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Abstract

:

Knowledge of interfacial structures in liquid–liquid systems is imperative, especially for improving two-phase biological and chemical reactions. Therefore, we developed a new sample cell for neutron reflectometry (NR), which enables us to observe the layer structure around the interface, and investigated the adsorption behavior of a typical surfactant, sodium dodecyl sulfate (SDS), on the toluene-d8-D2O interface under the new experimental conditions. The new cell was characterized by placing the PTFE frame at the bottom to produce a smooth interface and downsized compared to the conventional cell. The obtained NR profiles were readily analyzable and we determined a slight difference in the SDS adsorption layer structure at the interface between the toluene-d8-D2O and air-D2O systems. This could be owing to the difference in the adsorption behavior of the SDS molecules depending on the interfacial conditions.
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1. Introduction


The interfaces between two immiscible liquids composed of organic and aqueous solutions are of great importance in many applications, such as in liquid–liquid extraction of metal ions, two-phase biological and catalytic reactions and two-phase electrochemical systems [1,2,3]. Liquid–liquid extraction, in which a hydrophobic organic solvent and an aqueous solution are used, is one of the most important methods for the separation and purification of target materials such as chemicals and metal ions. To control this extraction reaction, understanding of chemical reactions of the dissolved organic and/or inorganic molecules in each phase and at the interface is required. The former reactions, including complex formations, etc., have been extensively studied. In contrast, since it is difficult to observe the interfacial structure in detail by conventional structural analyses, interfacial phenomena have not been well clarified yet.



Recently, X-ray and neutron reflectometry (XR and NR) techniques have enabled to access the information on the molecular-level structures at interfaces. Schlossman reported some interesting findings for the liquid–liquid interfaces by XR and NR, such as interfacial widths at water–oil interfaces, ordering of surfactants adsorbed to these interfaces, phase transitions and domain formation in surfactant monolayers and interfacial fluctuations coupled across and confined by thin liquid films [4]. Besides, the total-reflection X-ray absorption fine structure (TR-XAFS) method developed at BL39XU of SPring-8 is useful, in which the enrichment of bromide ions was observed at an n-heptane–water interface in the presence of dimethyldipalmitylammonium ions [5]. These developments are important not only from a technological point of view, but also because they provide information on molecular-level structures at the interfaces. In the field of solvent extraction, the interfacial structure and potential of two different lipophilic extractants were determined using a combination of X-ray and neutron reflectivity experiments [1]. The findings revealed that the extractant-enriched interface could repel or attract hard trivalent cations depending on the ligand’s nature. Tummino et al. combined NR and electrochemical characterization techniques to investigate the effects of applied electric fields and electrolyte concentration on the interfacial structure of the interface between two immiscible electrolyte solutions (ITIES), including the impacts of an adsorbed lipid layer [6]. This is the first NR-electrochemistry research study related to the interfacial structure of the ITIES. On the other hand, Scoppola et al. have explained how the considerable accumulation of surfactant contaminants at bare oil/water can be studied using X-ray and neutron reflectometry with appropriate contrast settings [7]. These findings show that surfactant impurities may be a limiting factor in studying fundamental oil/water interface processes.



Among the above recent techniques, NR is quite suitable for the analysis of organic molecules distributed across an organic–water interface, since the contrast between solvent and scatterer can be controlled by isotope labeling, such as using deuterium to replace hydrogen in organic molecules [8,9,10,11]. However, in general, deuterated organic molecules are expensive and not readily available; therefore, a smaller-size cell that can provide an ideal liquid–liquid interface is valuable to reduce their usage. The development of a universal experimental apparatus that can handle a wide range of solvent combinations, including water/oil, oil/water, oil/acid and oil/base, is another motivation for a new cell design.



We have studied the improvement of a sample cell which was originally proposed in a TR-XAFS study [5], while the cell is not suitable for neutron experiments; some components need to be replaced. Considering that the NR measurement for the adsorption behavior of an organic molecule on the interface in the liquid–liquid system is now developing, it is worthwhile to provide a method for measurement and analytical results using the new cell by NR. Therefore, in this study, we produced a new type of cell suitable for NR measurements and elucidated the adsorption structure of a typical surfactant, sodium dodecyl sulfate (SDS), at the toluene-d8-D2O interface with the air-D2O interface for comparison. It is important to note that, up to now, many structural studies of the adsorption behavior of an SDS molecule at the air/water and oil/water interfaces have been conducted utilizing X-ray and neutron reflectivity, vibrational sum frequency scattering and simulation approaches [12,13,14,15,16]. Therefore, in this study, several model fitting analyses were performed by referring to previous research results on the SDS adsorption layer structure.




