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ABSTRACT

Diffusing wave spectroscopy (DWS)-based micro-rheology has been used in different 

optical geometries (backscattering and transmission) as well as different sample thicknesses in 

order to probe system dynamics at different length scales [Pine DJ, Weitz DA, Zhu JX, 

Herbolzheimer E. J. Phys. France, 1990, 51(18), 2101-2127.]. Previous study from this lab [Li 

Q, Peng X, McKenna GB. Soft Matter, 2017, 13(7), 1396-1404.] indicates the DWS-based 

micro-rheology observes the system non-equilibrium behaviors differently from macro-rheology. 

The object of the present work was to further explore the non-equilibrium dynamics and to 

address the range of utility of DWS as a micro-rheological method. A thermo-sensitive core-shell 

colloidal system was investigated both during aging and subsequent to aging into a metastable 

equilibrium state using temperature-jump induced volume fraction-jump experiments. We find 

that in the non-equilibrium state, significant differences in the measured dynamics are observed 

for the different geometries and length scales. Compressed exponential relaxations for the 

autocorrelation function g2(t) were observed for large length scales. However, upon converting 

the g2(t) data to the mean square displacement (MSD), such differences with length scale 

diminished and the long-time MSD behavior was consistent with diffusive behavior. These 

observations in the non-equilibrium behaviors for different length scales leads to questioning of 

some interpretations in the current field of light scattering-based micro-rheology and provides a 
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possibility to interrogate the aging mechanisms in colloidal glasses from a broader perspective 

than normally considered in measurements of g2(t) using DWS-based micro-rheology. 

INTRODUCTION

Soft colloidal systems have attracted significant attention as model systems from which 

to gain insight into the glass transition and physical aging phenomena [1,2,3]. The particle 

interpenetration or compression due to the particle softness [1,4,5,6] results in high volume 

fractions and enables investigation of these materials in the deep glassy state [7]. Current 

theories related to the physical aging of soft colloidal systems include caging theory [8], mode-

coupling theory (MCT) [9,10,11], soft glassy rheology model (SGR) [12,13], the self-consistent 

generalized Langevin equation (SCGLE) theory [14,15], as well as activated hopping in the 

framework of a nonlinear Langevin equation (NLE) theory [16,17]. Caging theory describes the 

relaxation process as arising from particle escape from local confinement or “cages” formed by 

the surrounding particles [8]. The relaxation process from MCT’s perspective considers 

relaxations of different Fourier components, which are related to the coupling between density 

fluctuations [9]. The SGR model from Sollich and coworkers [12] constructs an energy 

landscape with many energy minima and the activation process for relaxation denotes particles 

overcoming the different energy barriers related to the energy landscape. The SCGLE theory of 

Medina-Noyola and co-workers [14,15] depicts a homogeneous system and approaches the aging 

behaviors from the structure factors. The NLE approach proposed by Schweizer and co-workers 

[16,17] describes a trapping and a barrier hopping process for a type of activated glassy 

dynamics in a heterogeneous system. Experimentally, soft colloidal systems show their own 

aging signatures compared with hard-sphere colloidal systems and molecular glasses. The soft 
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interaction and overpacking at high volume fractions result in a competition between thermal 

energies and elastic energies [18,19,20], which affect the equilibrium aging dynamics: the 

“super-Arrhenius” type of prediction of the α-relaxation time vs. volume fraction disappears, and 

concentration dependence of the dynamics turns towards a plateau-like region at high 

concentrations [2,21,22]. In the non-equilibrium regime, soft colloidal systems show stronger 

cooperative motion than hard sphere colloids [23], and dynamic heterogeneity has been reported 

to play an important role during aging [24,25]. Furthermore, key findings from our lab [2] 

include a faster aging rate as measured with DWS-based micro-rheology compared with macro-

rheology, as well as the decoupling of the α-relaxation time and the equilibration time. 

Micro-rheology has proven to be a powerful tool in constructing phase diagrams [26,27], 

studying flow behaviors [28], and measuring the viscoelastic properties of soft colloidal systems 

[29,30]. Among the micro-rheological methods, diffusing wave spectroscopy (DWS) is widely 

used and the well-developed multiple scattering theory enables DWS to extend the traditional 

dynamic light scattering (DLS) to concentrated systems, allowing one to probe the system at 

length scales smaller than the wave length of light [30,31,32]. In the context of soft colloidal 

systems, DWS-based micro-rheology is thought to capture the equilibrium dynamics in colloids 

approaching their glass transition concentrations [1,2,33] and measure the rheological properties 

over a wide frequency range [27]. In these prior works, DWS-based micro-rheology was 

reported to show good agreement with macro-rheology [33]. However, when the system was out 

of equilibrium, viz., in aging experiments, it was found that the response in DWS resulted in 

extremely high aging rates (shift rates) compared to comparable macroscopic rheological 

measurements, i.e., DWS seems to probe the system differently compared to macro-rheology [2]. 
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In the present work, DWS-based micro-rheology was used to investigate the aging 

behaviors of a model polystyrene (PS)-poly(N-isopropylacrylamide) (PNIPAM)/poly(acrylic 

acid) (PS-PNIPAM/AA) core-shell thermo-sensitive soft colloidal system at different length 

scales. The PNIPAM-based soft colloidal systems have been intensely studied for almost twenty 

years [34]. Experimental efforts on synthesis [35,36], characterization [37,38], softness effects 

[1,13,20,22,39], as well as aging dynamics [2,13,40,41,42,43,44] provide a solid fundamental 

understanding of these systems and motivate further studies exploiting these systems. Previous 

studies from our laboratory on the dynamics of a PS-PNIPAM/AA soft colloidal system found 

that in equilibrium, good agreement was achieved between DWS-based micro-rheology and 

macro-rheological measurements [33] through the generalized Stokes-Einstein relationship [45]. 

