J. Phys. Chem. B006,110,13741-13752 13741

Hydrated Cs*™-Exchanged MFI Zeolites: Location and Population of C$ Cations and
Water Molecules in Hydrated Cs ¢MFI from In and Ex Situ Powder X-ray Diffraction Data
as a Function of Temperature and Other Experimental Conditions

Bernard F. Mentzen*
5 Rue Marcel Desplaces, F-69330 Meyzieu, France

Gérard Bergeret
IRC (Institut de Recherches sur la Catalyse), CNRSy@nfie Albert-Einstein, F-69626 Villeurbanne, France

Hermann Emerich

SNBL (SwissNorwegian Beam Lines), ESRF (European Synchrotron Radiation Facility),
6 Rue Jules-Horowitz, P.O. Box 220, F-38043 Grenoble, France

Hans-Peter Weber

ACCE, F-38960 St Aupre, France, and LCr/IPMC/BSP, Swiss Federal Institute of Technology,
CH-1015 Lausanne, Switzerland

Receied: March 28, 2006; In Final Form: May 10, 2006

Extending our previous investigation of dehydrated, Cs-exchanged MFI zedlit€hys. Chem. BR006

110 97—-106) to hydrated analogues, we have determined the crystal structures of members gfithe-Cs
MFI-xH,0 series, for 0< x < 28, from synchrotron-radiation powder diffraction data. In the fully hydrated
phase, three independent'Gsations and six water molecules are identified in difference Fourier maps. The
populations of the cations amount to 2.79/3.40/0.41 Cs/unit cell (uc) for the Cs1/Cs2/Cs3 sites, respectively,
and those of the water molecules to 4/4/4/4/8/40Hic for the Ow1/Ow2/0Ow3/Ow4/Ow5/0w6 sites,
respectively. Close to water saturation, the Cs3 and Owé6 sites are near each~dtier &) and are not
occupied simultaneously. At saturation, Cs cations and water molecules form three interconnect€,Cs(H
clusters and one (D), cluster in the MFI channel system: Cs2(®)s centered ak/y/z ~ —0.018/0.146/

0.546 (midway between the intersection and the straight channels), &3l (tentered at~0.056/0.240/

0.889 (the zigzag channel openings), Cs&ld centered at-0.228/0.25/0.899 (in the zigzag channel), and

the (HO), cluster (in the zigzag channel) bonded to Cs1 and Ow1OjHand Cs3(HO), exclude each

other. The Cs2(kD)s clusters are connected through weak @wBw5 hydrogen bonds (2.88 A) and form
polymeric chains in the straight channel direction (010). During progressive hydration this Cs2 cation enlarges
its hydration shell, stepwise, from Cs2B), to Cs2(HO)s, to Cs2(H0O),, and finally to a Cs2(kD)s cluster.

During the dehydration process, these extraframework species migrate, and it is shown that for varying total
H.O/uc loadings the individual populations of the *Csations and KO molecules strongly depend on
experimental and measurement (in situ vs ex situ) conditions. The shapes of the channels change also; except
for T > 150°C, in all the CgdHo sMFI-xH,0 phases, the straight channel D10R (double 10-ring) pore openings
(1.16 < € < 1.23) become strongly elliptical. The framework structure of all the investigated phases conforms
to orthorhombicPnmaspace group symmetry. Hydration and dehydration iggd&1 are fully reversible
processes. From a knowledge of the"Gscations, we are able to estimate, by computer simulations, the
positions of HO molecules in GsHo sMFI-28H,0. The maximum theoretically possible water loading in an
hypothetical and idealized cationless §@do 3]MFI structure amounts to 48 4@/uc (nine independent water
species), which is in fair agreement with existing high-pressure datafa/E). This value is to be compared

with the water saturation capacity obtained in a structural refinement of sealed-tube diffraction data of a
proton-exchanged &MFI-38H,0 (seven independent water molecules). In the crystal structure of this
H—ZSM-5 phase, the straight channel openings are almost cireukarl(08). From this we conclude that

the main factor responsible for the flexibility of the MFI framework is the presence of the,O%(Elusters
residing in, or close to, the straight channel double 10-rings.

1. Introduction lent Si(1V) and trivalent Al(Ill) but often also by other elements

Zeolite$ are microporous crystalline aluminosilicates that Such as T= Ge(IV), Ti(IV), Al(ll), B(IlI), Ga(lll), Fe(ll),
have applications in three major areas: sorption, ion exchange,P(V), and even Li(lf: Because of the charge imbalance caused
and catalysis (see ref 1 for our previous work on this topic). by the presence of non-tetravalent atoms (for instance, one
Their anionic framework consists of a network of corner-sharing charge per Al(Ill)/unit cell (uc)), protons (H or metallic cations
TO, tetrahedra. These T atoms are occupied mostly by tetrava-(e.g., Li*, Na*, K*, Rb*, Cst, C&*, Ba&*, Cut, Cl/**, Ag*,

+ Nj2+ + ;

* Author to whom correspondence should be addressed. E-mail: TI*, Ni ,.or Ce*) are used to comper.ls.ate for the negative

mentzen.b@infonie.fr. charges introduced. These compositional and structural
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TABLE 1: Pore Diameters and Largest Possible Sorbates in unsatisfactory situation prompted us to initiate a comprehensive

FAU,3 LTA, 32 and MFI % Zeolites investigation devoted to the cation and water locations in cation-

openingsmaximum free zeolite and exchanged M-ZSM-5 materials (M= Na*, K*, Rb*, Cst, TI,

(T-ring) diameter (A) T-ring type largest sorbate (&) Cut, Ci#t, Bat, and possibly H and Lit). We hope to answer
6Ta 2.8 FAU: S6R (sodalite cage) -8 (2.7), NH; (2.6) some of the following general questions: (a) Where are the
8T ~3.0,3.8,45 LTA:3A, 4A,5A- SBR HO (2.7), CQ (3.3) extraframework cations located and what are their relative
10T 5.5 MFI: D10R p-xylene (8.0x 4.3)

populations, (b) do the locations of the extraframework species
depend on the experimental conditions, and if yes, which ones,

2T is the number of comner-sharing T@trahedra in the ring. S6R, (c) are these locations and populations similar in as-is hydrated

S8R, D10R, and S12R represent single 6-ring, single 8-ring, double samples, in dehydrated phases_, or in rehydrated phases, (d)
10-ring, and single 12-ring, respectively. where do the cations relocate to in the presence of sorbed polar

(e.g., water) or nonpolar (e.g., benzengetylene) molecules,
features alone suffice to convey to this class of materials (e) which are the migrating species, the cations, the sorbates,
exceptional qualities that render them indispensable for the or both, (f) is it possible to predict the locations of the sorbed
applications mentioned above. The size and shape of the cavitiesyater molecules by computer simulations, and finally, (g) how
in the framework govern the properties of zeolites as absorbents s the framework symmetry (possible solid-state phase transi-
This size and shape selectivity, combined with the easy tions, existence of multiphase domains) and/or its flexibility
exchangeability of the charge-compensating extraframework (creation of elliptical D10R (double 10-ring) pore openings)
cations, in turn make zeolites matchless ion exchangers. Finally,affected by the cations and/or the nature of the sorbed
the high thermal stability of the aluminosilicate framework, molecules?
together with the three characteristics just mentioned, account Qur first papef reported on Cslocations, populations, and

