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ABSTRACT:  Layered silicates including clay minerals can be used as liquid-phase adsorbents in many important applications. However, because their two-dimensional interlayer space is narrow and not entirely opened due to the presence of interlayer species, guest species are forced to penetrate while expanding the interlayer space, which limits the adsorption performances if compared with microporous materials such as MOFs and zeolites. Herein, as reported for the adsorption of gaseous species on flexible MOFs, we report a layered silicate that exhibits gate opening adsorption in liquid phases. This layered silicate, synthesized via dilute acid treatment of the parent sodium-type, exhibits the abrupt increase of the basal spacing (layer thickness + interlayer space) to reach a plateau even at an earlier stage of benzoic acid adsorption from acetonitrile, whereas a typical layered silicate, magadiite, exhibits gradual increase of the basal spacing with the progress of the adsorption under the identical conditions. The layered silicate shows an excellent adsorption capacity and rate for benzoic acid uptake from acetonitrile considerably higher than magadiite. With comprehensive adsorption tests using different adsorbates and solvents, we propose that the layered silicate has zeolite-like but distorted, flexible open microchannels within each layer and the intralayer microchannels can effectively and rapidly accommodate the solvent (acetonitrile) molecule capable of expanding the framework to initiate the adsorption of aromatic compounds. The density function theory calculation reveals the adsorption mechanism, where the layered silicate accommodates acetonitrile in the intralayer microchannel followed by the interlayer space, and the former selectively plays a role as the adsorption site of aromatic compounds via exchange with acetonitrile. 

INTRODUCTION
Demand for microporous materials is ever-increasing for the sake of their applications as adsorbents in emergent or important problems such as environmental and energy issues, health care, and food quality improvement. One of the most useful adsorption characteristics for high-performance microporous materials is “gate opening” typically observed when gaseous species is incorporated into flexible microporous frameworks such as metal organic frameworks (MOFs, also called porous crystalline polymers, PCPs) and zeolitic imidazole-based MOFs (ZIFs).1-6 In the gate opening, guest-driven structure transformations or lattice volume changes initiate adsorption to attain excellent adsorption capacity and/or selectivity higher than conventional adsorbents (Figure 1A). Thus, much effort has been devoted to designing the organic and inorganic frameworks with the gate opening property, which have been reported in merlinoite zeolite recently.7
Layered silicates including clay minerals are the representative adsorbents widely used in industries.8 Because their two-dimensional interlayer space is narrow and not entirely opened for guest species, they are classified as non-microporous materials, and exchangeable cations for charge compensatation and/or surface hydroxy groups are distributed in the interlayer. Consequently, guest species must be introduced with expanding the interlayer space9,10 (Figure 1B), limiting the adsorption performances compared to MOFs and zeolites having open (permanent) micropores. Nevertheless, layered silicates show an excellent chemical stability superior to MOFs, and thus can be used as adsorbents in liquid phases even under harsh conditions.11,12 In addition, the nanostructures originating from the ultrathin layers allow for a potentially higher adsorption capacity than zeolites.13 Focusing on these advantages, the layered silicates exhibiting the gate opening adsorption behaviors (Figure 1C) would enhance their practical applications like MOFs and zeolites. However, such materials design has never been realized, although microporous organically pillared clays show the gate opening behaviors for gas- and liquid-phase adsorptions due to the open micropores in the interlayer separated by the pillars.14,15
Herein, we report that a pure layered silicate, synthesized via dilute acid treatment of the parent sodium-type, exhibits the gate opening behaviors in the liquid-phase adsorptions. We experimentally and theoretically investigate the adsorption mechanism of two layered silicates with different structures; one is a microporous layered silicate having both flexible intralayer microchannels and interlayer spaces (Figure 1C), and the other is a conventional layered silicate showing guest uptake only in the interlayer spaces. The fomer16,17 and latter11 silicates are good adsorbents for benzoic acid (in acetonitrile) and phenol (in water), respectively, superior to zeolites. Thus, we expect that these molecules would be probes to investigate the gate opening behaviors.
