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ABSTRACT: Silicoaluminophosphates (SAPOs) are a special class of zeolites that, dug {0y
their acidic and shape-selective properties, play a major role in ion exchange and -@'3“’1%
processes and in crude oil cracking. SAPO-37 has the faujasite (FAU) topologyysa \_;\ g
zeolites X and Y, which are involved in more than 40% of the total crude oil co '\& vl
worldwide. A critical parameter that promotes detrimental structural transformatieqS=ip®
SAPOs during real-life applications is the presence of humidity. In this study, we empley-—=&
multidisciplinary approach combining in situ synchrotron radiation powder actgi o
(SR-PXRD), water adsorption,usie reectance infrared Fourier transform spectroscopy (DRIFTS), and density functional theory
(DFT) calculations to describe the mechanism and reveal the reasons why SAPO-37 collapses upon contact with humidity belc
345 K. SR-PXRD revealed that the sodalite (SOD) cages (subunits of the FAU structure) have therstydogeatex during

hydration below 345 K. Furthermore, below 345 K, the faujasite framework takes up an order of magnitude more water molecul
than at temperatures above 345 K. DRIFTSmoed the presence of SiH and P OH surface structural defects that act as
hydration centers, accelerating the loss of a long-range order. Finally, DFT calculations showed that the enthalpy of water adsorpt
in the sodalite cage and the faujasite superca&je?iand 13 kJ/mol, respectively. The results presented in this work are highly
topical for understanding theeet of water on the frameworks of the SAPO microporous catalysts family. The notorious instability
of SAPO-37 is the result of the accumulative contribution of topological, physical, and ebtnieateng to an array of rapidly

evolving cascadingeets. Our work shows how advancements in SR-PXRD methodology and hardware give new insight into highly
dynamic features previouslydlilt to observe. In addition, this work introduces the conceptual insight that nonhomogeneous
sorption of molecular species will induce dynamic features with dramatic consequences at both molecular and atomic levels. This
highly impactful factor opening research paths for further work within catalysis, porous material design and chemistry, and sorpti
reactions and processes.

60s

INTRODUCTION tetrahedrally coordinated T atoms (T = Al, P, or Si) compose

Zeolites are used in catalytic, ion exchange, and separaffof2/ite cafges (SOD) Iinl:]ed by double 6'””9? (hd6r: meaning
processes in several industries, and due to their acidic and shA§8fings of 6 T-atoms). The 3D arrangement of the SOD cages

selective properties, they play a major role in crude oil ctackinfp'™ large 12-membered rings and create the faujasite supercage
The search for zeolite structures made with large pore windo éU). We can describe the !ocal T-atom environment as Si-
for enhanced accessibility to their acid sites, led to theHbstituted AlPQetrahedra (Si substituting P and/or Al) with
employment of the faujasite zeolites and variants of the mateal Al and P being homogenously distributed around the
such as zeolites X, Y, and the ultrastable Y by a Varietyf@meworE.The structure can also be wsuahzed_a_satetrahedral
industries. Today, more than 40% of total crude oil conversighray of SOD cages interconnected by dérs. This interconnected
takes place within the walls of a microporous catalyst with ti@éray of channels and cages forms the characteristic cubic
faujasite structufeSilicoaluminophosphates (SAPOs) are astructure of faujasite that crystallizes in the space géoup F
special class of zeolites where a framework of tetrahedrafi§h a typical cubic unit cell dimensioracf 24.345 A for
oxygen-coordinated Al and P has been partially substituted byS#PO-37. The FAU supercage has an inner diameter of 11.2 A
creating a Bronsted acid 3i@ue to its highly crystalline Wwhere the 12-ring has a diameter of 7.4 A (distance across
structure, large pore opening, and high surface area, SAPO-3ffagetrically opposite oxygen atoms), allowing molecules with
a key material in processes such as the isomerization of
decané, isobutene/2-butene alkylatfon;xylene isomeriza- Received: November 1, 2019
tion® or as a gas adsorbént. Revised: January 21, 2020
SAPO-37, has the same faujasite (FAU) topology as foundfblished: January 22, 2020
zeolites X, Y, and the ultrastable Y (USY). It is a highly
crystalline microporous material possessing a 3D network where
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diameters of up to 7.3 A to dse freely through the chanfiels. on how hydration &cts the sped surface area (SSA), pore
However, due to molecular vibration, molecules possessivgume, and mean pore diameter. Furthermore, nthe
critical diameters of up to 9.5 A can also penetrate the faujaditéerplay between water and the SAPO-37 framework has
porous network at moderate temperatfires. never been elucidated. One hypothesis is that water adsorption

