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ABSTRACT: The mesoglobule formation and growth in an
aqueous solution of poly(N-isopropylacrylamide) are inves-
tigated using time-resolved small-angle neutron scattering.
Rapid pressure jumps initiate phase separation at both low
(below 20 MPa) and high pressures (above 101 MPa).
Measurements were carried out in a time range from 50 ms to
∼1650 s after the jump, covering a large range of momentum
transfers. The dehydration of the polymer at the coexistence
line is much stronger at low pressures than at high pressures,
which significantly affects the mechanism of phase separation:
At low pressures, the diffusion-limited coalescence of the mesoglobules is strongly slowed down by the viscoelastic effect due to
their dense shell. Moreover, the target pressure has a strong influence on the relative importance of these kinetic effects. In the
high-pressure regime, the viscoelastic effect does not play a role, and diffusion-limited coalescence proceeds without hindrance.

■ INTRODUCTION

The mechanisms of growth in aggregating systems as well as
interactions stabilizing the aggregates are of great importance in
a wide variety of research areas, including the study of synthetic
polymers and proteins.1 Moreover, they are of relevance to gain
insights into the rational design of smart materials.2−4 The
aggregate formation of stimuli-responsive polymers is of special
interest since their solubility can be drastically altered by
external stimuli, such as temperature, light, ionic strength, or
pressure, resulting in collapse and aggregation.5−8

A well-studied model polymer in this respect is poly(N-
isopropylacrylamide) (PNIPAM), which reacts distinctly to
changes in temperature or pressure. At atmospheric pressure,
aqueous solutions of PNIPAM feature a lower critical solution
temperature at ∼32 °C.9 Hydration water, that is, water that
interacts closely with the chains, is released at the phase
transition,10,11 leading to a sharp coil-to-globule transition of the
individual chains.12,13 The kinetics of this transition was studied
in detail. In agreement with theoretical predictions,14−16 it was
shown that the coil-to-globule transition in dilute PNIPAM
solutions is a two-step process that can be attributed to the local
contraction of chain segments (τ ≅ 0.1 ms) followed by their

merging and coarsening (τ ≅ 0.5−1 ms).17−19 In semidilute
solutions, a third stage was observed and was related to a
disentanglement process of overlapping chains.20

On longer timescales, the subsequent aggregation of the
collapsed PNIPAM chains results in the formation of long-lived
aggregates in the mesoscopic size range, termed mesoglo-
bules.21−23 Their size depends on polymer concentration,21,24,25

polymer molar mass,21 quenching temperature,26 heating
rate,24,27 ionic strength of the solvent,25 and pressure.10 Several
mechanisms have been proposed to contribute to their stability.
Due to the amphiphilic nature of the PNIPAM monomers,
hydrophilic groups may accumulate at the surface of the
mesoglobules, thereby reducing their interfacial tension with
respect to water and enhancing their stability.21,23,28−30 A
second proposed mechanism considered the accumulation of
charges at the surface of the mesoglobules, which results in a
repulsive force, hindering aggregation.26 Furthermore, it has
been argued that the chain entanglement time is much longer
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than the time during which two mesoglobules are in contact,
thereby reducing the probability of coalescence and leading to
an entanglement force that prevents macrophase separation in
the solution.27,31,32 Since the chains strongly dehydrate when
the cloud point (CP) is traversed at atmospheric pressure, the
chain mobility in the mesoglobules is low, which leads to a
pronounced viscoelastic effect.10 Few studies have aimed at
investigating the kinetic pathway of mesoglobule formation in
aqueous PNIPAM solutions, following a temperature jump
across the CP.24,33,34 Employing time-resolved (kinetic) small-
angle neutron scattering (SANS) with a time resolution of∼100
s, it was observed that the growth of mesoglobules in a
concentrated aqueous PNIPAM solution is at least a two-stage
process.33 However, the SANS data in the initial stages were
obscured by the rather long time needed for heating the large
sample volume and by temperature gradients.
As an alternative to temperature, pressure jumps can be

applied to induce phase separation. Furthermore, experiments in
different pressure regimes offer the possibility to control the
degree of dehydration and thus the viscoelastic effect. It was
previously observed that the dehydration at the CP is much
weaker at high pressures.10,35 This has been attributed to the
reduction of the hydrophobic effect at high pressure that has
been primarily studied in protein solutions.36−39 However,
additional mechanisms may play a role as well, such as the
tightness of the solvation shell.40 When the CP is crossed at high
pressure, the chains in the mesoglobules remain more mobile,
which may lead to a pathway different from the case of strong
dehydration and immobile chains. Using very small-angle
neutron scattering, we found that, at high pressure (80−113
MPa), the mesoglobules are much larger and contain more
water than at atmospheric pressure.10 To discriminate the
influence of dehydration, hydrophobic interactions, and the
viscoelastic effect on the pathway of mesoglobule formation, it is
thus of interest to investigate the kinetics of the phase transition
in different pressure regimes. This is in the focus of the present
investigation.
In our recent work,41 we addressed the low-pressure (LP)

regime of a PNIPAM solution in D2O (3 wt %) by combining
fast pressure jumps to initiate phase separation and kinetic
SANS to investigate the time course of mesoglobule formation.
Similar to previously reported studies,42−45 fast pressure jumps
were initiated by rapidly opening a pneumatically driven valve
between the pressure cell and a reservoir, resulting in a time
resolution better than 0.1 s. An advantage of this method over
systems based on piezoelectric actuators is that large sample
volumes can be employed and that the amplitudes of the jumps
can be varied over a larger range.46−48