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Figure 1. Schematic representation of the structural change during guest uptake in (A) flexible MOFs, (B) a conventional layered silicate, and (C) a layered silicate with flexible open microchannels within each layer.
EEPERIMENTAL
Preparation of materials: Na-SiO2 was purchased from Nippon Chemical Industrial and used as received.  Na-mag was prepared by a hydrothermal reaction at 150 oC of SiO2 (Wakogel Q-63, Wako Pure Chemical), NaOH, and water according to a literature.18 The protonation of Na-SiO2 and Na-mag (sodium removal from the structures) was carried out based on a previous report.19 The Na-SiO2 or Na-mag powder was mixed with dilute HCl solution (0.2M) and mixture was stirred at room temperature for 2 days. After the treatment, the mixture was centrifuged, washed with water, and dried under reduced pressure (the products were named H- SiO2 or H-mag). The interlation of octylamine into H- SiO2 was also performed based on a previous report.20 H-SiO2 powder (2.0 g) was mixed with an aqueous mixture (400 mL) of propylamine (1.2 ml) and octylamine (2.0 ml), which pH was adjusted to 10 by 1M HCl. The mixture was stirred at room temperature for 1 h and the product was separated by centrifugation. This procedure was repeated twice and the final product was washed with ethanol and dried at room temperature.
Materials characterizations: XRD patterns of powder and slurry samples were collected using a powder X-ray diffractometer (Smart Lab, RIGAKU) with Cu Kα radiation at 40 kV and 30 mA. 29Si MAS and 13C cross-polarized (CP) MAS NMR spectra were recorded at 119.17 and 150.87 MHz, respectively, on a Varian 600PS solid NMR spectrometer using a 6-mm diameter zirconia rotor. Thermogravimetric analysis was performed using a Hitachi HT-Seiko Instrument Exter 6300. The particle morphology of samples was observed using a Hitachi S-4800 scanning electron microscope. Nitrogen and water vapor adsorption isotherms were measured at 77 K and 298 K, respectively, on a BELSORP-max instrument (MicrotracBEL). Prior to the measurements, powder sample was outgassed at 300 oC for 24 h and 120 oC for 3 h, respectively. 
In situ XRD measurements: The XRD patterns were collected with a Rigaku RINT 2200V diffractometer with CuK radiation at a scan rate of 2 = 1o min−1. Measurements were conducted at room temperature under controlled partial pressure of benzoic acid vapor, which was tuned by mixing N2 gas and acetonitrile vapor with different flow ratios. Measurements at each partial pressure was repeated 3 times to confirm the equilibrium of acetonitrile uptake on the sample powder.
Adsorption tests: 100 mg of powder sample was added to an acetonitrile or aqueous solution (5 mL) containing different amount of benzoic acid or phenol in a glass vial and the vial was sealed with a rubber septum. After the mixture was shaken at room temperature for a given time (24 h for adsorption isotherm preparation), the supernatant was collected by syringe filtration and analyzed with a Shimadzu GC-2010 plus gas chromatograph (GC) equipped with a barrier-discharge ionization detector (BID). The solution pH of benzoic acid in acetonitrile and water (500 mM for each) was 2.5 and 3.4, respectively. That of phenol in in acetonitrile and water (500 mM for each) was 3.0 and 4.2, respectively.
Density Functional Theory (DFT) Calculations: The nanostructure and basal spacing of H-SiO2 composites were investigated by the DFT calculation. All the calculation was conducted under the periodic boundary condition by using the CASTEP module implemented in Materials Studio 7.0 supplied by BIOVIA Inc. Generalized gradient approximation (GGA) was used for the functional.21 Double numerical plus d-function (DND) was used as the basis set, and the Grimme method was used for the DFT-D correction. The k-point was set to 2×2×2.  The geometry optimization was conducted under the vertical pressure at 5 GPa to reproduce the structure reported previously.16 Otherwise, neither the basal spacing nor the distorted Si−O framework is reproduced. The inherent pressure in the order of GPa has been reported previously in layered clay minerals.22 
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Figure 2. (A) XRD patterns of H-SiO2 and H-mag. Diffraction peaks appearing in H-SiO2 but missing in H-mag and vice versa are marked by red arrows. Inset shows the expanded patterns at lower 2θ region. (B) Two kinds of possible structures for H-SiO2. Because the structure of H-mag is not determined yet, the schematic structure is shown by subtracting sodium cations from the known Na-mag structure and then shrinking the interlayer space along the layer stacking direction.