SAPO-37 is synthesized withdual-template method. dynamics should play a r§leut relevant experimental data is
Tetramethylammonium hydroxide (TMA) is used to form thelacking. The reasons are partially due to the metastability of
SOD cages, and tetrapropylammonium hydroxide (TPA) iSAPO-37 in presence of water at temperatures below 345 K and
used for the assembly of the large FAU supét&eayaoval of  partially due to lack of advances in éhe of water adsorption
these templates requires higher temperatures than usual whesessment. The recent advances in minimizing the error
compared to other SAPO synthetic zedfit®y.itself, TMA propagation and sigoantly enhancing the reproducibility in
combusts at a moderate temperature (473 K). In the case sérption assessment by the Sieverts techhigheh stem
SAPO-37, however, it is not until the FAU supercage is almdsom the boom in hydrogen storage reséarshye now
cleared of the TPA template that TMA can begin itsopened new opportunities for detailed insight.
combustion. This takes place between 690 and 945 K, inducingther SAPO frameworks such as SAPO-34, a key industrial
unusual local geometric responses to the thermal'@ventgatalyst in the methanol-to-oigMTO) conversion, are also
During this procedure, the Brgnsted acid sites are creat@dected by humidity at low temperatures, but the destabilization
turning the material from a temflate-stabilized structure intorogresses at very slow rat&APO-37, on the other hand,
crystalline, catalyst framewdrk: shows rapid and drastic loss in hydrothermal stability at low

A critical parameter that promotes structural changes temperature$.As a highly crystalline matéfighat does not
SAPOs during real-life applications is the presence &grm intergrowths like SAPO*3% but shares the same active
humidity*** Water is an irreplaceable and frequently also aphemistry;’ SAPO-37 makes an excellent model material to
unavoidable component of real-life applicatians) its eect study the eect of humidity on SAPO frameworks in general.
on the local structure of the framework needs to be carefullyln this study, we present and discuss data on how water
studied and understood. Although template-free SAPO-37 tegcumulates on the SAPO-37 surface and propose a mechanism
exceptional hydrothermal stability at high temperatures (T of how the water concentration grows within the structure of the
1000 K), it has surprisingly poor stability below 345rK.  framework. High time- and space-resolution synchrotron
1987, Sierra de Saldarriaga et al. observed that exposurgagfation powder X-ray daction (SR-PXRD) reveals, for the
template-free SAPO-37 to atmospheric humidity at temper¥st time, the local transformations connected with hydration in
atures close to RT induces a shrinkage of the uhit at, each of the SAPO-37 cage types. We evaluate the SAPO-37
Briend et al. reported that the material begins contracting atéater adsorption capacity above and below the critical
loses crystallinity below 345 K at a rate that increases the clotgnperature of 345 K while monitoring the changes in SSA,
the temperature is to RTTo date, the mechanism behind this pore volume, pore size distribution, and crystallinity before and
unforeseen crystallinity loss has not been experimenta#iffer each measurement. The presence of surface defects after
revealed. One early suggestion for explaining the poor, log@icination and the local interaction of water with the SAPO-37
temperature hydrothermal stability was that unfavorable P framework during hydration were probed hyseireectance
P bonds would form during the template removal process. Y#trared Fourier transform spectroscopy (DRIFTS). Density
to date, all the NMR studies have unanimously shown only ofignctional theory (DFT) calculations coned the preferential
type of phosphorus local environment in the as-calcined SAP&@Isorption sites of water in the structure that were revealed by
37 framework: a phosphorus atom coordinated to fouPR-PXRD. We also investigate teeteof SAPO-37 topology
aluminum atoms (p(4Ag 116 18 a5 expected by charge and of possible surface defects with respect to the material
balance considerations. In an attempt to systematically asses§t@ility and critically discuss our results in view of the existing
hydrothermal stability of SAPO-37, Corma et al. observed Egrature.
least six types of hydroxyl groups at 573 K that were formed
during the template removal pro¢éssnong these, terminal EXPERIMENTAL SECTION
SiO H and PO H were detected and remained present up to  mMaterial Synthesis. SAPO-37 was synthesized according to
the end limit of the applied heat treatment at 873 K. Out of thétterature proceduré%.Details are provided in tHeupporting
four other hydroxyl species two were considered to be bridgiitgormation
Si OH Al directed toward the supercage and to the sodalite In Situ Synchrotron Radiation Powder X-Ray Diraction (SR-
cages, while two types of hydroxyls were associated withRD) HydrationIn situ SR-PXRD mgasur?\ﬁr%entswere performed at
remaining organic templates. When the authors perform%be SwissNorwegian beamlines (station BMO2! The European

