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The advent of high-speed x-ray photon correlation spectroscopy now allows the study of critical
phenomena in fluids to much smaller length scales and over a wider range of temperatures than is possible
with dynamic light scattering. We present an x-ray photon correlation spectroscopy study of critical
fluctuation dynamics in a complex fluid typical of those used in liquid-liquid extraction (LLE) of ions,
dodecane-DMDBTDMA with extracted aqueous Ce(NOs);. We observe good agreement with both static
and dynamic scaling without the need for significant noncritical background corrections. Critical exponents
agree with 3D Ising values, and the fluctuation dynamics are described by simple exponential relaxation.
The form of the dynamic master curve deviates somewhat from the Kawasaki result, with a more abrupt
transition between the critical and noncritical asymptotic behavior. The concepts of critical phenomena thus
provide a quantitative framework for understanding the structure and dynamics of LLE systems and a path

forward to new LLE processes.
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The nanoscale structure that develops near critical points
is particularly fascinating in complex fluids [1,2], where it
offers the opportunity to enhance behavior such as ion
transport [3]. Concepts from the theory of critical phenom-
ena [4,5] are a potentially powerful framework to under-
stand these phenomena. As the critical point is approached,
the divergences of correlation lengths, susceptibilities, and
fluctuation timescales can be described by scaling laws
with universal features for a given class of transition [6,7].
Studies of pure and binary small-molecule fluids have
allowed detailed verification of predicted nonclassical
exponents very close to the critical temperature 7., with
indications of crossover to classical exponents as |7 — T.|
is increased [8]. In contrast, studies of complex fluids
containing micelles [9-12], microemulsions [13-16], or
macromolecules [17] have typically found less complete
agreement, often requiring large noncritical background
corrections or other theoretical modifications [18,19].

One of the most powerful methods used to characterize
critical fluctuations in fluids has been dynamic light
scattering (DLS), in which time correlations in the speckle
pattern produced by the scattering of a coherent light beam
allow the observation of fluctuation dynamics [20].
However, DLS only reveals the behavior on length scales
comparable to or larger than the wavelength of visible light.
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This often restricts the study of critical phenomena to
temperatures close to 7., where the correlation length
grows to this length scale [6,8,21]. Here we present a study
using the x-ray analog of DLS, known as x-ray photon
correlation spectroscopy (XPCS) [22,23]. The shorter x-ray
wavelength provides the first opportunity to study the
dynamics of critical fluctuations having much smaller
length scales over a correspondingly larger temperature
region around 7'... This allows us to investigate the extent to
which both static and dynamic scaling laws apply to this
larger region.

The system we study is a complex fluid typical of those
used in liquid-liquid extraction (LLE), an energy-efficient
separation option used for the purification of a variety of
chemicals, including rare-earth elements [24,25]. Figure 1
shows the schematic phase diagram of this system [26]. It
consists of a small-molecule organic solvent, dodecane,
mixed with a large-molecule amphiphilic extractant,
N,N’-dimethyl-N,N’-dibutyltetradecylmalonamide
(DMDBTDMA), which facilitates the dissolution of polar
ions into the nonpolar phase through the formation of
nanoscale molecular complexes resembling small reverse
micelles [27,28]. Here, aqueous ions are extracted from an
acidic Ce(NO;); solution. After equilibration with the
aqueous phase, we isolate the organic phase containing
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FIG. 1. Schematic phase diagram for a liquid-liquid extraction
system, expressed as a ternary system between aqueous solution
A, organic solvent S, and amphiphilic extractant E. (a),(b)
Isothermal cuts above and below, respectively, the temperature
at which the 3-phase region and associated critical point appear.
Colors denote 1-phase regions (yellow), 2-phase regions (green),
and 3-phase regions (orange). (c) Pseudobinary cut at fixed A/E
ratio given by dash-dot line in (a),(b), showing the coexistence
(solid) and spinodal (dashed) curves.