2. Materials and Methods


2.1. Reagents and Samples


Hydrogenated and deuterated reagents were used in the NR experiments to change the scattering length density (SLD) of the solvents. Reagents: toluene-h8 (99.5%; Sigma-Aldrich, St. Louis, MO, USA), toluene-d8 (99.0%-d; Sigma-Aldrich), deuterium oxide (D2O; 99.0%-d; Sigma-Aldrich) and SDS (95.0%; FUJIFILM Wako Pure Chemical Co., Ltd., Richmond, VA, USA). A 10 mM SDS sample solution was prepared by dissolving an appropriate amount of SDS in D2O.




2.2. Cell Design


A schematic diagram of the new sample cell used for NR measurements is shown in Figure 1. The liquid–liquid interface was prepared inside a cuboid quartz liquid cell (60 mm × 40 mm × 40 mm). A polytetrafluoroethylene (PTFE) frame was placed at the bottom of the cell to maintain a flat and smooth interface with the aqueous liquid. The interface appeared at the plateau of the convex meniscus of the aqueous phase with respect to the organic phase. The top of the sample cell was capped with a PTFE cap to prevent evaporation of the aqueous and organic solutions and to avoid additional moisture intrusion. The cell was mounted on the reflectometer’s sample stage and then an appropriate volume (8.5~9.0 mL, depending on the combination of organic solvent, aqueous solution and surfactant) of aqueous and organic solutions was added to the sample cell in order of the density of the liquid. The thickness of the upper layer was ~3 mm (it depends on the amount of the upper layer solvent) and the neutron beam was injected through the side of the sample cell. The thickness of the upper layer (3 mm) was sufficient for the measurement of the NR data, because the width of the beam slit in front of the sample was 0.17 mm. Note that, in the neutron transmittance measurements of the sample cell system, 20 mL of toluene-d8 was added to the sample cell to increase the thickness of the upper layer. Because of the problem of neutron transmittance, the solvent of the upper layer must be deuterated to provide high neutron transmittance.




2.3. Neutron Transmittance Measurements


Neutron transmittance measurements of the sample cell system were carried out using a neutron reflectometer (BL17 SHARAKU; Tokai, Japan) with a horizontal scattering geometry installed at the Materials and Life Science Experimental Facility (MLF) in J-PARC [17,18]. The incident beam power of the proton accelerator was 600 kW for all the measurements. Pulsed neutron beams were generated in a mercury target at 25 Hz and neutron data were measured using the time-of-flight (TOF) technique. The wavelength (λ) range of the incident neutron beam was tuned to approximately 1.43–8.0 Å for the unpolarized neutron mode by a disk chopper. To maintain a 3 mm × 3 mm square beam to the sample cell surface, the width of six types of incidence beam slits was set to 3 mm × 3 mm square. The incident and detector angles were both zero. The TOF neutron data were collected using a 3He gas tube detector without spatial resolution. All the measurements were taken at ambient temperature. The MLF uses the event recording method as a standard data acquisition system [19]. The data reduction, normalization and subtraction procedures were performed using a program installed in the BL17 SHARAKU system.