for the extraordinary appeal of zeolites in heterogeneous migrations as a function of temperature in previously thermally
catalysis. The wide variety of cage volume and opening sizes dehydrated G#FI phases (0.7< x < 7.7 Cs/uc). It revealed
available, together with a cation palette ranging from td the existence of five distinct cation sites over the whole range
Ba2+, permitS one to custom-tailor the Catalytic and molecular of Cs exchange’ thus answering questions aand b and part|a||y
sieving properties of zeolites to the task at hand. Some examplesy. The present paper deals with locations and relocations of
showing the influence of selective cation exchange (in LTA- Cs* cations and water molecules during progressive thermal
type® zeolites) and of pore-opening sizes on some sorption gehydration in an initially fully hydrated GgHo aMFI-28H,0
properties in LTA-, FAU32and MFI-typé* 9 zeolites are given  sample. We have started with the*Gsation instead of lighter
in Table 1. cations such as H, Li, or K because (1) the probability to detect
In this paper, the second of a series (see ref 1), we continuethis electron-rich cation in difference Fourier (DF) maps (after
to focus on aCCUrater |Ocating Simple cations and representativepartia| structure refinements using X_ray powder diffraction
guest molecules, as a function of temperature and othertechniques) is high, (2) Cs-exchanged ZSM-5 phases are
experimental conditions, in one of the two industrially most cyrrently investigated in computer simulations and adsorption
important zeolite structures: MFI (the other one being FAU). stydiest314-17 and (3) the location(s) of this cation can be used
This series of papers on structural characteristics of MFI-type to model the preferred sites of other cations in theoretical
materials has the advantages of commonality of material origin, stydiest81?
experimental technique, analytical approach, and investigators. The paper is organized as follows. Section 2 deals with
While the basic structural features of MFI are kno#rf,  eyperimental conditions and analytical methodology. Section 3
the exact location of extraframework cations, water, and other yresents the results obtained experimentally, first for the
molecules, particularly under working conditions, often remains completely hydrated starting phase, then for the several phases

a matter of conjecture, left to guesstimates. One even finds casegtained in the ensuing dehydration process, performed both
where the information on these locations is described as being;,, sjty and ex situ. Results from a computer simulation of the

in & chaotic staté.The dearth of such essential information is - yater molecule locations are presented in section 4. In section
a testimony to the difficulty of the experiment; itis painstaking, 5 e compare and discuss our results, and in section 6 we finally
time-consuming work, with few immediate rewards. That a yyaw our conclusions.

complete structural description is a prerequisite to fully under-

stand any solid-sta}te process, at both the ex_per_imental and the, Experimental Section

theoretical levels, is a truism. And yet we still find examples

where extensive computer-modeling on MFI-type materials has The starting Cs-exchanged ZSM-5 material investigated in
been carried out based on scanty structural information. Becausghe present work corresponds to the eighth sample listed in Table
of their chemical composition (& Al/uc < 10, usually only 1 of ref 1. In its totally dehydrated form, the unit-cell content
3—5) MFI-type materials contain fewer acid sites per unit cell of this sample has the chemical formula ofs@303Als.o

than faujasites, and this is expected to yield flat, almost Sigs.1O192(in short CgeHo.sMFI). The experimental setups used
featureless landscapes of the electric potential across theat the Swiss-Norwegian Beam Lines (Grenoble, France;
cavities? Consequently, the number of sites that are able to BMO1B) and at the Institut de Recherches sur la Catalyse
attract and bond exchangeable charge-compensating cations i§Villeurbanne, France) as well as the analytical tools used
low and difficult to detect. This is one of the reasons why, as (Rietveld method using modified DB#W code and the EX-

of this date, structural investigations aimed at locating cations PGUP! package) are also the same as those reported in ref 1.
in MFI-type materials (termed silicalite for Si/A+ 150 and In its totally hydrated form, the investigated MFI-type material
ZSM-5 for Si/Al lower than 100) are rather scarce and have has the CggHo sMFI-28H,0 composition (obtained by thermo-
not yet been rewievetiDespite some former attempts to localize gravimetry, water adsorption isotherms, and chemical analysis).
cations in ZSM-5 material%;'! no cationic positions have been The structural changes occurring during progressive thermal
determined unambiguously until the recent study of a Cs- dehydration of this GgHosMFI-28H,O zeolitic material are
exchanged and fully dehydrated-€aSM-5 phasé?2 This highly investigated under two different experimental protocols. In the

12T 7.4 FAU: S12R (super-cage) 1,3,5-mesithylene
(7.3)
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28‘ - 3. Results from Diffraction Experiments

3.1. Structure of Cs¢HosMFI -28H,0 at Room Temper-
ature (26 °C). The starting MFI framework parameters of the
'_;._ totally hydrated CggHo sMFI1-28H,O phase are those reported