Moreover, results from DWS on samples aged for long times to achieve equilibrium show that 

the α-relaxation time as a function of volume fraction deviates from the VFT-type prediction and 

a “soft jamming” regime is observed [2]. Such deviations were also observed by Archer and 

coworkers [21] in PEG-silica nanoparticle suspensions, as well as by Philippe et al. [22] in 

PNIPAM microgels and in a dispersion of silica particle with surface charges. 

In terms of non-equilibrium behaviors, previous work from our group by Di et al. [40] 

and Peng et al. [43] studied the Kovacs structural recovery (aging) signatures [46] in soft 

colloidal dispersions (pure PNIPAM and PS-PNIPAM/AA system, respectively). They found 

that in both systems, unlike the behavior seen by Kovacs in molecular glasses where timescales 

increase dramatically with decreasing temperature, the time to reach equilibrium for the colloidal 

systems showed very weak volume fraction dependence. Furthermore, a weak asymmetry of 

approach behavior was observed, suggesting a weak nonlinearity of the system. Additionally, 

unlike the molecular glasses and rheological measurements on a similar PNIPAM-based system, 
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there was an almost vanished memory effect in the DWS measurements. Some, but not all, of 

these Kovacs signatures were found in the calculations from Banik and McKenna [47] using the 

TNM-KAHR model for Kovacs-like isochoric conditions, which are suggested to be similar in 

concept to iso-volume fraction conditions investigated in colloids. In addition to the Kovacs 

signatures, Li et al. [2] observed high shift rates (up to 4) during aging using DWS micro-

rheology. This compares with shift rates obtained from macro-rheology for a similar system of 

less than unity [48]. 

To summarize, in prior work, it has been found that, in the non-equilibrium state, DWS in 

backscattering mode showed a behavior different from that measured by macroscopic 

rheological measurements. The present work is motivated by the hypothesis that the reasons for 

the observed differences are related to the fact that the DWS probes the system at short length 

scales, i.e., is a micro-rheological measurement. Here we use temperature-jump induced volume 

fraction-jumps using a PS-PNIPAM/AA core shell system and probe the response using DWS in 

different geometries (backscattering and transmission) and different transmission lengths 

(sample size), from which we have been able to probe length scales from 1.3 nm to 36.0 nm. The 

results show that the scattering geometry and length scale affect the results, consistent with the 

above hypothesis. In addition, further information is obtained upon conversion of the data to 

mean squared displacement as a function of time. 

EXPERIMENTAL

Materials

The soft colloidal system investigated in this study was a thermosensitive PS-

PNIPAM/AA core-shell latex. The synthesis procedure and characterization have been described 

in prior works [33,42,43]. The mass concentration for the colloidal sample used in this work was 
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16.0 wt% PS-PNIPAM/AA in nanowater (Barnstead Nanopure Infinity System, by Thermo 

Scientific). The hydrodynamic diameters were determined by dynamic light scattering (Nanotrac 

250, Macrotrac, Inc.) equipped with a temperature controlled ( ) water bath. ± 0.1℃

Crystallization was prevented by using a 25% polydispersity in particle size [49,50]. Figure 1 

shows the hydrodynamic diameter as a function of temperature [43] for the PS-PNIPAM/AA 

particles. The temperature range for the present work was from 25 oC to 30.2 oC, and the 

diameter of the particles shows a linear relationship within this temperature range, as seen in 

Figure 1. The effective volume fraction  for the sample at different temperatures was 𝜙𝑒𝑓𝑓

determined from[33,40,51,52]: , where  𝜙𝑒𝑓𝑓(𝑇) = 𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑[𝐷(𝑇) 𝐷𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑]
3

𝜙𝑒𝑓𝑓(𝑇)

FIG.1. Dependence of the hydrodynamic diameter of the PS-PNIPAM/AA particles on temperature. The line 

represents a linear fit of ,  where T is in degrees Celsius (After Peng and McKenna [43]. D(T) = 244.85 ― 1.4869T

Copyright 2016. American Physical Society, with permission. 

and  denote the effective volume fraction  at temperature T and in the collapsed 𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑 𝜙𝑒𝑓𝑓

state, respectively.  and  represent the diameters of the particles at temperature T 𝐷(𝑇) 𝐷𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑

and in the collapsed state at high temperature (above 45 oC), respectively.  is 𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑

calculated from the following equation: [53]
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                                           𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑 =
𝑚𝑐𝑜𝑙𝑙𝑜𝑖𝑑/𝜌𝑐𝑜𝑙𝑙𝑜𝑖𝑑

𝑚𝑐𝑜𝑙𝑙𝑜𝑖𝑑

𝜌𝑐𝑜𝑙𝑙𝑜𝑖𝑑
+ 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡/𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡

                                           (1)

where m and ρ denote the mass and density, respectively, for colloid or solvent. The density for 

our PS-PNIPAM/AA sample is 1.071 g/ml. The  value for the current 16.0 wt% PS-𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑

PNIPAM/AA sample is 0.151. Because of the complex nature of soft colloidal interactions, the 

determination of the effective volume fraction is known to be problematic [54]. The role of the 

electrostatic layer and different soft interactions in the calculation of effective volume fraction 

are still not clear [5,54,55,56]. Here we use  to determine the effective volume 𝜙𝑒𝑓𝑓,𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒𝑑

fraction using particle diameter and composition, in consideration of the relatively small 

electrostatic layer in the particles used [35,57]. The effective volume fraction in this study is 

larger than unity because of the interpenetration and/or compression between particles [1,4,5,6]. 