Starting in the one-phase region at 31MPa and at 35.1 °C, the
pressure was rapidly lowered by 15 or 21 MPa, crossing the
coexistence line of the one-phase and two-phase regions, toward
an endpoint in the two-phase region. Three regimes of growth
were identified: During the first ∼1 s, fractal clusters of chains
are formed that subsequently become compact, resulting in
mesoglobules. These grow by diffusion-limited coalescence.
After 10−30 s, a dense PNIPAM shell around the mesoglobules
emerges due to the diffusion of water out of the near-surface
layer. This shell hinders further coalescence of mesoglobules,
resulting in an energy barrier of several kBT. At later times (at
least up to∼1600 s), the growth proceeds extremely slowly. The
characteristic times were found to depend on the target pressure,
that is, on the jump amplitude. Thus, it is of interest to follow the
behavior at even smaller and at larger amplitudes of the jumps to

focus on the different stages of growth. The kinetics resulting
from jumps with smaller and larger amplitudes is described in
detail in the present paper.
Moreover, pressure jumps in the high-pressure (HP) regime

of the phase diagram allow us to elucidate the chain collapse and
mesoglobule growth in the regime where dehydration is weak
and where the chains stay more mobile than at low pressures. To
this end, we carried out pressure jumps in the high-pressure
regime (above 100 MPa) at the same temperature, crossing the
coexistence line at high pressures. A series of pressure jumps
were conducted starting from the same initial pressure of 87
MPa. The initial pressure was chosen so as to have a similar
pressure difference from the coexistence line as for the jumps in
the LP regime. Varying the target pressure in the two-phase
region allows us to characterize the formation and growth of
mesoglobules.
This article is organized as follows: Following the

Introduction, the description of the sample and the technical
details of the pressure jump experiments are given in the
Experimental Section. The Results and Discussion section
presents the detailed analysis of the kinetics of mesoglobule
formation in the LP regime and in the HP regime. The findings
in both pressure regimes are summarized in the Conclusions.

■ EXPERIMENTAL SECTION
Materials. Poly(N-isopropylacrylamide) (PNIPAM) with Mn = 36

kg mol−1 and Đ = 1.26 (end groups carboxylic acid and a hydrogen
atom) was purchased from Sigma-Aldrich. Prior to the measurements,
PNIPAM was dissolved in D2O (Deutero, 99.95%) at a concentration
of 3 wt %, which is in the semidilute concentration regime. The
solutions were shaken for at least 48 h at room temperature.

Time-Resolved Small-Angle Neutron Scattering (TR-SANS).
TR-SANS experiments were performed at the instrument D11 at the
Institute Laue-Langevin (ILL), Grenoble, France, along the lines
described previously using the same calibration measurements and
applying the same raw data treatment.41 In brief, a neutron wavelength
of λ = 0.6 nm with a spread Δλ/λ = 0.09 was selected. The
measurements were performed with sample−detector distances
(SDDs) of 1.5, 8.0, and 34.0 m, resulting in a range of momentum
transfers q of 0.02−3.3 nm−1, with q = 4π × sin(θ/2)/λ, where θ is the
scattering angle.

The setup for pressure jumps was described previously (Figure 1a),41

and it is conceptually similar to that in X-ray scattering studies.43,44 The
pressure cell and the separator (section 2 in Figure 1a) are connected to
the external pressure system (section 1 in Figure 1a), including the
pressure generator, by a pneumatically driven valve. The separator
prevents mixing of the pressure-transmitting medium (3M Fluorinert
770) and the sample. Before each jump, the pneumatically driven valve
was kept open, and the system was equilibrated for∼30 min in the one-
phase region.

The protocol of the pressure jump experiments is illustrated in Figure
1b. After setting the pressure to the desired initial value, the
pneumatically driven valve was closed, and the pressure in the external
system was set to a lower or higher value. The system was equilibrated
for 5 min, and a static SANS measurement (prejump measurement)
with a measuring time of 1 min was carried out. The pressure jump was
performed by a rapid opening of the pneumatically driven valve after
which the pressure in both sections of the system equilibrates. A
transistor-transistor logic (TTL) pulse, initiated by the opening of the
valve, triggered the start of the data acquisition and was found to result
in good reproducibility. The frame duration was successively increased
after each frame by a factor of 1.1, starting with 0.05 s. After each
pressure jump, 85 frames were recorded, which implies a total
measuring time of 1649 s. The measurement at SDD = 34 m was
repeated at least five times for each jump to obtain sufficient statistics.
Selected measurements shortly after the pressure jumps were averaged
to improve statistics to allow reliable fits. The time resolution of the

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00937
Macromolecules 2019, 52, 6416−6427

