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The crystal structure of the selective Cs* ion exchanger Dy gHo4Ti2SiO7+D266H034015, known as crystalline silicotitanate
or CST, has been determined in both native (D—CST) and in the Cs*-exchanged forms ((Cs, D)-CST) from angle-
dispersive and time-of-flight neutron diffraction studies. The final fully exchange Cs* form transformed from D—CST
with unit cell parameters a = 11.0704(3) A ¢ = 11.8917(5) A and space group P4,/mbc, to one with a = 7.8902-
(1) A ¢ = 11.9051(4) A and space group P4,/mcm. Rietveld structure refinements of both D-CST and (Cs, D)-
CST suggest the transition, and ultimately the selectivity, is driven by changes in the positions of water molecules,
in response to the initial introduction of Cs*. The changes in water position appear to disrupt the D—0-0-D
dihedral associated with the CST framework in space group P4,/mbc which ultimately leads to the structural transition.
The new geometric arrangement of the water—deuteroxyl network in (Cs, D)—CST suggests that Dyater—Dgeuteroxyl
repulsion forced by Cs* exchange drives the structural transformation.

Introduction NaNQG;,'° and its resistance to crystalline deterioration by
both high radiation fields and high pk (2) solutions, make
H—CST a promising candidate for selective removal of Cs
from waste solutions. The targeted removal off Goom
solutions would reduce the overall solution activity and make
for safer long-term storage.

lon sequestration processes in crystalline molecular sieves
are inherently time and pathway dependent because the

Crystalline silicotitanates (CST) with the mineral sitinakite
topology-? along with the H-exchanged HCST) and Nb-
substituted form3,°> are being tested as possible ion
exchangers for the sequestration 8fCs and®°Sr from
radioactive nuclear waste solutiohs® The selectivity for
Cst, even in highly alkaline solutions of-47 M NaOH and
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structures of these materials often distort to accommodate
the exchanged ions (e.g., gismonding). The irreversibility
of Cs" exchange in CST is a consequence of the site-selective
exchange pathway that ultimately results in high affinity for
Cs".??2 The mechanisms and dynamics that control ion
diffusion processes in zeolitic molecular sieves have only
been studied recently with in situ diffraction techniqé&s®
These time-resolved X-ray diffraction (XRD) studies dem-
onstrated that the structural transformation which occur
during ion exchange serve to enhance the exchange capacity
and/or ion selectivity of the material. Diffraction techniques,
either X-ray or neutron, are well suited for studies involving
structural and chemical changes because both techniques _ _
probe the scattering effciencies of atoms, which are inter- 4\, 3! Sitie o DOST eined fom cure oy e
preted as atom type, and their positions within a unit cell. dash-dot box is the overlay of the (Cs,-B3ST unit cell. Heavy dashed
The work presented here includes well-characterized endlines in the Ie_ft 8MR chanr_)el are deuteron bonds from deuteroxyl and water
member structures, as these are an essential preredquisite ff2" 21 1 dashed Ines are deuteron bonds o Ou fo ramewor
successful Rietveld structure refinements of the time-resolvedobtain the (Cs, D}CST structure. Water deuterons of site Ow1 point toward
data because the latter necessar“y views a more ||m|tedthe center Of the 8MR. Lines B and A are the measured L/S ratio (1.53). Ti
region of reciprocal space. Also, the precision of crystal- (maroon), Si (blue), O (red). [Bf (gray).
lographic information obtained from structural analysis of
time-resolved data is further compromised by reduced
counting statistics, decreased peak-to-background ratios,
multiple phase components, and scattering from ion-exchange
media and the in situ cell. Such time-resolved studies
elucidate the mechanistic and dynamic nature of cation
diffusion processes in zeolites and zeolitic molecular sieves.
The CST material is synthesized in the Na form {Na
CST, NaTi,SiO;»2H,0),? and then H exchanged (HCST)
in preparation for Cs absorptior?® In the general CST
form?” the structure consists of columns of Ti oxide
octahedra centered on a 4-fold axis parallel to [001] (Figure
1). The Ti~O octahedra columns are composed of a cluster
of Ti4O16 groups collectively generating J0, cubane-like
subunits. These cubane-like groups in theEST structure
deviate from cube geometry (Figure 2). Columns are Figure 2. Cubane-like unit of B-CST. Dihedral angle for BO—O—D
connected by silica tetrahedra tc_> form one eight-member ring ?ouneg (IeineIaFr’]ngoef ir: grrlg(l; gL fé?jBfSr’f(()’ﬂ\ciin?é?rr:gI% gﬁ %g?]SCI’le)isDLSft?gcegs
(8MR) channel along [001] (Figure 1) and three perpen- JE0EA05 o ool and [001) are 103 35(1)105.26(1), and
dicular 6MR channels along [100], [010], and [110] The 106.81(1}, respectively.
6MR channels have a long axis/short axis (L/S) ratio of 1.25,
defined fromL = 04—04 = 6.02 A and $01-03 = 4.87 accommodate nothing larger Naations. The diameters of
A, and have only been observed to be large enough tothe elliptical SMR channels are 6.9 A for the long-axis<
01-01) and 4.5 A along the short axis£®3—03) (L/S