. . ynchrotron Facility (ESRF) in Grenoble, France. A fresh as-

partial template removal a_lt 673K (re_mqvmg the fréwh the synthesized SAPO-37 sample was placed in a 0.5 mm quartz capillary
FAU supercage but keeping the majority of TiMthe SOD  and mounted in 2ow cell that provides a controlled atmosphere. For
cage), the material preserved its crystallinity in presence @fcination, the sample was heated up to 1073 K at 2omawing
atmospheric humidity for substantially longer time. Thegynthetic air using a hot air blower. For hydration experiments, nitrogen
suggested that calcination at 873 K would favor thas passed through a walled bubbler kept at ambient temperature.
condensation of some 8H and P OH species leading to Temperature calibration was performed by measuring a sample of high
formation of SIO Siand PO P bonds. The latter is highly pur{léytAg and AD;. T[?e ?R-E?l(RtD pgtt&rnsh(erposure ttu_me 65) \INere
susceptible to hydrolysis upon exposure to water at near ambigNEC!ES using a Leclrns Fratus photon counting pixel area
temperature. However, they made no direct experimen\%%edo%5 and integrated with the SNBL Bubble sofiiafwe

. : . . length, = 0.712 i indivi i
observation of RO P species. These observations will be,_a;: eng 10 A was calibrated from individual runs with

discussed in light of our new data. ) Powder X-Ray Diraction (PXRD).In-house powder X-ray
Although the loss of long-range order in SAPO-37 has be@nraction (PXRD) data were recorded at ambient atmosphere and
known since thast reports of the material, no data are reportedemperature on a Bruker D8-A25 instrument using monochromatic Cu
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K ,radiation ( = 1.5406 A) from ane-focus sealed tube source and a literature’* Nonlocal density functional theory (NLDFT) calculations

LynxEye XE position-sensitive detector operated in transmissiof the pore size distribution (PSD) were performed using the

geometry. commercial BELMaster software from MicrotraBEL Corp. The
X-Ray Di raction Data Processing.The patterns were analyzed NLDFT calculation method was applied on the adsorption branch

by parametric Rietveld nemert’ using TOPAS to extractthe unit  using the Blphysisorption data collected at 77 K. For the calculations, a

cell parameters, framework atom positions, isotropic thermal displacgindrical pores model was assumed.

ment parameters (B-iso) and water occupancy as a function of The evaluation of the number ofCHmolecules per surface unit

temperature. A single B-iso parameter westdréor all oxygen atoms. took place usingq 1, whereN, is the Avogadro number, wt % is the

Diamond®and Vest&were used for illustrating the crystal structures.gravimetric adsorption, MWis the molecular weight of the adsorbed

Adobe Photoshop CS6 was used for the blending ofetendiime- uid, and SSA is the specsurface area obtained by BETC The

frame illustrations figure S7 values of the SAPO-37 occupiahid accessilllsurface areas were
Water and Nitrogen Adsorption Measurements.Nitrogen and obtained by the literatute.

water sorption measurements were performed on a BelSorp Max N N X Wio%

instrument at 77 K for nitrogen and at 353 and 323 K for water. Priorto _—molec — A 0

each sorption measurement (nitrogen or water) annealing took place n 107 x MW,sx SSA (1)

for 2 h at423 Kin a He atmosphere to remove any residual gas species ) o .

from the porous material. All measurements and heat treatments tookN or_der to gain a deeper lns_lght into adsorlmim_rbent

place sequentially to avoid any exposure of the samples to atmospHgiRraction, the experimentally obtained data wedeaccording to

air. the Tah modet® (eq 9, where wt %,,is the asymptotic maximum
The measurement procedure to assess the hydration/watéforage capacitis the equilibrium constaRis the pressure, aid
adsorption eect on template-free SAPO-37 was as follows. a parameter introduced bytffan order to describe the level of
homogeneity of the sample surface.
N, adsorption H,0 adsorption N, adsorption H,O adsorption N, adsorption
(SSA,PSD)—>  (80°C) —> (SSA,PSD) —> (50°C) —> (SSA, PSD) KP
77K 353K 77K 323K 77K W% = Wtho———— ¢
1+ (KP) (2)
PXRD measurements took place beforersh#l, adsorption and Di use Re ectance Infrared Fourier Transform Spectrosco-

after each subsequentisorption measurement. Given the notoriouspy (DRIFTS)We performed DRIFTS measurements on template-free

instability of the material upon exposure to humidity, the transfer arglAPO-37 under similar conditions as the in situ SR-PXRD and the

loading times from the calcination oven to the sorption instrument alater adsorption measurements. The experimental details and spectra

the XRD apparatus capillary were restricted to less than 30 min aggh be found in thBupporting Information

under low relative humidity atmosphere (<50%). To avoid unnecessaryComputational Details. Quantum-mechanical calculations via the

exposure of the material to humidity between the two water adsorptigensity functional theory (DFT) method were performed on the

measurements, two cells were run in parallel; cell 1 underwent thgnplate-free SAPO-37 framework. The computational details and

whole multistep experiment, whereas cell 2 was removed after #ain results can be found in Shepporting Information

second nitrogen adsorption measurement for the assessment of the

structural degradation via PXRD. The timeline evolution of this RESULTS

multistep experiment is provided in the Supporting Information . . .