RESULTS AND DISCUSSION
Two Possible Structures of the Layered Silicate
[bookmark: _Hlk172813167]A layered silicate (named H-SiO2) was prepared by using a commercial layered silicate (Na-SiO2) via the acid treatment to remove sodium cations in the interlayer space and intralayer microchannel (Figure S1). This H-SiO2 material, which is later revealed to have structure model I (Figure 2B left), demonstrates the gate opening behaviors toward aromatic compounds in the liquid phase. We originally proposed Na-SiO2 is magadiite, a sodium-type layered silicate23 and its structure has been determined by X-ray pair distribution function analysis.16 However, the density of the interlayer silanol groups (SiOH/SiO－) in Na-SiO2 was higher than a widely accepted magadiite (Na-mag). The diversity of magadiite, including their silanol density, has been pointed out previously.24 Moreover, the structure of Na-mag has been recently proposed, where no intralayer microchannels exist.25 Accordingly, we now regard Na-SiO2 as a novel microporous layered silicate26 possessing both zeolite-like eight-membered ring pores and interlayer spaces, where sodium cations are distributed (Figure S1).
The density of the interlayer silanol groups of H-SiO2 is smaller than that of the parent Na-SiO2, and almost consistent with that of Na-mag and its protonated form (H-mag) (Figure S2), the latter of which is prepared by removal of sodium cations from the interlayer space by the acid treatment (Figure S1). Considering that H-SiO2 and H-mag showed similar but significantly different powder X-ray diffraction (XRD) patterns (Figure 2A), the sodium cations are removed in either of the two scenarios shown in Figure S1; i) the interlayer silanol groups are partially condensed while retaining the original structure, and ii) structural transition occurs from Na-SiO2 to H-mag (Figure S1). In other words, H-SiO2 has two possible structures; one is a microporous layered structure with intralayer distorted open microchannels (Figure 2B left), and the other is a conventional layered structure identical to H-mag (Figure 2B right). Accordingly, in this study, we use both H-SiO2 and H-mag as adsorbents and monitor their adsorption-driven structural changes to discuss whether the gate opening behavior of H-SiO2 is ascribed to the intralayer microchannels or interlayer spaces.
Intercalation property of the interlayer spaces in H-SiO2 was confirmed by the adsorption of octylammonium ion, C8. The basal spacing was largely increased (Figure S3), indicating that the C8 was introduced to the interlayer spaces by the exchange with the proton in the silanol group (SiOH). In other words, if H-SiO2 has the structure model I (Figure 2B left), the interlayer silanol groups are not significantly condensed during the acid treatment, and the interlayer spaces are available in H-SiO2, same as the conventional layered materials.
The thermogravimetric analysis revealed that the as-prepared H-SiO2 contained the larger water content  than H-mag (Figure S4). Hence, the XRD peaks at the lowest 2θ region (d = 1.11 and 1.31 nm) are assignable to the basal spacing of the anhydrous and hydrous H-SiO2, respectively (Figure 2A inset). In the hydrated phase, the water molecules are assumed to interact with the surface silanol groups because the water molecules are unstable in the intralayer microchannels with no surface silanol groups.16 This structural water was difficult to be removed while retaining the original structure during the drying process in the sample preparation (see Experimental Section). However, as shown in Figure S3 and will be demonstrated below, the structural water was removed by the adsorption of guest species in the interlayer spaces, which was elucidated by XRD measurement. Therefore, we hereafter discuss the change in the basal spacing of H-SiO2 by any adsorption tests based on the anhydrous phase with the basal spacing of 1.11 nm.[image: ]
Figure 3. Time course of adsorption of benzoic acid on H-SiO2 and H-mag from acetonitrile containing (A) 500 mM and (B) 20 mM of benzoic acid, and XRD patterns at each adsorption stage for H-SiO2 and H-mag. Asterisk indicates the diffraction peak due to benzoic acid crystals deposited on the particle’s outer surface.