(17) Nery, J. G.; Mascarenhas, Y. P.; Cheetham, Aviiropor. Mesopor. = 1.53; Lines A and B, Figure 1). In HCST, the 8MR
Mater. 2003 57, 229-248. . . .
(18) Bauer, T.; Baur, W. HEuro. J. Min. 1998 10, 133-147. channels are solely filled with interstitial water molecules

(19) Celestian, A. J.; Parise, J. B.; Goodell, C.; Tripathi, A.; Hanson, J. that form a H-bond network anchored at the framework
Chem. Mater2004 16, 22442254, ; ; ;

(20) Celestian, A. J.; Parise, J. B.; Tripathi, A.; Kvick, A.; Vaughan, G. hyd,r(.)Xyls' The Charge balancmg+I-$_|tes form hydrOX|des .
M. B. Acta Crystallogr. C2003 59, 174—176. positioned at the edge share union vertex of three Ti

(21) Tripathi, A.; Parise, J. B.; Kim, S. J.; Lee, Y.; Johnson, G. M.; Uh,  octahedra (Figure 2). The vertex sites are tife Erners

Y. S. Chem. Mater200Q 12, 3760-3769. . . . . .
(22) Celestian, A. J.; Medvedev, D. G.; Tripathi, A.; Parise, J. B.; Clearfield, of the cubane-like unit. It is these *Hsites are readily

A. Nucl. Instrum. Methods B005 238, 61—69. exchangeable with larger cations in the 8MR channel.

23) Celestian, A. J. Masters Thesis, Stony Brook University, 2002. : : : PR
§24§ Parise, J. B.; Cahill, C.; Chen, Abstr.yPap. Am. Chem){ 3998 The pre‘_"ous tlme'r_esowed XRD investigations of'Cs
215,U811-U811. exchange into HCST illustrated that the exchange process

(25) Lee, Y.; Reisner, B. A.; Hanson, J. C.; Jones, G. A,; Parise, J. B.; 5 selective by crystallographic site and accompanied b
Corbin, D. R.; Toby, B. H.; Freitag, A.; Larese, J. Z.Phys. Chem. y cry grap p y

B 2001 105 7188-7199. structural transformatior’8. There are two crystallographi-
(26) Bortun, A. 1.; Bortun, L. N.; Clearfield, ASobent Extr. lon Exc1996 cally distinct C¢ sites in (Cs, H}-CST: one in the center
14, 341-354. : o
(27) Pertierra, P.; Salvado, M. A.; Garcia-Granda, S.; Bortun, A. |; of the 8MR (Cs1) with 8-fold coordination to framework
Clearfield, A.Inorg. Chem.1999 38, 2563-2566. 0?7, and one outside of the 8MR (Cs2) with 4-fold
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coordination to framework © and 2-fold coordination with

interstitial water The Cs1 site in the HCST phase cannot

accommodate the large C#nic radius without structural

distortion because of unacceptable short-Osbond lengths

of less than 3 A; these short distances result in unexpectedly

large bond valence sums, with valences greater than three.

In contrast, site Cs2 is able to obtain acceptable bonding

geometry but is less energetically favorable for occupancy

because of its lower coordination environment. The time-

resolved XRD work illustrated that Cdirst exchanged into

site Cs2 with a concomitant change in the crystal structure

to form circular (L/S= 1) 8MR 22 After site Cs2 filled to

~15% occupancy, site Cs1 became favored for ion exchange

due to the structural transformation, which allowed €61 Figure 3. Neutron diffraction environmental cell. Direction of flow is
bond distances 0f3.18 A. The reverse exchange? khto indicated by arrows.

Cs—CST, was also attempted in situ ugid M HCI, but no
Cs' removal was measured. The structural transformation
that favors Cs$ at Csl likely explains the difficulty of back
exchanged by H The exchange mechanisms could not be
fully understood previously because the positions and
orientations of the H sites on the water and hydroxyls could
not be resolved by X—r_ay diffraction te,ChniqueS' In order to of Cs, Na-CST must first be proton-exchanged. For structural
understand the dynamics and mechanics of thee@shange gy gies by neutron diffraction, it is preferable to use the(D)
process in CST and the origin of the structural transforma- jsotope, rather than using thH isotope, due to its smaller
tions, the H positions of the hydroxyl sites and water incoherent scattering cross-sectiiThe incoherent scattering from

also unsuccessful. These extra peaks from the impurity phase did
not change in position or intensity after ion exchange, and from
this observation, it was concluded that no*Cen exchange
occurred in the impurity phase and did not affect the total uptake
of Cs" from solution.