2.4. Neutron Reflectometry Measurements


NR measurements were performed using a neutron reflectometer (BL16 SOFIA; Japan) with a vertical scattering geometry installed at the MLF in J-PARC [20,21]. The wavelength range of the incident neutron beam was tuned to approximately 2.2–8.8 Å by a disk chopper. The covered Qz range was selected as 0.006 or 0.008–0.2 Å−1 (the incident angles were 0.3°/0.8°/2.0° or 0.4°/0.9°/2.0°) for air–liquid reflection measurements. On the other hand, the covered Qz range was selected as 0.016–0.055 Å−1 (the incident angle was 0.6°) for liquid–liquid reflection measurements, because large NR data changes were predicted in the area of Qz = 0.01–0.08 Å−1. A 20 mm × 20 mm beam footprint was maintained on the sample interface using double-slit collimation. The TOF neutron data were collected by a two-dimensional scintillation detector with spatial resolution. The ΔQz/QZ resolutions were 5% for the air–liquid reflection measurements and 7% for the liquid–liquid reflection measurements, respectively. The transmitted neutron beam intensity was measured 1 mm above the liquid/liquid interface and the NR data were normalized using the transmitted neutron intensity data. All the measurements were taken at ambient temperature. The data reduction, normalization and subtraction procedures were performed using a program installed in the BL16 SOFIA system. Motofit software [22] was used to fit the NR profiles with a least-squares approach to minimize the deviation of the fit. The thickness (t, Å), SLD (ρ) and Gaussian roughness (σ) values were evaluated using Motofit. On the other hand, the NR data of a limited Qz-range would have caused ambiguity in the analysis results. Therefore, in order to obtain the thickness of the SDS layer, the thickness and SLD of the SDS layer were constrained to the values optimized manually by referring to previous research works on the SDS adsorption layer structure (these parameters are shown in Tables S1 and S4) [14,15,16,23].





3. Results


3.1. Neutron Transmittance of the Sample Cell and Toluene-d8 Solution


An understanding of the neutron transmittance of the sample cell and upper layer solution is required for efficient experimental planning. For this reason, we first estimated the neutron transmittance of the sample cell and the upper-layer solution including the sample cell.



Figure 2 shows the experimental and calculated neutron transmittance of the sample cell and toluene-d8 including the sample cell for the neutron beam with a wavelength range of 1.4–8.0 Å. It is natural that the neutron transmittance gradually increases with the decrease in neutron wavelength. The experimental and calculated transmittance values are in good agreement, despite minor differences. The mean neutron transmittance values of the sample cell and toluene-d8, including the sample cell, were estimated to be 90.6% and 13.4%, respectively. By removing the contribution of the sample cell, the neutron transmittance of toluene-d8 was estimated to be 14.7%. This value is consistent with the expected transmittance value of 13.8%. Therefore, it can be concluded that the solvent of the upper layer must be deuterated to provide high neutron transmittance and that the measurement time of the neutron reflection using the sample cell can be predicted by the expected neutron transmittance value of the upper layer solvent.




3.2. Measurements of Neutron Reflection from Air–Liquid Interfaces


Initially, to confirm the measurement accuracy of the sample cell system, NR profiles were obtained from the air–organic and air-D2O solution interfaces.



Figure 3A shows the NR profiles at the air–organic and air-D2O interfaces. All NR data showed a definite critical Qc point. However, the air–toluene-h8 reflectivity exhibited a quite rounded critical edge. It is possible that the data shape at the 0.006–0.008 Å−1 region may not become smooth because the neutron beam intensity dropped dramatically in the endpoint region. Since the critical Qc for total external reflection, defined as (16πρ)1/2, is sensitive to the SLD difference between the upper and lower layer, the measurement accuracy of the neutron reflection from the liquid interfaces can be evaluated by determining the SLD values of organic and aqueous liquids from the obtained Qc points. Table S2 shows the parameters used to fit the measured NR profiles from the air–organic and air-D2O solution interfaces. The obtained SLD and roughness values of three liquid samples, air-D2O, air–toluene-h8 and toluene-d8, were 6.28 × 10−6 and 4.1 Å, 0.93 × 10−6 and 10.7 Å and 5.60 × 10−6 Å−2 and 9.8 Å, respectively. As expected, the obtained SLD values agree with the predicted values (6.30 × 10−6, 0.93 × 10−6 and 5.60 × 10−6 Å−2). Therefore, it can be concluded that the sample cell system used in these experiments is suitable for measuring NR from aqueous and organic liquid surfaces. The obtained roughness value of the toluene-h8 sample was bigger than that of the air–toluene-d8 sample. This is probably owing to the isotopic effects of toluene-h8 and toluene-d8. Note that the background level of the air–toluene-h8 sample was higher than that of the air–toluene-d8 sample and the background level was in the order of 4 × 10−6. Thus, it can be suggested that the solvent for air–liquid interface reflection measurements must use deuterated solvents to provide low-background NR data.