extracted polar ions. Upon cooling, it separates into high-
and low-extractant organic phases at 7., as shown in
Fig. 1(c). At the critical composition, this corresponds to
T,.; away from this composition, the instability occurs
below T, at the spinodal temperature Ty, [16,29].
Efficient chemical separation using LLE is often carried
out near, but not too close to, this instability where the
correlation length of the complexes becomes large but
organic phase splitting is avoided [30]. Understanding the
critical behavior of the nanoscale complexes is thus of great
practical interest [31]. A goal of this study is to test the
applicability of the concepts of static and dynamic critical
phenomena to this important class of complex fluids.
Our XPCS measurements of critical fluctuation dynam-
ics in fluids were made possible not only by the advent of
coherent x-ray methods at high-brightness synchrotron
sources, but also by the recent development of high-speed
x-ray area detector systems [32] that can reach the
microsecond time regime typical for fluid fluctuations.
This fills in a capability gap between previous slower
XPCS studies and alternative methods to observe equilib-
rium nanoscale dynamics that are sensitive only to much
shorter timescales, such as inelastic neutron and x-ray
scattering [22,23,33]. The new pixel-array detector used
had 32768 pixels that could be read with a 50 kHz frame
rate to allow multispeckle XPCS with a 20 microsecond
time resolution. The only previous XPCS study of critical
fluctuation dynamics in a fluid [34] used a single-pixel
detector to achieve the needed time resolution, which
limited the range of conditions that could be investigated.
The XPCS experiments were conducted at beamline
8-ID-I of the Advanced Photon Source. The x-ray energy of
10.9 keV and angular range of 0.4 to 2.7 mrad gave access

to a wave number ¢ range of 0.0024 to 0.0152 A~!. Details
of the sample preparation, experimental setup, and data
reduction can be found in the Supplemental Material [35].
The sample had a ratio of extractant to solvent close to the
critical value. Data were collected at a set of fixed temper-
atures approaching 7T'.., from above by cooling from an
initial 7' of 298.2 K.

We first analyzed the time-averaged scattering at each T
using the scaling laws for static critical phenomena.
Figure 2 shows the normalized and background-subtracted
scattered intensity as a function of ¢ at selected temper-
atures. For the initial temperature steps well above T, a
decrease in T increases the scattered intensity at all
measured g. As T, is approached, the scattered intensity
saturates at higher ¢, while it continues to increase at lower
q. The saturated intensities reach an asymptote that is well
described by a power-law dependence on ¢g. Such behavior,
previously observed in similar LLE systems [30,49], is
consistent with an increasing correlation length £ of thermal
fluctuations near T', and the formation of a scale-invariant
structure. The maximum intensity is reached at 291.6 K;
further cooling produces a decrease in intensity at all ¢
consistent with separation into two phases with low- and
high-extractant concentrations at 7., = 291.5+ 0.1 K
[Fig. 1(c)].

The scattering data at a given temperature above T'g, can
be described by [50]

I(q.T) =1, (T)/(1 +x>7), (1)

where the reduced wave number x is defined by x = g&(7T).
Here the “dimensional anomaly” [4] exponent # can deviate
from the classical Ornstein-Zernike value of # = 0. Data for
all 20 temperatures were simultaneously fitusing Eq. (1) with
41 parameters: I, and ¢ for each T, and a single value of 7.
The values of /,,, and £ obtained are shown in Fig. 2(b), (¢).
Data for all temperatures rescaled using these values collapse
onto a single master curve, as shown in the inset to Fig. 2(a).
The best-fit exponent is 7 = 0.064 + 0.001.

The susceptibility I, and correlation length & are
expected to diverge at T, following the expressions [4]

Iqo(T) = IO[(T - Tsp)/Tsp]_y, (2)

E(T) = &l(T-Tgy) /Ty ™. (3)

Fits to obtain the critical exponents y and v, the amplitudes
Iy and &, and the spinodal temperature 7', are shown in
Fig. 2(b),(c). The two fits give the same value T, =
291.3 £ 0.1 K. The obtained values of the critical expo-
nents,y = 1.24 +0.06 and v = 0.64 & 0.03, agree with the
accepted values for the 3D Ising model, y = 1.23 and v =
0.63 [8]. In addition, the exponents obey the relation y =
(2 —n)v [4], as indicated by the intensity curves at all T
approaching a common asymptote at x > 1. The small
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FIG. 2. Time-averaged results. (a) Normalized scattered inten-
sity I as a function of wave number ¢ for different temperatures,
plotted on logarithmic scales. Only selected values of the total 20
T and 180 g values measured are shown. Curves are fits with
Eq. (1). Inset: Data at all temperatures rescaled using parameters
obtained from fits. (b),(c) Plots of fit parameters /,, and & vs
T —Tg,, showing power-law fits. Values with uncertainties are
given in the Supplemental Material [35], Table S1.

difference Tcoex — T = 0.2 K indicates that the sample is
close to the critical composition.