In order to make the CST framework assessable for the exchange

orientations of CsCST must be determined. the H isotope is manifested in much higher backgrounds in the
. neutron diffraction pattern. To minimize exchange of Dbyin
Experimental Methods the atmosphere, all ion-exchange experiments must be performed
Sample Preparation. The starting material NaCST @ = in DO solutions and in controlled environmental chambers, such

7.8082(2) Ac = 11.9735(4) A P4,/mcn) was first characterized asaN glovebox or in situ flow-through cell used in this study.
by Poojary et al. (1994)and was synthesized according to the Powder diffraction patterns of all samples were collected before
procedures of Medvedev et al. (20685Btarting gels of molar oxide ~ and after exchange on a Scintag Pad-X diffractometer to ensure
composition 1.0 Ti@1.98 SiQ:6.77 Na0:218 (D)HO were consistency between X-ray and neutron” @ exchange experi-
prepared by first adding 6.6 mL of Tigto 23.30 mL of HO in a ments.

plastic bottle (A) of 500 mL capacity. To this mixture in bottle In Situ lon Exchange Time-of-Flight Neutron Diffraction. The

(A), 40 mL of 30% HO, in H,O was added followed by 150 mL ~ medium-resolution Polaris beamline at the ISIS spallation neutron
of deionized HO and 40 mL of 10 M NaOH solution. Then in  source®® Rutherford Appleton Laboratory was chosen for diffraction
another 500 mL plastic bottle (B) containing 200 mil.1lavi NaOH, studies because of the high flux of neutrons, rapid data acquisition
4.3 g of colloidal silica (Ludox AS-40) was added. The pH of the times, and a beamline geometry optimized for in situ studies. The
total solution was adjusted by addili M NaOH solution until a Cs" exchange into B.CST required the development of a flow-
pH of 12.6-12.8 was achieved. The gel was not allowed to age through cell for neutron in situ ion-exchange studies (Figure 3).
and was immediately treated hydrothermally in 30 and 100 mL The flow-through cell was assembled at Stony Brook University
Teflon lined stainless steel Parr autoclaves at ZLdor 10 days and was designed to minimize the amount of ion-exchange solution
in a convection oven. The resulting white powder was filtered using used and solution’s exposure to the atmosphere. The cell design
a vacuum flask with 0.4m filter paper, rinsed with deionized  had to preclude the possible spillage of activated Cs solutions during
water, and left to air-dry at room temperature. XRD data were the exchange experiments. Finally, an airtight design was also
collected on all synthesized samples and showed G&T to be required, due to the location of the cell in the beam bath, which is
the dominant phase. A small amount of impurity phase was presentin high vacuum to minimize neutron absorption and scatter by air.
in all preparations. The strongest peak from the impurity phase in The entire flow-through system consists of a variable low-flow
the XRD patterns was 1% of the strongest peak from N&ST. peristaltic pump, Teflon exchange solution container (fitted with
Peaks from the impurity phase present could not be indexed onflow and return ports), plastic tubing with quick release auto-sealing
the basis of unit cells corresponding to known impurities phases valves, 1/16 in. and 1/8 in. stainless steel pipe inside the sample

such as sodium nonatitanate (SNT,4NgOoxH;0)? or sodium tank, V can for the sample containment, and glass wool on the top
titanium oxide silicate (STOS, NaiSiOs).30 Attempts to determine  and bottom of the V can to prevent sample loss. The outside top
unit cell parameters using standard powder indexing softivaere and bottom of the V sample can was covered with neutron absorbing

— - - ) Cd metal to prevent neutron scatter from the stainless steel threaded
(28) Medvedev, D. G.; Tripathi, A.; Clearfield, A.; Celestian, A. J.; Parise,
J. B.; Hanson, JChem. Mater2004 16, 3659-3666.

(29) Yates, S. F.; Sylvester, Bepar. Sci. TechnoR001, 36, 867—-883. (32) Bacon, G. ENeutron Diffraction 1st ed.; Oxford University Press:
(30) Nyman, H.; Okeeffe, M.; Bovin, J. GActa Crystallogr. B1978 34, London, 1955.

905-906. (33) Hull, S.; Smith, R. I.; David, W. I. F.; Hannon, A. C.; Mayers, J.;
(31) Shirley, R. 9.33 ed. Guildford, 2000. Cywinski, R.Physica B1992 180, 1000-1002.
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caps. The solution flow rate was maintained at a constant 0.44 mL/ Table 1. Refinement Statistics for Time-of-Flight and Angle-Dispersive

min. Diffraction Data

Diffraction data were collected over 30 min intervals at room crystalname BCST (Cs, D}-CST D-CST (Cs, DY-CST
temperature to monitor the ion-exchange processes. Fisg g space group P4,/mbc PL/mem RL/mbe R1/mem
of the as-synthesized N&CST was packed iota V can with radiation  time-of-flight time-of-flight 2 = 2.0787(2) A 1 = 2.0787(2) A
dimensions 62.5 mm in length and 6.5 mm in diameter and placed a (&) 11.0704(3)  7.8602(1)  11.0678(3) 7.8510(3)
insid(_a the sample tank. The sample was first V\_/etted withb@ D c(d) ﬁ:g;g‘;g nggg(ll(z) ﬂ'_ggzgg)) ﬁ;_g;g(??’()s)
solution, and then 100 mL of 1M DCI in f© solution was added a 90° 90 o0 90°
to the exchange solution container. At the experimental rate of flow A o0 90 90 90
of 0.44 mL/min, it was estimated the entire contents of solution (/(A3) 22"57.38(8) 9?;5‘53(2) 90;458.29(7) 9°°733.23(5)
container would pass through the sample every 132 min. The \efihrange 0<h<15 0<h<10 O<h<10 O<h<7
exchange solution was refreshed three times every 100 min to 0<k=11 0=<k=7 0=k=7 0<k=<5
maintain a high DCI concentration and to ensure fufléchange. 0<I<16 0<I<16 0<I<10 0<1=<10
The Cs exchange into BCST experiment was started only after N2 o refins 49‘212 f fgg 23(5)5237 111‘;2
the indexed diffraction data suggested fult Bxchange occurred ﬁtted WRp®  0.0099 0.0059 0.0859 0.0676
which were compared to calculatedHT ST time-of-flight neutron fited R®  0.0112 0.0067 0.0668 0.0548
data. Next, 0.05 g of CsCl was added to 100 mL e®@nd placed ~ bkndwRg  0.0185 0.0075 0.1036 0.0709

