[image: image1]Crystallization kinetics of charged PNIPAM microgels dispersions at low volume fractions

		ORIGINAL RESEARCH
published: 08 September 2022
doi: 10.3389/fphy.2022.988903


[image: image2]
Crystallization kinetics of charged PNIPAM microgels dispersions at low volume fractions
J. Bocanegra-Flores1, C. Haro-Pérez2*, D. Reyes-Contreras3 and L. F. Rojas-Ochoa1*
1Departamento de Física, CINVESTAV-IPN, Av. Instituto Politécnico Nacional 2508, Mexico City, Mexico
2Departamento de Ciencias Básicas, Universidad Autónoma Metropolitana-Azcapotzalco, Mexico City, Mexico
3Facultad de Ciencias, Campus El Cerrillo, Universidad Autónoma del Estado de México, Toluca, Mexico
Edited by:
Roberto Cerbino, University of Vienna, Austria
Reviewed by:
Marco Laurati, University of Florence, Italy
Silvia Corezzi, University of Perugia, Italy
* Correspondence: C. Haro-Pérez, cehp@azc.uam.mx; L. F. Rojas-Ochoa, luisf.rojas@cinvestav.mx
Specialty section: This article was submitted to Soft Matter Physics, a section of the journal Frontiers in Physics
Received: 07 July 2022
Accepted: 10 August 2022
Published: 08 September 2022
Citation: Bocanegra-Flores J, Haro-Pérez C, Reyes-Contreras D and Rojas-Ochoa LF (2022) Crystallization kinetics of charged PNIPAM microgels dispersions at low volume fractions. Front. Phys. 10:988903. doi: 10.3389/fphy.2022.988903

This work studies the kinetics of crystallization of charged microgels suspensions of Poly-N-Isopropylacrylamide (PNIPAM) at low ionic strength. The liquid-crystal transition is induced by suddenly decreasing the temperature of the microgel dispersion, and the crystallization process is monitored by measuring the temporal evolution of the static structure factor of the dispersion using light scattering. We find that the crystal growth rate, indicated by the temporal evolution of the crystallinity factor, strongly depends on the quenching temperature.
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INTRODUCTION
Microgels dispersions are unique since they respond to different stimuli, such as temperature, pH, ionic strength, and solvent [1–3]. The size of thermosensitive microgels, such as PNIPAM microgels, can be tuned by changing the temperature. At low temperatures, the microgels are swollen, and the effective particle density is very similar to that of the solvent. As the temperature increases, the microgel size decreases slowly until the Lower Critical Solution Temperature (LCST) is reached, provoking a sudden coil-to-globule transition of the constituent polymer chains that translates into a particle volume phase transition (VPT). For charged microgels, dispersions are colloidally stable even beyond the LCST due to electrostatic stabilization [4]. We can take advantage of this property to study various physical phenomena that occur as a function of temperature in microgel dispersions [2, 3, 5–7]. The temperature affects the particle size, softness, permeability and charge density, implying a temperature-dependent interaction potential [4, 8, 9]. Thanks to this, a microgel dispersion can undergo, for example, a phase transition from liquid to crystal by changing the temperature [4]. Temperature is maybe one of the parameters that experimentalists can better control. Phase transitions such as melting [10] and crystallization [5, 11, 12] are still open questions. For example, crystallization kinetics in atomic systems is complicated to follow due to the requirement of high temporal and atomic spatial resolutions [13]. However, colloidal systems, composed of particles of larger sizes, such as microgel dispersions, provide the possibility to follow physical phenomena such as crystallization in time. Moreover, the possibility of controlling the particle pair-interaction in colloids makes them very attractive. In particular, the peculiarity of microgel systems allows for tuning the particle interaction potential by changing the temperature and, consequently, inducing crystallization in a controlled way [14, 15]. This characteristic may be of great interest in material science to design, for example, photonic materials made of thermosensitive microgels [5, 16–18]. In case of ionic microgels, the presence of charged groups can also induce interesting responsiveness to other parameters, such as pH and, by controlling its temporal profile, microgel dispersions can be programmed to melt or crystallize [19]. Charged groups are frequently present in PNIPAM microgels due to the use of an ionic initiator or an ionic comonomer [20]. Pure PNIPAM microgels are frequently considered neutral, but their residual charge may significantly affect their colloidal behavior, mainly at low salt concentrations and/or high-volume fractions [19, 21–23]. Here, thanks to the long-range interaction potential among charged PNIPAM microgels at deionized conditions, we study the crystallization of microgel systems at low particle number concentrations and the influence of temperature on the crystallization kinetics in contrast to previous studies, where very high-volume fractions were used [11]. The crystallization process is followed by measuring the sample structure time-evolution by light scattering.
