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6 ABSTRACT: Tailoring the textural properties of porous materials is of paramount
7 importance to optimize their performance in a variety of applications. To this end,
8 critical synthesis parameters influencing crystallization and reorganization of porous
9 materials need to be identified and judiciously controlled. Although the effect of
10 pressure on chemical transformations is ubiquitously present, its impact on fabricating
11 porous materials with tailored physicochemical properties remains unexplored and its
12 potential untapped. In this work, we disclose a detailed study on the effects of high
13 hydrostatic pressure on the formation of well-controlled intracrystalline mesopores in
14 ultrastable Y (USY) zeolite by the so-called surfactant-templating method. The rate of
15 mesopore formation significantly increases upon elevating the pressure, whereas the average size of the mesoporesdirected by the
16 self-assembly of the surfactantdecreases. By simultaneously adjusting the external pressure and selecting surfactants of different
17 lengths, we have been able to precisely control the mesopore size in the USY zeolite. Our findings clearly show that external
18 hydrostatic pressure can be used to both accelerate mesopore formation and engineer their size with subnanometer precision. As a
19 second example, we investigated the effect of external pressure on the synthesis of MCM-41. The results on MCM-41, consistent
20 with our observations on the USY zeolite, further confirm that the use of high external pressure greatly affects the self-assembly
21 behaviors of the amphiphilic molecules involved in the synthesis/modification of the porous materials. Our results show that the
22 high-pressure approach represents an untapped opportunity for synthesis/modification of functional porous materials that will likely
23 yield new discoveries in this field.

24 ■ INTRODUCTION

25 Pressure is a critical parameter to chemical reactions, as it
26 governs both thermodynamic and kinetics aspects.1 According
27 to the van’t Hoff equation, elevating pressure favors the
28 equilibrium to move forward for a reaction with a negative
29 reaction volume.2 For a long time, this principle has often been
30 practiced in gas-phase reactions, such as ammonia synthesis
31 and production of polyethylene. Upon high pressure, geo-
32 metrical confinements can be generated to molecules in the
33 liquid and solid phases, which alter the electronic structures of
34 molecules, modulate intermolecular interactions, and change
35 the overall free energy landscape.3 These high-pressure effects
36 lead to reaction outcomes that could not be possible at
37 ambient pressure, such as artificial syntheses of diamond and
38 boron nitride.4 Most of the high-pressure syntheses involve
39 dense crystals where atoms are arranged in close-packed
40 symmetries. Few studies have been targeted at open framework
41 materials, which are a class of materials featuring ordered
42 inorganic or hybrid structures that form nanosized pores,
43 channels, and cages. Representative open framework materials
44 include zeolites, mesoporous oxides, and metal−organic
45 frameworks (MOFs).5 Tailoring physicochemical properties
46 of open framework materials is of paramount importance to

47optimize their performance in diverse applications. In
48particular, precise pore engineering is of great significance, as
49many functions of the open framework materials rely on
50mechanisms of size recognition or confinement effect, which
51requires size regulation with high accuracy and over a broad
52spectrum.6,7 A number of factors, such as selection of organic
53templates or ligands, synthesis conditions, and postsynthesis
54activation/modification procedures, are widely used to
55influence the pore characteristics of the open framework
56materials.8 However, pressure is not considered among these
57parameters, which renders its impact underestimated and its
58potential untapped.
59Zeolites are a class of open frameworks built upon
60tetrahedral silicon and aluminum oxides.9,10 Owing to their
61high stability, unique pore architecture, and adjustable acidity,
62zeolites have been widely used in a variety of chemical
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63 processes.11−13 To further improve the performance of zeolites
64 in those applications, both hydrothermal synthesis (“bottom-
65 up” approach) and postsynthesis modification (“top-down”
66 approach) have been studied in great detail. The crystallization
67 of zeolites is very sensitive to conditions where hydrothermal
68 synthesis is carried out.14−16 Recently, we reported the effects
69 of high external pressure on the hydrothermal synthesis of
70 zeolites from alkali-metal-containing aluminosilicate precursors
71 without the addition of any organic molecules, where unique
72 crystallization behaviors contradicting the observations under
73 autogenous pressures were revealed.17 Organic molecules have
74 played an important role in the synthesis and postsynthesis
75 modification of zeolites. For example, organic molecules have
76 been extensively employed as structure-directing agents for
77 synthesizing zeolites,18−20 as crystal growth modifiers for
78 tuning the bulky morphology of zeolites,21,22 and as
79 mesoporogens for creating hierarchical zeolites.23 Applying
80 high external pressure during both the synthesis and
81 postsynthesis modification of zeolites in the presence of
82 organic compounds is expected to offer untapped oppor-
83 tunities.
84 Herein, we report the use of surfactants under high external
85 pressure to introduce tunable mesoporosity in ultrastable Y
86 (USY) zeolite and porous silica and provide new insights into
87 organic−inorganic interactions that determine the pore size
88 and architecture of the templated materials. We first present a
89 systematic study on the effect of high hydrostatic pressure on
90 the surfactant templating of the USY zeolite. The surfactant-
91 templating process is a well-known postsynthetic strategy that
92 allows for introducing large amounts of tunable mesoporosity
93 in zeolites while preserving their most important properties.
94 The mesopores generated by this method have an average pore
95 size corresponding to the micelle size.24−26 This feature allows
96 us to reveal how the assembly of the surfactant molecules to
97 form micelles evolves in response to high external pressures
98 and consequently alters the mesopore size of the zeolite. To
99 gain additional insights into the impact of high pressure on the
100 packing behavior of the surfactants and the size of the
101 mesopores produced by micelles, we carried out a second
102 study, in which we focused on the synthesis of ordered
103 mesoporous silica MCM-41, which further confirmed our
104 conclusions. Because the size of its mesopores is determined by
105 the size of the micelles used to prepare it,27 the study on
106 MCM-41 provides a fundamental and simple method to study
107 the role of external pressure on the micelle size and therefore
108 on the mesopore size of the surfactant-templated USY zeolite.