bknd R§  0.0192 0.0067 0.0806 0.0638

in the exchange solution container. The flow rate was not adjusted,
and data collection did not stop between the exchange experiments. 2 Values are averaged over all detector banks for time-of-flight diffraction
The solution was refreshed a total of 10 times, witB—5 h data.

between r(:f‘frESh_Ed solution changes to ensure full &shange. Table 2. Atomic Coordinates, Isotropic Displacement, and Fractional
The final diffraction patterns for BCST and (Cs, D}CST were Occupancy Parameters for-&CST

each collected for 22 and 32 h, respectively.

. . . . . fractional
Ex Situ lon-Exchange Angle-Dispersive Neutron Diffraction. name X y z Uso(A?) orci‘i,boé’n""cy
For the experiment at the BT-1 beamline at the NIST Center for 1,4, —0022(1)  0.178(9)  0.1294(8) 0.026(6) 0.92%E)70(1)
Neutron Research at the National Institute for Standards and p2H2 —0.0122(17) 0.3327(24) 0 0.0575(5) 0|83.5

Technology, ion-exchanged samples were prepared ex situgn a N D3[H3  0.0744(11) 0.5104(21)-0.8752(11) 0.0942(5) 0.4802

atmosphere glovebox. Hydrogen gas levels were monitored to lessP4H4  0.3717(19)  0.2238(14) ~ 0 0.0288(8) 0/835
S 1 0.2384(8)  0.1498(9)  0.1575(9) 0.0269(4) 1

than 0.1 wt %. NarCST was converted to the-BCST by agitating 02 0.1129(8) 0.0129(9) 0.3266(9) 0.0162(4) 1

5 g of Na=CST in 200 mL of 0.1 M DCI in RO solution for 30 03 0.2630(7) —0.1101(9) 0.1784(8) 0.0305(4) 1

min and was repeated three times to ensure flilleRchange. After 84 8-;2;3(2) 8-8086(;) 8 g-gOéZ(g) 1
D™ exchange, the powder was filtered and rinsed witd DNext, ox; 05 ) 0 441(2) 010'212(49) 0.'0651(25 )01.5
D—CST was Cs exchanged using a 0.1 M CsCl in,O solution S|1 0.2385(19) 0.2615(19) 0.25 0.0429(7) 1

and agitated by hand for 30 min. After Cexchange, the powder  TI1 0.1548(17) 0.022(18)  0.1514(15) 0.0339(8) 1
was filtered and rinsed with f». This step was repeated twice to
ensure full C$ exchange. Approximately 0.01 g of powder was
removed and characterized by XRD to confirm full exchange prior .
to neutron diffraction experiments, and the remaining samples were , fractional
then sealed in polypropylene containers. nam z y z Wo(A?)  occupancy
Neutron powder diffraction data were collected using the BT-1 Cz; 8-2 8-2 8?84(1) %-%% %-2255
32-detec_tor neutron powder diffractometer. A Ge(311) monqchro- D1H1 0.3088(1) 0'.3389(2) 0 0:0724(5) OW&4
mator with a 78 takeoff angle,l = 2.0787(2) A, and in-pile D2 0.4228(5) 0.5772(5) 0.1271(7) 0.0724(5) 0.1
collimation of 15 min of arc were used. Data were collected over D3/H3 0.2035(1) 0.2035(1) 0.3444(1) 0.0407(4) 0.587%75
the range of 1.3166.3 260 with a step size of 0.05 The instrument o1 0.1342(6) 0.3843(5) 0.1698(6) 0.0122(6) 1
is described in the NCNR web site (http://www.ncnr.nist.gov/). The 02 0.1161(4) 0.1161(4) 0.3241(5) 0.0142(3) 1

Table 3. Atomic Coordinates, Isotropic Displacement, and Fractional
Occupancy Parameters for (Cs,BJST