In addition, we investigated the adsorption structures of SDS molecules on the air-D2O surface using the sample cell system. Since SDS is a well-known surfactant and its adsorption structure at the air–water interface has been studied using the NR technique [23], it is suitable for exploratory experiments of air–liquid interface structure studies. Figure 3B shows the NR profiles obtained from the air-D2O-SDS (10 mM) sample. The NR result is consistent with the assumption of an SDS layer with a thickness of 1.8 nm. Table S3 lists the parameters used to fit the measured NR profiles from the air-D2O-SDS solution interface. The thickness, SLD and roughness values obtained from the NR analysis were 1.78 nm, 2.26 × 10−6 Å−2 and 10.1 Å, respectively. Because the length of an SDS molecule is ~1.7 nm, this result indicates that an SDS monolayer was formed on the surface of the D2O solution. This result is consistent with previous findings [23].




3.3. Measurements of Neutron Reflection from Liquid–Liquid Interfaces


To investigate the adsorption structure of SDS molecules on the toluene–water interface, NR profiles were obtained from the toluene-d8-D2O and toluene-d8-D2O-SDS (10 mM) interfaces using the sample cell system.



Figure 4A shows NR profiles obtained from the toluene-d8-D2O and toluene-d8-D2O-SDS samples. The NR data points are scattered due to the low reflection intensity at the liquid/liquid interface. The NR result is consistent with the assumption of an SDS layer with a thickness of ~1.2 nm. Table S3 shows the parameters used to fit the measured NR profiles from the toluene-d8-D2O and toluene-d8-D2O-SDS solution interfaces. The SLD values of each toluene-d8 and D2O solution obtained from the NR analysis were 5.72 × 10−6 Å−2 and 6.20 × 10−6 Å−2, respectively, for the toluene-d8-D2O sample and 5.76 × 10−6 Å−2 and 6.11 × 10−6 Å−2, respectively, for the toluene-d8-D2O-SDS sample. The thickness and SLD values of the adsorbed SDS layer obtained from the NR analysis were 1.23 nm and 4.43 × 10−6 Å−2, respectively. This result not only indicates that SDS molecules adsorbed on the interface of the toluene-d8-D2O solution, but also suggests that the adsorption structure of the SDS molecule was slightly different between the air–liquid and liquid–liquid interfaces. However, the obtained structure may not be completely accurate due to the limited Qz-range of the NR data.





4. Discussion


There was a small difference in the surface roughness between the air–toluene-h8 and air–toluene-d8 samples. As mentioned above, this was probably owing to the isotopic effects of toluene-h8 and toluene-d8. From previous reports related to the roughness of a thermally perturbed interface [24,25], the mean square roughness of the liquid–vapor interface can be expressed as


       σ 2  =   σ 0  2  +    k B  T   2 π γ   ln (   2  Q max    Q Δ β   )      



(1)




where σ0 is the intrinsic width of the interface, kB is the Boltzmann constant, T is the temperature, γ is the interfacial tension of the liquid–vapor interface, Qmax (≅π/a, where a is the molecular diameter) is the short wavelength cutoff of the capillary waves and Δβ is the angular acceptance of the detector. H2O/D2O and other-h/d molecules have slightly different molecular size and chemical/kinetic properties [26,27,28,29,30]. In particular, deuteration of toluene results in a change in molar volume and surface tension from 106.28 (mL/mol) and 28.51 (mN/m) to 105.98 (mL/mol) and 28.4 (mN/m). Thus, it is reasonable to suppose that the interfacial tension and molecular sizes are slightly different between hydrogenated and deuterated toluene. Since the interfacial tension and molecular size of deuterated toluene are smaller than those of the hydrogenated toluene, the surface roughness of the air–toluene-d8 sample decreased owing to their synergistic effect.



In the results of the SDS adsorption structure studies, there were small differences in the SDS adsorption layer structure on the air-D2O and toluene-d8-D2O interfaces. Figure 4B shows the SLD profiles that led to the modeled reflectivity curves. Since the SLD is related to the volume fraction (φ), assuming that the SDS layer only contains the alkyl-chain moiety of adsorbing SDS, the determined SLD value can be used to deduce φ as follows [13]:


φs = (ρ − ρw)/(ρs − ρw)



(2)




where φs is the volume fraction of SDS, ρw is the SLD value of water (D2O) and ρs is the SLD value of the SDS. The surface excess (in mol/area) of an SDS species, ΓS, is given by [13,31,32,33]