109 ■ EXPERIMENTAL SECTION
110 Materials. CBV720 (USY) was provided by Zeolyst with a Si/Al
111 ratio of 15. Sodium hydroxide (NaOH), octyltrimethylammonium
112 bromide, dodecyltrimethylammonium bromide, tetradecyltrimethy-
113 lammonium bromide, cetyltrimethylammonium bromide (CTAB),
114 and octadecyltrimethylammonium bromide were purchased from
115 Wako Pure Chemical Industries (Ltd.). All chemicals were used
116 without further purification. Deionized water was used in all
117 experiments.
118 Apparatus. A homemade warm isostatic press (WIP, see Figure
119 S1) was used as the pressurization apparatus, and deionized water was
120 used as the pressure medium. The maximum treatment temperature
121 was 150 °C, and the pressure was 200 MPa. A Teflon tube was
122 purchased from MISUMI and used as the reaction vessel (see Figure
123 S2). The Teflon tube was heat-sealed at 330 °C at both ends, which
124 were further sealed with metal clips. The sealed Teflon tube was then
125 placed in the chamber of the WIP.

126Surfactant Templating of the USY Zeolite. In a typical run,
1270.09 g of CTAB was dissolved in 3.42 g of NaOH solution (0.49 wt
128%) followed by stirring for 30 min. Thereafter, 0.18 g of parent zeolite
129(Zeolyst CBV720, Si/Al ratio of 15) was added, giving a mixture with
130a molar ratio of 1 TO2:0.082 CTAB:0.14 NaOH:75 H2O (TO2
131represents SiO2 and 1/2Al2O3). Subsequently, the mixture was sealed
132in a Teflon vessel and then placed in a high-pressure treatment
133apparatus. The treatment was performed at a certain temperature
134(50−150 °C) for 30 min to 120 h under different pressures from
135autogenous pressure to 200 MPa. After the treatment, the product
136was washed with deionized water and recovered by centrifugation and
137drying. The recovered zeolites were calcined at 550 °C for 5 h in a
138muffle oven.
139Synthesis of MCM-41. In the synthesis under autogenous
140pressure, CTAB (0.8 g) was dissolved in a NaOH aqueous solution
141(0.1 M, 42.8 mL), which was vigorously stirred at 40 °C for 20 min.
142Thereafter, tetraethyl orthosilicate (TEOS, 3.81 g) was added
143dropwise to the previous solution. The resultant white slurry was
144first stirred at 40 °C for 2 h and then heated at 100 °C for 24 h. The
145solid precipitates were recovered by vacuum filtration, washed with
146deionized water, and dried at 80 °C before calcination at 550 °C for 5
147h to remove the organic template. In the synthesis under 200 MPa,
148the abovementioned white slurry was sealed in the Teflon vessel and
149then placed in the WIP for the synthesis for 24 h at 100 °C. The high-
150pressure product was recovered, washed, dried, and calcined as per
151the same procedure.
152Characterization. Powder X-ray diffraction (XRD) patterns of all
153samples were obtained using a Rigaku Ultima IV diffractometer with
154Cu Kα radiation (λ = 1.5406 Å, V = 40 kV, I = 40 mA) at a scanning
155rate of 4° min−1. The product morphology was observed using a field
156emission scanning electron microscope (FE-SEM, JSM-7000F, JEOL,
157Japan). Transmission electron microscopy (TEM) images were taken
158on a JEM-2000EX (JEOL, Japan) under a working voltage of 120 kV.
159Nitrogen adsorption−desorption isotherms were obtained on a
160Quantachrome Autosorb-iQ2 instrument at liquid nitrogen temper-
161ature with an outgas pretreatment at 325 °C for 4 h under vacuum.
162Mesopore volume (Vmeso) was calculated based on the nonlinear
163density functional theory (NLDFT) method using the adsorption
164branch of the N2 adsorption−desorption isotherms.28,29 Elemental
165analysis was performed on a Thermo iCAP 6300 inductively coupled
166plasma-atomic emission spectrometer (ICP-AES). Thermogravimetric
167and differential thermal analysis (TG−DTA) was conducted on a
168Rigaku PU 4K from 30 to 800 °C at a heating rate of 10 °C min−1