MATERIALS AND METHODS
Microgel synthesis and sample preparation
The PNIPAM microgels under study are synthesized by polymerization precipitation as described in Ref. [24]. First, the monomer (NIPAM), the crosslinker (bisacrylamide, BIS), and the surfactant (sodium dodecyl sulfate, SDS) are dissolved in 450 ml of water in a three-mouth round bottom flask, purged with nitrogen during 30 min and heated to 70°C. Then, in another recipient, the initiator, (potassium persulfate, KPS), is dissolved in 50 ml of water and purged with nitrogen for 30 min. Then, the initiator solution is injected into the monomer solution, and the sample is kept under continuous stirring. After 5 h, the solution is left to cool down to room temperature. Finally, the microgel dispersion is filtered through glass wool, dialyzed for 2 weeks, and centrifuged ten times. In each centrifugation step, the supernatant is removed, and the microgels are redispersed in ultrapure water.
We perform the crystallization study with two types of microgels having different electrostatic charges, and this is achieved by using a different initiator concentration in the microgel synthesis. The quantities of reactants used in each synthesis are shown in Table 1. Once the microgel dispersion is purified, the weight fraction is obtained from weighing a specific volume of microgel dispersion before and after drying. The weight fraction was obtained for six samples, the average value is reported in Table 1, and the error is the sample standard deviation. The resulting weight fractions, shown in Table 1, are 3.17% [(128 ± 3) particles/µm3] and 1.1% [(19 ± 2) particles/µm3] for the KPS0.1 and KPS0.6 systems, respectively. The number particle concentration of each microgel stock is obtained by following the procedure described in [4]. First, several samples are prepared by dilution of the stock solution and deionized to maximize particle electrostatic repulsion. At ambient temperature, most of the samples crystallize and show Bragg peaks whose relative positions indicate the appearance of a BCC lattice. Then, from the main peak position, the particle concentration of each sample is obtained by using [25].
[image: image]
TABLE 1 | Reactants used in synthesizing 500 ml of PNIPAM microgel dispersion, the weight fraction, and the particle number density of the resulting stock microgel dispersions.
[image: Table 1]µ is the refractive index of the solvent, λ is the wavelength of the laser used in the light scattering experiments, and θmax is the angular position of the main peak of the structure factor. Finally, the particle number density of the stock solution is obtained by multiplying the concentration of each sample by the dilution factor used to prepare it. In Table 1 we report the average values of the particle number concentration for each stock solution.
Once the stock solution concentration is known, the system was prepared by dilution with ultrapure water to the desired concentration and placed in cylindrical quartz cells with ionic exchanger resins (Amberlite IRN-150) to deionize the sample completely. After that, the cells were sealed to avoid contact with air.
Light scattering experiments
The system crystallization kinetics was followed by measuring the static structure factor of the microgel dispersions by static light scattering. The device used to perform the experiments is a 3D-DLS spectrometer [26–28] (LS Instruments, Switzerland) provided with a laser working at 632.8 nm and two avalanche photodiodes. In this device, it is possible to perform two light scattering experiments simultaneously with the same wavevector. Cross-correlating the scattered signals from both experiments makes possible the suppression of multiple scattering from the total intensity impinging on the detectors. The static structure factor is obtained by dividing the intensity scattered by the correlated sample by that scattered by a very diluted sample where particle interactions are absent; see further details in Ref. [29].