Diffusing Wave Spectroscopy (DWS) 

Diffusing wave spectroscopy (DWS) [30,32] experiments with two different geometries 

were performed in this study, including backscattering and transmission. For these two different 

geometries, different length scale information can be extracted [30,58]. The length scales probed 

for different DWS geometries are defined as [30,58,59]

                                                                                                       (2)𝑙2
𝐵 = 1/𝑘2

0(
𝑧0

𝑙 ∗ ―
2
3)

2

                                                                                                                   (3)𝑙2
𝑇𝑟 = (

𝑙 ∗

𝑘0𝐿)
2

For the backscattering geometry, the length scale, , is related to the wave number, 𝑙𝐵 𝑘0

, the penetration depth,  [60], and the light transport mean free path, . The length = 2𝜋/𝜆 𝑧0 𝑙 ∗

scale, , in the transmission geometry is a function of , , as well as the sample thickness, . 𝑙𝑇𝑟 𝑙 ∗ 𝑘2
0 𝐿
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The scattering mean free path  is concentration dependent for colloidal samples. Here, for each 𝑙 ∗

volume fraction,  was obtained by comparing the transmitted light intensity with that of a 𝑙 ∗

reference latex suspension sample (Polybead® Microspheres 0.35 μm, Polysciences, Inc.) with a 

fixed concentration (2.6 wt%) and a known  [61]: 𝑙 ∗

                                                                             (4)
T
𝑇𝑆

=
𝑙 ∗

𝑙 ∗
𝑆

(1 +
4
3

𝑙 ∗
𝑆
𝐿 )

(1 +
4
3

𝑙 ∗

𝐿 )

where T and  are transmission light intensity for the sample and for the reference sample, 𝑇𝑆

respectively.  is the scattering mean free path for the reference sample ( ). For the 𝑙 ∗
𝑆 𝑙 ∗

𝑆 = 93.7 μm

backscattering geometry, a sample thickness of 1 cm was used. For the transmission geometry, 

sample thicknesses of 1 mm, 2 mm, and 1 cm were used. This allows probing different length 

scales because the characteristic length scale for transmission geometry, lTr, is related to sample 

thickness (Equation (3)). Different sample thicknesses were achieved by using sample cuvettes 

(from LSinstruments Inc.) with different internal dimension, which sets the sample thickness. A 

rotatable polarizer is placed before the CCD camera to increase the signal to noise ratio for 

measurements done in transmission geometry [62]. For different geometries and concentrations, 

the scattering mean free path  was calculated from Equation (4) and ranged from 198.6 μm to 𝑙 ∗

291.4 μm. At the temperatures and sample thicknesses examined in this work, the diffusion 

approximation limit ( ) was satisfied [61]. The length scale probed for each sample size L/𝑙 ∗ > 3

and DWS geometry are given in Table 1: 

Table 1: DWS Length Scales and l* for Different Experimental Conditions

Backscattering Transmission

Sample thickness
Temperature 

/ oC 1 cm 1 cm 2 mm 1 mm

l* for Transmission 

geometry / μm
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Length scale / nm 30.2 1.3 2.9 14.7 29.4 291.4

Length scale / nm 29.0 1.3 2.5 12.8 25.5 253.4

Length scale / nm 28.7 1.3 2.0 10.0 20.0 198.6

With multi-speckle analysis, aging dynamics of the current soft colloidal sample was 

monitored using DWS through the intensity autocorrelation function g2(t) for both backscattering 

and transmission geometries [63]: 

                                                                                                           (5)𝑔2(𝑡) =
〈𝐼(𝑡0)𝐼(𝑡0 + 𝑡)〉

〈𝐼(𝑡0)〉〈𝐼(𝑡0 + 𝑡)〉

where I denotes the intensity of light at one pixel and the <> brackets indicate the average over 

pixels on the CCD chip. For the current experimental setup, a coherent laser source was used 

with a wavelength of 633 nm. A CCD camera (Basler acA640-120uc), at a speed of 120 frames 

per second, was used to collect the scattered light. 

RESULTS & DISCUSSION

Time-Aging Time Superpositions

Aging behaviors were observed following temperature down-jump induced volume 

fraction up-jumps on the current thermo-responsive soft colloidal dispersion. All the 

measurements started when the system reaches the testing temperature, which defines zero time. 

For DWS measurements in the backscattering geometry, the intensity autocorrelation function 𝑔2

 was determined for different aging times , as shown in Figure 2(a). After the temperature (𝑡) 𝑡𝑤

jump, with increasing aging time, the  curves shift toward longer time until they start to 𝑔2(𝑡)

overlap, indicating a metastable equilibrium state is reached for the current temperature jump. 