169with a flow of 10 vol % O2 and 90 vol % He mixed gas. The cross-
170sectional features of the samples were observed using a field emission
171scanning electron microscope (SU9000, Hitachi). Prior to the
172observation, the zeolite powders embedded in epoxy resin were cut
173and polished using a broad Ar+ ion beam in a cross section polisher
174(E-3500, Hitachi).

175■ RESULTS AND DISCUSSION
176 f1Figure 1A shows the XRD patterns of the pristine USY zeolite
177and those surfactant-templated at 100 °C for 30 min under
178different pressures. All of the samples are highly crystalline,
179even those surfactant-templated at elevated external pressures,
180as indicated by the XRD patterns. Meanwhile, there was no
181remarkable change in the Si/Al ratio (Si/Al ratios all around
18215) and weight loss after the treatment, which is consistent
183with the observations in previous studies.24−26 The bulk
184morphology of the USY zeolite did not change after the
185surfactant templating (Figure S3). The crystal lattices of the
186USY zeolites surfactant-templated under different pressures did
187not change, as evidenced by the unchanged positions of the
188XRD peaks shown in Figure 1A. A broad low-angle XRD peak
189centered at approximately 2° appeared after the treatment, due
190to the presence of the surfactant-templated mesopores. The
191surfactant-templated zeolite featured tortuous mesopores, and
192therefore, the broad peak developed in the low-angle range of
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193 the XRD pattern.30 The intensity of this peak increased with
194 the external pressure applied, suggesting that at higher
195 pressures, the mesopores were better ordered. To confirm
196 this point, we examined the cross sections of the samples by a
197 scanning electron microscope (SEM) before and after the
198 treatment. Figure 1B shows that the pristine USY zeolite had
199 large mesopores that were generated by steaming. Figure 1C−
200 E depicts that the evolution from the initially large mesopores
201 to smaller mesopores, which reveals a pressure-dependent
202 tendency. The large mesopores, which were generated by
203 steaming in the manufacture of USY, are the most prevalent
204 after the treatment under autogenous pressure; however, when

205high external pressure was applied, considerable amounts of
206smaller mesopores are observed. In particular, the sample
207surfactant-templated at 200 MPa exhibited the highest amount
208of smaller mesopores, which is consistent with the XRD
209patterns shown in Figure 1A. These mesopores were much
210uniform and of smaller size, which renders the cross section of
211the surfactant-templated USY to possess fine texture
212(particularly, as depicted by the SEM image in Figure 1E).
213This observation was further confirmed by the transmission
214electron microscopy (TEM) images and by measuring the
215amount of CTAB occluded in the zeolites (see Figures S4 and
216S5, respectively, for more details). Collectively considering all
217these results, we concluded that the surfactant templating of
218the USY zeolite can be accelerated by applying external
219pressure.
220 f2Figure 2A−C shows the pore size distributions of pristine
221USY and those surfactant-templated for different periods of
222time under autogenous pressure, 100, and 200 MPa,
223respectively. The pore size distributions were derived from
224the adsorption branch of the N2 adsorption−desorption
225isotherms (see Figure S6) at 77 K using a nonlinear density
226functional theory model (NLDFT model).28,29 Pristine USY
227features a low amount of mesopores in the 2−8 nm range
228(pore width) and a broad pore size distribution. As a result of
229surfactant templating in the CTAB-containing NaOH solution,
230the number of mesopores gradually increased with time and
231the pore size distribution became narrower. These results
232further confirm that the surfactant templating of USY
233proceeded much faster under high external pressures than
234under autogenous pressure. Meanwhile, the pore size
235distribution of the USY zeolites surfactant-templated under
236high pressures becomes narrower. Table S1 shows the data of
237the mesopore volume of the samples, which included only the
238newly formed mesopores sized in the range of 2−8 nm. The
239pristine USY zeolite contained mesopores in a broader size
240distribution, but only a moderate amount of mesoporosity in
241the range of 2−8 nm. After surfactant templating, uniform
242mesopores developed apparently, amounting to mesopore
243volumes higher than 0.35 cm3 g−1. Again, this result
244demonstrates that high external pressure prompted pore
245reconstruction, resulting in a faster increase of uniform
246mesopores.
247As described elsewhere,24−26 the surfactant-templating
248process involves the following steps: (1) cleavage of the Si−