: . 04 0.1316(8) 0.1316(8) O 0.0135(3) 1
sample was loadedhia V can sample container of length 50 mm  oy1  0.3105(1) 0.3195(1) 05 0.0615(4) 0.9
and diameter 9.2 mm. Data were collected~@3 °C and 1 atm. ow2 0.5 0.5 0.5779(4) 0.0615(4) 0.1
The diffraction patterns for BCST and (Cs, D}CST were each Sil 0 0.5 0.25 005(1) 1
collected for 12 and 8 h, respectively. Til 0.1498(1) 0.1498(1) 0.1458(1) 0.065(2) 1
Results time-resolved in situ data collected subsequently. An unan-

ticipated result of this study was the refinement of a less
distorted and more chemically plausible geometry for the
interstitial water sites of BCST than had been previously

reportect’” As described later, the presence of the unidentifi-

The structures of BCST and (Cs, D) CST (Tables £5)
were refined by the Rietveld methtdrom both time-of-
flight and angle-dispersive neutron diffraction data (Figures
4and 5.)' The I.}CST §tructure was determined to establish able impurity phase could not be avoided and could not be
a baseline against which to compare the Cs-exchanged forrr}nodeled. Refinements were performed using the programs
and to determine the instrumental and sample contributionsGS/_\S35 and EXP-GUFS Starting atomic positions for

to proflle parameters for the d|ﬁr§ct|on pattern. T his carefL!IIy refinements were taken from previous X-ray diffraction
refined baseline structure provided some initial constraints

for the structure models derived from more compromised

(35) Larson, A. C.; VonDreele, R. B. Los Alamos National Laboratory,
2000.
(34) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65—71. (36) Toby, B. H.J. Appl. Crystallogr.2001, 34, 210-213.
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Table 4. Selected Bond Lengths and Angles forBST position, site occupancy, and isotropic displacement param-
TIL o1 1.6919(5) DM1 owl  1.908(6) eters. Difference Fourier synthesis maps were calculated
T|1 02 2.112(8) DH2 Owl  0.8771(2) (Figure 6) for all least-squares cycles and were used to
Hi 85 g:iggg; Bﬁg 8% S:g?%‘;g determine inconsistencies and missing atom sites in the
TIL 03 1.9180(5) DBH3 03 2.3294(8) structure model by evaluating nuclear density profiles at 0.1
TI1 04 1.8160(7) D4 01 2.5215(5) fractions of thea, b, ¢ unit cell lengths. Peaks in the
g:i i 1:2222&3 ij o2 8:83‘7‘(11()3) difference Fourier maps were treated as potential new atomic
DIH1L 02 0.813(8) DiH4 ow2  3.014(4) sites and were assigned atom types on the basis of calculated
D2 Owl D4 103.049(4) bond distances and angles with the neighboring atoms. After
_'?i:’i 8;"2 gi’ ﬁg:ggg((%) the Fourier maps were calculated in GSAS, the maps were
Ti1 02 D1 113.232(D) converted to MCE2 format, with the GPL'd FOUE software
Til 02 D1 11.197(9) (available at http://www.ccpl4.ac.uk/), and used for atom
Til 02 Til 105.404(1)

site picking and 3-D display. Once atom sites were labeled,
the positions, occupancies, and isotropic displacement pa-
rameters were refined individually. Atomic sites that were

Til 02 Til 107.252(19)

a All distances in A.

Table 5. Selected Bond Lengths and Angles for (Cs-DST* positionally disordered and 'sharing the same fractiang| _

— on 1.7478(5) DML owlL  1.0205(2) z coordmate; were co'nstralned 'to have the same fractional
Ti1 02 2.1554(6)  DJH1 o1 3.0033(4) X, Yy, z coordinates o_Iurlng t_he r_eflnement. In the final least-
Til 02 2.1381(4) D2 Ow2  1.0384(0) squares cycle, Cs isotropic displacement parameters, frac-
Til 01  18689(3) DH2 Owl  1.899(1) tional atomic coordinates, and atomic fractional occupancies
Si1 o1 1.6882(3) D2 o1 2.7753(3) ; . = o

Csl o1 3.1627(5) DB2 o1 2.7925(2) were flxgd while the remaining atomic ;lte parameter_s were
Cs2 o1 3.0290(5)  DBi3 Owl  2.2568(2) refined independently (Tables—5). Refinement of aniso-
Cs2 Owl ~ 3.0588(4)  DBI3 02 1.00032) tropic displacement parameters were attempted for all atom
D1H1 Owl DI/H1 107.176(4) - R

D2H2 Ow2  D2/H2 111.456(2) positions but resulted in significantly worgg values of

Til 02 Til 102.372(1) greater than 15.

Til 02 Til 105.651(1) o N :

Til 02 D3/H3 94.018(8) The determination of the BEW ratio in D—CST is .