Similar to previous work on the same colloidal system [2,33,42,43], horizontal shifting of these 

 curves leads to a master curve construction as shown in𝑔2(𝑡)

Page 9 of 32 Soft Matter



10

FIG.2. (a) Intensity autocorrelation function  from backscattering measurements by DWS for a 16.0 wt% PS-𝑔2(𝑡)

PNIPAM/AA latex at different waiting times tw  subsequent to a temperature down-jump from an equilibrium state 

at 30.2°C to an out-of-equilibrium state at 28.7 °C. These correspond to an effective volume fraction  up-jump 𝜙𝑒𝑓𝑓

from 1.449 to 1.498. (b) Master curve formed by applying time-aging time superposition to the g2(t) versus t/αtw 

using simple horizontal shifting. Vertical shifting was not required. Inset presents the log10atw vs. log10 tw, showing a 

slope in the power-law aging regime that gives a shift rate of .𝜇 ≈ 3.0

Figure 2(b). Hence, time-aging time superposition is valid for the current PS-PNIPAM/AA 

colloidal system in the backscattering DWS geometry [46]. From shifting all the  curves to 𝑔2(𝑡)

construct the master curve in Figure 2(b), the shift rate μ can be defined [48] and calculated from 

the double logarithmic slope of scaled relaxation time [64] (shift factor ) 𝑎𝑡𝑤 = 𝜏(𝑡𝑤)/τ(𝑡𝑤,𝑟𝑒𝑓)

and aging time tw in the power law regime ( = ). From the Figure 2(b) insert 𝜇 𝑑𝑙𝑜𝑔10𝑎𝑡𝑤 𝑑𝑙𝑜𝑔10𝑡𝑤

we see that . This high shift rate value is in agreement with previous DWS results [2] but 𝜇 ≈ 3.0

differs significantly from the response obtained in macro-rheological measurements on a similar 

system after volume fraction jumps ( ) [43] or from DWS measurements on a hard sphere 𝜇 < 1

colloidal system (pure repulsive polystyrene beads) after shear melting ( ) [65]. It is also 𝜇 = 1

much greater than the value obtained in molecular glasses, generally  [48].𝜇 ≤ 1

a

b
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DWS geometry and sample thickness are another two factors that can affect the intensity 

autocorrelation function  [30,58]. Therefore, it is of interest to examine the colloidal system 𝑔2(𝑡)

using transmission geometry and different sample thicknesses. Figure 3(a) shows the  𝑔2(𝑡)

curves for a transmission geometry (sample thickness 1 cm) and for different aging times after 

FIG.3. (a) DWS measurements of the intensity autocorrelation function  for 16.0 wt% PS-PNIPAM/AA 𝑔2(𝑡)

colloidal dispersion in transmission geometry (sample thickness 1.0 cm) at different waiting time tw with the same 

temperature down-jump experiment from an equilibrium state at a volume fraction of 1.449 to an out-of-equilibrium 

state at a volume fraction of 1.498 as backscattering measurements. (b) Time-aging time superposition: master curve 

of g2(t) versus t/αtw after a simple horizontal shifting. No vertical shifts were applied. (inset) the logarithm of the 

time-aging time superposition shift factor log10 atw as a function of the logarithm of the aging time log10 tw, with two 

shift rates μ1 = 2.7 and μ2 = 0.8. 

the same temperature jump as in Figure 2, from an equilibrium state at a volume fraction of 

1.449 to a non-equilibrium state at a volume fraction of 1.498. It is clear to see that, for the same 

experimental process, the DWS geometry plays an important role in determining the shape of the  

 curves. Despite the difference in geometry and the shape of the  curves, time-aging 𝑔2(t) 𝑔2(𝑡)

time superposition is also valid in the transmission measurements. Figure 3(b) presents the 

master curve after horizontal shifting of the  curves towards short time. In transmission 𝑔2(𝑡)

geometry, more sample thicknesses were tested, including 1 cm, 2 mm, and 1 mm. The time-

a

b

μ
1
=2.7

μ
2
=0.8

Page 11 of 32 Soft Matter



12

aging time superposition holds for all length scales tested for our current PS-PNIPAM/AA 

samples. 

Compressed Exponential Decays

To illustrate the length scale effect on the intensity autocorrelation function ,  𝑔2(𝑡) 𝑔2

curves for different length scales are plotted versus time in Figure 4. The  curves here are all in 𝑔2

the equilibrium state at a volume fraction of 1.498, with L/l* values vary from 5.0 to 50.3 for the 

different length scale measurements (see Table 1). From Figure 4, the intensity autocorrelation 

function  shows three regimes in the time range investigated: a short-time regime where the 𝑔2(𝑡)

FIG.4. The intensity autocorrelation function  for backscattering (black squares) and transmission geometries 𝑔2(𝑡)

for different sample thicknesses (1 cm: red circles; 2 mm: blue up-triangles; 1 mm: cyan down-triangles).  Lines 

through data are from KWW fits. The data are for samples aged into the equilibrium state after a concentration-jump 

from to .𝜙𝑒𝑓𝑓 = 1.449 𝜙𝑒𝑓𝑓 = 1.498

decay of  is weak; a fast decay regime where  decays rapidly over time and does so 𝑔2(𝑡) 𝑔2(𝑡)

more rapidly as sample thickness decreases (or the probed length scale increases); and a long-

time decorrelation regime. At short times (< 10 s), the backscattering  curve shows no 𝑔2(𝑡)
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obvious short-time plateau-like regime while for the  curves obtained in the transmission 𝑔2(𝑡)

geometry, the short-time plateau-like regime is clear and covers an increasingly wide range of 

time with increasing length scale. For the rapid decay regime, the  curves from the 𝑔2(𝑡)

transmission measurements decay faster than does that from the backscattering counterpart. With 

decreasing sample thickness (increasing length scale), the decay accelerates. The back-scattering 

regime, which represents the shortest length scale probed, takes the longest time to completely 

decorrelate while the decorrelation times for the transmission measurements are shorter than for 

the backscattering and longest for the largest transmission geometry which relates to the shortest 

length scale probed in this geometry.