Adsorption Tests
Figure 3A shows time course adsorptions of 500-mM benzoic acid on H-SiO2 and H-mag. Interestingly, H-SiO2 adsorbed benzoic acid more efficiently and rapidly than H-mag despite their similar primary particle sizes (Figure S5) and XRD patterns (Figure 2A). More interestingly, the diffraction peak assigned to the 1.11-nm basal spacing of H-SiO2 got sharpened, shifted to the lower 2θ region in the early stage, and reached a plateau at 1.36 nm.  These results indicate the adsorption of benzoic acid in the structure of H-SiO2. In contrast, the basal spacing of H-mag gradually increased from 1.11 nm to 1.29 nm with the progress of the adsorption, which is commonly observed in layered inorganic solids without any structural or organic modifications.9 We note that the different adsorption behaviors indicate that the structure of H-SiO2 is not identical to that of H-mag. In other words, the structure model I is suggested for H-SiO2. 
Similar changes in the XRD patterns were observed even when the concentration of benzoic acid is lowered to 20 mM (Figure 3B). The basal spacing of H-SiO2 reached the plateau at 0.25 h even though the adsorbed amount is considerably small. Hence, H-SiO2 should rapidly expand the framework or interlayer space upon adsorption of either the solvent molecule (acetonitrile) or the trace amount of benzoic acid (< 0.001 mmol g−1). In contrast, H-mag did not adsorb benzoic acid at all and the basal spacing was only gradually increased. Thus, it is found that H-mag adsorbs rather the solvent molecule than benzoic acid in the interlayer space.
[bookmark: _Hlk172812954]The parent Na-SiO2 adsorbed benzoic acid from acetonitrile (500 mM) to some extent, probably because sodium cations were desorbed from intralayer microchannels to create the adsorption site (Figure S6). However, the majority of the adsorbed benzoic acid was deposited on the particle’s outer surface because the diffraction peaks due to benzoic acid and sodium benzoate crystals were observed in the recovered samples at each adsorption stage.
To reveal the adsorption-induced nanostructural changes, we further investigated the adsorption behavior of H-SiO2 and H-mag toward both pure gaseous and liquid acetonitrile. Figure 4A shows the adsorption isotherms of acetonitrile vapor on H-SiO2 and H-mag. H-SiO2 showed abrupt uptake of acetonitrile in the partial pressure range lower than 0.05, whereas H-mag did not. These results indicate that the adsorption affinity of H-SiO2 toward acetonitrile is higher than that of H-mag. The changes in the basal spacing upon acetonitrile uptake on H-SiO2 and H-mag were also evaluated by in situ XRD measurements under the controlled acetonitrile vapor pressures and the powder XRD measurement in the slurry state (Figure 4B, Figure S7 and Figure S8). Despite the high affinity toward acetonitrile, the basal spacing of H-SiO2 was hardly increased under the acetonitrile atmosphere. However, the  increase was observed in the slurry state, which was consistent with that for benzoic acid adsorption from the acetonitrile solution (Figure 3). In contrast, the gradual increase in the basal spacing was observed in H-mag upon contact with acetonitrile vapors and dispersing in acetonitrile liquid. Thus, H-SiO2 should have open micropores to accommodate the acetonitrile vapor while H-mag does not. Similar abrupt uptake was also observed in N2 adsorption, supporting the presence of the open micropores in H-SiO2 (Figure S9).
All the aforementioned discussions suggest that the structure of H-SiO2 is the model I (Figure 2B left), where the intralayer microchannels are assumed to be the open micropores for the the acetonitrile molecules to initiate the rapid and effective benzoic acid adsorption (Figure 3 and 4B). In addition, the framework of H-SiO2 must be flexible enough to accommodate small organic molecules in the intralayer microchannels, because the cross-section area was slightly decreased by the removal of the sodium cations via the acid treatment (Figure S1 upper). To the best of our knowledge, this is the first report of the pure layered silicate showing gate opening behaviors in liquid-phase adsorption.