Til 02 D3/H3 123.058(3) straightforward where the amount of proton exchange into

Na—CST is established from previous studiéd’ After Cs*
exchange, only 19% of the D/H sites were replaced within
result&222737 for the heavy atoms, and from molecular 20 min of the start of ion exchange as determined from XRD
dynamics simulations (Celestian et al. submitted to Nature 2nalysis?? The residual charge balance must be supplied from
Materials) for D" positions. the remaining protons or deuterons on the framework. After
| 20 min, no further exchange had occurred for the duration
of the experiment and it was concluded that maximum
exchange was achieved. Structure refinements from XRD
data are very sensitive to the presence of Riscause of its
high electron density, and accurate chemical compositions
parameters. For time-of-flight data, the diffractometer con- can b_e calculate_d from these structur_e models. Obtaining bulk
stant in GSAS (DIFC) was refined for the lower resolution chemical analysis would not be as reliable due to the presence

banks at 35and 90 and fixed for the high-resolution back ~ ©f the impurity phase, and the analysis may underestimate
scattering bank at 145 The profile function for data the total amount of Cspresent. Structure refinements from

collected at Polaris (TOF peak shape function 3 in GSAS) neutron diffraction data are not as sensitive to the presence
is a convolution of a pseudo-Voigt function with two back- ©f CS", due to its small neutron scattering length (4.9 ffh),
to-back exponentials. For angle-dispersive neutron diffraction SO 0cCupancies from XRD analysis are more reliable.
data collected at BT-1, a Gaussian function modified for peak  High scattering backgrounds and low total D occupancy
asymmetry was used (GSAS profile function31)Back- from refinements for sites D1 and D3 provided evidence of
ground profiles for the Polaris and BT-1 data were first fit the presence oH in the samples. Refinement of the'8/
manually, and then a 228 term shifted Chebyschev ratio started with only one isotope, D at site D3, and positions
polynomial was applied to interpolate the background profile @nd occupancies were first determined for that site. The
between the manually selected points. The background inrefined fractional occupancy for D3 was 0.41(1), whil@.81
the Polaris data is high due to scattering from water that Was expected to satisfy charge balance. The total site
was not present in the BT-1 data. occupancy was constrained to total 0.81, while thiDatio
Using experimental parameters from the Le Balil fit as a Was refined manually. The resulting occupancies were 0.54

starting point, Rietveld refinements were performed with the @nd 0.27, respectively, for D artti. The isotope mixing on
scale factor refined first, followed by individual atomic the water molecule site, Owl, was refined with the total

occupancy constrained at unity. The ratio initially used the

a All distances in A.

The same Rietveld refinement strategy was used for al
diffraction patterns. Unit cell, background, and profile
parameters were refined first using the Le Bail full pattern
decomposition method in GSAS. These parameters were
fixed for subsequent Rietveld refinements of the atomic

(37) Poojary, D. M.; Bortun, A. I.; Bortun, L. N.; Clearfield, Anorg.
Chem.1996 35, 6131-6139. (38) Husak, M.; Kratochvil, BJ. Appl. Crystallogr.2003 36, 1104.
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Figure 4. Data from time-of-flight diffraction data from the 12and 35 detector bank of the Polaris beamline at ISIS; thé @&&tector bank most clearly
illustrates the differences in the-BCST and (Cs, D} CST diffraction patterns. All data were normalized to the incident beam spectrum. The large background
observed in the low-angle detector bank is scattering from liquid.C5can times were 22 h. for-BCST and 32 h for (Cs, B)CST. The top figures are

for the D—CST structure, and the bottom figures are for the (Cs; ©$T structure. The unknown impurity phase was not removed, and its reflections are
indicated with an asterisk. Collected data (black), calculated profile (red), background (green), difference curve (blue), reflection kjarks (pin

D/*H value from the D8H3 site, but the occupancy for this  transform the unit cell fronP4,/mbcto P4,/ mcmis: P =
site, labeled D3 and H3, then refined to 0.76 and 0.14, [(0.5, 0.5, 0)¢0.5, 0.5,)(0, 0, 1)].
respectively. The more detailed structure for-BCST obtained here
The crystal structure models for-BCST (Figure 1) and confirmed the distorted octahedra and cubane-like units and
(Cs, D)-CST (Figure 7), refined from both time-of-flight  provides an optimized geometry for the bound water species.
and angle-dispersive neutron powder diffraction data (TablesThe Ti octahedra groups do not form perfect octahedral
2 and 3), are in good agreement with previously published geometry in the B-CST structure; instead, the “Tisites
structures determined from X-r&yand neutron diffraction  are offset from the octahedron centroid forming longer Ti
data?’ respectively. Average fractional atomic coordinate O2 bonds (2.13 and 2.18 A) and shorter 01 and TO3
s.u.’s of all framework sites between-HZST (this study) (1.69 and 1.91 A) bonds in the square plane of the octahedron
and H-CST? are all within 2 error. The chemical formula  (Table 4). All Ti—O octahedra are edge shared, with-O
calculated from the Rietveld structure refinements for octahedra groups and having two corners shared with Si
D—CST and (Cs, D} CST structures were 3Ho SiTi,O7 tetrahedral groups. The O2 site has four bonds, three with
D2.6dHo0.34015 and Cg 3gdD1.0dH054S5iTizO7+(D1.74H0.290, re- Til and one with DIH1 forming the deuteroxyl/hydroxyl
spectively. Note the prior use of constraints on the chemical unit. The TyO4 cubane-like unit did not form a perfect cube,
formula for charge balance. No evidence was found for the remaining distorted (Figures 2). The face of the cubane-like
presence of hydronium ions, as suggested by Peterri et al.unit perpendicular is to [110], [£10], and [001] has internal
(1999)% Ti—O—Ti angles of 103.35(2) 105.26(1j, and 106.81(T)
The ion exchange of Csor D" in the D—CST structure ~ The D—O—0-D dihedral along C in Figure 2 was 4.089-
was accompanied by a change in symmetry from space groug(4)° and along D was 0.605(%)
P4,/mbcto P4, /mcmafter ~15% site occupancy exchange After Cst exchange, the positions of the Til, Sil, and-O1
at Cs2. Description of the structure in space grdgmcm 04 framework sites of (Cs, D)CST refined to similar
requires a 45 rotation of the unit cell about [001] and positions to those found in the €exchanged form of Na
reduction ina cell length by~(+/2)/2 with respect to the ~ CST?2 as expected from the L/S ratio of unity for both. The
unit cell setting inP4,/mbc The transformation matrix to  Ti—O octahedra in the (Cs, B)CST structure are slightly
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Figure 5. Angle-dispersive neutron diffraction data collected at beamline
BT-1 at NCNR NIST. Scan times were 12 h forl@ST and 8 h for (Cs,
D)—CST. The top figure is for the BCST structure, and bottom figure is
for the (Cs, D}-CST structure. Unknown impurity phase was not removed.
Collected data (black), calculated profile (red), background (green),
difference curve (blue), reflection marks (pink).