To further investigate the decay curves, the Kohlrausch-Williams-Watt (KWW) function 

[66,67]  was used to fit the  curves. Here  is a characteristic 𝑔2(𝑡) = 1 + 𝐴𝑒𝑥𝑝[ ― 2(𝑡
𝜏)𝛽

] 𝑔2(𝑡) 𝜏

relaxation time, and  is a shape parameter. A compressed exponential ( ) behavior is 𝛽 𝛽 > 1

observed in the transmission geometry for the 2 mm and 1 mm sample thicknesses, indicating the 

system observed by DWS relaxes faster than a simple exponential function. The four  values 𝛽

for these four  curves are 0.44, 0.77, 1.27, and 1.60 from left to right in Figure 4(a). Such 𝑔2(𝑡)

compressed exponential behavior has been reported in many light scattering or X-ray scattering-

related experimental methods for metallic glasses [68,69,70], polymer gels [71,72,73,74], 

concentrated colloidal systems [22,75,76,77], as well as some other glass forming systems with 

probe particles [78,79]. This unusual super-diffusive behavior is thought to be related to the 

relaxation of internal stress and a ballistic-like dynamics in this regime, proposed by Cipelletti et 

al. [72,80], as well as Bouchaud and Pitard [81]. To examine this idea, the system mean square 

displacement (MSD) <Δr2(t)> was calculated for each  curve. The MSD calculation results 𝑔2(𝑡)
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are presented in Figure 5. For the backscattering geometry, an analytical expression was used 

[30,82]: 

                                                                    (6)𝑔2(𝑡) ―1 = 𝑒𝑥𝑝[ ―2𝛾 𝑘2
0〈∆𝑟2(𝑡)〉 + 𝑎 + 2𝛾 𝑎]

In Equation (6),  quantifies the low-order scattering, i.e. the coupling of the incident 𝛾

light to the turbid sample. For this sample, we follow Cardinaux et al. [82] (for a concentrated 

giant micelle solution) and take ,  is a parameter characterizing the deviation of the 𝛾 = 1.9 𝑎

current geometry from that of an idealized semi-infinite slab, i.e. the photon loss along the multi-

scattering path. This correction factor depends only on geometry and we again follow Cardinaux 

et al. [82] and take .  is the wave number. For the transmission geometry, 𝑎 = 0.0035 𝑘0 = 2𝜋/𝜆

The MSD was determined by numerical inversion of the equations relating the autocorrelation 

function with the mean square displacement and instrument parameters as given in [30]: 

                                                                                 (7)𝑔2(𝑡) ―1 = { (
𝐿

𝑙 ∗ +
4
3)〈 𝑘2

0∆𝑟2(𝑡)〉

𝑠𝑖𝑛ℎ[(
𝐿

𝑙 ∗ +
4
3)〈 𝑘2

0∆𝑟2(𝑡)〉]}
2

The two methods of MSD calculation (Equations 6 and 7) were validated by using DWS 

measurements on two relatively dilute PS-PNIPAM/AA samples having mass fractions of 1.0 

wt% and 0.4 wt%, corresponding to effective volume fractions of 10.8% and 4.3%. For each 

measurement, the value of L/l* was tuned to the match the values used in the present work. The 

calculated MSDs for both geometries increase linearly with time, indicating Brownian behavior. 

The diffusion coefficient D were obtained from the calculated MSD curves from the relation 

 and it was found that D=  and , for the 〈∆𝑟2(𝑡)〉 = 6𝐷𝑡 9.49 × 10 ―13m2s ―1 1.08 × 10 ―12m2s ―1

1.0 wt% and 0.4 wt% samples, respectively. From independent measurements we determined the 

viscosities for the 1.0 wt% and 0.4 wt% to be  and . From the 1.07 × 10 ―3𝑃𝑎 9.41 × 10 ―4𝑃𝑎
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Stokes-Einstein equation ( ) we can determine D= (1.0 wt%) and D =
𝑘𝐵𝑇

6𝜋𝜂𝑟 9.50 × 10 ―13m2s ―1

 (0.4 wt %), which are in consistent with results from MSD curves. Such 1.08 × 10 ―12m2s ―1

agreements indicate that the parameters used in Equation 6 and Equation 7 are appropriate for 

the current study. Apart from these checks in the relatively dilute colloidal systems, it is worth 

mentioning that the accuracy of  or MSD analysis (Equations 6 and 7) in complex fluids 𝑔2(𝑡)

remains an important area of investigation. For example, in a shaving cream foam system, local 

bubble rearrangement dynamics were not captured in the  and MSD determinations 𝑔2(𝑡)

[83,84,85]. Similarly, in concentrated colloidal systems, the effects of dynamic heterogeneity 

remain a subject of study when  or MSD are investigated [77]. However, we emphasize that 𝑔2(𝑡)

in this part of the present work, the  or the calculated MSD responses are all for a system 𝑔2(𝑡)

aged into equilibrium. Also, in our previous work, DWS-based micro-rheology shows good 

agreements with macro-rheological measurements when the samples have been aged into the 

equilibrium state [33], supporting the use  or MSD analysis in concentrated colloidal 𝑔2(𝑡)

systems. 