in ref 1 for its dehydrated GgHo saMFI form (Pnmaspace group
symmetry). Once the framework structure has been refined, the
DF maps reveal the presence of extraframework residues that
can be attributed to both €sand water sites (Figure 2). These
three C¢ cation sites and six water sites are then incorporated
' into the structural model, and the Rietveld refinement is
completed. As discussed in ref 1, the total cesium content is
' _ constrained to its chemical formula value (6.6 Cs/uc). Plots of
0 R Rt T the powder diffraction patterns are shown in Figure 3.
T T T T T T 1 The cesium populations refined for the Cs1/Cs2/Cs3 sites are
0 s 100 1%0 208 250 300 380 400 2.79(3)/3.40(1)/0.41(1) Csluc, respectively. At the early stages
T (0 of the refinement, the water/uc populations for the Ow1/0Ow2/
Figure 1. Dehydration of CgeHo saMFI-28H,0 as observed by ther-  Ow30w4/Ow5/0Ow6 sites converged toward 0.47(2)/0.51(1)/
mogravimetry: circles, observed values; squares, Rietveld-refined 0.62(3)/0.48(2)/0.98(2)/0.46(5), respectively. The maximum
values. population of a site close to tHienmamirror plane () is 4/uc.
first one, a series of samples, termed hyd_1 HT, are examinedTo avoid, as much as possible, split sites and undesired structural
in situ. Under this protocol a single sample is packed into an correlations, thg-coordinates of the water molecules that are
open quartz capillary and mounted on the temperature- andclose tom are fixed to'/4, and their maximum population to 4
atmosphere-controlling equipment assembled at the SNBL. Frommolecules/uc. Experimental details and final refined atomic
room temperature (28C), the temperature is progressively coordinates for the Si and O atoms are reported in Tables 2
ramped up, in 50C increments, to several plateaus (i.e., 50, and 3, respectively. Coordinates of the Cs cations and water
100, 150, 200, 250, 300, and exceptionnally, 3 and molecules are reported separately in Table 4. The thermal
maintained there for at least 20 min before a diffraction pattern parameters for the Si, O, and Cs atoms are those given in ref 1.
is collected. Dehydration equilibrium is considered as achieved For the water molecules, the global thermal parameter is fixed
when the intensity of the first intense diffraction peak is constant. atUiso = 0.125 &. A detailed diagram of the refined oz
In a second series, termed hyd_2 RT, the samples are characteMFI-28H,0 crystal structure is given in Figure 4. The ellipticity
ized ex situ. According to this protocol, eight glass capillaries (ratio between the longer and the shorter-O diameters of
are filled with Cs gHo aMFI-28H,0 and progressively preheated the elliptic channel section) of the straight channel pore opening
in a small furnace. At selected temperatufe$45, 63, 85,109,  ise = 1.164.
136, 176, 225, and 28L), one capillary after the other is then Figure 5 gives a schematic view of theg@do saMFI-28H,0
sealed, one at a time, slowly cooled to ambient temperature, structure, where the connections between the Cs cations and
and stored afterward for at least 1 week prior to data collection. the water molecules are highlighted. The three Cs cations and
Under these preparation conditions, the exact water/uc contentthe six water molecules form three interconnected GS{H
does not correspond to that predicted from interpolation of the clusters and one (), cluster in the MFI channel system: Cs2-
preheating temperaturel4) on the thermogravimetry curve (H»O)s centered atx/y/z ~ —0.018/0.146/0.546 (midway
(Figure 1). Indeed, the time gap between removal of the capillary between the intersection, site I, and the straight channels, site
from the furnace and its sealing (safety matckbpoxy adhesive) ), Cs1(HxO), centered at~0.056/0.240/0.889 (the zigzag
as well as the unavoidable dead volume in the capillary after channel openings), Cs3§8), centered at-0.228/0.25/0.899
sealing are not negligible. And, of course, the actual water/uc (in the zigzag channel, site Il), and the,®), cluster (in the
contents are known only after the structure refinements. The zigzag channel) bonded to Cs1 and Ow1@ and Cs3(HO),
diffraction measurements for these ex situ samples, correspondexclude each other. The Cs2(®)s clusters are connected
ing to the hyd_2 RT series, were also performed at the SNBL, through weak Ow5-Ow5 = 2.88(5)A hydrogen-bonded water
using synchrotron radiation with = 0.79991 A. molecules and form polymeric chains in the straight channel
To obtain the hydrated H-form corresponding to the s s b-axis direction. All these clusters share one or more water
MFI1-28H,0 phase, its parent zeolite (in the as-is Na-MFI form) molecules. The environments of the cations and water molecules
is at first repeatedly NiHdexchanged in 0.2 M ammonium nitrate  are reported in Table 5. In the dehydrated &+ saMFI form
solutions. After thermal calcination at 53C and total rehy- the shortest CsO distances between the cations and the
dration, the resulting kbMFI-38H,0 phase is investigated at  framework oxygen atoms are 3.37(1)/3.33(5)/3.34(8)/3.08 A for
room temperature by X-ray powder diffraction (K radiation, Cs1/Cs2/Cs3/Cs3respectively. In the hydrated form, only Cs1
Panalytical X'Pert Pro MPD diffractometer, X'Celerator Pana- has short Cs3026 = 3.35(2) A and Cs1017 = 3.38(1) A
lytical detector). distances. The Cs2 and Cs3 cations have moved from their
The computer simulation method (molecular mechanics locations in the dehydrated phase (by 1.74 and 0.4 A, respec-
(MM)) used for predicting the water locations in the actual tively) to form the Cs2(HO)s and Cs3(HO), clusters. The
evacuated GsHo sMFI structure and in a hypothetical, strictly  cation locations in the dehydrated and the fully hydrated phases
cationless MFI phase presenting the identical framework are compared in Figure 6: After hydration of thes@do sMFI
structure (maximum possible water loadings in a cationless phase, the C$2znd Cs3cations are replaced by the Ow5 and
framework) is detailed in ref 1. The potential parameters of the Ow2 molecules, respectively. The Cs2 cation, which is the most
Cs" cations and of the T(Si,Al),0 atoms are those used hydrated one (coordinating five water molecules), relocates
previously in the MFI structure, and those of the water toward the center of the intersection (a 1.74 A shift), and all its
molecules are given in ref 22. former interactions with the framework are dramatically weak-
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Figure 2. Three-dimensional DF maps showing the extraframework species in (a) the dehydrageld &1 and (b) the hydrated GgHo s
MFI-28H,0 phases.

T w00 TABLE 2: Experimental and Selected Crystallographic
12000 - Parameters for the Cs ¢Ho sMFI -28H,0 Phase at Room
3000 Temperature (28 °C)
f0004 chemical formula CissHo.2Al 6.9Sig0.10102 28H,0
1 space group Pnma
& 8000 1000 powder diffractometer SNBL BM01B beam-line,
g 1 i ‘ custom-built, 6 detectors
>. 6000 * ) with Si (111) monochromators
g I ol EXWe&O scan range (@, deg) 1.524-32.66
8 4000 woMoeowomomoamom @ profile function U, V, W,5) pseudo-Voigt (4 parameters)
= ] J wavelengths (A) 0.69918yd_J and 0.79991Kyd_22
2000 - step size (2, deg) 0.004
J counting time per step (s) 1
P i ' no. background points 53
(linear interpolation)
4 5 8 7 8 o 10 1 12 no. of data points 7785
o no. of contributing 1527
2 xtheta () reflections bki)
Figure 3. X-ray diffraction pattern of the fully hydrated €g40.sMFI+ no. of refined structural 162
28H,0 phase at room temperature: calculated (upper trace), observed parameters
(middle trace), and difference (lower trace) profiles. a(A) 20.0592(2)
b (A) 19.9411(2)
ened. Cs3 has moveeD.4 A from its location in the dehydrated ¢ (A) . 13.4300(2)
zeolite (the Cs3020= 3.34(8) A distance in GsHoMFI is Ry/Rup/Re/R(F?) (%) A 4.16/5.40/4.00/8.57
. A in the hvdrated hase). SI—_O/O"_'O restraints (A)  1.59/2.60<ideal Ty)
now 3.72(1) A'in Yy p refined Si-O range (A) 1.56%#1.618 fmean 1.598
3.2. Dehydration of the CggHodMFI -28H,0 Phase As N-P+C 7340
Observed In Situ at Increasing Temperatures (28-281°C). Sawpc:e;empgéatureﬁ) 28, 50, 100, 150, 200, 250, 300, 375
yd_1 seri

The experimental conditions for the.data collection of.the heating conditions ambient pressure, regulated hot air gun
dehydrated GgsHo MFI-28H;0 phases in the hyd_1 HT series | oheateq samplesi(°C) 45, 63, 85, 109, 136, 176, 225, 281

and the methods of crystal structure refinement are described’ hyq 2 series

in sections 2 and 3.1, respectively. Figure 1 shows the (T,°C) (34, 40, 50, 67, 100, 150, 164, 178)
thermogravimetric curve corresponding to the dehydration of
Cs.6HoaMFI1-28H,0. It is evident from the curve that the
differences between experimental and refined water/uc loadingsand 7b, the (Cs2+ C2)/uc and (Cs3+ Cs3)/uc values

are rather small{1 H,0O). Figure 7a represents the evolutions, corresponding to the dehydrateds@do IMFI phase are merged

at increasing temperature, of the individual Cs/uc populations into Cs2 and Cs3, respectively. The refined individual Cs/uc
as a function of total Cs/uc content as obtained after the and water/uc values in the hyd_1 HT series are reported in Table
Rietveld-type structure refinements. In this figure, the first and 6, and the unit-cell parameters and straight channel ellipticities
the last data points correspond to the hydrated phase & 28 (¢) in Table 7. The evolutions of the individual Cs/uc and water/
section 3.1) and the dehydrated phase at 460(ref 1), uc contents as a function of total water fillings are given in
respectively. Figure 7b shows the corresponding population for Figures 8 and 9.

the dehydrated phase (ref 1). As already mentioned (section 3.1), 3.3. Dehydration of the Cgg¢Ho3MFI -28H,0O Phase As

in the hydrated GsHo sMFI-28H,0 zeolite, the Cs2and Cs3 Observed Ex Situ at Room Temperature (26 C). Interpreta-
cation species have vanished; therefore, to compare Figures 7dion of the eight powder diffraction patterns corresponding to

aSee Experimental Section.
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TABLE 3: CsggHosMFI -28H,0 at Room Temperature (28 - Q
°C)?2 3 ,

atom X y z

T1 0.4239(2) 0.0594(2) —0.3430(3)

T2 0.3060(2) 0.0329(2) —0.1989(3)

T3 0.2814(2) 0.0594(2) 0.0231(3)

T4 0.1227(2) 0.0623(2) 0.0176(3)