Before light scattering experiments, the samples were heated up to 45°C. They were kept at this temperature for 10 min to ensure all the samples were in a fluid state. After that, the quenching was performed by introducing the samples into the decalin bath located in the light scattering device at a temperature lower than the microgel volume phase transition temperature (VPTT); a thermostat controls the bath temperature. We measure the sample structure’s time evolution after 10 min to follow its crystallization. The sample was steadily rotated during the experiments to obtain the ensemble-averaged intensity since the crystalline samples are non-ergodic. The temperatures used to do the quenching are 20°C, 25°C, and 30°C. At all these temperatures, the microgel dispersions crystallize. The microgel size was obtained by dynamic light scattering using a diluted sample. Here, the sample prepared at a high dilution was equilibrated at the desired temperature, and the free diffusion coefficient, D0, was obtained from a second cumulant fit to the measured scattered field correlation function [30]. Finally, we calculate the hydrodynamic radius, a, by applying the Stokes-Einstein relation, D0 = κBT/(6πηa), where κB is the Boltzmann constant, T the temperature, and η the solvent viscosity [31].
RESULTS AND DISCUSSION
Before the crystallization experiments, the temperature dependence of the microgel size was measured by dynamic (DLS) and static light scattering (SLS). From DLS measurements, we can see that both microgel systems, KPS0.1 and KPS0.6, show the typical thermosensitive behavior of PNIPAM, as shown in Figure 1, where the temperature dependence of the hydrodynamic diameter of both systems is shown. The microgels display a swollen conformation and a larger particle diameter at low temperatures. As the temperature increases, the microgel expels water from inside and thus monotonously decreases its size. PNIPAM is hydrophobic at high temperatures, so microgels size decreases suddenly at temperatures above but close to the LCST. The measured temperature dependent hydrodynamic size is fitted to the critical-like function DH = A∗(LCST–T)B to determine the LCST of each microgel, obtaining that the LCST is (33.09 ± 0.02)°C, and (33.19 ± 0.09)°C for KPS0.1 and KPS0.6 system, respectively. The fits are shown in Figure 1 as continuous lines. Besides the similarity of the LCST values obtained for both microgels, they also display similar sizes at all temperatures. However, the most charged microgels display sizes slightly larger, probably due to the higher electrostatic repulsion between the ionized groups in the polymer chains that compose the particles. Note that the microgels are colloidally stable even beyond the LCST due to the electrostatic stabilization provided by the ionic initiator used in the synthesis. The presence of a small fraction of sulphate groups, originated by the KPS initiator, provides the microgel with a negative charge, whose presence has also been confirmed by electrophoretic mobility experiments [32, 33].
[image: Figure 1]FIGURE 1 | Temperature dependence of the hydrodynamic radius for KPS0.1 (black squares) and KPS0.6 (red circles) samples. The continuous lines are fits the critical-like function DH = A (Tc-T)B.
Once the thermosensitive behavior and particle dimensions are known, we characterize the microgel dispersion static structure at different particle concentrations at a temperature beyond the VPTT for both systems at deionized conditions. Figure 2A) shows the results for the KPS0.1 system, and Figure 2B) for the KPS0.6, respectively. In both cases, the samples are in the fluid state for the concentrations shown in the figures.
[image: Figure 2]FIGURE 2 | Measured static structure factors at 36°C for: (A) KPS0.1 system at n = 2.94 particles/µm3 (black squares), 5.94 particles/µm3 (red circles), and 8.85 particles/µm3 (green triangles), (B) KPS0.6 system at n = 1.34 particles/µm3 (black open squares), 2.39 particles/µm3 (red open circles), and 5.06 particles/µm3 (green open triangles), along with their HNC calculations (lines). Insets: Main peak position versus dilution factor used to prepare the system from the stock solution. The dashed line is a linear fit in the log-log presentation with a slope of -0.34 for KPS0.1 system and −0.33 for KPS0.6.