In Figure 5(a), the calculated MSD curves for the different length-scales are very similar 

in contrast with the sharp differences observed among the length-scale dependent  curves. 𝑔2(𝑡)

This implies that DWS from different length-scale measurements observe similar particle 

motions. Despite that the MSD data are close from different geometries, differences are also 

observed. The subtle differences in MSD are thought to arise from the differences in the L/l* 

values for different scattering geometries. While all of the curves seem to asymptote towards a 

diffusive behavior, the MSDs calculated from the two stretched exponential  do so more 𝑔2(𝑡)

slowly than do the two compressed exponential curves.  At the same time, the shapes of the 

MSD curves in the mid-portion of the plot in Figure 5(a) show a sharper change towards the 
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diffusive regime for the compressed exponential curves of Figure 4 than do the data 

corresponding to the stretched exponential curves. Hence, it appears from these data that the 

compressed exponential decay seen in the  curves is caused by a narrower transition of the 𝑔2(𝑡)

MSD curve towards the diffusive regime rather than by a super diffusive MSD behavior. No 

super-diffusive motion in the MSD curves (slope >1) was observed even though the  curves 𝑔2(𝑡)

gave compressed exponential behaviors. We remark that from our current evidence, super-

diffusive motion is not the reason for the compressed exponential behavior observed in the  𝑔2(𝑡)

curves, and if there is internal stress relaxation, it is only related to diffusive or sub-diffusive 

motions of the particles. Furthermore, any internal stress relaxation has only subtle effects on the 

structural relaxation processes [86].  From the internal stress relaxation theory, the residual stress 

in the system gives rise to local displacements of the particles. Since the cage-escape progress is 

FIG.5. (a) Mean square displacement <Δr2(t)> versus time for different length scale measurements after volume 

fraction up-jump from 1.449 to 1.498. The dashed line shows the diffusive limit of a slope of 1. (b) Calculated  𝑔2(𝑡)

from a self-constructed typical MSD. The MSD plot is shown in the insert. Different values of L/l* were used, as 

indicated in the figure. 

sub-diffusive due to hydrodynamic interactions [71], this internal stress may turn the long-time 

sub-diffusive motion into diffusive-like motion but seems not related to the compressed 

1a b
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exponential behaviors. From our perspective, the observed compressed exponential behaviors in 

the g2 curves result from the way in which  is measured being dependent on mode 𝑔2(𝑡)

(transmission or backscattering) and length-scale probed (sample thickness): in the theory of 

light scattering, beyond equation (5), the intensity autocorrelation function  can also be 𝑔2(𝑡)

expressed in terms of the distribution of path lengths: 

                                                  (8)𝑔2(𝑡) ― 1 = 𝑔1(𝑡) = ∫∞
0 𝑃(𝑠)𝑒

―2( 𝑡
𝜏0)( 𝑠

𝑙 ∗ )
𝑑𝑠.

where  is the electric field autocorrelation function and can be related to the intensity 𝑔1(𝑡)

autocorrelation function  through the Siegert relation [30].  is a distribution function 𝑔2(𝑡) 𝑃(𝑠)

for light travelling a path length of s and is dependent on the light scattering geometry. For 

different length scale measurements, the distribution functions  are also different, hence, the 𝑃(𝑠)

shapes of the  functions for different length scales are distinct [31,82,87,88]. Here we 𝑔2(𝑡)

remark that since the coherent factor  is much smaller than unity (in all 𝑔 ―1 ≈ [(𝑘0𝑙 ∗ )(𝑘0𝐿)] ―1

cases ), we can then neglect the coherent contribution of the light paths (particle < 10 ―7

comparative motions) [30], and Equation 8 is valid in the current conditions. Such a length-scale 

dependent  function and length-scale insensitive MSD function have been reported 𝑔2(𝑡)

previously for giant micelle solutions (Scheffold and co-workers [82]; Munch and co-workers 

[88]) and from granular flow studies on spherical glass beads of size ~100 μm (Menon and 

Durian [89]). In these works, the shape parameter β for different geometry measurements on a 

same system was reported to be different by as much as a factor of 1.5 [82]. 

Beyond the basic  –to-MSD conversions, we made further attempts to examine the 𝑔2(𝑡)

compressed exponential decay problem. Part of the analysis can be seen in Figure 5(b) which 

shows the  curves back-calculated from a self-constructed MSD curve that does not show 𝑔2(𝑡)
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any super-diffusive behavior. Different shapes of  curves were obtained upon using 𝑔2(𝑡)

different L/l* values in our calculations. These MSD data were fit to the KWW function for 

values of L/l* of 5.0, 8.0 and 10.0 (within the diffusion approximation limit for DWS where L/l* 

should be larger than 3 [61]). The corresponding KWW shape parameters β are 1.23, 1.20, and 

1.17, i.e., they are indicative of compressed exponential behavior. The results from Figure 5(b) 

further support our ideas and demonstrate an important point that in DWS, the compressed 

exponential can be obtained from an MSD response that shows normal long-time diffusive 

behavior and is not necessarily related to super-diffusive (ballistic-like) motion. 