ΓS = ρstφs/bsNA



(3)




where bs is the scattering length of the SDS molecule and NA is Avogadro’s number. The obtained surface excess values were 4.75 (µmol/m2) for the air-D2O-SDS sample; this result is consistent with the reference [13]. Therefore, it can be suggested that an SDS alkyl-chain exists in an extended conformation at the surface of water. On the other hand, recent interface structure studies of the SDS molecule suggested that the SDS headgroup is surrounded by water molecules, the SDS tail group does not interact strongly with n-hexadecane molecules and the SDS alkyl tail is in a disordered state and partially in contact with water [21]. In addition, in both experimental and simulation studies, similar phenomena were observed at the water-CCl4-SDS sample interface [22,23] and the average length of the SDS molecule at the water-CCl4 interface based on these findings was 1.33 nm. Considering the length of the SDS molecule (~1.7 nm), the layer thickness of the SDS molecule at the toluene-d8-D2O interface (1.23 nm) indicates that the SDS molecules would be in a disordered configuration in the SDS layer of the toluene-d8-D2O sample. Therefore, the difference in the adsorption structure of the SDS molecules between the air- and toluene-d8-D2O interfaces could be attributed to the difference in the adsorption behavior of the SDS molecules depending on the interfacial conditions. However, a rough depth resolution is given by 2π/Qmax [34], which corresponds to ~3 nm in air–liquid sample measurements and ~10 nm in liquid–liquid sample measurements. Without any complementary data or special measurement methods, achieving a depth resolution of 1~2 nm using the NR method is extremely difficult. Additionally, the reproducibility of measurements obtained using various equipment and fitting analyses has been investigated in the X-ray reflectometry method [35]. The results revealed an inter-laboratory reproducibility of ~1 Å and a fitting analysis reproducibility of ~0.5 Å. In the NR software study, the same data were analyzed using different software [36]. Although these data were analyzed using Aurore and Motofit, starting from the same set of initial parameters, there was a 1~2 Å difference in the obtained optimized thickness values. Therefore, these results indicate that it is hard to believe that the reflectometry technique detects 1~2 nm thick layers with a sub-nm resolution. In conclusion, it must be noted that, for the fine estimation of the SDS layer thickness using the NR technique, additional information on the SDS layer thickness must be provided by complementary measurements, such as X-ray reflectometry or contrast variation experiments using deuterium-labeled compounds.




5. Conclusions


We introduce a new type of cell for liquid–liquid two-phase systems for NR measurements. The cell can keep an ideal liquid–liquid interface owing to a PTFE frame at the bottom, which also enables obtaining fine NR profiles regarding the interfacial structure. Using this new cell, we analyzed the adsorption structure of SDS molecules between toluene-d8-D2O and air-D2O interfaces by the NR technique. A disordered configuration would be indicated for the SDS molecules in the SDS layer of the toluene-d8-D2O system, unlike those of the air-D2O system. Additionally, for air–liquid interface reflection measurements, the use of deuterated solvents was preferable to obtain lower air–liquid interfacial roughness and low-background NR data.



This work indicates an effective method to understand the interfacial phenomena in liquid–liquid systems; therefore, the obtained results contribute to improving the analytical method of interfacial structures, leading to enhancing knowledge of chemical reactions in two-phase systems.
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Figure 1. Schematic diagram of the new sample cell for measuring NR. Photos of a new type of cell with the PTFE frame are shown in Figure S1. 
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Figure 2. The transmittance dependence on the wavelength of the incident neutrons. The red circles are the transmittance of the sample cell and the blue circles are the transmittance of the toluene-d8 including the sample cell. The dashed lines are the calculated transmittance values for each sample. 
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Figure 3. (A) NR profiles obtained from the air–organic and air-D2O interfaces. (B) NR profiles obtained from the air-D2O-SDS sample. RQz4 vs. Qz profiles are shown in Figure S2, and the fitting curves and the SLD profiles of the air-D2O-SDS sample obtained by different models (Tables S3 and S5) are given in Figure S3. 
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Figure 4. (A) NR profiles obtained from the toluene-d8-D2O and toluene-d8-D2O-SDS samples. The NR profiles of the toluene-d8-D2O sample are vertically shifted to show the NR profiles more clearly. (B) The SLD profiles of the air-D2O-SDS and toluene-d8-D2O-SDS samples. The fitting curves and the SLD profiles of the air-D2O-SDS sample obtained by different models (Tables S3 and S5) are given in Figure S4. 
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