distorted with long T+0O [2.1382(3) and 2.1555(5) A] bonds
and short T+0O [2.7418(2) and 1.869(2) A] bonds (Table
5). The face of the cubane-like unit perpendicular to [001]
in (Cs, D)-CST has internal FtO—Ti angles of 102.372-
(2)° and the faces parallel to [001] are 105.651(19nd

Figure 6. Example of the 3-D calculated Fourier map (red and blue) with
difference Fourier map (yellow, peaks Q1 and Q2) used to determjide D
positions in the (Cs, DYCST phase. Csis not shown to clarify Q-peak
positions. Density level values are contoured at 2.87 (red), 1.22 (blue), and
0.20 fm/A3 (yellow), and the unit cell is outlined in gray. The perspective
view is parallel to [001]. The peaks Q1 (0.5347 0.5425 0.5) and Q2 (0.1374
0.385575 0.5) do not have any chemically reasonable bond lengths or angles.

Figure 7. Crystal structure of (Cs, B)CST from the current study. The
view is down the 8MR. The [001] black box is the unit cell. Heavy dashed
lines in the left 8MR channel are deuteron bonds from deuteroxyl and water
(Ow1l), and light dashed lines are deuteron bonds from Ow2 to framework

exhibits a cubane-like unit less distorted than those of O? . Water deuterons of Owl point away the center of the 8MR. Lines B

D—CST. The St+O tetrahedra remained rigid in geometry.

Bond valence sum analysis gave increased confidence in the

refined (Cs, D)CST structure (see Appendix for bond
valence sum calculations).

Compared to B-CST, the water molecule Ow1l in (Cs,
D)—CST moved 0.426(1) A closer to the center of 8MR (site
x = 0.5y =0, z= 0.25 inP4,/mbcsetting) and reduced to
fractional occupancy of 0.9. Site Ow1l must move closer to
the center of 8MR to alleviate the encroached-i3
distance which moved from 2.42 A in-BCST to 2.13 Ain
(Cs, D)}-CST. The distortion of the BO bond distances in
Owl of D—CST now have a more typical and symmetric
distance and geometry in (Cs, BEST structure of 1.021-
(3) A and D-O—D angle of 107.178(3) In addition, the
previously unreported water at site Ow2 with fractional
occupancy of 0.1, is disordered with site Cs2. From the XRD

and A are the measured L/S ratio (1.00). Ti (maroon), Si (blue), O (red),
HID (gray).

studies, this water site could not be resolved since the X-ray
scattering from Cs would dominate at this site and low-
electron-density species such ag Gand H would be
masked.

The D' sites on the framework have now been determined
for (Cs, D)-CST, and these sites are significantly different
than those of the BCST structure. The dihedral of the
deuteroxyl groups have moved fromd.08 (Figure 2) to a
dihedral of~47.6" (Figure 8) (vector directions in thied,/
mcm setting [101], [16-1] [—101], and 10-1]). The
second dihedral when viewed parallel to [010] ir-OST
changes from-4.66 to 0° in (Cs, D)-CST (viewed parallel
to [110] in theP4,/mcmsetting) due to the presence of the
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Figure 8. Cubane-like group of (Cs, D)CST. Any dihedral angle of
D—0-0-D along line Q have an angle of 47.580(2nd along P are®0
Solid block arrows indicate the directiont® moved. The distorted square
plane of Ti-O formed from internal T+O—Ti face angles perpendicular
to [100], [010], and [001] is 105.65(1) 105.65(1), and 102.37(%)
respectively. Ti (maroon), O (red), cubane-like unit (blue bonds).

Celestian et al.

Figure 9. Cross-section view of (Cs, B)CST 8MR with channel direction

mirror plane and is a consequence of the decreased distortionn the plane from left to right. 6-fold Cs2-O bonds are shown in green, and

of the cubane-like unit.

Discussion

8-fold Cs1-O bonds are shown in black. Silica tetrahedra in-plane with
Cs sites, and one Cs2 overlapped with Ow2, were removed for clarity. Sites
D3 and D1 are positionally disordered with H3 and H1.