Apart from the problematic direct use of  scattering measurements to interpret 𝑔2(𝑡)

system dynamics, the anomalous diffusion process and the stretched Gaussian (compressed 

exponential) behavior have been studied in some other respects. From molecular dynamics 

simulations by Del Gado and co-workers [90,91], as well as Douglas and co-workers [92,93] on 

a colloidal gel and a polymer-grafted nanoparticle suspension, clustering dynamics (or induced 

clustering) inside the sample, can stretch the Gaussian distribution and results in a compressed 

exponential behavior of the autocorrelation function. One thing that needs to be mentioned here 

comes from the work of Douglas and co-workers [92] on a polymer-grafted nanoparticle 

suspension. Under the assumption of an ideal Brownian diffusion, their calculated MSD from the 

compressed exponential intermediate scattering function shows super-diffusive behavior in the 

long-time limit (with a slope of 1.9). On the other hand, Del Gado and co-workers [90,91] did 

not observe any super-diffusive behavior in their directly-measured MSD in the simulation 

results. We remark that during the MSD calculation, the ideal Brownian diffusion assumption is 

questionable in the studied non-ideal colloidal system. Some more relevant results were reported 

in other glass-forming liquids: Morishita [94] and Seo et al. [95] studied liquid silicon and 
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trehalose, respectively, and found the particle interaction as well as intra-molecular structure 

(which may be related to the clustering dynamics) are responsible for the compressed 

exponential behavior observed in intermediate scattering functions or  curves. Moreover, 𝑔2(𝑡)

from a theoretical view, particle persistent motion can be an important factor in this type of fast 

dynamics and is thought to be undetectable in the MSD [96,97]. In present work, we show that 

the observation of a compressed exponential in the autocorrelation functions does seem 

consistent with the observation of normal diffusive behavior as determined from the calculated 

MSD response. More evidence is needed to fully resolve this question. 

Shift Factors

Despite the problems in the intensity autocorrelation function, the shift factor (as 

discussed above in Figure 2) may still be a good method to study the aging dynamics. Figure 2(a) 

and 2(b) show the time-aging time superposition of   curves, the shift factors obtained are 𝑔2(𝑡)

atw,g2(t). A similar definition can be applied to the MSD curves. Figure 6(a) shows the MSD 

curves during aging after a volume fraction jump from 1.449 to 1.488 for transmission geometry 

FIG.6. (a) DWS transmission measurements (sample thickness 1 cm) of the mean square displacement <Δr2(t)> for 

16.0 wt% PS-PNIPAM/AA latex at different waiting time tw after temperature down-jump from an equilibrium state 

ba

1
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at 30.2°C to an out-of-equilibrium state at 29.0 °C. These conditions correspond to an effective volume fraction  𝜙𝑒𝑓𝑓

up-jump from 1.449 to 1.488. (b) Master curve obtained after applying time-aging time superposition to the 

<Δr2(t)> versus t/αtw,MSD data of Figure 6(a).  Only simple horizontal shifting without vertical shifts was applied. 

with a sample thickness of 1 cm. Similar to the  curves, with increasing aging time, the 𝑔2(𝑡)

MSD curves shift toward longer time until they start to overlap, indicating a metastable 

equilibrium state is reached for the current volume fraction jump. The time-aging time 

superposition master curves can be constructed via simple horizontal shifts and are shown in 

Figure 6(b). 

Figure 7(a) and Figure 7(b) show the shift factors atw,g2(t) and atw,MSD as a function of 

waiting time after  curve shifting and MSD curve shifting, respectively. The shift factor 𝑔2(𝑡)

atw,g2(t) and atw,MSD both show a sigmoidal dependence [98] on waiting time for all the DWS 

geometries and sample thicknesses, as discovered in our prior research in backscattering 

measurements [2]: from a flat short aging time regime, to a rapid increasing intermediate aging 

FIG.7. (a) Shift factor atw,g2(t) as a function of waiting time tw for backscattering and transmission geometry with 

different sample thicknesses (1 cm, 2 mm, and 1 mm) after volume fraction up-jump from an equilibrium state at a 

1.449 to a non-equilibrium state at a 1.488. (b) Shift factor atw,MSD as a function of waiting time tw for backscattering 

and transmission geometry with different sample thicknesses (1 cm, 2 mm, and 1 mm) after volume fraction up-

jump from an equilibrium state at a 1.449 to a non-equilibrium state at a 1.488. 

a b
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time regime, to a final long aging time plateau. However, for the different DWS geometries and 

sample thicknesses, differences in this sigmoidal dependence were observed. In the short aging 

time regime, the corresponding atw of this almost ‘flat’ region depends upon DWS geometry. For 

the transmission measurements, this region overlaps for the different sample thicknesses (length 

scales), indicating similar short-time dynamics observed for different length scale measurements. 

On the other hand, backscattering measurements seem to probe slightly different short aging time 

dynamics immediately after the temperature down-jump (volume fraction up-jump) compared to 

the transmission measurements. Possible reasons for this difference come from the different path 

length distributions  (introduced in Equation (6)) probed by backscattering and transmission 𝑃(𝑠)

DWS geometries [31]. 

After the short aging time regime, the atw,g2(t) and atw,MSD curves for different geometries

and sample thicknesses start to overlap at the beginning of the intermediate aging time regime. 

At around 200 s, the atw curves start to deviate for the different DWS geometries and sample 

thicknesses, and the intermediate aging time regime splits into two parts for the transmission 

results. With increasing length scale, the aging rate slows down after the deviation point. Similar 

observations of two parts in the intermediate aging time regime were reported by the SCGLE 

model calculations of homogeneously aging colloidal systems, including both soft colloids and 

hard-sphere colloidal systems, from Medina-Noyola and coworkers [99,100]. Experimentally, if 

we carefully revisit the data, this type of two stages inside the intermediate aging time regime is 

seen in previous studies on the same colloidal system (13.4 wt%) [2] following temperature 

down-jumps with backscattering DWS measurements. However, the length scale effect was not 

investigated in either the SCGLE model calculations or previous experimental findings. 
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The underlying physics of these two stages in the intermediate aging time regime is still 

unclear. However, a few points can be proposed in the current situation: first, this type of two 

stages has been clearly observed experimentally only in deep glassy states (highly packed states) 

for soft colloidal systems. The effective soft interaction or the softness, a hidden structure factor 

[101], is thought to play an important role for this observation. Second, in the second part of the 

intermediate aging time regime, the aging rate deviates more from the early time trend as lenthg 

scale increases. It is of interest to see that the deviations seem to all occur around . 𝑡𝑤 = 100 𝑠

Third, from the SCGLE model calculations, this intermediate aging regime was also found to be 

non-smooth and split into two stages for both soft and hard-sphere colloidal systems [99,100]. 