Figure 2 shows the principal structural peak related to neighboring interparticle correlations and successive damped peaks. Moreover, as expected for charged colloids at low ionic strengths, the primary peak shifts to higher q-values as particle concentration increases following a one-third power law [34, 35], as seen in the insets. Here, the main peak position of the experimental S(q) is plotted as a function of the dilution factor used to prepare the different systems from the stock solution on a log-log scale. We use the same color code in the inset as in the main figure, and blue symbols correspond to additional samples studied to span the concentration interval. The dashed lines are linear fits to the experiments, and their slopes are -0.34 and -0.33, agreeing with the expected −1/3 value. This means that particles arrange to maximize distances due to the electrostatic repulsion among them. Moreover, all structure factors display the typical short-range order present in liquids as confirmed by the agreement between experiments (symbols) and the theoretical S(q)’s (lines) obtained from liquid state theory by solving the Ornstein-Zernike equation using the hypernetted chain (HNC) closure relation, and assuming a Yukawa-like particle interaction potential [36],
[image: image]
where, Zeff is an effective charge, e the electron charge, κ the effective inverse Debye screening length, a the particle radius, ε0 the vacuum dielectric constant, εr the relative solvent-vacuum dielectric constant, and r the particle-particle center distance. Since the systems are deionized, we calculate the theoretical S(q)’s by fixing the salt concentration to 10−7 M and assuming monodisperse systems. The only fitting parameters are the particle effective charge, and the number concentration, n. The n needed to perform all the fits only differs up to 5% from that corresponding to the stock solution divided by the dilution factor, which corroborates the initially estimated particle concentration. We find that the effective particle charge slightly varies with particle concentration in the investigated concentration interval, and its value is around 420 for KPS0.1 system, and 470 for KPS0.6 system. It is convenient to point out that, even though the influence of the electrostatic charge of PNIPAM microgels is often neglected in many studies, accounting for the interparticle electrostatic repulsion could be relevant to avoid misleading interpretations of the results. The use of the ionic initiator in the microgel synthesis, even in small quantities as that used in the KPS0.1 microgel system, provokes the appearance of a residual charge in the PNIPAM polymer chains that is reflected on the measured structure factors.
To carry out the crystallization study, we chose the samples prepared at n = 5.94 particles/µm3 for the less charged microgel system KPS01 and n = 2.39 particles/µm3 for the most charged microgels KPS0.6. At these concentrations, the systems are in the liquid phase at high temperatures, and the crystallization process can be followed in time at lower temperatures. Notice that a more diluted sample was chosen for the more charged system because, at higher concentrations, the samples crystallize so quickly that the crystallization kinetics could not be followed. This fact confirms that the higher the initiator used in the synthesis, the higher the microgel electrostatic charge. Conversely, at lower particle concentrations, either microgel dispersions do not crystallize at low temperatures, or the crystallization is too slow to be followed experimentally. Therefore, after confirming that our sample was in the liquid state at 45°C, we carried out the quenching from 45°C to lower temperatures by placing the sample, previously heated up to 45°C, on the decalin bath of the light scattering device that was at 20°C, 25°C, and 30°C, respectively. Then, the sample was left there for 10 min to assure thermal equilibrium at the desired temperature, and the crystallization of the system was followed by measuring the temporal evolution of the S(q). The initial S(q) measured right after the equilibration time shows a liquid static structure for all the investigated temperatures, as shown in Figure 3 for the KPS0.1 sample. The initial S(q) measured at 20°C, 25°C, and 30°C are plotted in Figures 3A,D,G); respectively. Notice that, right after quenching, the samples show a liquid-like structure, but the main peak height of the S(q) is above 2.85, thus indicating that the sample will eventually crystallize as predicted by the Hansen-Verlet freezing criterion for monodisperse systems [37]. Indeed, the sample static structure evolves to its final equilibrium state, corresponding to a crystalline phase, as shown in Figures 3B,E,H for 20°C, 25°C, and 30°C; respectively. Moreover, the appearance of iridescence highlights the crystallization of the sample. At all temperatures, the microgel dispersion displays a body-centered cubic crystalline (BCC) structure, identified by the Miller indexes corresponding to the Bragg peaks appearing in the structure factor. Previous simulations [38] and experiments [4], performed for systems at low particle concentrations displaying long-range repulsive interparticle interactions, report spontaneous assembling into BCC lattices. To study the crystallization evolution, we determine the time dependence of the sample structure by measuring the S(q) at different times.