T5 0.0706(2) 0.0315(2) —0.1968(3)

T6 0.1834(2) 0.0600(2) —0.3355(3)

T7 0.4214(2) —-0.1721(2) —0.3352(3)

T8 0.3059(2) ~0.1266(2) —0.1909(3)

T9 0.2769(2) —0.1720(2) 0.0247(3)

T10 0.1890(2) —0.1732(2) 0.0207(3)

T11 0.0681(2) —0.1313(2) —0.1933(3)

T12 0.1855(2) —0.1714(2) —0.3278(3)

o1 0.3687(3) 0.0601(4) —0.2581(5)

02 0.3076(4) 0.0598(4) —0.0879(3)

03 0.2017(1) 0.0584(4) 0.0233(6)

04 0.1001(4) 0.0594(4) —0.0954(3)

05 0.1114(2) 0.0557(4) —0.2889(4)

06 0.2397(3) 0.0542(4) —0.2544(5)

o7 0.3686(3) —0.1558(4) —0.2490(5)

08 0.3062(4) —0.1506(4) —0.0788(3)

09 0.1976(2) —0.1591(4) 0.0264(6)

010 0.0938(4) —0.1583(4) —0.0890(3)

011 0.1131(3) —0.1566(4) —0.2828(5)

012 0.2398(3) —0.1505(4) —0.2462(5)

013 0.3096(4) —0.0469(1) —0.1912(6) _ C

014 0.0726(4) —0.0501(1) —0.1917(6) ) ) o )

015 0.4206(3) 0.1287(3) —0.4020(5) Figure 4. Detail of the Cg¢Ho sMFI-28H,0 crystal structure showing
016 0.4082(4) 0.0001(3) —0.4207(5) the extraframewotk cesium cations (Csl, Cs2, and Cs3) and the six
017 0.4032(4) —0.1304(3) —0.4322(4) water molecules (1, 2, 3, 4, 5, and 6). The sites corresponding to the
018 0.1883(4) 0.1312(3) —0.3887(5) Cs3 cation and Ow6 are not occupied simultaneously.

019 0.1916(4) 0.0022(3) —0.4155(5)

020 0.1965(4) —0.1281(3) —0.4247(4) , , ) ,

021 —0.0051(2) 0.0526(4) —0.2051(5) from simple interpolation on the thermogravimetry (TG) curve
022 —0.0071(2) —0.1525(4) —0.2066(5) (Figure 1). It is the structure refinements that finally yield the
023 0.4192(6) —0.25 ~0.3594(8) actual total water/uc contents. By comparing them with the TG
024 0.1925(6) —0.25 —0.3531(8) . - BY P . 9 .

025 0.2899(6) ~0.25 0.0425(8) curve, one can estimate the corresponding equivalent temper-
026 0.1047(6) —0.25 0.0466(8) ature (labeled a3, in Tables 8 and 9).

aFor the Cs and water coordinates see Table 4. The T and O . .
framework sites are fully occupiedliso (A2) of T/O = 0.0168(38)/ 4. Results from Computer Simulations of Water

0.024(9). Locations

TABLE 4: Comparison between the Refined and Simulated In a previous simulation (ref 1) we have shown that the

Cs and Water Positions in the CggHoaMFI -28H,0 Crystal locations of the Cscations in the totally dehydrated &#lo. s

Structure MFI phase could be correctly simulated. In this same simulation
refined atom/ simulated a _sixt_h site was also pr_edicte(_j for cesium. It now appears that

atom X y z uc X y Z this site ought to be attributed instead to the terminal Ow3 water

Csl  0.0561(4) 02405(12) 0.8867(5) 279  0.0561 02405 0%6867 mplecule, located plose tq the center of thg channel intersection
Cs2 —0.0183(4) 0.1464(3) 0.5462(5) 3.40-0.0183 0.1464 0.5462 (site I). As related in section 3.1, the locations of the Cs1, Cs2,

Cs3  0.2277(7) 0.25 0.8987(15) 0.41  0.2277 0.25 0.8987 and Cs3 species in the hydrateds @4 sMFI-28H,0 zeolite
o _8-22822‘5‘3 925 8?8%25?7) “‘&‘3 00533 0.2419 0.7436  are very similar to some of those in the dehydrated one.

wz —0. . . —0. . . . . . .
Oow3  0.0379(13) 0.25 0.4188(15) 4(f)  0.0182 0.2511 0.4006 N the present simulation, the positions of the cations are held
Oow4 0.1498(5) 0.25 0.7169(10) 4(f)  0.0685 0.2515 0.6075 fixed, and only the locations of the water molecules are

Ow5  0.0296(11)—0.0025(5) 0.4024(9) 8(f) 0.0406 0.0507 0.4199  optimized by energy minimization as a function of increased
Owé 0.2277(7) 0.1780(4) 0.8987(f) 4(f)  0.1432 0.1838 0.7807 |\ aiaric loadings

2 Fixed.? Predicted as a possible sixth Cs cation in ref 1. For Owl/  4.1. CggHosMFI-28H,0 Phase. The starting structural
Ow2/0w3/Ow4/Ow5 and Ow6 the distances (A) between the refined model used to predict the locations of the water molecules in
and thg simulateg water locations are 1.1/0.7/0.5/2.2/0.9/2.3 A, the presence of the cesium cations corresponds to a spherical
respectively Uso (A%) of Cs/Ow= 0.143(40)/0.13(1). moiety (20 A radius) of the actual ggHosMFI framework.

. o prevent the energy-minimized water molecules from escaping
the room temperature hyd_2 RT series (preheated and sealeGhe giryctural model, the outer openings of all the channel

samples) is given in sectllon 3.1. The refined Qs/uc and water/ gactions are blocked by crystallographically equivalent Cs
uc populations are given in Table 8, and the unit-cell parameterscations. In the simulation, the water molecules are added one
and the straight channel ellipticities:)(in Table 9. The [y one, and their locations are alternatively optimized, at
evolutions of the individual Cs/uc and water/uc concentrations increasing water contents. Only six plausible water sites are
versus total water loadings are represented in Figures 10 andsimulated. Adding a seventh water molecule led to convergence
11, respectively. As described in the Experimental Section, the toward chemically unrealistic Cavater or waterwater dis-
samples corresponding to the hyd_2 RT series are obtained bytances. Overall agreement between these computer-simulated
preheating them at several temperatufig$ &nd cooling them  water locations and those obtained from the structural refine-
prior to the diffraction measurement. The actual water/uc ments is fair to good, as judged from a numerical (Table 4)
contents in the sealed samples cannot be precisely predictecand a graphical (Figure 12) comparison. For some of the
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water molecules/unit-cell

hydration (%)

Figure 5. (a) Schematic view of the GgHo sMFI-28H,0 crystal structure showing the Cs%(®), (in the intersection, close to the zigzag channel
opening), Cs2(kKD)s (close to the straight channel opening), Cs&M (in the intersection zigzag channel), and.@) (in the zigzag channel)

clusters. (Only CsO bonds corresponding to the first coordination sphere are represented.xGp3hd (HO), are mutually exclusive. 3t is a

terminal water molecule that is not bonded to any of the other clusters. (b) Insert showing the MFI-type channel system and the labeling of the three
characteristic I, Il, and Ill absorption sites. (c) Clusters existing at five water loadings. The same color scheme applies to spherical atems in part
a and c: green, yellow, brown, light gray, and cyan for Cs2, Cs1, Cs3, water oxygen, and hydrogen, respectively.