This prediction from the homogeneous SCGLE model [14,15] provides evidence that these two 

stages are not related to the dynamic heterogeneity of the system. 

Despite the fact that the two shift factors atw,g2(t) and atw,MSD share similarities, differences 

are also observed. Figure 8(a) and 8(b) show comparisons between atw,g2(t) and atw,MSD in two 

difference length scale measurements. The four curves are taken from Figure 7(a) and 7(b). From 

Figure 8(a), it is clear to see that these two types of shift factors give slightly different aging 

dynamics, especially in the intermediate aging regime and long-time aging regime. In these 

regimes, the MSD shift factor atw,MSD is always smaller than the  shift factor under the same 𝑔2(𝑡)

experimental conditions, indicating that the  curves seem to capture different information 𝑔2(𝑡)

than MSD does. However, with increasing length-scale (decreasing sample thickness), the 

differences between atw,g2(t) and atw,MSD curves in the intermediate aging regime become larger. 

Such idea of a length scale dependent difference can be supported by Figure 8(b), where the 

comparison happens at the smallest length scale (from backscattering measurements). In Figure 

8(b), the two shift factors show good agreement until the long-time equilibrium plateau regime.

Page 22 of 32Soft Matter



23

FIG.8. (a) Shift factors atw,g2(t) and atw,MSD as a function of waiting time tw from transmission measurements of two 

different sample thicknesses (1 cm and 1 mm) after volume fraction up-jump from an equilibrium state at a 1.449 to 

a non-equilibrium state at a 1.488. (b) Shift factors atw,g2(t) and atw,MSD as a function of waiting time tw from 

backscattering measurements of two different sample thicknesses (1 cm and 1 mm) after volume fraction up-jump 

from an equilibrium state at a 1.449 to a non-equilibrium state at a 1.488. 

We remark that such differences in the second stage of the intermediate aging regime are related 

to the emergence of compressed exponential decay of the  curves. As a result, the 𝑔2(𝑡)

compressed exponential decay from the problematic  curves is affecting the observed aging 𝑔2(𝑡)

dynamics. Further work is needed to construct a correct aging dynamics from the DWS 

experiments. 

SUMMARY AND CONCLUSIONS

The dynamics of a 16.0 wt% PS-PNIPAM/AA soft thermo-sensitive colloidal system 

were studied with DWS-based micro-rheology after temperature down-jump induced volume 

fraction up-jump experiments. Both equilibrium dynamics and the effects of aging on the 

dynamics were investigated. Different DWS geometries (backscattering and transmission) and 

sample thicknesses were also studied to investigate the length-scale effects on the colloid 

dynamics and physical aging process. 

a b 
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From the DWS experiments one determines the intensity autocorrelation function   𝑔2(𝑡)

and it is found that there is a strong length-scale dependence of the behavior. Of particular 

interest is the result for the equilibrium dynamics in which we observed a short-time regime 

where the decay of  is very slow and which becomes more developed as the length scale 𝑔2(𝑡)

probed in the measurements increases. In the transmission measurements for the largest length-

scales probed, compressed exponential decays were observed. The  curves for both the 𝑔2(𝑡)

stretched and compressed exponential cases were converted to mean square displacement 

(MSD). In all MSD curves, no “super-diffusive” behavior was observed, indicating the 

compressed exponential decay is not necessarily related to a “super-diffusive” behavior, and 

does not represent the true relaxation response of the system. Rather, the compressed exponential 

decays of the  curves seem to be the result of the relationships between  and MSD for 𝑔2(𝑡) 𝑔2(𝑡)

the different scattering geometries in the (light) scattering experiments and not to internal stress 

relaxation [71,80]. Other factors such as particle clustering dynamics [90,91,92,93], particle 

interactions [94,95], particle persistent motion [96,97], or even temperature gradient induced 

convections in the system [102], have been proposed to play important roles in the observed 

compressed exponential behavior of . 𝑔2(𝑡)

Looking at the aging (non-equilibrium) response, since time-aging time superposition is 

valid for all length-scale measurements in the current soft colloidal system, shift factors atw,g2(t) 

and atw,MSD were then compared based on the  curves and MSD curves, respectively. 𝑔2(𝑡)

Beyond a sigmoidal aging time dependence of atw,g2(t) and atw,MSD, the intermediate aging time 

regime (power law regime) was found to split into two parts for large length scale measurements 

(all from transmission geometry) and the aging rate slows down in the second part with 

increasing length scale. When carefully comparing these two types of shift factors, differences 
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were found in the second stage of the intermediate aging regime as well as the long-time 

equilibrium plateau regime, and the difference becomes larger with increasing length scale. This 

implies that the problematic compressed exponential decay observed in the  curves also 𝑔2(𝑡)

subtly affects the observed aging dynamics. 
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