Figure 1. Surfactant templating of the USY zeolite under different
pressures. (A) XRD patterns of pristine USY and those surfactant-
templated in a CTAB-containing NaOH solution at 100 °C for 30
min under different pressures. (B) Cross-sectional SEM image of
pristine USY. (C−E) Cross-sectional SEM images of the USY zeolites
surfactant-templated under autogenous pressure, 100, and 200 MPa,
respectively.

Figure 2. Time evolution of the pore size distributions of the mesoporous USY zeolites surfactant-templated under different pressures. (A−C) Pore
size distributions of the USY zeolites treated over different periods of time under autogenous pressure, 100, and 200 MPa, respectively. (The
temperature for surfactant templating was 100 °C. The black curve represents the pore size distribution of the pristine USY zeolite.).
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249 O−Si bond with the assistance of OH− ions, which generates
250 abundant Si−O− sites; (2) admission of CTA+ cations inside
251 the zeolite driven by the presence of the Si−O− sites via
252 electrostatic interaction; and (3) formation of well-defined
253 mesopores produced by the micelles that form inside the
254 zeolite where the local concentration of the CTA+ is high
255 enough. Exerting high pressure on substances in the liquid
256 phase increases their density and reduces the intermolecular
257 distance, which enhances the frequency of collision between
258 molecules.2,3 Meanwhile, the solubility of electrolytes could be
259 increased in a pressurized aqueous medium.31,32 As a result of
260 the increased solubility, the external high pressure facilitates
261 the cleavage of the Si−O−Si bonds under the alkaline
262 condition to form the Si−O− terminal groups, needed for
263 the surfactant templating of the zeolite. In the absence of
264 CTAB, the high-silica zeolite tends to dissolve into the alkaline
265 solution, resulting in structural collapse. Under high pressure,
266 faster dissolution of the USY zeolite was observed, which led to
267 the collapse of its micropore system in just 30 min (Figure S7),
268 an observation that confirms the abovementioned claim of the
269 accelerated cleavage of the Si−O−Si bonds by NaOH under
270 high external pressure. Furthermore, the external high pressure
271 could possibly accelerate the micellization of the CTA+ inside
272 the USY zeolite, which is a key step in the formation of the
273 smaller mesopores. For the above reasons, we conclude that
274 high external pressure can be used to accelerate the cascade of

275steps involved in the surfactant templating of the USY zeolite,
276leading to the faster formation of uniform mesopores. The
277enhancement of mesopore formation upon high pressure is
278consistent with our previous study, in which applying high
279external pressures was found to greatly prompt the
280crystallization of zeolites from sodium- and potassium-
281containing aluminosilicate precursors.17 It is worth noting
282that the enhancement effect of high external pressure was more
283pronounced at a higher temperature, as indicated by the results
284in Figure S8, which is expected due to the role of temperature
285in overcoming the low activation energy involved in the
286surfactant templating of the USY zeolite.25 These results
287collectively demonstrate that the pressure effect is significant
288and can be exploited to accelerate the rates of both synthesis
289and modification of zeolites.
290Besides accelerating the rate of surfactant templating, the
291 f3external high pressure was found to alter the size of the
292 f3mesopores. Figure 3A compares the pore size distributions of
293the USY zeolite surfactant-templated under different pressures.
294The corresponding N2 adsorption−desorption isotherms are
295shown in Figure S9. To avoid the influence of synthesis time,
296the samples were subject to the treatments for enough long
297period of time (120 h). Under autogenous pressure, an average
298pore size of 4.10 nm was obtained, which is in accordance with
299the size of CTAB micelles, as discussed in previous
300studies.24−26 In contrast, the average pore sizes for the samples

Figure 3. Effect of pressure on the average mesopore size of the surfactant-templated USY zeolite. (A) Comparison of the pore size distributions of
the surfactant-templated USY zeolites with CTAB obtained under different pressures. (B) Schematic illustration of the effect of high external
pressure on micelle size and corresponding mesopore size. (In all cases, the surfactant templating was performed at 100 °C for 120 h.).