6417

http://dx.doi.org/10.1021/acs.macromol.9b00937


experiment is limited by the response time of the pneumatically driven
valve, which is less than 0.05 s, and the flight time of the neutrons
between the sample and the detector, which amounts to ∼0.05 s at the
longest SDD of 34.0 m, as derived from the wavelength of the neutrons.
The coexistence line of a 3 wt % PNIPAM solution in D2O in

dependence on temperature and pressure has an elliptical shape (Figure
2),41 similar to results from PNIPAM solutions with different polymer

concentrations and molar masses.49−51 At atmospheric pressure, the
CP is at 33.7 °C, and amaximumof 35.9 °C is encountered at∼60MPa.
At temperatures in between, the CP is traversed twice with varying
pressure, which allows investigations of the kinetics of mesoglobule
formation both, at low and at high pressure, at the same temperature.
For the pressure jumps, a temperature of 35.1 °C was chosen; the CPs
are then located at 21.8 ± 2.5 and 89.6 ± 1.0 MPa, as found with static
SANS measurements during a pressure scan (see the Supporting
Information for details). The initial pressure for the jumps in the LP
regime was chosen at 31.0 MPa, that is, 9.2 MPa above the coexistence
pressure, whereas it was 87.0 MPa for the jumps in the HP regime, that
is, 2.6 MPa below the coexistence pressure. In the LP regime, jumps
were performed by decreasing the pressure to four different target

pressures in the two-phase region, with pressure changes Δp = −11,
−15, −21, and −31 MPa, as indicated in Figure 2. In the HP regime,
jumps were performed by increasing the pressure to three different
target pressures in the two-phase region with pressure changesΔp = 14,
25, and 45 MPa (Figure 2).

SANSData Analysis.The data analysis was carried out as described
previously:41 In the one-phase region, the Ornstein−Zernike structure
factor52 was used to describe the concentration fluctuations in the one-
phase region. It contains the correlation length of concentration
fluctuations ξ, which is assigned to the average distance between
entanglement points.53 Its amplitude IOZ corresponds to the
contribution from concentration fluctuations to the scattered intensity
at q = 0.

In the two-phase region, a superposition of the Ornstein−Zernike
structure factor, again describing concentration fluctuations on small
length scales, and a form factor Iagg(q) to account for the scattering from
aggregates was used tomodel the scattering curves, similar to previously
published works.54,55 Thus, after the pressure jumps, the scattering
curves were fitted by the model

I q I q I q I( ) ( ) ( )agg OZ bkg= + + (1)

Two form factors were used to describe Iagg(q): In the LP regime, the
aggregates were rather small, and their size could be determined using
the Guinier−Porod form factor.56 It contains the radius of gyration of
the aggregates Rg and the intensity at q = 0, Iagg. Moreover, it contains
the Porod exponent m associated with the surface structure of the
mesoglobules. For smooth surfaces,m = 4, whereas for rough surfaces, 3
≤ m ≤ 4. An SLD gradient perpendicular to the surface of the
mesoglobules results in an apparent m > 4.57,58 Weak interaction
between mesoglobules may be present. However, the covered q range
does not allow its characterization. Also, in the two-phase region, the
Ornstein−Zernike structure factor was used to describe concentration
fluctuations on small length scales, which may originate from individual
chains, small clusters of chains, and inhomogeneities inside
mesoglobules.

In the HP regime, the size of the aggregates was too large to be
resolved. Their scattering contribution was therefore parametrized by
the Porod form factor.59 It contains the Porod amplitude IP and the
Porod exponentm, allowing extraction of information about the surface
structure of the mesoglobules (see above). The Ornstein−Zernike
structure factor accounts again for concentration fluctuations on small
length scales. In all cases, the incoherent background Ibkg was added as a
floating parameter. In the Supporting Information, the full expressions
of the fitting functions are given. Standard procedures were applied to
account for smearing due to the divergence of the neutron beam and the
wavelength distribution.60

■ RESULTS AND DISCUSSION
In this section, we first describe the structures of the 3 wt %
PNIPAM solution in D2O in the initial states. We then proceed
to the description of the mesoglobule formation in the low- and
the high-pressure regimes. For consistency, the same polymer
concentration as in our previous study was employed, which is in
the semidilute regime.41 D2O is used as a solvent to optimize the
contrast for neutron scattering between the different phases. We
believe that the overall findings are applicable to the more
commonly used H2O.

61 The results are discussed in terms of
thermodynamic driving forces and kinetic hindrances.

Initial State in the One-Phase Region. The SANS data
recorded at the prejump pressures in the LP and the HP regimes
are depicted in Figure 3a. The curves show a decay above ∼0.04
nm−1, characteristic of semidilute polymer solutions in the one-
phase region. Furthermore, additional weak forward scattering is
observed below 0.04 nm−1, which indicates the presence of
inhomogeneities at larger length scales.
Two models were used to fit the scattering curves. First, the

Ornstein−Zernike structure factor (eq S2), describing the

Figure 1. (a) Schematic representation of the pressure system used for
the pressure jump experiments. Section 1 is the external system, which
includes the pressure generator. Section 2 is connected to section 1 by
the pneumatically driven valve and includes the separator and the
pressure cell. The separator hinders mixing of the pressure transmitting
medium (orange) and the sample (blue). (b) Schematic representation
of the protocol of the kinetic SANS experiment after a pressure jump.
After equilibration of the sample at pressure p1, the pressure is rapidly
increased or decreased to pressure p2. The start of the SANS data
acquisition is triggered by opening the valve, and the first frame has an
acquisition time of 0.05 s; that is, the mean time after the jump is 0.025
s. The acquisition time is increased by a factor of 1.1 after each frame
until the last frame at 1574 s.