In order to get a deeper insight into whether H-SiO2 shows the gate opening adsorption via the intralayer flexible framework (Figure 1C) or interlayer space, we analyzed adsorption isotherms of benzoic acid and phenol on H-SiO2 and H-mag from acetonitrile and water (Figure 5A, B, D and E). We further monitored the structural change of H-SiO2 and H-mag during the adsorption tests by the XRD measurements (Figure 5C and F). Water was additionally selected as the solvent because it is adsorbed less effectively on both H-SiO2 and H-mag than acetonitrile. As shown in Figure S10, the basal spacing of H-SiO2 did not change in the slurry state, while that of H-mag was slightly increased. Phenol was additionally selected as the adsorbate because of the adsorption in the interlayer spaces of H-mag from the aqueous solution.11 Given that the intercalated water molecules interact with the surface silanol group,16 we expected that benzoic acid and phenol in water would preferentially adsorb in the interlayer space even for the possible structure model I of H-SiO2.
Figure 5A shows the adsorption isotherms of benzoic acid on H-SiO2 from acetonitrile and water. Despite the S-type isotherm indicating relatively weak adsorbent-adsorbate interactions according to the Giles classification,27 the adsorbed amount was larger in acetonitrile than water: the maximum adsorbed amount on H-SiO2 is estimated as ~2 mmol g−1 since the recovered H-SiO2 from the 200-mM benzoic acid solution (the second largest adsorbed amount-plot in Figure 5A) had no peak due to the benzoic acid crystals deposited on particle’s outer surface unlike the recovered H-SiO2 from the 500-mM benzoic acid solution (the largest adsorbed amount-plot in Figure 5A) showing the peak of the crystals (Figure 3A, 24 h). [image: ]
Figure 4. (A) Adsorption isotherms of acetonitrile vapors on H-SiO2 and H-mag and (B) change in the basal spacing of H-SiO2 and H-mag when contacting with acetonitrile vapor and dispersing in acetonitrile liquid (slurry state). Inset of panel (A) shows the adsorption isotherms with the x axis of a linear scale.

H-SiO2 hardly adsorbed benzoic acid in the aqueous solution (Figure 5A, square plots). Importantly, the relation between the basal spacing and the adsorbed amount on H-SiO2 was different in the acetonitrile and water systems (Figure 5C). In the former, the basal spacing did not depend on the adsorbed amount and reached a plateau even at 10−4 mmol g−1, which was gradually increased in the latter. 
[bookmark: _Hlk162960413]The adsorbate species also affected the adsorption behavior of H-SiO2. Figure 5B shows the adsorption isotherms of phenol on H-SiO2 in the acetonitrile and aqueous solutions. Contrary to benzoic acid, the adsorbed amount of phenol on H-SiO2 was larger from water than acetonitrile. The basal spacing of H-SiO2 gradually increased as phenol is adsorbed from water, whereas the basal spacing is quickly increased and almost constant at the low adsorbed amount (~0.001 mmol g−1) when acetonitrile is used for the solvent (Figure 5C).
These solvent- and adsorbate-dependent adsorption behaviors of H-SiO2 can be rationalized by the presence of two adsorption sites; the intralayer microchannels and interlayer spaces, both of which are contained in the structure model I (Figure 2B left). H-SiO2 has both acetonitrile-philic (more hydrophobic16) intralayer microchannels and water-philic (more hydrophilic) interlayer spaces. Thus, from acetonitrile, benzoic acid and phenol can be adsorbed in the intralayer microchannels with the aid of acetonitrile accommodated within the microchannels via hydrophobic interactions. In contrast, from water, phenol is adsorbed in the interlayer space due to its hydrophilicity. Water molecules pre-adsorbed in the interlayer space (Figure 2A inset) might initiate phenol uptake there.