(Figure SB In Situ SR-PXRD HydrationRecently, we studied the
The total SSA was extracted from the nitrogen adsorption isothert@mnplate removal of SAPO-37 in situ, revealing the subunit cell

via the BrunaueEmmett Teller (BET) method according to the transformations that take place in the framework during
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Figure 12D Im plots of the evolution of the template-free SAPO+3i¢iihn patterns during thest hydration period at 313 K£ 0.71210 A).

Selected draction patterns highlighting criticabgénces between the dry and hydrated material are shown in the top panel. The colored horizontal
lines on the 2DIm plot (bottom) indicate the time stamp for each of the seleatactidin patterns (top) by following the same color coding. The
coexistence of the wet and hydrated SAPO-37 phases is illustrated in the dashed inset.
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Figure 22D Im plots of the evolution of the template-free SAPO+3¢iilbn patterns during the second hydration period in the temperature range

313 473 K. Selected daction patternsillustrating the evolution at critical time frames are shown in the top panel. The colored horizontal lines on the

2D Implot (l}lc\)ttom) indicate the time stamp for each of the seleatactidin patterns (top) by following the same color coding. The wavelength is
=0.71210 A.

calcination, resulting in a highly crystalline mateBiailding conditions, template-free SAPO-37 undergoes a plethora of
on the template removal study, we exposed the same powdabunit cell structural transformations in a short amount of time.
sample to a variety of atmospheres at a low (313 K) temperatubd.the beginning of this hydration period at 313 K, the DoC of
From these experiments we evaluated the low temperatAPO-37 is virtually unchanged (99 and 94% for the (111) and
stability of SAPO-37 in argon, atmospheric aib@¥ relative  (222) re ection, respectivelifigure Sp compared to the
humidity), and in water-saturated Ar, under constant (313 Kireshly calcined material. Theattion peaks are well-resolved
and variable temperature conditions. A schematic timeling to very high angled §pacing < 1 Aigure 1top). Within
summarizing all the dirent experimental conditions is the rst 30 s of the experiment, therdction pattern remains
presented in the Supporting Informatieigfre SR unchanged, probably due to the dead volume in the gas system.
In the rst part of the experiment, the template-free materighfter these rst seconds, there is a rapid change to all main
was exposed to inert atmosphere (100% Ar) at 313 K for 19@ ections (2 = 4.0 15.8), corresponding td spacing 8.7
min. In those conditions, no changes can be detected in tle6 A, as they are shifted toward highealies. The changes
di raction patternsH{gure SB The structure is stable and are clearly visible in the diction patterns of the top panel of
retains its crystallinity over time. Then, we switched td-igure 1In the diraction pattern recorded at 1.3 min, the
atmospheric air (4®0% relative humidity at 313 K) for coexisting dry and hydrated phases are visible as peak splitting in
about 100 min. In those conditions, theadition patterns look  several of the low-angle (e.g., 331, 511, 044, ande&s3®ns,
macroscopically unchanged(re S4top). However, a closer Figure 1top, dashed inset) rections. As the hydration
analysis reveals that after a short induction period, the SAPO8dceeds, we observe a substantial loss of peak intensity, clear
framework undergoes a small unit cell volume loss thaktak broadening, and a noticeable increase in the background
progresses at the rate of *Indn (Figure S4bottom). It is level. After 90 s, the extions correspondingitspacing 2.5
interesting to note that despite the absence of easily visitfleare all lost. Interestingly, tHispacing coincides with the
changes in the diaction patterns, the degree of crystallinitykinetic diameter of water (2.65 A). Atthe same time, the 822 and
(DoC) is profoundly aected. The DoC was calculated 555 reections ¢ spacing = 2.83 and 2.77 A) show a severe
comparing the relative area of the strongessttiens (111  splitting that appears with a small delay compared to the lower
and 222) in each pattern with their corresponding area in th2 re ections. This behavior is interpreted as a delayed response
di raction pattern of the fresh, template-free material accorditgthe di usion of water molecules into a tight, ned space.

toeq 3 After 120 s of hydration, the nonhydrated phase cannot be
areg, detected anymore, and prac_:ti_cally all thections withd <
degree of crystallinity, DaC beak  100% 2.75 A have disappeared. It is important to note that the loss of
aredy . ®) high-angle rections does not necessarily imply at this point a

total loss of long-range order and structural collapse, but rather a
wherehkl = 111 and 222 of PXRD patteraf the hydrated local disorder caused by water on a subunit cell level. The high-
material, compared il = 111 and 222 of the starting PXRD angle reections of the material aresetively masked by the
patterno obtained from the completely dry, template-freeincoherent scattering of water even if the structure is in fact still
framework. present.