Figure 2. Pressure−temperature phase diagram of the 3 wt % PNIPAM
solution in D2O, as determined by turbidimetry,41 in the region of
interest for the pressure jump experiments. The arrows indicate the
start and the target pressure of the jumps in the LP regime (green
arrows) and the HP regime (orange arrows).
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concentration fluctuations at a local scale, was combined with
the Porod form factor (eq S7), accounting for the forward
scattering due to large-scale inhomogeneities (Figure 3a). The
resulting correlation lengths at 31 and 87MPa are ξ = 15.7± 0.2
and 8.2 ± 0.1 nm, respectively. In the blob model,53 ξ is the
average distance between the overlap points of the chains. Thus,
the chain conformation is slightly different at high pressure: The
lower value of ξ at 87 MPa points to a higher density of overlap
points62 and, therefore, to a more expanded chain conformation,
which may be assigned to the higher degree of hydration of
PNIPAM at high pressure. It may also be due to the smaller
pressure difference from the coexistence line compared to 31
MPa.63 The Porod exponents, accounting for large-scale
inhomogeneities, are m = 1.6 ± 0.1 and 1.9 ± 0.1 at 31 and
87MPa, respectively, which shows that they are loose fractal-like
structures. Second, solely the Ornstein−Zernike structure factor
was employed to fit the data at q values above 0.04 nm−1 (Figure
3b), resulting in correlation lengths ξ = 15.2± 0.1 nm at 31MPa
and 8.6± 0.1 nm at 87 MPa. These values are very similar to the
ones given above. Furthermore, the values of IOZ obtained with
both fitting models are very close to each other. In the kinetic
experiments described below, no forward scattering can be
identified at short times after the jump (presumably because of
the rather high noise at short timescales), and the values from
the second approach (Ornstein−Zernike fit) are used in the
following. All resulting fitting parameters are shown in Figures 6
and 10.
Mesoglobule Formation in the Low-Pressure Regime.

As discussed in our previous paper41 and in the Introduction,
three growth regimes are encountered after the jumps with
pressure changes Δp = −15 and Δp = −21 MPa, namely, the
formation of fractal clusters of chains and their compactification,
resulting in mesoglobules. These grow first by diffusion-limited
coalescence until a dense PNIPAM shell is formed, hindering
further coalescence and leading to a strong slowing down of the
growth.41 Figure 4 displays the SANS curves following the jumps
starting at 31 MPa with pressure changes Δp = −11 and −31

MPa, that is, in the LP regime. Immediately after the jump with
Δp = −31 MPa, the SANS curves feature a shoulder, which
increases slightly in intensity. After 0.17 s, a second contribution
in the lowq range is discernible (below 0.1 nm−1), which
abruptly increases in intensity, indicating the sudden formation
and growth of mesoglobules. This happens later than at Δp =
−15 and −21 MPa. After 0.4 s, that is, very soon after
mesoglobule formation, the slow growth regime is entered as
well.
The jump with the smallest amplitude (Δp = −11 MPa,

Figure 4a) gives qualitatively different results: At short
timescales, merely small changes in the scattering curves are
observed. Only after 7.9 s, an increase in intensity at low q values
(below 0.1 nm−1) is discernible, pointing to the formation of
large structures. The increase is, however, much weaker than for
jumps with a larger amplitude.
For all pressure jumps, there are only weak changes in the

scattering curves at high q values. The shoulder observed in the
prejumpmeasurement, assigned to concentration fluctuations of
the polymer solution, persists even after mesoglobules are
formed. Thus, concentration fluctuations at small length scales
are present after mesoglobule formation.
To extract quantitative structural information, the scattering

curves are modeled by the superposition of the Ornstein−
Zernike structure factor, the Guinier−Porod form factor, and
the incoherent background (eq 1 and eqs S1−S6). A comparison
between data and fitted curve is exemplarily shown in Figure 5.
After the pressure jumps, the chains collapse and form small
clusters. However, the quality of the data was insufficient to
distinguish the weak excess forward scattering observed in the
one-phase region (Figure 3), and Iagg(q) was therefore set to
zero. The Ornstein−Zernike structure factor is used as the
simplest possible model to extract the correlation length ξ and
the amplitude IOZ. As soon as scattering from concentration
fluctuations and mesoglobules can be distinguished from each
other, the Guinier−Porod form factor is included as well. It
comprises the radius of gyration of the mesoglobules Rg and the

Figure 3. SANS curves recorded prior to the pressure jumps at 31 MPa
and 35.1 °C (LP regime, green symbols) and 87 MPa and 35.1 °C (HP
regime, orange symbols) modeled by a combination of the Porod form
factor and the Ornstein−Zernike structure factor (a) and solely by the
Ornstein−Zernike structure factor (b). Solid black lines: fits, dashed
lines: Porod form factor, dotted lines: Ornstein−Zernike structure
factor, dashed-dotted lines: incoherent background.

Figure 4. SANS curves of the 3 wt % PNIPAM solution in D2O in the
LP regime after jumps starting at T = 35.1 °C and p = 31 MPa with
pressure changes of Δp = −11 (a) and −31 MPa (b). Red symbols:
prejumpmeasurements, black and gray lines indicate the curves that are
fitted without and with the contribution Iagg(q) in eq 1, respectively.
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Porod exponent m, characteristic of their surface structure (see
the Supporting Information).
The time dependence of the resulting fitting parameters is

shown in Figure 6 for all runs in the LP regime. The behavior of
the lengths and scattering intensities confirms the visual
observations from the scattering curves. Directly after the
jumps, mesoglobules have not formed yet, and the solutions are
still in the one-phase region. The significant increase of IOZ after
the jumps withΔp =−15,−21, and−31MPa (Figure 6a) shows
that concentration fluctuations become more pronounced. ξ
behaves similarly (Figure 6b): ξ increases steadily from the
initial (prejump) value of ∼15 to ∼25 nm within 0.1 s after the

jumps with Δp = −15, −21, and −31 MPa. It can be expected
that, due to the relatively high polymer concentration of 3 wt %,
which is above the overlap concentration,41 chains tend to
cluster together during the early stages after the pressure jump.20