The fluctuation dynamics can be characterized by the
intensity autocorrelation function ¢'» = (I(q,1)I(q,t+
A1))/{I(q.t))*> measured by XPCS [22,23]. While the
signal levels in each 20 microsecond exposure were quite
low, e.g., 1073 photons per pixel, it was possible to obtain
acceptable signal to noise in g® for the 18 temperatures
closest to T, and g values out to 0.0065 A by averaging
over pixels within narrow bands of ¢ and over hundreds of
repeats of acquisition sequences, each a few seconds long
[35]. Typical observed g®)(At) are shown in Fig. 3(a) at
T = 291.6 K and various ¢. As expected, the g®) function
decays faster at larger ¢, indicating faster fluctuation
dynamics at smaller length scales. The form of ¢®)(At)
is well described by a single exponential decay, with a
relaxation time 7 obtained by fitting to [23]
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FIG. 3. Dynamics of LLE system. (a) Measured g®®(At) at

T = 291.6 K and selected ¢, showing fits (curves) using Eq. (4).
(b) Extracted fluctuation correlation times 7 as a function of ¢ at
selected T, showing fits (lines) to obtain power-law slopes —z;.
Inset: Effective dynamic critical exponent z.; as a function of 7
for the g range of the measurements.

9@ = B + Bexp(-2At/1), (4)

where f is a constant contrast parameter related to the
coherence properties of the x-ray beam and the scattering
geometry, and B is a baseline parameter close to unity. For
our setup, the contrast was determined to be f = 0.093, and
only 7 and B were varied in the fits [35]. Typical fits are
shown with the data in Fig. 3(a). Figure 3(b) shows the
dependence of the relaxation time = on ¢ for different 7.
At each temperature, the g dependence of z is reasonably
well described by a simple power law over the g range for
which 7 can be extracted. As Ty, is approached, the 7 values
at lower ¢ increase more rapidly than those at higher g,
giving a change in the power-law exponent. Power-law fits
to 7 o g% at each T are shown with the data in Fig. 3(b),
and the obtained values of the effective dynamic critical
exponent z.¢ are shown in the inset.

125504-3



PHYSICAL REVIEW LETTERS 125, 125504 (2020)

FIG. 4. Reduced diffusivity D* vs reduced wave number x =
gé for all g and T, compared to modified Kawasaki scaling
function € and empirical function €2.p,. Color of markers
indicates T of experimental data points: green (296.2 K) to blue
(291.6 K). Residuals of the two fits are compared in [35].

The full dependence of the fluctuation relaxation time on
g and T near T, has been described by dynamic scaling
theory [51-54]. This is typically given in terms of the wave
number-dependent diffusivity related to = by D = 1/(z¢?),
which can be written as

D(q.T) = Do(T)Q(x) + D(q.T). (5)

Here Dy = kzT/(67n,&) is an estimate [51-53] of the
g-independent value well away from T'y,, where 7, is the
shear viscosity, and D is a noncritical background correc-
tion [54]. In our case, the contribution of this term is small,
less than a few percent [35]. The wave-number dependence
for any T enters primarily through the scaling function
Q(x) of the reduced wave number x. Mode-coupling theory
[54] gives the form of Q(x) as

Q(x) = ROk (x)(1 + b*x?)7/2, (6)

where R is a constant with a value near unity, Qg is the
Kawasaki scaling form [51]

Qi (x) = (3/4)x72[1 + x> + (x* — x7!) arctan(x)], (7)

and the final factor in Eq. (6) has parameters b =~ 0.55 and
7, ~ 0.063 [54].

Figure 4 shows the rescaled experimental relaxation
times for all T plotted as reduced diffusivity D* = (D — D)/
Dy vs x, using measured values of the viscosity [35]. Also
shown is the theory expression for Q(x) from Eq. (6), fit
to the experimental D* using a single free parameter R.
This fit gives a value R = 0.90 £ 0.01.