In the next step, the material is exposed to water-saturated Ain the last part of the experiment, the temperature was
for about 70 min at the same temperature (313 K). In thoséncreased from 313 to 473 K at 5 K rhivhile maintaining the
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Figure 3.Variation of selected © T angles, TT, and O O distances for (a) the FAU supercages, (b) the SOD cages, and (c) the d6r bridging
units Selected TO Tangles, TT,and O O distances for (a) the FAU supercage, (b) the SOD cage, and (c) the dér bridging units. The variation of
the selected TO T angles, TT, and O O distances are illustrated in panels(f@for the FAU supercage, the SOD cage, and the dér bridging
units, respectively. The estimated standard deviations are below 0.015 A for the distericestandrigtes (T-atom: blue, O-atom: red).

hydration feedHigure 2. During the rst 1.5 min (T = 313 material responds to heating. This transition ovenstt®&min

323 K), there is a peak intensity loss and a shift of tuitioas is accompanied by a dramaloss in peak intensity.
toward higher values. After 1.5 min (T = &3 K) the Furthermore, the loss of peak intensity is strongly correlated
changes become more rapid and pronounced, as the hydratéth an increase in the background in the 8 15 range,
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indicating the gradual formation of a poorly ordered phas&. T and O O distances increase substantially from 6.60 to
Further increase in temperature leaves only réhetwo 9.77 A (48% extension) and from 5.15 to 7.46 A (45%
re ections (111 and 022) visible. extension), respectivefyqure 8). Finally, ifrigure 8 we see

For this section of the experiment, it was possible to follow thhat there is a substantial expansion within the dé6r and
transition via parametric Rietvelcheement for therst 4.25 particularly in the SODI6r interface until reaching the
min, up to 353 K (vide infra). Above this temperature, we coulldreaking point (on selected @ T bonds). This TO T
only monitor the structural degradation via parametric peangle is therst part of SAPO-37 to respond to the increasing

tting of the 111 and 022 extions. The DoC and unit cell temperature during hydration, becoming wider already 20 s

volume loss (assuming that the SAPO-37 unit cell is stillithin the experiment. Overall, thedr T angle widens from
present) are shown iRigure S6 Another interesting 140 to 154 (Figure 8. Simultaneously, the T distance
observation made in those conditions is that the (111) degrdetween two SOD cages increases from 2.57 to 2.82 A (9.7%
of crystallinity is @&cted more strongly than the (222) degree ofextension) and has a similarly fast response aOh& &ingle
crystallinity ( 22 =46.1 % vs 555 = 32.4%) pointing toward a  (Figure §. The T O length increases from 1.87 to 2.19 A
rupture of the FAU supercages and consecutive loss of the lo(gigure 8. The starting value (1.87 A) is already 15% longer
range order. than the nominal TO of the template-free SAPO-37 (average

From the crystallinity and cell volume variation versus tim& O length in our sample at RT, 1.625 A). As the hydration
plots, it is easily noticeable that crystallinity loss and changecontinues and the temperature increases, this length reaches a
the cell volume are two independent phenomena sie@ntli  value that is 17% higher with respect to the beginning of the
di raction peaks have dient DoC loss prtes. In essence, a experiment (and 35% with respect to the avera&géength of
re ection corresponding to a srdajpacing will have a drent the dry, template-free framework). This is the largest bond
response to inclusion, adsorption, or accumulation of watlength variation found in the framework during this experiment.
molecules compared to agetion from a largérspacing that ~ As such, itis a clear indication that this point in the framework is
would be inuenced by the accumulativeat of water in  critical during the structural collapse.
di erent subunit cell regions. Large cages would have sloweFrom the above analysis, we can observe that each building
response to water accumulation compared to the narrower pautst has a slightly dirent time response to the temperature
of the unit cell, such as the SOD cages or the dé6rs. change during hydration. The smallest volume (d6r), responds