These clusters are the building blocks for the mesoglobules. For
Δp =−11MPa, cluster formation is significantly slower. Directly
after the jump, IOZ and ξ stay constant, and only after ∼0.5 s, an
increase in both quantities is observed.
After 7.9, 1.4, 0.3, and 0.17 s forΔp =−11,−15,−21, and−31

MPa, respectively, the intensity Iagg (Figure 6a), which is
assigned to scattering from the mesoglobules, continues the
increasing trend of IOZ directly after the jump. However, it

Figure 5. Representative SANS data (symbols) in the LP regime along with model fits forΔp =−11 (a,d,g),−21 (b,e,h), and−31 MPa (c,f,i) at three
different times after the jump, as indicated in the graphs. The solid lines are fits of eq 1 (see text for details). Red dotted lines: Iagg(q), blue dotted lines:
IOZ(q), olive dotted lines: Ibkg.

Figure 6. Results from fits to the scattering curves in the LP regime. (a) Amplitudes of the Ornstein−Zernike structure factor IOZ (open symbols) and
of the Guinier−Porod form factor Iagg (closed symbols), (b) correlation length of concentration fluctuations ξ (open symbols) and radius of gyration
Rg (closed symbols), (c) Porod exponent m, (d) amplitudes of the Ornstein−Zernike structure factor IOZ at later times, and (e) correlation length of
concentration fluctuations ξ at later times. Black squares: Δp = −11 MPa, blue diamonds: Δp = −15 MPa, green triangles: Δp = −21 MPa, and red
circles:Δp =−31MPa. The results forΔp =−15 and−21MPa are taken from ref 41. The open symbols in panels (c−e) represent data that were kept
at a fixed value or data that are directly affected by fixation of parameters during fitting and are thus not trustworthy (see text for details).
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increases more rapidly for Δp = −15, −21, and −31 MPa. The
nearly continuous trend of IOZ and Iagg shows that, starting
immediately after the jumps, the scattering from clusters
becomes increasingly more important with time and dominates
over the scattering from concentration fluctuations (a small
discontinuity between both quantities may be due to the
alteration of the model used for fitting). At later times (after∼30
s for Δp = −15 MPa, ∼10 s for −21 MPa, and 0.4 s for −31
MPa), the increase of Iagg is slowed down; that is, an earlier onset
occurs for larger Δp. Changes in the system are therefore less
pronounced at later times. In contrast, for the jump with Δp =
−11 MPa, Iagg only increases very slowly during the entire time,
presumably due to a low thermodynamic driving force for phase
separation.
These findings are corroborated by the behavior of the radius

of gyration of the mesoglobules Rg shown in Figure 6b. It
continues the increasing trend of ξ directly after the jump but at
a much higher rate. We note that, at this stage, phase separation
is probably not yet completed. The chains are still hydrated to a
certain degree and thus highly mobile. Rearrangements of chains
or clusters of chains are still possible, allowing a rapid growth. As
discussed previously for the jumps with Δp = −15 and −21
MPa,41 the high mobility of chains during the early stages of
mesoglobule formation allows for rapid growth through
coalescence, which is only limited by the diffusion of the
mesoglobules. This growth process where the radius is
proportional to t1/364 is only observed for Δp = −15 and −21
MPa (for a detailed discussion, see ref 41). For the jumpwithΔp
= −31 MPa, diffusion-limited aggregation is not observed;
instead, both Iagg andRg increase very rapidly 0.15−0.3 s after the
jump (Figure 6a,b). In this case, the thermodynamic driving
force for phase separation is strong, leading to fast dehydration
and a large reduction in the mobility of the chains. Thus, the
initially very fast growth of the mesoglobules slows down.
For Δp = −11 MPa, rapid growth is not observed during the

entire measured time range. As the target pressure is very close
to the cloud point, it can be expected that the thermodynamic
driving force for phase separation is weak, leading to the very
slow growth of the mesoglobules.
Additional information on the growth behavior of the

PNIPAM mesoglobules can be extracted from the time
dependence of the Porod exponent m, describing the surface
structure of the mesoglobules, shown in Figure 6c. As soon as
mesoglobules appear, m rapidly increases from ∼2 to 5−6 and
then slowly decreases to∼4.5 at the end of the run for the jumps
withΔp =−15,−21, and−31MPa. Thus, the mesoglobules are
initially mass fractals with a fractal dimension of∼2; that is, they
feature a loose inner structure and thus they contain water. Only
at a later stage, they becomemore compact. The increase ofm to
values of 5 and above may be attributed to two different
processes: First, the mesoglobule surfaces become smooth, with
m changing toward 4. Second, a concentration gradient
(resulting in a gradient of the scattering length density) at the
surface of themesoglobules emerges, raisingm to values above 4.
We have previously attributed the appearance of such a gradient
to a dense PNIPAM shell, which arises from fast dehydration of
the chains and diffusion of the water out of the surface-near
layer, leaving the dense polymer behind.10,41 The water in the
inner part of the mesoglobule is trapped. The time form to reach
its maximum depends strongly on Δp (after 17, 3.4, and 0.34 s
for −15, −21, and −31 MPa, respectively) and reflects the time
needed for mesoglobule formation. At later times, m decreases
toward 4.5. Apparently, water permeates slowly through the