simulated water sites, the distances between calculated andnly 4 H,0O/uc?® To estimate, by computer simulation, the
refined positions are rather important: 1.1/0.7/0.5/2.2/0.9/ 2.3 maximum water sorption capacity of a strictly cationless MFI-
A for Ow1/0w2/0w3/0w4/0Ow5/0w6, respectively. Such dis- type zeolite, which has the framework structure of &k s
crepancies, however, are not unusual in computer simulationspr| (a purely hypothetical zeolitic material), we progressively
using simple MM interaction models. These often neglect fjjed it with several independent water molecules. The highest
possible specific waterwater and/or waterframework oxygen  yater/uc content attained in our simulation is 483uc, which

:‘nteratt:_tionsf as, f_or instan_ce,l glyd(;ogt;r;] bl\c;IrI:/cljS O(; ?Veﬂ_ tEeis very close to the experimentally observed vatdébut far
ormation of genuine chemicaj bonds. The model, WHICh ¢om a recently reported value (60,8/ucf® obtained by

is of the van der Waals type, is best suited for predicting starting . . ) ’ .
refinement models, essentially based on geometric sp.alce-filling_compUter simulations. The atomic coordmatgs qf the nine
considerations, and this is also what we use our simulations ndependent water molecules and a schematic view of their
for. distribution in the MFI channel system are given in Table 10

4.2. Idealized Cationless GssHo sMFI Phase. Recently, it and Figure 13, respectively. The water molecules form poly-
has been shown that at high pressure the water sorption capacityneric chains constituted by corner- and base-sharing tetrahedra
of a silicalite sample (a purely silicic MFI-type zeolite with Si/  running in thea-axis direction; these chains are interconnected
Al > 5000) is about 47 pD/uc?324Under normal atmospheric  through the straight channels (in thexis direction) by dimeric
pressure conditions, the highly hydrophobic silicalite adsorbs (H,0), bridges.
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TABLE 5: Selected Cation-to-Framework-Anion Bonds and

—
-]
Cr—

Cation—Water, Water —Water, and Water—Framework 407
Distances (A) in the Cg¢gHo MFI -28H,0 Phase at 28°C? 35| o
atom pair distance atompair distance  atom pair  distance e
3.0 Teo—g. e
Cs1-015 3.52(1) Cs2021 3.84(2) Cs3024 3.70(2) o —e—0 o — &
Cs1-017 3.391) Cs2-05  3.86(2) Cs3020 3.72(1) § 2.5
Cs1-023 3.45(1) °
Cs1-026 3.352) 5 207
Cs1-04 3.72(1 = A
@) E 157 A A—A A
Csl-Owl 2.863) Cs2-Owl 2.862) Cs3-Ow2 2.823) = a &
Csl-Ow4 2.96(3) Cs20w3 2.91(2) Cs3-Ow4  2.90(3) 1.07
Cs1-Ow6 3.66(3) Cs20w5 2.96(3) /‘
Cs1-Ow6 3.81(3) Cs20w2 3.99(3) 051 &
Cs2-0w5s® 3.67(3) 00
Ow1l—-0w2 3.01(4) Ow2-Ow6 3.16(4)x 2 Ow4—O0w6 3.23(3)x 2 0 50 100 150 200 250 300 350 400 450
Owl-Ow3 3.74(3) Ow5-Ow5 2.8§5) Ow6-0w6 2.875) (b) T Q)
Ow2—-026 3.45(3) Ow307 3.48(2) Ow4O018 2.872) 407
Ow4—025 2.643) 351
Ow5-01 3.18(3) Owe-02 2.863) T ..
ows—-02 3.46(3) Owe-03  2.96(3) Z 307 o _ e—— ®
Ow5-05 3.38(3) Owe-04  3.49(3) s 1 = ¢
Ow5—021 2.873) Ow6-06  3.22(3) 3 2]
Ow6—020 2.99(3) & 201
The Shortest Cation-framework or CatioWater Distances Are in 2 1 A A —aA
Bold Characters, and the Most Probable Hydrogen Bonds Are in Italics § 15'_ A— A
aOnly distances less than 3.85 A for ©8/0w-Ow and 3.50 A for G o
Ow-O are given® Ow5 is the symmetry-related Ow5 site (through 2 e
the inversion center). 8 o5
(') \3 (h) w 0.0 T T ¥ T T T ¥ T ¥ T T T ¥ T T T T T 1
0 50 100 150 200 250 300 350 400 450
—f X T(C)
— }, 2\« Yo _H\/ } /\\f’ Figure 7. Populations of Cs sites as a function of temperature (a) in
\ . hydrated CgseHo.sMFI-nH,0 and (b) in dehydrated €840 aMFI phases
a- 'j)\ (see ref 1): squares, Csl; circles, Cs2 (hydrated) or €s€s2
/\ “& ., (dehydrated); triangles, Cs3 (hydrated) or Gs8s3 (dehydrated). In
g _p both cases the total Cs/uc amounts to 6.6.
A "\ “‘\' S -"’\ ”‘\ TABLE 6: Individual Cation and Water Populations (uc) in
. he hyd_1 HT Seri
Flgure 6. Cs cations (a) in Q,%HOGMFI and (b) in CggHosMFI- the hyd_ Series
28H,0. T total
(°C) Csl Cs2 Cs3water Owl Ow2 Ow3 Ow4 Ow5 Owé y(Cs2)
5. Discussion 28 2.79 340 041 28 4 4 4 4 8 4 0.1464(3)

. . 50 258 323 0.79 22 4 4 4 57 0 0.1444(3
By comparing the present fully hydrated phase with the 109 551 295 110 14 13 3 4 3 0 0_1435((3;

4
3
dehydrated phase studied previoushlso investigated at room 150 2.48 2.88 1.22 66 05 1 0 29 22 0 0.0884(3)
temperature, we notice that hydration leads to the relocation of 200 2.41 2.71 146 15 0 01 0 14 0 0 0.0803(3)

only a few cations and that this migration must be attributed to 258 g'jg ggé i'gg 8 8'8223(2)
the newly arising cationwater (a polar sorbate) interactions. 375 535 274 153 o0 0:07218
This cation relocation concerns only Cs2 and Cs3; Csiots ) o

shifted (maximum observed shif0.24 A). This can be 2The esd's on the individual Cs/uc and water/uc contents are

: ) : . lly 0.02 1 ly.
interpreted by assuming that of all the cations Cs1 is the onetyplca y 0.02 and 0.1, respectively

most involved in short Csframework interactions. In other  T12 for Si/Al substitutior?? In the following sections, the results
words, this cationic site, bonded to the 017, 023, and 026 obtained by investigating the crystal structure of & sMFI-
framework oxygen atoms, which in turn are bonded to possible 28H,0, will be generalized to the study of the structural
Al-substituted Si T-sites, i.e., Si# Si7, Si4x 2, and Si10x evolution of increasingly dehydrated phases measured either at
2, is proposed as a model for a potentially specific site in progressively increased temperatures 8 < 375 °C; the
electric-field gradient (EFG) calculatiofsThis site is shown hyd_1 HT series) or at room temperature®@6the hyd_2 RT

in Figure 5a by the small yellow circle labeled 1 (in the hydrated series), after preheating.

phase). The same site, which is comparable in both the 5.1. Comparison of hyd_1 HT and hyd_2 RT Series5.1.1.
dehydrated and the hydrated phases, is sketched in Figure 14Evolution of the Indiidual Cs/uc Populationsersus Total

In the case of Cu(hZSM-5 exchanged MFI-type materials, a Water LoadingsFigures 8 and 10 show the evolution of the
similar site, labeled Z6(T10) (Al substituting Sil0 of6ering individual Cs/uc populations as a function of total water
in the zigzag channel) or 6T(F/T11-T10-T10-T11-T7), molecules/uc contents. The Cs populations are evidently highly
is calculated by computer simulations for the location of the temperature dependent. In the hyd_1 HT series, the evolutions
highly reactive Cti ion2728n the case of a silver-exchanged of the individual Cs/uc as a function of total Cs/uc in the<0
AgT—ZSM-5 phase, an embedded quantum cluster model water/uc< 28 range are as follows: Cs1/uc increases from 2.35
simulation predicts that the T7 site is a better candidate thanto 2.79, Cs2/uc increases from 2.74 to 3.40, and Cs3/uc
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TABLE 7: Unit-Cell Parameters (A), Ellipticities ( €), and
R(F?)% in the hyd_1 HT Series

Mentzen et al.