In order to describe the geometric response efedt to heating rst, followed by a contraction of the large FAU
domains of the SAPO-37 unit cell during tseseconds of supercage and the distortion of the SOD cage. This can be
hydration under heatingi¢ure 2, we have plotted selected T explained if we assume that water is primarily concentrated in
O Tangles, TT,and O O distances for the FAU supercages,the SOD cage and in the SQiBr interface. Note that the
the SOD cage, and the dér bridging uRitgife 3. Asatypical  structural changes in the FAU supercage are primarily due to the
T O T angle in the FAU supercage, we selectedda T geometric responses occurring to each of the six surrounding
linkage in the d6r with the oxygen atom pointing toward th&OD cages and the d6rs. A graphical illustration comparing the
supercagd-(gure a). Rather than monitoring the bond length dry and hydrated framework at selected time-frames up to the
of a given TO pair, we followed the variation of the FAU point of the selected T bond failure is shown and discussed
supercage opening diameter (12-ring) using the distance of timodetail inFigure S7
diametrically opposite T and O O pairs (dashed blue lines Water Adsorption on SAPO-37.In order to further
in Figure 3). In the SOD cage, we selected @ TT linkage understand waterrole in the destabilization of the SAPO-37
shared between the FAU supercage and the SODFigqges ( framework, we performed water adsorption measurements
3b). As representative T and O-O distances of the SOD cage, above and below the critical temperature of 345 K. Measure-
we selected T- and O-atoms belonging to the 6-ring interfaceents were carried oust at 353 K and subsequently at 323 K
between SOD and FAU supercages for monitoring. In the d@rere the interaction of water with the framework is anticipated
bridging units, we monitored ad@ T linkage (green) shared to be very strong. Spexisurface area and crystallinity were
between the 4-ring of the SOD cage and the d6r unit, jpair assessed by nitrogen physisorption measurements and PXRD at
representing the distance between the two SOD cages (dashedched stages throughout the experiment, as described in the
blue line and along the d6r), andlly an individual TO bond Supporting Informatior{gure SB

length of the same entity used in th©T T angle Figure 8). At 2.75 kPa, the material surface retains,QIrtdlecules
For the latter, an equivalent position is shown in bltigore per unit cell, corresponding to a surface density of 4031 H
3c for the sake of clarity. molecules per rfmin both sample cellsFigure . By

During the rst 60 s of heating in humid Ar from 3433 K comparison, water adsorption on SAPO-37 at 323 K shows a
at 10 K min® there is practically no structural response to thenultistep surfacdling mechanisni{gure . During the very
heating, probably due to a delayed thermal response in thest adsorption steps (p < 0.05 kPa), the material uptakes 5.0
experimental setup. After this initial delay, there are consideraHlg® molecules per unit cell, which is comparable to the total
and rapid changes occurring in each individual domain of tleapacity at 353 K and 2.75 kPa. As the pressure increases, the
unit cell. In the FAU supercage, theOT T angle increases adsorption continues linearly until a second adsorption step is
substantially from 95 to T3 less than 45 d~{gure 8). seeninthe pressure region 0.8 kPa. A small shoulder can be
Simultaneously, the T and O O distances have completely observed at 1 kPa before the adsorption capacity reaches a quasi-
opposite individual responses. Thél Tistance decreases saturation plateau. Above that pressure, the adsorption
from 10.4 to 9.75 A, whereas the neighboring @istance  continues linearly and at a substantially lower rate 3.8 H
shows a substantial increase from 7.7 to 9.7 A, wdttiedy molecules per kPa). Compared to the isotherm at 353 K, the
is a consequence of widening of the aforementiori@dTr number of HO molecules per unit cell at 323 K is an order of
angle. In the SOD cage, the monitore@ TT angle decreases magnitude higher, and theHmolecules per surface unit
from 166 to 107lin a matter of 40 s. At the same time, both theincreases by a factor of sevegure 3.
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The main bands observed in thal material coincide with the
bands assigned to ®H and Si OH in template-free SAPO-

37. From spectraFjgure S13 we infer that the structure
deterioration is more pronounced at 323 K than at 353 K due to
the less-resolved bands.

Quantum-Mechanical Calculations via the Density
Functional Theory (DFT) Method. We performed DFT
calculations on template-free SAPO-37 framework in order to
assess theect of topology and local geometry on the enthalpy
of water adsorption and to identify the areas within the SAPO-37
framework with highest nity to water. The computational
details and more detailed results can be found3nphperting
Information

According to the calculations, thgOHadsorption energy
value for the SOD cage site and the FAU supercage sttE2are
and 13 kJ/mol respectively. Thiselience in magnitude of
the adsorption energy clearly indicates thatt@absorption
in SOD cage is much more energetically favorable than in the
FAU supercage.

Figure 5shows the calculated water density in the SAPO-37

Figure 4Number of HO molecules per SAPO-37 unit cell agd H framework and in SOD cages. The water density in the SOD

molecules concentration per surface area unit dy@iaglsbrption at
353 and 323 K. The isotherms ated with the Tth model. The
purpose of running two parallel sample cells (cells 1 and 2) is illustrated
in Figure S8 in the Supporting Information.