shell, and the concentration gradient is equilibrated. This shows
also that phase separation continues during the whole time range
investigated. For Δp = −11 MPa, m could not be determined
reliably because scattering from concentration fluctuations
dominates in the intermediate-q region (see Figure 5d,g). m
was therefore fixed at 4, which corresponds to smooth surfaces.
For all jumps, the Ornstein−Zernike structure factor is still

necessary to model the data in the high-q region even after
mesoglobules have formed. Thus, concentration fluctuations are
still present, albeit they are weak. For Δp = −31 MPa, the
Ornstein−Zernike contribution is small and overlaps with the
aggregate scattering at intermediate times (Figure 5f); thus, the
correlation length and scattered intensity cannot be determined
reliably for this jump. Therefore, the value of IOZ was fixed at 5
cm−1 up to t = 30 s. For all jumps, scattering in the high-q region
comprises both inhomogeneities inside the mesoglobules and
individual chains in the solution. We hypothesize that, for Δp =
−15, −21, and −31 MPa, the scattering from individual chains
after mesoglobule formation is negligible because the
thermodynamic driving force for phase separation is strong.
The presence of inhomogeneities inside themesoglobules shows
that they contain a significant amount of water.
For Δp = −11 MPa, IOZ only decreases slightly with time.

Water slowly leaves the mesoglobules, and the chains pack more
densely. In this case, however, individual chains in the solution
presumably contribute to the scattering at high q values as well.
IOZ keeps decreasing (in contrast to the leveling off when Δp =
−15 and−21MPa) and reaches a smaller final value, pointing to
a more homogeneous inner structure of the mesoglobules (note
that the results may be slightly biased by the proximity of the
Ornstein−Zernike structure factor and the Guinier−Porod form
factor, Figure 5d, g).
The findings from the intensity IOZ are reinforced by the

behavior of ξ at later times (Figure 6e). After rearrangements in
the system at early times, ξ levels off, and the final value of ξ
decreases with increasingΔp forΔp =−15,−21, and−31MPa.
This shows that the mesoglobules are denser after large-
amplitude jumps; that is, they contain less water. Using infrared
spectroscopy, it was previously shown that PNIPAM chains do
not dehydrate completely during phase separation by heating
through the CP at atmospheric pressure:65 A certain fraction of
hydrophilic groups remain hydrogen-bonded with water rather
than forming intra- or interchain hydrogen bonds. Furthermore,
recent quasi-elastic neutron scattering (QENS) experiments
have demonstrated the presence of strongly arrested water in the
two-phase region, which was ascribed to trapped water that
forms small pockets inside the mesoglobules.11,66

Toward the long times at the end of the run, the mesoglobule
growth slows down when Δp = −15 MPa, −21, and −31 MPa.
The reason for the slowing down is the development of an
energy barrier that hinders the coalescence between meso-
globules when they collide (see the Supporting Information for
more details). This growth process presumably becomes
dominant when the chains have lost their mobility due to
close packing, at least in the shell of the mesoglobules.
Rearrangements of the chains needed for coalescence are no
longer possible. Following a large-amplitude jump, the solvent
quality is worse than after small-amplitude jumps. Phase
separation is therefore faster, and the chains lose their mobility
sooner, reducing the time at which the slow growth process
starts. As a result, for Δp = −31 MPa, the mesoglobules are
significantly smaller at the starting time of the slow growth
process (Rg = 43 nm) than after Δp = −15 (62 nm) and −21
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MPa (64 nm) where mesoglobules were able to grow without
hindrance for a longer time. The detailed time dependence of Rg
during this process is determined byΔp: While the transition to
slower growth is smooth at −15 MPa, it is more pronounced at
−21MPa and abrupt at−31MPa. A transition to slower growth
is not observed for Δp = −11 MPa on the timescale of the
experiment because the mesoglobules still contain a significant
amount of water, as seen from the relatively large inner
correlation length ξ.
Irrespective of the amplitude of the pressure jump, the

mesoglobules continue to grow until the end of the run. The
most distinct difference is the final size of the mesoglobules,
which does not scale with the amplitude of the jump: At the end
of the run, that is, after 1649 s, the size of the mesoglobules is
∼36,∼92,∼98, and∼74 nm for the jumps withΔp =−11,−15,
−21, and −31 MPa, respectively. This nonlinear behavior is a
result of the combination of several growth processes and their
pressure-dependent timescales.
In Figure 7, the dependence of the growth mechanisms on the

pressure jump amplitude Δp is schematically summarized.
Following a small-amplitude jump (−11MPa), the formation of
clusters immediately after the jump proceeds slowly. These
clusters grow continuously until the end of the run, however,
with a slow rate. After an intermediate pressure jump (−15 and
−21 MPa), clusters form rapidly directly after the jump and
grow by diffusion-limited coalescence for a significant time. At
later times, the growth is strongly hindered, and large, stable
mesoglobules are present, which feature a dense shell. After a
large-amplitude jump (−31 MPa), cluster formation directly
after the jump proceeds very rapidly beyond the time resolution
of the experiment. This results in small, stable mesoglobules
already at early times.
Mesoglobule Formation in the High-Pressure Regime.