Solid state 13C cross-polarization (CP) nuclear magnetic resonance (NMR) measurements not only revealed the co-existing of benzoic acid and acetonitrile in the recovered H-SiO2 but suggested the state of the adsorbed benzoic acid. Figure 6 shows the 13C CP MAS NMR spectra of H-SiO2 with different adsorbed amounts of benzoic acid from acetonitrile. When the adsorbed amount is high (3.70 mmol g−1 from 500 mM solution), H-SiO2 showed one peak assigned to acetonitrile and two peaks assigned to benzoic acid. However, when the adsorbed amount is low (0.12 mmol g−1 from 10 mM solution), the peak due to the carbonyl group of benzoic acid disappeared while that due to the phenyl group was observed. [image: ]
Figure 5. Adsorption behaviors of (A-C) H-SiO2 and (D-F) H-mag.  Adsorption isotherms of (A) benzoic acid (BA) and (B) phenol (P) on H-SiO2 from acetonitrile and water and (C) variation of basal spacing of H-SiO2 as a function of adsorbed amounts of BA and P. Adsorption isotherms of (D) BA and (E) P on H-mag from acetonitrile and water and (F) variation of basal spacing of H-mag as a function of adsorbed amounts of BA and P. Note that BA adsorption tests from water at higher concentrations were not performed due to the poor solubility of BA in water lower than that in acetonitrile. 

[image: ]
Figure 6. 13C CP MAS NMR spectra of recovered H-SiO2 and H-mag with different amounts of the adsorbed benzoic acid.

The absence of the carbonyl peak of benzoic acid in 13C CP MAS NMR spectra was reported previously, where benzoic acid was encapsulated within mesoporous silicas and showed high mobility.28-30 Considering that the former H-SiO2 sample contains benzoic acid crystal on particle’s outer surface with restricted mobility (Figure 2A), the absence of the carbonyl peak of benzoic acid for the latter H-SiO2 sample is attributed to the encapsulation with the high mobility in open microchannels, rather than narrow interlayer spaces.
Unlike H-SiO2, H-mag showed the adsorption behaviors typical for the layered silicates.9,10 Figure 5D and Figure 5E shows the adsorption isotherms of benzoic acid and phenol on H-mag from acetonitrile and water. Although all the isotherms were type-S27 like those observed in H-SiO2, the basal spacing of H-mag was gradually increased as the adsorbed amounts got larger (Figure 5F). The 13C CP MAS NMR spectra of the recovered H-mag suggest that the adsorbed benzoic acid is restricted28-30 in the narrow interlayer space (Figure 6). These results are reasonable because H-mag has only the interlayer space to accommodate benzoic acid and phenol as well as acetonitrile and water. Note that the basal spacings of the recovered H-mag with no adsorption of benzoic acid and phenol for the acetonitrile systems were larger than the pristine H-mag (circles and diamonds at x = 0 in Figure 5F). This is explained by the fact that H-mag slightly increased the basal spacing upon pure acetonitrile uptake (Figure 4B).  Depending of the solvent natures (mixing ratios of acetonitrile and benzoic acid/phenol), the amount of the intercalated solvents might be different.
From the comprehensive adsorption tests and analyses described above, we experimentally conclude that H-SiO2 has a zeolite-like open but distorted microchannels within each layer (structure model I in Figure 2B) and the framework is flexible enough to accommodate acetonitrile to expand the pore and initiate benzoic acid and phenol uptake from acetonitrile.

Density Functional Theory (DFT) Calculation 
Figure 7A shows the optimized structure of H-SiO2.  The calculated basal spacing is 1.13 nm, which is consistent with the experimental value. The interlayer spaces are partly occupied by the silanol groups, and the distortion of the intralayer microchannels consisting of the zeolite-like eight-membered ring is also reproduced. Figure 7B shows the optimized structure of H-SiO2 containing two acetonitrile molecules in each intralayer microchannel. The adsorbed amount of acetonitrile is 3.14 mmol g−1, which is approximately equal to that at the saturated vapor pressure estimated from the adsorption isotherm shown in Figure 4A. By the acetonitrile adsorption, the Si−O framework gets rather symmetrical both from the front and side views, indicating that the framework is flexible similar to flexible MOFs. Changes in the distances between two oxygen atoms in the eight-membred ring are summarized in Table S1. The interlayer microchannels are slightly expanded both along the horizontal and vertical directions by the acetonitrile adsorption. The basal spacing is only slightly increased to 1.18 nm.  Because the gallery height (the height of the interlayer spaces) is not changed, it is found that the change in the basal spacing is ascribed to the flexibility of the silicate layer, not the swelling of the interlayer. 