The power-law slope of 7(g) can be obtained from
Eq. (6) as

Olnt

3 ., 9InQ(x)
Olng T -

Omnx | ey

(8)

Zett(q. T) =

where the small term in Eq. (5) has been neglected. This
theoretical curve is plotted along with the experimental
values in the inset of Fig. 3(b) using the average value of
q = 0.004 A~ to extract the experimental Z.g.

The use of x-ray scattering allows a direct determination
of the correlation length &, its scaling exponents # and v,
and relaxation times 7 out to relatively high g. This
increases the window of T — T, that can studied and
provides a broader comparison with critical phenomena
predictions. Our results show remarkably good agreement
with both static and dynamic scaling predictions for binary
fluids across a wide range of ¢ and T —Tg,. All I1(q,T)
collapse onto a single static master curve [see the Fig. 2(a)
inset] with power-law behavior of scaling parameters 1,
and ¢ as a function of T — T,. The values of the exponents
v, v, and 5 agree with those for the 3D Ising model and
verify the relation y = (2 —5)v. Likewise, we observe
good general agreement with dynamic scaling. We observe
a single exponential relaxation time at each ¢ and 7. All
D*(g, T) collapse onto a single master curve using the same
scaling parameter £ and the standard form for D, as shown
in Fig. 4. The asymptotes of the master curve agree with the
predicted behavior, giving a change in zy from 2 to 3 + z,,
as T, is approached. However, the detailed shape of the
master curve appears to deviate from that given by the
modified Kawasaki form Q, with the transition between
the asymptotic behavior above and below x =1 more
abrupt than predicted. This can also be seen in the T
dependence of z. in the Fig. 3(b) inset.

To quantify this deviation, we fit the dynamic master
curve to an empirical form that obeys the asymptotes of
Q(x) at x < 1 and x> 1,

Qemp = R{1 + [(37/8)banx!+a]m}1/m, (9)

where m is a crossover exponent. While a fit of Eq. (9) to
Q(x) gives a value m = 1.98, a fit to the data gives m =
4.8+0.5 and R = 1.03 £ 0.01. The fit of Eq. (9) to the
data gives a reduced chi square of y2 = 2.5 compared to
% = 4.2 from the fit of Eq. (6) to the data.

The 3D Ising model is expected to apply to systems with a
scalar order parameter, such as the single compositional
variable in a two-component fluid mixture. While in the
ternary phase diagrams Fig. 1(a), (b) we have grouped
the ions into the aqueous component, our system actually
consists of five chemical components (dodecane,
DMDBTDMA, water, cations, anions). It has been predicted
that the exponents in a ternary system can be renormalized
relative to the 3D Ising values according to y* =y /(1 — a),
v =v/(1 —a), where a = 0.11 is the specific heat critical
exponent [55,56]. The agreement of our observed exponents
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with the 3D Ising values without such renormalization
indicates that it is a good approximation to treat the system
as a pseudobinary [see Fig. 1(c)] and that fluctuations in other
compositional dimensions are negligible.

The generally good agreement we find with 3D Ising
model predictions differs from the results of several studies
of other complex fluids. In other systems containing
micelles [9-12], microemulsions [13—16], or macromole-
cules [17], large noncritical background corrections or
other modifications to theory [18,19] were required to
describe DLS measurements. In contrast, the typical LLE
system we study is well described by the standard static and
dynamic critical behavior found for small-molecule binary
fluids [8,54] and some micellar systems [57]. Thus, the
detailed predictions of critical phenomena theory can
provide a quantitative understanding to model the structure
and dynamics of LLE systems.

The ability to carry out high-speed XPCS opens a new
window into studies of fluctuation dynamics in fluids.
XPCS studies were previously limited to high viscosity
liquids or relatively large colloidal particles at low ¢. High-
speed XPCS gives access to the faster timescales character-
istic of higher ¢ and thus allows greater exploration of the
critical region g& > 1. The orders-of-magnitude increase in
coherent x-ray flux soon to become available at upgraded
facilities [58] will further expand the range of gand T — T,
along with the fluid systems that can be explored.
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