We have previously found that, in the two-phase region at high
pressure (at 80 MPa and above), the mesoglobules are
significantly larger than at atmospheric pressure, which we
attributed to the enhanced hydration of the hydrophobic groups

of PNIPAM.10 It is of interest to investigate the pathway of
mesoglobule formation in the HP regime where the chain
mobility is less reduced upon phase separation and thus kinetic
hindrances are expected to be less prominent than at
atmospheric pressure. To this end, pressure jumps were carried
out, starting in the one-phase region at 35.1 °C and an initial
pressure of 87 MPa (Figure 2). Here, the correlation length of
concentration fluctuations amounts to ξ = 8.6 ± 0.1 nm. Large-
scale inhomogeneities are present as well, which are more
prominent than in the LP regime (Figure 3). Again, the jumps
were chosen so as to cross the coexistence line, and their
amplitude Δp was varied.
Figure 8 shows the SANS curves before and after the jumps

with Δp = 14 (a), 25 (b), and 45 MPa (c). Directly after the
jumps, an additional contribution at low q values (q < 0.05
nm−1) appears, which shows that clusters consisting of several
chains form immediately. Its slope is still low, which points to the
formation of rather loosely packed aggregates. Its intensity
increases rapidly, and already after 0.31, 0.17, and 0.11 s forΔp =
14, 25, and 45 MPa, respectively, the contribution due to
aggregate scattering is a straight line in the double-logarithmic
representation with a slope of approximately q−4, which points to
compact and very large mesoglobules, in consistency with our
previous static observations.10 Thus, the time needed for the
formation of mesoglobules only decreases slightly with
increasing Δp. The maximum intensity that is reached at the
lowest q values increases withΔp, pointing to a higher scattering
contrast between the polymer-rich and the water-rich phases
and thus stronger phase separation for large-amplitude jumps.
During the remaining time, the intensity of the aggregate
scattering decreases slightly; thus, the mesoglobules grow during
the entire run. For none of the jumps, the scattering at high q
values (above ∼0.2 nm−1) due to concentration fluctuations
decreases significantly with respect to the prejumpmeasurement
in dependence on time. This behavior reflects the persistence of
strong concentration fluctuations inside the mesoglobules at
high pressure, which is in agreement with the relatively strong

Figure 7. Schematic representation of the different stages of pressure-dependent mesoglobule formation in the LP regime for small-amplitude (−11
MPa), intermediate- (−15 and −21 MPa), and large-amplitude jumps (−31 MPa), with an initial pressure of 31 MPa. The initial pressure and jump
amplitude are given on the left, and typical timescales are on the arrows. For details, see text.

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00937
Macromolecules 2019, 52, 6416−6427

6422

http://dx.doi.org/10.1021/acs.macromol.9b00937


hydration of the polymers in the two-phase region, as shown
earlier with QENS, SANS, and Raman spectroscopy.10,11

To extract quantitative information from the measurements,
the SANS curves were again fitted with eq 1, this time with a
combination of the Porod form factor, accounting for the
scattering from large aggregates (eq S7), and the Ornstein−
Zernike structure factor, describing the concentration fluctua-
tions. Figure 9 shows representative scattering curves along with
their fits, which are excellent. Only at early times (Figure 9a−c),
the forward scattering seems to be a little bent; that is, the
aggregates may be rather small. However, the fit with the
Guinier−Porod form factor did not lead to reliable results, and
therefore, the Porod form factor was used instead, even though it
does not allow extraction of the aggregate size.
The time dependences of the characteristic parameters

obtained from fits to the scattering curves after the three
jumps are presented in Figure 10. Directly after all three jumps,
the Porod exponentm (Figure 10a) increases sharply, starting at
values of 2−3 and reaching a value of 4 after 0.31, 0.17, and 0.17
s for Δp = 14, 25, and 45 MPa, respectively. Thus, in the HP
regime, it takes significantly less time to form well-defined
mesoglobules than in the LP regime. This may be due to the
weaker dehydration and the resulting higher mobility of the
chains. After these times, the value of m was fixed at 4, which
gave excellent fits and corresponds to smooth mesoglobule
surfaces. (Preliminary fits with a floating value of m resulted in
values of 3.7−3.9, pointing to some small surface roughness.)
Using the value m = 4 has the advantage that the Porod
amplitude KP can be related to the size of the mesoglobules,
which is discussed below.
Since the Ornstein−Zernike structure factor continues to

display a significant amplitude even at longer times (Figure 9d−
i), concentration fluctuations are still important in the
segregated state. IOZ, a measure of the scattering strength from
concentration fluctuations, is shown in Figure 10b. While an

Figure 8. SANS curves of the 3 wt % PNIPAM solution in D2O in the
HP regime after jumps starting at 35.1 °C and p = 87MPa with pressure
changes of Δp = 14 (a), Δp = 25 (b), and Δp = 45 MPa (c). Red
symbols: prejump measurements.