Figure 4. Reduction of mesopore size as a function of external pressure applied during the surfactant templating of the USY zeolite with surfactants
of different carbon chain lengths. (A−D) Pore size distributions of the surfactant-templated USY zeolites obtained under different pressures with
four trimethylalkylammonium surfactants (CnH2n+1N

+(CH3)3, n = 12, 14, 16, and 18, from left to right). (In all of the cases, the surfactant
templating was performed at 100 °C for 5 h.).
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301 treated at 100 and 200 MPa were 3.9 and 3.7 nm, respectively,
302 showing that the mesopores shrunk upon the external high
303 pressures.
304 A key feature of the surfactant templating of zeolites is that
305 the size of the mesopores is governed by the assembly of the
306 surfactants. The above result suggests that the high external
307 pressure contracts the micelle size of the surfactants, which
308 conveys to the surfactant templating of the USY zeolite and
309 consequently results in a smaller mesopores size (Figure 3B).
310 As CTAB contains long aliphatic chain alkanes, smaller
311 micelles should be expected in a highly pressurized environ-
312 ment, as discussed in previous studies.33,34

313 To further reveal the effect of high external pressure on the
314 assembly of surfactants and thereof the mesopore size of the
315 surfactant-templated USY zeolite, trimethylalkylammonium
316 sur factants with different carbon chain lengths
317 (CnH2n+1N

+(CH3)3, n = 12, 14, 16, and 18) were studied. As
318 seen from the results under autogenous pressure (Figure S10),
319 there exists a linear relationship between the carbon number of
320 the alkane chain and the average mesopore size of the
321 surfactant-templated USY zeolite. Figure S11 shows the N2
322 adsorption−desorption isotherms of the samples surfactant-
323 templated with surfactants having different carbon chain

f4 324 lengths. Figure 4 shows the comparisons of pore size
325 distributions under different pressures for the four trimethy-
326 lalkylammonium surfactants. In all cases, the average pore size
327 decreased with pressure. It is worth noting that the smaller the
328 surfactant, the more pronounced the reduction in the
329 mesopore size with pressure. According to previous studies,
330 the number of molecules present in a micelle (known as the
331 aggregation number) is smaller for a surfactant with shorter
332 aliphatic chains.35,36 A smaller aggregation number also results
333 in a larger void in the micelles, which could explain why the
334 mesopores size reduction at high pressures is more notable for
335 smaller surfactant molecules. On the other hand, smaller
336 surfactants display weaker hydrophobic attraction in the
337 micelle, making its shrinkage more favorable at high external
338 pressures. Table S2 presents average pore sizes and mesopore
339 volumes of the surfactant-templated zeolites under different
340 pressures. In all cases, a high mesopore volume was achieved
341 (>0.25 cm3 g−1), which indicates that the conditions used were
342 sufficient to surfactant template the zeolite. More importantly,
343 fine control over the mesopore size ranging from ca. 3.2 nm
344 (small surfactant and high pressure) to ca. 4.6 nm (large
345 surfactant and autogenous pressure) was achieved. As many
346 applications of zeolites are enabled via mechanisms of size
347 recognition and spatial confinement, it is particularly important
348 for us to be able to regulate the pore size of zeolites with high
349 precision (in an increase of 0.1 Å) and over a wide spectrum
350 (from the size of small molecules to that of large ones). For
351 example, the separation of ethylene and ethane through
352 molecular sieving requires precise tailoring of the pore size of
353 the porous medium, considering the fact that the kinetic
354 diameters of the two molecules only differ marginally (by 0.28
355 Å).6 When bulky reactants or transition states are in a “right
356 fit” with the pores or voids of the zeolite catalysts, the
357 confinement effect can be generated and thus enhance the
358 catalytic performance,7 which pinpoints the importance of
359 fabricating catalysts with specific size and geometry. These
360 prospects have stimulated considerable efforts in innovating
361 synthesis methods to tailor the pore features of zeolites (and
362 other porous materials). As demonstrated by the above results,
363 the combination of judiciously applying external pressure and

