 for
this particular system.25

These spectral components relate to the specic relaxation
mechanisms in L64. In general, the fast relaxation mode is
associated to the internal changes in the micellar structure
independently of concentration. However, the origin of the
intermediate and slow relaxation modes depends on the
specic conditions. At concentrations higher than 15%, the
attractive interaction between monomers weakens thus inhib-
iting the process of cluster formation. As a result, the micelles
may experience a sphere-to-rod transformation, which may
generate entanglement of worm-like structures.22,42,48–52

The fast relaxation time found in our experiments occurs
around 100 ms and is due to the so-called single step equilib-
rium between micelles and monomers. This relaxation mech-
anism describes the diffusion of the micelles as an exchange of
monomers between the solution and the micelles takes place
i.e. monomers join/leave incipient micelles.22–25,40,41

The slowest relaxation time is of the order of tenths of
seconds and can be associated with the dynamics of large
micellar clusters and also possible entanglement of worm-like
structures due to the sphere-to-rod transition.22–24,40,49 Regard-
less of its origin, this translates into a low-frequency collective
motion.

The intermediate characteristic time scale befalls in the
millisecond regime and is the most controversial. Two main
types of mechanisms can be associated with this relaxation
time: the restoring of the micellar size distribution and the
micelle–micelle interactions.23,24,40,49 The restoration of the
micellar size distribution relates to both the dehydration of the
micelle core and the micelle formation/breakdown as the
number density of micelles adjusts to the equilibrium distri-
bution. The interactions between micelles include collision,
merging, splitting, and dissolving of initially formed micelles.
All these mechanisms depend on both the temperature and the

Fig. 5 Temperature evolution of the spectral components determined
for Pluronics systems with concentrations as indicated.
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concentration andmanifest in the same time scale regardless of
their origin.25,40–42

The region of the phase diagram covered by our experiments
is signicantly extended over a larger domain compared to the
other techniques. We emphasize that, for the concentrations
considered here (up to 30% wt), the temperature range allows
exploring the system dynamics close to the CMT, well within the
micellar transition region above the CMT, around the cloud
point (CP) where the phase separation starts, and even in a
small multiphase region.27–29 Due to signicant multiple scat-
tering, most of these regions are well beyond the limits of
traditional DLS techniques.21,22 In fact, with the exception of
regions of crystalline packing and lattice formation, LC-DLS
allows exploring the entire area of the phase diagram where
dynamic uctuations are present.

We also emphasize that LC-DLS can be used in the assess-
ment of aggregation dynamics in a variety of self-assembling
systems and the triblock copolymer studied here is just a
standard system that was selected due to the detail information
available on its characterization.

Conclusions

We have shown that LC-DLS allows the passive assessment of
the aggregation process in copolymer systems over very large
ranges of concentration and temperatures.

Our experiments demonstrate that LC-DLS provides infor-
mation beyond that typically retrieved from classical dynamic
light scattering. We have demonstrated that an extended
concentration regime can be covered by an effective suppres-
sion of multiple scattering. Moreover, the ber optic based
system used here has a very good signal to noise performance,
which allows passive measurements (without inserting external
probes) over the full regime of concentrations and tempera-
tures. Thus, the entire domain of the phase diagram can be
covered in a consistent way and relevant structural phase
transitions can be mapped over a broad optical regime ranging
from weak to strong scattering.

The power spectra of the intensity uctuations have a very
good dynamic range, which permits a reliable analysis of
multiple relaxation times. Thus, temperature evolution maps of
these characteristic times can be created to identify the
temporal scale and the progression of predominant scattering
components.

Finally, although a measurement based on dynamic light
scattering cannot fully discriminate between different mecha-
nisms leading to morphological changes in such complex
polymer systems, our experimental approach offers a signi-
cantly extended range of structural parameters over which the
micellar dynamical activity can be quantied.
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