In order to obtain more quantitative information, the
isotherms werdted with the Tth model €q 9. The model
was selected due to its ability to describe the adsorbant coverage
over a variety of adsorbent surfaces and porous sti{ittures
and complex hybrid materials thara variety of adsorption
sites within the same framewGrihe water adsorption
isotherm at 353 K shows a multistep adsorption mechanism with
a total uptake of 33 wt %ifure S9Supporting Information)
corresponding to 64,8 molecules per unit celfigure 3.
According to the Tth model tting, the surface has a theoretical
capacity of 95 J0 molecules per unit cell at these pressure an
temperature conditions. Note that the multistep adsorption
leads to a comparatively pobof the Tah model and the  cages is clearly higher compared to the water density in the FAU
maximum theoretical capacity should be regarded as a rowfgtpercage environment. Interestingly, the water molecules in the
estimation that will not be discussed further. Details in thEAU supercages have higher concentration along the channels
results are reportedTable S1 interconnecting the FAU supercages. The calculated distribu-
Di use Re ectance Infrared Fourier Transform Spec- tion of the HO H,O molecule distance in the material is
troscopy (DRIFTS)To obtain complementary data to PXRD, shownirFigure S14The largest fraction of water molecule pairs
when SAPO-37 interacts with water, we performed DRIFTSas a calculated average distance that is less than 1.8 A,
measurements, and the overall interpretation and analysedngicating a medium-strength H-bondingylost of them
these data are in agreement with our in situ SR-PXRD and the(&20%) were found to be concentrated in the SOD Eaged
situ structural analysis of the samples after water adsorptiéd4 top).
After the in situ calcination of the as-synthesized material under
synthetic air in the DRIFTS sample cell, the spectrum shows all DISCUSSION

Figure 5. Water molecules embedded into the whole SAPO-37
framework as viewed along the 111 direction (left). Spheres highlight
H1e water concentrated only in the SOD cages (right).

the key features reported by Corma’8t(&igure S13m the Structural Transformations Induced on the SAPO-37
Supporting Information). Band assignment can be found in tierlamework during Low-Temperature Hydration. Our
Supporting Information results indicate that as the dry and template-free SAPO-37 is

The band positions observed in template-free SAPO-37 abding hydrated, water molecules accumulate within the
after annealing at 423 K are the same, but their intensities ar@rowest internal domains of the framework, namely the
somewhat lower in the latter. This suggests that 423 K isS0OD cages and the d6r units. The Brgnsted acidic centers (one
su cient temperature for dehydration of the frameworkper SOD cage and 1.7 per FAU supercage on average) and the
although there are some minor irreversible material changgsOH and Si OH moieties (which are known to increase the
likely due to interaction with water. After exposurgQoaiti hydrophilicity of the surfd@ecan act as local anchors for water
323 K Figure S13¢the bands assigned tOH groupsinthe  molecules to the framework, enhancing the adsorbent/
sodalite cage and supercage are barely observed in the spemtisgrbate interaction. The material has a pronounced water
suggesting that the cages have collapsed. Heating to 423 K addorption capacity, which is much greater at 323 K than at 353
then to 723 K does not regenerate the SAPGI@Iré¢ S13e K (observed by $0 adsorption and corroborated by DFT
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calculations). This suggests that at low temperatures, there is Working at even lower temperatures, Heard et al.
signi cantly increased chance for water to be in close contadémonstrated the room temperature lability of zeolite CHA
with the surface in the SOD cage or the dér. At high loadings, thmvard water usiridD NMR > They found that liquid water in
properties of this surface water layer approach those of biiie pores exchanged O-atoms with the framework at room
water. The high concentration of water around the acid centemmperature in less than 1 h. The authors furthermore presented
and defects, combined with the edmg geometry of the a plausible novel reaction mechanism explainingnitieis
framework, result in the structural destabilization of the SAP®ased upon ab initio molecular dynamics. Their mechanism is
37 framework. Adding thermal energy to a highly hydratdoised on the Grotthuss mechanism with a proton shuttling over
SAPO-37 accelerates the breakdown of the material. four water molecules. This mechanism is entropically demand-

The geometrical characteristics of the SiBD SOD ing, and the reaction rates decrease with increasing temper-
interface provide an explanation as to why the structure ruptuigsires. Other works have reported that CHA framework with Si/
atthe T O2 T moiety. This interface includes three adjacentAl < 5, are highly susceptible to destabilization in an acidic
4-rings Figure § where the TO4 T angle is particularly  environment?

Based on our experiments, we propose a mechanism for how
water accumulates and attacks the SAPO-37 framework
resulting in its rapid, complete disruption. Water behaves
quite di erently in the relatively large FAU supercage compared
to the more comed SOD cage and the dér. The surface of the
FAU cage has a smaller curvature than the SOD cage as well as a
lower concentration (approximately half) of acidic centers per
n?. As the template-free framework is exposed to water
molecules, some will interact weakly with the surface of the FAU
supercage. Others will enter the morermahand acidic SOD
cage and d6r. Once a water molecus itself within the SOD
cage or dér, it is highly likely to geapped there because of
the local environment. This is strongly supported by our
calculations, which show that,yin this part of the framework
is higher by a factor of 16 than in the FAU supercages.