364appropriately selecting surfactants offered a unique oppor-
365tunity to tune the mesopore size in the hierarchical USY zeolite
366with high precision. Thus, we believe that the high-pressure
367synthesis/modification offers a new method and enriches the
368toolbox for engineering the pore features of porous materials.
369To confirm the impact of high pressure on the shrinkage of
370the micelles and ultimately on the reduction of the mesopore
371size of the hierarchical zeolites, we extended our investigation
372to a well-known surfactant-templated materialmesoporous
373silica MCM-41. MCM-41 features hexagonally arranged one-
374dimensional mesopores. It is the best-known and most studied
375member of the M41S family, a series of ordered mesoporous
376silica synthesized from quaternary-ammonium-based surfac-
377tants.37,38 Thanks to the extensive knowledge gained over the
378past few decades, the architecture of the mesopores
379(hexagonal, cubic, or lamellar) of the M41S materials can be
380controlled by selecting surfactants of different packing factors
381(g-factor).27 Not only the mesopore architecture but also the
382mesopore size of MCM-41 can be finely tuned by choosing an
383appropriate surfactant in combination with adopting the right
384synthesis condition. Because of these features, the synthesis of
385MCM-41 serves as an excellent model material to study the
386 f5impact of high pressure on the surfactant templating. Figure 5A

387shows the XRD patterns of the samples synthesized under
388autogenous pressure and 200 MPa, from which main reflection
389lines (d100, d110, and d200) of the hexagonal symmetry of the
390MCM-41 structure (space group: p6m) are observed.27 It is
391worth noting that the high-pressure MCM-41 exhibited XRD
392peaks that shift to higher 2θ angles compared to the other one,
393implying that it may contain smaller mesopores. Figure S12
394shows the SEM and TEM images of the samples, which
395together with high Brunauer−Emmett−Teller (BET) surface
396areas (920 and 880 m2 g−1 for the samples synthesized under
397autogenous pressure and 200 MPa, respectively) displayed in
398Figure S13 further confirm that MCM-41 was successfully
399synthesized. The pore size distributions calculated from the N2
400adsorption data (Figure 5B) show that the average mesopore
401size of the high-pressure MCM-41 (3.7 nm) is smaller than
402that of the one synthesized under autogenous pressure (4.1
403nm). This result, significantly consistent with the observations
404on the surfactant templating of the USY zeolite with CTAB,
405further validates that high external pressure can be used to
406affect the self-assembly behaviors of the surfactants and thus
407alter the pore dimensions of the templated materials. From the

Figure 5. Comparison of the syntheses of MCM-41 under autogenous
pressure and 200 MPa. (A) XRD patterns of the MCM-41 samples
(the arrows indicate peak shifts toward higher 2θ angles). (B) Pore
size distributions of the MCM-41 samples.
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408 corresponding d100 reflections in shown Figure 5A, the
409 distances between two mesopore centers in the MCM-41
410 samples synthesized under autogenous pressure and 200 MPa
411 were calculated to be 4.9 and 4.8 nm, respectively. Thus, the
412 wall thickness was estimated to be 0.8 nm for the autogenous-
413 pressure MCM-41 and 1.1 nm for the high-pressure MCM-41.
414 This result suggests that, along with shrinking the mesopores,
415 high external pressures yield MCM-41 with a thick wall and
416 likely higher structural stability.39,40

417 ■ CONCLUSIONS
418 In this work, we show how high hydrostatic pressure can be
419 utilized to engineer mesopores in the hierarchical USY zeolite
420 and MCM-41. High external pressure accelerates the cascade
421 of processes responsible for the surfactant templating of the
422 USY zeolite and thus leads to a significantly faster generation
423 of mesopores. Moreover, high external pressure influences the
424 assembly behavior of surfactants; thus, it can be utilized to
425 regulate the micelle size and consequently engineer the
426 mesopore sizes, with subnanometer precision, of the templated
427 USY zeolite and MCM-41. Applying high pressure also yields
428 narrower pore size distributions in templated materials and
429 thickens the pore walls of MCM-41. These results collectively
430 show that high external pressure enriches our toolbox to
431 influence the self-assembly behavior, which is critically
432 important to engineer the porosity of open framework
433 materials. We anticipate that this work will stimulate future
434 studies to exploit the high-pressure synthesis of functional
435 porous materials as well as to gain deeper insights into the
436 processes involved.
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