TABLE 8: Individual Cation and Water Populations (uc) in
the hyd_2 RT Serie$

T
(°C) a b c € R(F2)%
28 20.0592(2) 19.9411(2) 13.4300(1) 1.164 8.6
50 20.0553(2) 19.9457(2) 13.4260(1) 1.179 7.6
100 20.0498(2) 19.9465(2) 13.4217(1) 1.182 8.3
150 20.0496(2) 19.9455(2) 13.4173(1) 1.145 7.2
200 20.0583(2) 19.9456(2) 13.4130(1) 1.130 7.4
250 20.0698(2) 19.9443(2) 13.4111(1) 1.120 6.1
300 20.0792(2) 19.9437(2) 13.4106(1) 1.088 6.7
375 20.0853(2) 19.9395(2) 13.4085(1) 1.076 6.7
450 20.0861(2) 19.9381(2) 13.4069(1) 1.065 24.6
aValues from ref 1.
4.0+
3.5 cu2 o e
s e
g 3.0 - —
w 1 -
S 251
3 1 _ Cs1
21§ 5 .
= T - 2 8
3 154 A = =
3 10l A A g
£ YT T 7 o
1 Cs3 —A___ <
0.54 —A
0.0 T T T T T T T T T T T T T T T 1
0 4 8 12 16 20 24 28

water molecules/unit-cell

total
T; T, Csl Cs2 Cs3water Owl Ow2 Ow3 Ow4 Ow5 Owe6 y(Cs2)

26 2627333405328 4 4 4 4 8 4 0.1438(3)

45 34248358054 2554 4 4 4 75 2 0.1475(3)

63 40260344055 2414 4 4 4 69 1.20.1463(3)

85 50284312063 218 364 4 4 62 0 0.1438(3)
109 67 3.06 2.880.66 186 18 4 4 33 55 0 0.1422(3)
136 100 3.52 2.250.83 13.7 03 26 4 20 48 0 0.1307(3)
176 150 3.07 2.50 1.02 10.0 O 1.0 38 1.0 42 0 0.1017(3)
225164290260110 52 0 O 21 10 3.1 0 0.0899(3)
281178278268114 30 0 O 05 05 20 0 0.0891(3)

28 28 2.612.66 133 0 0.0586(3)

aT, is the temperature of the heated sample before sealing
(Experimental Section); is the actual equivalent temperature at which
the sample has been heated (interpolation from the TG curve in Figure
1). Temperatures are give fi€. ® From ref 1.

TABLE 9: Unit-Cell Parameters (A), Ellipticities ( €), and
R(F%)% in the hyd_2 RT Series (at 26°C)

T2

(°C) a b c € R(F?)%
26 20.0596(2) 19.9415(2) 13.4303(1) 1.164 7.5
34 20.0661(2) 19.9387(2) 13.4328(1) 1.150 9.7
40 20.0571(2) 19.9371(2) 13.4288(1) 1.182 7.0
50 20.0408(2) 19.9369(2) 13.4201(1) 1.189 6.5
67 20.0274(2) 19.9364(2) 13.4146(1) 1.216 6.7

100 20.0035(2) 19.9285(2) 13.4038(1) 1.223 7.8

150 20.0007(2) 19.9287(2) 13.4004(1) 1.230 8.2

164 19.9915(2) 19.9330(2) 13.3892(1) 1.211 6.8

178 19.9868(2) 19.9322(2) 13.3857(1) 1.215 6.7
28 19.9933(3) 19.9367(2) 13.3873(2) 1.218 4.6

Figure 8. Populations of the Cs sites vs temperature of the individual
Cs/uc concentrations versus total water/uc loadings in the hyd_1HT
series. The values in parentheses correspond to the sample temperatur
Total Cs/uc= 6.6.

aSee Table 8 for this equivalent temperatrErom ref 1.
4.0~

3.5 Cs1 m
(28°C)

3.0 1

2.5
2.0

1.5

P (28)

individual Cs cations/uc
* (178

1.0 A

0.5 1

individual water/uc

0.0 T T T T T T T T T T T T T T T

0 4 8 12 16 20
total water molecules/unit-cell

Figure 10. Population of the Cs sites vs temperature of the individual
Cs/uc concentrations versus total water/uc loadings in the hyd_2 RT
(26 °C) series. The values in parentheses correspond to equivalent
temperatures interpolated from the TG curve in Figure 1 (section 3.1).

Total Cs/uc= 6.6.

total water molecules/uc

Figure 9. Populations of the individual water molecules/uc vs total
water/uc at increasing temperatures (the hyd_1 HT series).

Ow6 molecule, which appears only at the end of the hydration
decreases drastically from 1.53 to 0.41 (a 373% decrease). Inprocess (at-22 water/uc, 79% hydration), partially displaces
the hyd_2 RT series Cs1/uc increases from 2.61 to 3.52 (at 50%the Cs3 cation from its site, triggering a cation relocation toward
hydration) and then decreases from 3.52 to 2.73; Cs2/ucthe more populated Csl and Cs2 locations.
decreases from 2.66 to 2.25 (at 50% hydration) and then 5.1.2. Bolution of the Indiidual Water/uc Populations
increases from 2.25 to 3.58, whereas Cs3/uc decreases steadilyersus Total Water Loadingd=igures 9 and 11 depict the
from 1.33 to 0.53 (a 251% decrease). In the hyd_2 RT series, evolution of the individual water/uc populations versus total
the unexpected inversion in the Cs1/uc and Cs2/uc curves (closewvater/uc fillings. These figures clearly show that at lower water
to 14 water/uc at~50% hydration) is obviously related to the loads the hydration mechanisms in both hyd_1 HT and hyd_2
complexity of the investigated hydration mechanism (see the RT series are strikingly different. To the best of our knowledge,
following section). In both series, the Cs3/uc contents decreasethe present work is the first example that unmistakably reveals
dramatically with increasing water fillings. It seems that the the drastic influence of the measurement environment on results
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individual water molecules/uc

1
12 16
total water/uc

Figure 11. Populations of the individual water molecules/uc vs total
water/uc at room temperature (the hyd_2 RT series).

(a)

Figure 12. Comparison of the Cs locations (a) obtained by structure
refinements and (b) by computer simulations. Upper drawings: Projec-
tion down the [001] directiorrfor the sake of clarity, only half of the

Cs and water sites in the straight channel are represented. Lower
drawings: Projection down the [010] direction.

(b)

TABLE 10: Atomic Coordinates of the Simulated Water
Molecules in a Cationless MFI Framework

atom X y z occ/uc site locatich

Owl 0.168 0.313 0.819 8 lla

ow2 0.039 0.245 0.882 4 —lla

ow3 0.034 0.259 0.423 4 la

Oow4 -0.063 0.175 0.551 8 allll

ows 0.343 0.250 0.855 4 b

owé 0.015 0.078 0.471 8 1

ow7 0.053 0.248 0.633 4 Ib

ows -0.064 0.225 0.729 4 Ic

Oow9 0.188 0.239 0.982 4 Ib

2 Sites I/1l and 11l for the intersection, the zigzag channel, and the
straight channel, respectively—Il and I-Ill are intermediate sites.

la, b, and Ic are three sites located in the channel intersection.

from structural determinations of hydration mechanisms. Al- w.