Figure 9.Representative SANS data (symbols) in the HP regime as well as their fits forΔp = 14 (a,d,g), 25 (b,e,h), and 45MPa (c,f,i) at three different
times after the jump, as indicated in the graphs. The solid lines are fits of eq 1 (see text for details). Red dotted lines: Iagg, blue dotted lines: IOZ, olive
dotted lines: Ibkg.
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initial decrease of IOZ is observed after all jumps, it is much more
pronounced after large-amplitude jumps than after small-
amplitude ones. Following all jumps, IOZ increases weakly at
later times until it reaches a final value, namely, 8.6, 5.9, and 2.6
cm−1 forΔp = 14, 25, and 45MPa, respectively. Thus, the larger
the jump amplitude, the lower is the scattering from
inhomogeneities in the mesoglobules and the more homoge-
neous are the mesoglobules.
The correlation length of concentration fluctuations ξ (Figure

10c) behaves similarly. It traverses through a shallow minimum
at ∼0.3 s after the pressure change for all jumps, then increases
slightly to a value that depends on Δp (ξ = 8.0, 6.7, and 4.6 nm
forΔp = 14, 25, and 45MPa, respectively), and does not change
further during the remaining time. Slight rearrangements may
occur during the first 0.3 s, and discontinuous behavior of ξ
reflects the complex kinetics resulting from the instant change in
interactions caused by the pressure jump. The final values of ξ
decrease with the pressure distance of the target pressure from
the coexistence line, that is, with decreasing solvent quality: The
chain hydration is reduced, and thus, the mesoglobules are
denser after large-amplitude jumps. This confirms that the
mesoglobules in the HP regime contain a significant amount of
water10 and the chains are strongly hydrated.10,35

The Porod amplitude KP decreases during the entire run for
all jumps (Figure 10d). When m = 4, KP is related to the
difference in scattering length densities between the meso-
globules and the solvent Δρ and the specific surface of the
mesoglobules Sv by

K S2 ( )P
2

vπ ρ= Δ (2)

After∼30 s forΔp = 14MPa,∼10 s forΔp = 25MPa, and∼2
s forΔp = 45MPa, ξ reaches its final value. After these times, the
inner structure of the mesoglobules does not change anymore,
and thus,Δρ can be considered constant. From this point on,KP
decreases, following a t−1/3 behavior. As for spherical
mesoglobules, SV∝ R−1, the growth of the mesoglobules follows
R∝ t1/3, which is consistent with the growth by diffusion-limited
coalescence.64 This result shows that, in contrast to the LP
regime, there is no energy barrier hindering coalescence at later
times. The mesoglobules grow continuously, and no mechanism
preventing macroscopic phase separation is observed.

■ CONCLUSIONS

The influence of pressure on the kinetics of mesoglobules
formation in aqueous PNIPAM solutions has been investigated
with time-resolved SANS following fast pressure changes across
the coexistence line, starting in the one-phase region and ending
in the two-phase region. The time resolution amounts to ∼50
ms, and a size range of approximately 1−100 nm was covered,
which allows unprecedented information on the aggregate sizes,
their inner structure, and the growth processes. The elliptical
shape of the pressure−temperature coexistence line of aqueous
PNIPAM solutions enables pressure jumps at the same
temperature at both low and high pressures, thus ruling out
thermal effects.
Two series of measurements were carried out, both at 35.1 °C:

(i) In the low-pressure regime, pressure jumps from 31 MPa to
target pressures in the range of 0.1−20MPa, and (ii) in the high-
pressure regime, pressure jumps from 87MPa to target pressures
in the range of 101−132MPa. Since the degree of dehydration is
much stronger at low pressures than at high pressures, these
experiments allow determining the pathway of phase separation
under the condition of strong and of weak dehydration. By
identifying the roles of the thermodynamic driving force and of
kinetic effects, the results contribute to the understanding of
mesoglobule formation and their extraordinary stability
observed at atmospheric pressure.
In the low-pressure regime, three growth regimes were

identified. Immediately after the jumps, the collapse of the
chains and their aggregation lead to the formation of fractal
clusters. While these clusters first grow by diffusion-limited
coalescence, this process is hindered by the viscoelastic effect at
later times: The dehydration of the mesoglobules leads to a
dense shell, which prevents the interpenetration of chains from
different mesoglobules and thereby their coalescence. Thus, the
late-stage growth of the mesoglobules is mainly limited by
kinetic effects. The duration of each stage depends on the
amplitude of the jump. For large-amplitude jumps, the
thermodynamic driving force is high, and dehydration proceeds
rapidly. The duration of the growth by diffusion-limited
coalescence is therefore short, and the slow growth mode sets
in earlier. As a result, the mesoglobules form abruptly after the
jump but stay relatively small and compact. In contrast, for
small-amplitude jumps, only two processes are observed: After
slow cluster formation, a stage of slow growth sets in that

Figure 10. Results from fits to the scattering curves in the HP regime.
(a) Porod exponent m, (b) correlation length of concentration
fluctuations ξ, (c) amplitude of the Ornstein−Zernike structure factor
IOZ, and (d) Porod amplitude KP. Black circles: Δp = 14 MPa, green
triangles: Δp = 25 MPa, red diamonds: Δp = 45 MPa. The open
symbols in panel (a) represent data that were kept at a fixed value
during fitting (see text for details).
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continues until the end of the measurement. In this case, the
thermodynamic driving force is low, and the growth of the
mesoglobules is limited by thermodynamic effects.
In the high-pressure regime, the time-resolved SANS data

reveal different growth processes: The PNIPAM chains do not
dehydrate as strongly as at low pressures, and mesoglobule
growth can proceed via diffusion-limited coalescence, un-
hindered by the viscoelastic effect; that is, no energy barrier is
present. As a result, at the end of the measurements, the
mesoglobules are much larger and contain more water than at
atmospheric pressure, in agreement with our previous static
structural study.10

Comparing the results at low and high pressure, we conclude
that chain hydration and the resulting chain mobility, that is, the
viscoelastic effect, are key for the growth process and the stability
of the mesoglobules. This work demonstrates the possibility to
use pressure as a variable to manipulate the formation processes
of polymer nanostructures and thereby to tune their final size
and structure.
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