[image: Figure 3]FIGURE 3 | (A) Initial measured static structure factor, S(q), right after quenching, (B) Final equilibrium static structure, (C) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 20°C. (D) Initial S(q) right after quenching, (E) Final equilibrium static structure, (F) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 25°C. (G) Initial S(q) right after quenching, (H) Final equilibrium static structure, (I) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 30°C for sample KPS0.1 at n = 5.94 particles/µm3.
Interestingly, the naked eye can observe differences in the crystallization kinetics since the sample quenched to 20°C crystallizes faster than that at 25°C, and the latter is faster than that at 30°C. As the final equilibrium state is deeper into the crystal region and farther from the liquid-crystal transition, the crystallization kinetics is faster. To quantitatively analyze the crystallization kinetics, we calculate the degree of crystallization, X(t), by using
[image: image]
Where c is a normalization constant. The static structure factor of the crystalline phase Sc(q, t) is calculated by subtracting the contribution of the background fluid from the measured static structure factor S (q, t). We estimate the contribution from the background fluid by scaling the initial measurement with a factor, Sf(q, t = 0) = α(t)S (q, t = 0), so that the scattered intensity matches the background of the measurement at time t, Sc(q, t) = [S (q, t) - α(t)S (q, t = 0)] [39]. The time evolution of the resulting degree of crystallization calculated for 20°C, 25°C, and 30°C are shown as symbols in Figures 3C,F,I, respectively. At all temperatures, we can observe three regimes: 1) the first one corresponds to the early states where the crystalline precursor appears, 2) then, the crystallinity increases sharply (crystal growth), and 3) the last region is reached steadily (coarsening) after the crystallization of the whole sample, where X(t) remains almost constant. These crystallinity curves resemble others obtained in crystallization studies performed on different colloidal systems [39]. Based on these results, where a sigmoidal pattern is observed, similarly to other phase-transition phenomena, the degree of crystallization can be reasonably described by a Boltzmann-type function of the form [40].
[image: image]
where A1, A2, and p are constants obtained from the fit, and τ can be identified as a characteristic time for the crystallization of the system, considered as the time where the crystallinity increases faster, as observed in Figures 3C,F,I.
The fits to the X(t), shown as continuous lines in the figure, describe the experiments reasonably well and provide the values of the mean crystallization time τ marked by vertical lines. For the lowest temperature under study, 20°C, the crystallization time obtained is τ = 53 min; then this time increases to τ = 412 min for 25°C and τ = 508 min for 30°C. Note that in the crystallization process, the temperature increase provokes slower.
Kinetics reflected in the increase of the crystallization times and a slowdown of the crystallization rate. Analogously, the same study was carried out for the most charged system, KPS0.6; the results are shown in Figure 4. In this case, the initial S(q) also displays a liquid-like structure with the main peak height higher than 2.85 for all temperatures investigated, as can be seen in Figures 4A,D,G. Similar to the less charged system, the equilibrium state corresponds to a BCC crystal (Figures 4B,E,H).
[image: Figure 4]FIGURE 4 | (A) Initial measured static structure factor, S(q), right after quenching, (B) Final equilibrium static structure, (C) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 20°C. (D) Initial S(q) right after quenching, (E) Final equilibrium static structure, (F) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 25°C. (G) Initial S(q) right after quenching, (H) Final equilibrium static structure, (I) time evolution of the degree of crystallinity (symbols) along with a Boltzmann fit (continuous line) at 30°C for sample KPS0.6 at n = 2.4 particles/µm3.
Additionally, the evolution of the crystallinity factors resembles those obtained for the KPS0.1 system, as shown in Figures 4C,F,I. For the most charged system, the crystallization times are τ = 325 min at 20°C, τ = 650 min at 25°C, and τ = 1860 min at 30°C, represented in the figures by vertical lines. For this system, the crystallization process also slows as the system temperature approximates the temperature where the sample undergoes a liquid-solid transition. The liquid-solid transition temperature of the system is estimated from measurements of the static structure factor at different temperatures, right after thermal equilibrium. The measured static structure factors are shown in Figure 5. Here, we can observe that the sample structure is more correlated at low temperatures, reflected in the height of the principal peak of S(q), Smax, than at high temperatures.