J. Phys. Chem. B, Vol. 110, No. 28, 20063749

Figure 13. Schematic view of the locations of the nine independent
water molecules in a hypothetical MFI-type material crystallizing with
the framework structure corresponding to a strictly cationlesgHes-

MFI zeolite.

comparison of the Cs@), and (HO), clusters mentioned in
section 3.1 with the data reported in Figures 5 and 10 and in
Table 9, hydration of the GgHo sMFI-28H,0 phase proceeds

as shown in Table 11. According to this mechanism, it is not
unlikely that in the actual hydration process (presumably also
for rehydration) the very first Cs2@®), cluster forms in the
straight channel sections, which explains why these channels
deform elliptically already in the first hydration steps (Tables
8 and 9). With increasing water/uc load, the Cs2 cation becomes
progressively hydrated and forms a complete cluster series,
ranging from Cs2(k0), to Cs2(HO)s. In the last cluster, three
water molecules belong to the first coordination sphere (Ow1,
Ow3, Ow5), while the two remaining water molecules belong
to the second sphere (Ow2, Owb5lable 5). During this
hydration step, Cs2 migrates along theaxis direction, its
y-coordinate increasing frojm= 0.089 toy = 0.148 (Table 8),
which corresponds to-a1.2 A displacement toward the center

of the intersection (site I). The Cs1 and Cs3 cations do not
migrate appreciably. At complete hydration the straight channel
pore openings are significantly elliptical (1.¥5¢ < 1.23). This
unusual structural response of the framework has already been
observed in MFI/sorbate complexes, where sorbed species were
located in or close to the straight charfigsorbate-induced
deformation). The formation of water clusters in MFI-type
materials has already been advanced. In a temperature-
programmed desorption experiment of aHSM-5 (Si/Al =

13) zeolite, it was suggested that dimerig(h, and tetrameric
(H20), water clusters were formeéd Another study suggested
that water and protons form neutral and ion-pair complexes in
H—ZSM-5 phase$§? Although, in the present work, the ex-
changed cation is Cqrather than a proton), our results support
some of the hypotheses reported in refs 27 and 28, especially
in what concerns the formation of a {8), tetramer located in

the zigzag channel, with possible watevater and/or water
framework oxygen hydrogen bonds (Table 5).

5.2. Maximum Possible Water Loading in H-MFI: The
Crystal Structure of HgoMFI-38H,O. The water sorption
capacities of the Cs-exchangeds@dosMFI phase and of its
hypothetical cationless analogue are 28 (section 3.1) and 48
H.O/uc (section 4), respectively. This implies that a €ation
occupies the same space a8 water molecules. A similar
answer {2.3) can be obtained when one computes the cation/
ater volume ratio from the kinetic volumes of the'Gsation

though the hyd_2 RT series does not correspond to an actualand of the water molecule, which are close to 21 and39 A
rehydration process, it can be assumed that this series is muchiespectively. Does this mean that a water content higher than

closer to such a process than the hyd_1 HT series. By

28 H,O/uc can be attained in an H-MFI material? To find out
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Figure 14. A potential acid site in ZSM-5, environment of the Cs1 cation in both (a) hydrategHegVIFI-28H,0 and (b) dehydrated €gHo s

MFI (ref 1) phases.

TABLE 11: Cs(H;0), and (H;O), Clusters Appearing
during the Hydration Process of Cg ¢HosMFI at Room
Temperature (26 °C)

water/uc range Cs(#D), and (HO), clusters
0-5.2 Cs2(HO), + Cs1(H0) + Cs3(H0)

5.2-10 Cs2(HO)s + Cs1(H0) + Cs3(HO)

10-13.7 Cs2(HO)s + Cs1(HO), + Cs3(HO),
13.7-21.8 Cs2(HO)s + Cs1(HO), + Cs3(HO).

21.8-28 Cs2(HO)s + Cs1(HO), + Cs3(HO)s + (H20)

the maximum possible water contergxperimentally-we
calcined the totally ammonium-exchanged parent JNEFI

MFI phases the ellipticities of the straight channel D10R sections
are also rather pronounced (Tables 7 and 9). Surprisingly, in
Hg dMFI-38H,0 the ellipticity of the straight channel pore
openings has almost vanished= 1.079), and this value is
now close to that observed in a purely siliceous silicakte=(
1.077 and 1.071, monoclin2,/n-1-1 framework symmetryj3

This experimental result is remarkable for what it reveals. It
points to the origin of the flexibility of the MFI-type framework,
i.e., the presence of large cations (as in dehydratett Cs
exchanged MFI phasksr in Rb"™-, K™, and Ti"-exchanged
MFI phase®), of hydrated Cs cations (formation of Cs(®),

zeolite. The resulting H-MFI phase was shown to adsorb 38 clusters), or of tight-fitting organic sorbates (e.g., benZéne,
H,0/uc as determined from the thermogravimetric dehydration P-Xylene3® or p-nitroaniliné®”) in or close to the straight channel
curve and the water uptake isotherm at normal pressure andl0-fing pore opening®. Data reported in Tables 7 and 9 and
temperature. This is rather far from the theoretically simulated in Table 8 of ref 1 support this claim convincingly. Although

48 H,0O/uc value. If we estimate the kinetic volume of a proton

in hydrated Cs-exchanged MFI-type materials ellipticity seem-

to be about 1.61 A(a sphere of diameter 1.45 A), then the 6.9 ingly decreases as dehydration progresses (Table 7, hyd_1 HT

protons occupy a volume of about (6:91.61)/9~ 1.2 water

series at increasing temperatures), this decrease is due entirely

molecules. For this reason, the protons are definitely not 0 thermal expansion of the framework. In progressively
responsible for the apparent loss in the water sorption capacity.dehydrated Cs-exchanged MFI material (hyd_2 RT series),
With seven independent water molecules, simulated and ex-measured at ambient temperature, the ellipticity actually in-

perimental, thermogravimetricJ@/uc saturation capacities are

very close. The structural refinement of the fMFI-38H,O

crystal structure gives a slightly different value, namely, 42(2)

creases to the value cited in ref 1, as the Cs cations shed their
hydration shell (Table 9).

Knowledge concerning the possible presence of elliptical

H,O/uc: The refined populations for the seven Ow1/Ow2/0Ow3/ straight and/or zigzag channel pore openings in MFI-type-host
Ow4/0Ow5/0w6/Ow7 water species are 3.8(2)/4.7(2)/2.1(2)/11.4- guest complexes is of paramount importance for predicting the
(4)/5.9(2)/8.7(2)/5.7(2), respectively. Given that the maximum possible location(s) of extraframework species. This knowledge

population of a water species close to thenirror plane § ~

can be obtained at the earlier stages of a structure refinéfént.