The previous time-resolved XRD work had shown that rotation. Since the FO octahedra columns rotate only
Cs" exchange is accompanied by structural transformation, ~5.8, only small distortions of the octahedra are required
specifically as C§ enters into site Cs2, which forces open to change the overall symmetry. This deuteroxyl bending
the 8MR to make site Cs1 accessible and favored for ion and relaxation of the cubane-like unit is a result of the

exchangeé? The mechanism of this transformation was
previously unknown because thHél™ positions and the
orientations of water and hydroxyl units could not be
determined from X-ray diffraction. The opening of the SMR
is illustrated in Figure 1 and shows the polyhedra-column
rotations involved in the structural transitions. The-O
octahedra columns rotate5.8° as a unit to make the
elliptical 8MR (L/S= 1.53) in D—CST to become circular
(L/S=1.0) in (Cs, DY-CST. Corner-shared SO tetrahedra
and Ti—O octahedra are the more flexible metakygen-

approach of the water molecule OwD1.

The D1 positions around Owl have changed orientation
to flip, or rotate, to face the 6MR which is required for the
stable hydration of Csat site Cs2. In the BCST structure,
the D sites on the water point toward the center of the 8MR
(Figure 1). This geometry is not possible once" @nters
the lattice, and the water must change orientation to
accommodate the CsDw1 hydration. Once the Ow1 site
changes orientation, the D1 sites move furthest away from
the Cs sites. Site D1 is forced closer to the intersection of

metal nodes, and therefore, the bending between the rigidthe 8MR and 6MR, and consequently closer to the framework

units occurs at their union. The ellipticity of the 6MR’s
remained unchanged (LS 1.25), thus ruling out possible
column rotational axes perpendicular to [001]. Rotations of

the Ti—O octahedra columns are the most obvious transfor-

mation during the Csexchange process, but it is the origin

deuteroxyl group, D3. This D1D3 repulsion is forced and
caused the framework deuteroxyl to bend away from the D1
sites on the water.

A second water site (Ow2) was found that has not been
previously described for the Cexchanged phase. Site Ow2

of the stereochemical changes responsible for the rotationsis positionally disordered with Cs2 (Figure 9) with a
in the columns that are fundamental to the mechanism of fractional occupancy of 0.1. The fractional occupancy of this

the transformation.

site and that of Ow1 total to one water molecule per formula

The complete structure model obtained here from neutronunit and agree with thermal gravimetric analysis and the
scattering provides a plausible mechanism underlying the X-ray structure model. No water flipping occurs at this site,

stereochemical changes observed in earlier X-ray stdélies.
Comparison of the D positions in (Cs, D} CST with those
from the D-CST structure refinements reveal that the
structural transformation also results in an increasee- D3
02—-02-D3 dihedral (line Q in Figure 8) from-4.08 to
~47.6". The increased dihedral is accompanied by twisting
of Ti—O octahedra along tHel01} directions. The bending
of the deuteroxyl groups are in the direction of column
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but the water does rotate25.5* along the [001] direction

to maintain the internal D-bonded network due to the change
in channel geometry. The plane angle formed between the
different orientations of the Ow2 sites changed from 74.44-
(1)° to 9. The water plane angle is the angle between a
plane generated by one B®Dw2—-D2 and another plane
generated by D20w2—D2' in the same channel but
opposing sides of the 8MR (Figures 1 and 7).



Role of the Hydroxy+-Water Hydrogen-Bond Network

Conclusion of these events are not well constrained and are being pursued
From this powder neutron diffraction study, Gsxchange ggltclrlrlgiroer?slved neutron diffraction and molecular dynamics

into the 8MR has been found to have two main effects on
the D-bond network: (1) The orientation the water molecules  Acknowledgment. Support for this work provided by the
are required to flip, or rotate, so that D1 points toward the center for Environmental and Materials Sciences (CEMS)
intersection of the 8MR and 6MR to maximize the distance fynded through Grant No. NSF-CHE-0221934, and the NSF-
away from the Cs2 site. This is required to provide the most ppMR and EAR programs. A.C. acknowledges the Depart-
stable bonding environment for the hydration of Cs2. (2) ment of Energy (DOE) through DE-FG07-01ER63300 and
The D3-02—-02-D3 dihedral angle increased from 4.089- Westinghouse Savannah River Technology Center. We
(2)° to 47.58(2]. The increase of this dihedral is forced by = acknowledge the support of the National Institute of Stan-
D1-D3 repulsion by the approaching D on the water gards and Technology, U.S. Department of Commerce, and
molecule Ow1 and forces theFO cubane-like unit to adopt  the |S|S facility at the Rutherford Appleton Laboratory in

a slightly more cube-like geometry. This relaxation rotates providing the neutron research facilities used in this work.
the Ti—O octahedra columns5.8° to form circular 8MR

and results in a symmetry change fr@d/mbcto P4,/mcm Supporting Information Available: Crystallographic informa-
The discovery of a second water molecule in the center of tion files for D—CST and (Cs, DyCST and bond valance sum
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