) From our experiments and calculations, it is clear that water
Figure 6 Excerptof a completely dry, template-free SAPO-37 Structutg. | ates initially in the small o spaces in the SOD
(left) and heavily hydrated SAPO-37 structure (right) highlighting th es and the dérs. This water spticg procedure takes place
SOD dér SOD interface. Selected O2- and O4-atoms are markedJ ) P P

with black and green dashed circles, respectively. A triplet of adjacerd@Ridly and with sigriant consequences. In the oexl
rings (4r) is indicated with blue planes. The internal volume ofthe SOBNVironment of an SOD cage or d6r entity, the tightly packed
cages are indicated with yellow spheres (T-atom: blue, O-atom: redluster of water molecules is rather stable and should be able to

deprotonate the corresponding acidic sites. It has been shown
that clusters larger than 2 water molecules are able to

strained in the hydrated form of the material, compared with tff€Protonate a zeolitic Brensted ‘Sité. Alternatively, a
dry template-free structure (166 144 dry, O4: red spheres mechanism similar to the one presented by Heard et al. might
marked with green dashed circlEgjare §. As the SOD cages fcake plgice. _Independent of the reaction, a highly acidic solution
distort during heating and hydration due to the massive uptai@localized in the SOD/d6r doméirThis is further supported

of water, increased pressure is applied to this area of tA¥ the fact that the SAPO-34 framework dissolves in 1 M HCI
framework, observed as the dramatic change in@% T acid within minute¥. The change in the local pH could easily
angle from 166 to 10in a matter of seconds before the and quickly introduce local defects that will destabilize the
structure collapses. To accommodate this change in angle, figgnework, leading eventually to the loss of long range order by,
T 02 bond of the strained 4-ring stretches from 1.87 to 2.19 for example, attacking and destabilizing th@ A? bonds. In

in a concerted motion beforerilly breaks (O2: red spheres contrast, the FAU supercages are far too large to form water
marked with black dashed lineBigure . clusters with the size and stability to initiate chemical attack in

Mechanism of Water Attack on SAPO-37Three earlier  the framework and consecutive destabilization in a rate faster

studies on zeolite stability in the presence of water show resditan that, which occurs in the SOD and dér domains.

that help us to understand our data. These studies have beef© conclude, itis tempting to speculate that there might be a

mainly undertaken in the context of dealumination, but alsg?mmon set of similar reaction mechanisms taking place when

include reactions with liquid water (important for biomasdhe zeolite pores artied with water since higher temperatures

conversion using zeolites). Agostini et al. presented in situ XA&ongly decrease the reactivities of the framework (in all

and PXRD data on the dealumination of zedlitghey found  Situations, both fodealumination and 3D Si bond

that dealumination mainly takes place at3@DK, and that  hydrolysis). The suggestion by Heard EMIan entropically

the e ciency of the process was low at 873 K, in contrast tdemanding situation is reasonable. High temperatures and low

previous common assumptions. Only minor structural changedverage, together W|th_faster transport and repositioning of

occur in the presence of moisture at high temperatures. water, hamper the reaction between water molecules and the
Ravenelle et al. studied the reaction of several Y and ZSMtamework.

zeolites with hot liquid water at 423 and 473 K in autotiaves.

The stability depended strongly on the framework type, but for Y CONCLUSIONS

zeolite with Si/Al > 14, they found hydrolysis 0DSiSi bonds We have performed a comprehensive multitechnique study on

at these relatively low temperatures. the eect of hydration on the SAPO-37 framework and
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investigated the role that material topology and surface Anna Lind SINTEF Industry, Oslo N-0373, Norway

properties play on the material destabilization. In particular, Ponniah Vajeeston Centre for Materials Science and

we have followed the hydration of the framework with high time  Nanotechnology (SMN), Department of Chemistry, University of
and space-resolution in situ SR-PXRD at constant and dynamic Oslo, Oslo N-0371, Norway

temperature conditions up to the point of multiple bond lurii Dovgaliuk Swiss-Norwegian Beamline at the European
ruptures in the unit cell. Our work shows how advancements in  Synchrotron Facility, Grenoble F-38000, peate®egbede

XRD instrumentation can provide data of exceptionally high Chimie, ENS-UMR 8004 CNRS-ENS-ESPCI, Institut des
quality with excellent time resolution. Detailed analysis of the Mateiaux Poreux de Paris, Paris 75005, &r@awcakprg/
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