1, in the Pnmaspace group) is 4/uc, some of the refined For instance, (1) in the silicalite/4C£{tomplex3® no channel
populations must be constrained to 4/uc or 8/uc. As a conse-deformations are observed, and the molecule resides at the

qguence, the total water content decreases-36(2) HO/uc,

channel intersection (site 1), (2) in the silicalitpAtylene'!38

which is very close to the thermogravimetric value. The and silicalite/8benzerecomplexes only the straight channel
difference between the refined and the crystallographically sections (site Ill) are elliptical, and the molecules reside in (4
acceptable bD/uc values also stems from the facts that (1) the of the 8 benzene molecules/uc) or interact through (infinite
different water molecules are substantially disordered and (2) polymericp-xylene--p-xylene chains) the straight channels, (3)
the locally stabilizing cation/water interactions are absent in the in the silicalite/§-xylene comple$ both D10R channel sections
H-form zeolite. Some tables and figures corresponding to the are elliptical, and the molecules reside or interact in both channel

structure refinement of thedgdMFI-38H,0 phase are published

in the Supporting Information.
5.3. Ellipticity of the D10R Channel Openings.In highly

siliceous materials (silicalite, Si/At ~150) the pore openings

sections (4-xylene/uc in site Il and 4/uc in site 1ll), and (4) in
the silicalite/6benzene comp@only the zigzag channels are
elliptical: Two of the six benzene molecules reside in the zigzag
channel sections (site Il). All of this again underscores the

of the straight and/or zigzag channels become often markedlyimportance of having reliable and accurate crystal structural
elliptical when extraframework aromatic molecules have been information prior to carrying out any sensible computer simula-
sorbed. In the case of cation-exchanged ZSM-5 materials, it istion. A good case in point is the as-synthesized ZSM-5/

shown that in both the dehydrated and the hydrateghtdss

4tripropylbenzylammonium (P3BZY) complex. Given that the
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templating molecule (the structure-directing tripropylbenzylam- a channel intersection, a travel of nearly 6 A) nor any merging
monium ion) adopts several conformations in the MFI-type of cation positions on a single site are observed (as mostly
framework, it is indispensabtebefore attempting any computer  supposed in many theoretical simulatiorsee ref 43 and
simulation—to know where the terminal aromatiglds ring is references therein).

likely to reside. A partial structure refinement of the framework  (7) Do the locations of the extraframework species depend
structure in the ZSM-5/4P3BZY crystal (see ref 1 in the'Cs on the measuring conditionsPhe answer is definitely yes.
cation case) shows that only the straight channel 10-ring pore Concerning the dehydration and the hydration, this is illustrated
openings are significantly elliptic® (e = 1.134). Accordingly by the structural evolutions of the cations and the water
we expect the aromatic ring to be located in the straight channelmolecules in the hyd_1 HT and hyd_2 RT series. The answer

sections. to the third possibility, i.e., a hyd_3 RT series corresponding
to progressively rehydrated samples at room temperature, is not
6. Conclusions yet available. Investigation of such a rehydration process, which

is presently planned, is the only one strictly comparable to
experimental results obtained from hydration isotherms or high-
precision differential molar absorption calorimetfyt>
d (8) Is it possible to predict the locations of the sorbed water
molecules by computer simulationS?ystal structure investiga-
tions yield the positions of extraframework species from
experimental data on real materials. They thus deliver the
structural model closest to reality. Theoretical computer simula-
tions, nevertheless, also have their raisotird’ghey fill in the
. . gaps where there is no experimental data, and they also often
in a CsgMFI material. generate sound starting refinement models for guest positions

(2) Have we been able to do this for all degrees of cation j, the cavities, even in complex hegjuest zeolitic systems.
exchange®Presently, we have only been able to do this in the |, e present work, we have shown that the positions of water

case of the completely dehydrateddVIF| phases (ref 1). The  5ecyles in the hydrated phases are rather sensibly predicted.

results concerning the hydratedxmlﬂ Phases for th? 0.7 x (9) How is the framework symmetry and/or its flexibility

< 7.7 Csuc contents will be reported in a forthcoming sty 4ffected by the cations and/or the nature of the sorbed
(3) Are these Cs and #D locations and populations similar mgjeculesan our opinion, this is a point that will never be

in the hydrated, in the dehydrated, or in rehydrated phases? ,4roughly predicted by computer simulations. One of the major
This question is partially answered in the present work; the gpstacles is the widely observed existence of multiphase

definitive answer will be given elsewhefe. domains in MFI/sorbate systems, as, for instance, in the silicalite/
(4) What is the influence of temperatur&®e Cs and water p-xylene system for G< p-xylene/uc< 2 and 4< p-xylene/uc
Fiistributions depeqd strikingly on the measurement protocgl, < 8 loadings*6—48 And so the only possible way to obtain an
|.e.,_whether_ the diffraction measurements have k_)een_ Ca”'edunambiguous answer concerning the flexibility of an MFI-type
outin or ex situ. The complete dehydration mechanism is much framework is a crystal structure determination. Theoretical work
easier to establish in the case of the hyd 2 RT series. Increasingyeg|s usually only with short-range and/or local atomic relax-
temperatures provoke substantial cation and sorbate movementsytions in some restricted cluster-type framework moeities,
which have to be investigated for each particular zeolitic host/ focusing on specific interaction centers (e.g., cation, proton, Si
guest system. OH silanol group, or double bond). Furthermore, in most
(5) Where do the cations relocate to in the presence of sorbed theoretical investigations, the MFI-type structure model used
polar molecules?The relocations of the Cscations are seldom corresponds to an actual framework symmeftoy lack
controlled by both the temperature and the sorbed speci€s (H  of reliable experimental structural data. This unfortunate state
in our case). The Cs2 cation in the hydrated phases movesof affairs explains the overabundance of theoretical work
toward the center of the intersection. compared to experimental structural studies (e.g., 183 simula-
(6) Which are the migrating species: the cations, the sorbents, tions versus 12 experimental studies reported in ref 43) and why
or both? During the dehydration process, the answer is both. most of the computer simulations converge toward awkward
Nevertheless, only some cations move substantially. In the (for instance, a (gHs)- cluster located in the channel intersection
present work, it seems that the most mobile cation is Cs2. This of silicalite) or erroneous solutions (among others sorption at
cationic species is the one most involved in the overall hydration |ower fillings of benzene in the zigzag channels or sorption of
process. During the progressive hydration, this cation yields |inear alkanes in silicalite).
successively the Cs2(B),, Cs2(HO)s, Cs2(HO)s, and Cs2- Extension of our work to dehydrated and hydrated K-,
(H20)s clusters. The Csl/uc and Cs2/uc populations increaseRb'-, Ba?*-, and Céd*-exchanged MFI-type zeolites and to
progressively, while the Cs3/uc populations steadily decreaseNay, BaY, or BaX phases (FAU-type materials) will show if
(in the ~3/1 ratio). These results clearly show that in the case some of the conclusions mentioned above are valid generally

of the progressive absorption of a polar water molecule the or are applicable only to some particular cases.
cationic movements are mostly restricted to partial jumps (or

relocations) between the three ‘Csites, while some of their Acknowledgment. We thank the staff of the Swiss
relative populations may drastically change. Other examples, Norwegian Beam Lines for assistance. H.P.W. thanks the Swiss
illustrating such cation relocations in other microporous materi- National Science Foundation for steadfast support and the
als, are observed in some (Cs,Na)-exchangé-band X*ic Tisserand Foundation, Montricher, for a fellowship.

or in NaY*? faujasite-type zeolites, where thell’, Il, Ill, and

rarely | sites are mostly involved. Neither any continuous long  Supporting Information Available: Tables and figures for
distance cation migration (as, for instance, a cation migrating the H; gMFI-38H,O phase: atomic framework coordinates,
smoothly from a zigzag channel location toward the center of ORTEP drawing, and principal wateframework oxygen and

The present work is the first instance of a successful
determination of the dehydration mechanism in a hydrated,
cation-exchanged @gHo aMFI-28H,O zeolite from X-ray pow-
der diffraction pattern refinements. Some of the questions raise
in the Introduction have now an answer:

(1) Where are the Cs atoms located and what are their
relative populations for @eMFI phases, both hydrated and
dehydratedVe believe that we have been able to determine
successfully both locations and populations of the Cs cations
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water—water distances. This material is available free of charge
via the Internet at http://pubs.acs.org.
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