[image: Figure 5]FIGURE 5 | Measured static structure factor measured right after quenching at different temperatures for system KPS0.6. The arrow indicates the interval temperature under study, and its direction points to higher temperatures. Inset: Height of the mean peak of the structure factor, Smax, as a function of temperature. The horizontal line indicates the Hansen-Verlet criterion, corresponding to S(q) = 2.85.
The decrease in correlation with temperature has been reported previously for deionized charged microgel dispersions [4, 8, 41], and it is associated with an entry of counterions to the microgel as the particle collapses, which translates into a smaller net particle charge [4]. This entry of counterions compensates for the increased electrostatic energy due to the distance reduction between the particles charged groups during microgel shrunk. For those samples showing a Smax > 2.85, the measured static structure at initial times corresponds to a metastable state since the sample eventually crystallizes. However, at higher temperatures, around the VPTT and beyond, the initial measured structure corresponds to an equilibrium liquid state. The liquid-solid transition temperature is better observed in the inset of Figure 5, where Smax is plotted as a function of temperature. Notice that the liquid-crystal transition temperature, marked with a horizontal line at 2.85, is around 32°C. The similarity between the values found for the VPTT and the liquid-crystal transition temperature is a coincidence since, for more concentrated systems, an increase of the latter is expected [4].
The crystallization occurs when the initial colloidal fluid is quenched to a temperature beyond the fluid-solid transition boundary. Thus, in both cases, KPS0.1 and KPS0.6 display the expected temperature dependence of the crystallization rate. In Figure 6, the crystallization times are shown for both systems as a function of volume fraction. Here we can observe that, on the one hand, crystallization is faster for the lowest temperature studied, 20°C, because the particle’s charge, size and volume fraction become larger than at higher temperatures. At this temperature, particles fill more space and interact more strongly, thus reducing the free energy of the whole system and favoring crystal formation. On the other hand, at higher temperatures close to but smaller than the liquid-crystal temperature, the free energy of the crystal becomes unfavorably for crystallization. Thus, an increment of environment entropy is required to achieve crystallization, resulting in a slower process. Interestingly, the volume fraction dependence of the crystallization time is very similar for both systems and, apparently, independent of the charge of the microgel. However, in order to confirm this behavior, more experiments are needed.
[image: Figure 6]FIGURE 6 | Crystallization times as a function of volume fraction occupied by microgels for both systems, KPS 0.1 (black open squares), and KPS 0.6 (red open circles).
CONCLUDING REMARKS
In this work, we study the crystallization kinetics of charged PNIPAM microgels dispersions at deionized conditions. We find that the crystallization rate can be tuned by temperature, resulting from the inherent temperature dependence of PNIPAM that affects microgel size, volume fraction, and particle charge. The crystallization study shows that, independently of the microgel charge, the nucleation time increases as the dimension of the microgel decreases with increasing temperature. The temperature increase provokes changes in the dispersion volume fraction, particle diffusion coefficient, and particle electrostatic charge, being a complex problem worthy of being analyzed. Previously, similar studies have been performed, but in neutral microgel suspensions, where the volume fraction of the dispersions under study was higher than 50% [11]. In our case, the system undergoes a liquid-crystal transition at very low volume fractions, ∼ 1–5%, thanks to the microgels’ low polydispersity and electrostatic charge. Another difference between previous studies and ours is how the initial state is reached. In the first, the initial metastable state is achieved by molten shearing once the system is at the desired temperature. However, in our case, the initial liquid phase that assures no memory effects is reached by heating the sample to 45°C and then quenching to the temperature under study. Working with charged microgels under deionized conditions offers the possibility of studying the phenomena of colloidal crystallization at very low volume fractions, which helps to minimize the inherent experimental difficulties associated with gravity and systems turbidity. We consider that our results encourage further systematic studies as a function of number concentration, temperature, and electrostatic charge in microgels dispersions to describe a complete scenario.
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