Because the intralayer microchannel is already fully occupied with acetonitrile, the increase in the basal spacing experimentally observed in the slurry state (Figure 4B) is assumed to be the adsorption in the interlayer space. Figure 7C shows the optimized structure of H-SiO2 containing two and one acetonitrile molecules in each intralayer microchannel and interlayer space, respectively. The basal spacing is calculated to be 1.40 nm, which is close to the experimental value in the slurry state. Thus, it is demonstrated that H-SiO2 possesses two different adsorption sites. The acetonitrile molecules are accommodated selectively in the intralayer microchannels in the gas adsorption, and also introduced to the interlayer spaces to form the unimolecular layer when immersed in the solution. Due to the flexibility, the Si−O framework is slightly distorted by the intercalation, but the intralayer microchannel is expanded from that of the original H-SiO2 due to the presence of the acetonitrile molecules (Table S1).

[image: ]
Figure 7. Optimized structure of (A) H-SiO2, (B) H-SiO2 containing 2 acetonitrile molecules in each intralayer, (C) H-SiO2 containing 2 and 1 acetonitrile molecules in each intralayer and interlayer, and (D) H-SiO2 containing 1 BA and 1 acetonitrile in each intralayer and interlayer, respectively.  The yellow, red, white, gray, and blue spheres represent Si, O, H, C, and N atoms, respectively.

Figure 7D shows the optimized structure of H-SiO2 containing one benzoic acid and one acetonitrile molecules in each intralayer microchannel and interlayer space. Various models of benzoic acid with different orientations are calculated and the most stable structure is shown. The corresponding adsorbed amount of benzoic acid is 1.57 mmol g−1 in the range observed experimentally, shown in Figure 3A.  The basal spacing is 1.33 nm, which is consistent with the experimental value. One may think that the acetonitrile molecules in the interlayer space are possibly desorbed during the drying process before the XRD measurement, but this scenario is unlikely to occur. The basal spacing of the corresponding structure is calculated to be 1.19 nm, which is significantly smaller than the experimental value. We note that the nanostructure containing one acetonitrile and one benzoic acid molecules in one intralayer microchnnel was not optimized due to the limited pore volume even though the framework is flexible. From the interatomic distances shown in Table S1, it is found that the intralayer microchannels are further expanded by exchanging the two acetonitrile molecules for one benzoic acid molecule.  The fact that intralayer microchannels are preliminarily expanded by the acetonitrile adsorption and benzoic acid is adsorbed in exchange for acetonitrile supports our assumption, where the rapid and effective adsorption observed in H-SiO2 is initiated by the flexible framework containing open microchannels. Therefore, it is concluded that the interlayer microchannels are expandable by the adsorptions due to the flexible Si−O framework, and benzoic acid is adsorbed in the microchannel in exchange for pre-adsorbed acetonitrile. 

CONCLUSIONS 
We have reported the gate opening adsorption behaviors of a layered silicate, prepared via dilute acid treatment of a commercially available sodium-type layered silicate, toward aromatic compounds (benzoic acid and phenol) in acetonitrile. Our comprehensive liquid-phase adsorption tests demonstrated, as reported for the adsorption of gaseous species on flexible MOFs, that the layered silicate has zeolite-like open microchannels within each layer and the framework is flexible enough to expand and accommodate the solvent molecule to initiate further aromatic compound uptake. Thanks to this gate opening behaviors, the layered silicate exhibited an excellent adsorption performance (amounts and rates) toward aromatic compounds from acetonitrile considerably higher than a widely studied layered silicate (magadiite after the removal of sodium cations from the interlayer space). DFT calculations supported the estimated adsorption site and reproduced the flexibility of the intralayer microchannel induced by the adsorption reactions. It was also revealed that one benzoic acid molecule is adsorbed in the intralayer microchannel in exchange for two acetonitrile molecules. Further adsorption tests on this microporous layered silicate in liquid and gas phases are under investigation in our laboratory, which will make the material more attractive and practical for important applications in energy, environments, and healthcare issues.
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