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To investigate the tendency of Li' exchange from polar organic solvents, Li'-ion exchange into zeolite Y
(Si/Al = 1.56) was attempted by undried methanol (crystal 1) and formamide (crystal 2) solvent. Two single
crystals of Na-Y were treated with 0.1 M LiNQO; in each of the two solvents at 323 K, followed by vacuum
dehydration at 723 K. Their structures were determined by single-crystal synchrotron X-ray diffraction
techniques in the cubic space group Fd3m, at 100(1) K. In both structures, Li’ forNa' ions filled preferentially
sites I’ and II. The remaining Na' ions occupied sites I’, II, and III’ in both structures, in additional to above
sites, and Na" ions occupied site I in crystal 2. While the 68 % exchange of Li" for Na" was achieved from
undried methanol, only 40 % exchange was observed from undried formamide, indicating that the undried
methanol was more effective than undried formamide as solvent for Li’ exchange under the conditions
employed.
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Introduction

Ion exchange into zeolite plays an important role in
determining the characteristic properties of zeolite such as
gas adsorption, separation, and catalysis (Herden et al.,
1982; Zhu et al., 2007). Li+-exchanged zeolites are used
as effective and selective adsorbents for N, adsorption in
N»/O, separation processes (Feuerstein and Lobo, 1998;
Feuerstein er al., 2000; Freude et al., 2013). The adsorption
capacity and selectivity for Ny of Li'-exchanged zeolites
are strongly correlated with the amount of charge-balancing
Li" ion and the distribution in zeolite (Feuerstein ef al.,
1998). For improving of the adsorption properties as
adsorbents for N, adsorption, it is necessary to achieve
the largely Li" containing zeolites and to have knowledge
on the chemical environment of the cation in zeolites (Zhu
et al., 2007).

Generally, cation exchange is performed by direct ex-
change of cations within the zeolite with other cations
from aqueous solution (Canfield et al., 2010; Kim et al.,
2013a). However, the results of an aqueous ion exchange
are not always simple. Sometimes, a number of difficulties
problems such as incomplete exchange, partial exchange
of H', salt imbibition, and crystal damage are encountered
(Bae and Seff, 1999; Bae and Seff, 2000; Ho et al.,
1995; Lee et al., 2005; Ronay and Seff, 1985; Ronay and
Seff, 1993; Seo et al., 2012a; Seo et al., 2012b).

In the case of Li” ion exchange, the complete exchange
was readily achieved for LSX (Si/Al = 1.0) from conven-
tional aqueous solution at room temperature (Feuerstein
and Lobo, 1998; Plevert et al., 1997). However, often the
problem of incomplete exchange was observed due to the
strong hydration sphere and high chemical potential of
Li" ion when Si/Al ratio of zeolite was higher than 1.0
(Feuerstein and Lobo, 1998; Forano et al., 1989; Kim et
al., 2012a; Kim et al., 2012b; Shepelev et al., 1990). In
order to avoid this problem, Li" exchange using NH,
form zeolite (Si/Al = 1.23, 1.25 and 2.36) was attempted
by several scientists: perhaps the more loosely bond NH,"
jons would be more easily exchanged by Li~ than Na’
ion (Feuerstein and Lobo, 1998; Forano et al., 1989).
However, both Na" and H' (after deamination) were found
in the products (Forano et al., 1989).

In our previous studies, Li" ion exchange into zeolites
X (Si/Al = 1.09) (Kim ef al., 2012b) and Y (Si/Al = 1.56)
(Kim et al., 2012a) was performed at 333 K to increase
the extent of Li" ion: perhaps the greater mobility of all
cations at the higher ion-exchange temperature would be
more easily exchanged by Li" ion. However, despite the
high temperature employed, the complete Li" exchange did
not occur in any zeolite composition: the degrees of Li"
ion are only 95 and 72 % for zeolite X (Kim et al., 2012b)

and Y (Kim et al., 2012a), respectively.

Recently, other method of ion exchange using organic
solvents such as undried methanol (water concentration
0.02 M) and undried formamide (water concentration 0.06
M) was studied to prepare fully exchanged Li-X (Si/Al =
1.09) and Li-Y (Si/Al = 1.56) at 333 and 393 K, for
methanol and formamide, respectively (Kim et al., 2012a;
Kim et al., 2013a; Kim et al., 2013b). The temperature
was chosen at near their boiling points to maximize the
extent of ion exchange.

Remarkably, in ion exchange using undried methanol
solution (water concentration 0.02 M), complete and high
level (up to 96 %) exchange of Li" ion into zeolites X
(Si/Al =1.09) (Kim et al., 2013a) and Y (Si/Al = 1.56)
(Kim et al., 2012a), respectively, were achieved. On the
other hand, only 73 and 56 % exchange for zeolites X and
Y were observed in Li~ exchange using undried formamide
(water concentration 0.06 M) (Kim et al., 2013b). These
results show that undried methanol (water concentration
0.02 M) is particularly convenient and efficient as solvent
for the ion exchange of Li'.

In order to better understand the adsorption properties,
detailed information of Li" ion in Li™-exchanged zeolites
is desired. Accordingly, a large number of studies have
been performed by various methods such as powder-neutron
diffraction, single-crystal synchrotron X-ray diffraction,
and solid-state MAS NMR spectroscopy (Feuerstein et al.,
2000; Forano et al., 1989; Kim et al., 2012a; Kim et al.,
2012b; Kim et al., 2013a; Kim et al., 2013b; Plevert et
al., 1997; Shepelev et al., 1990; Wozniak er al., 2008).
According to the previous studies, Li" ions preferentially
occupy site I’ and II, and the remaining Li~ ions were
located at sites III or III’ in the supercage (Feuerstein and
Lobo, 1998; Feuerstein et al., 2000; Forano et al., 1989;
Kim et al., 2012a; Kim et al., 2012b; Kim et al., 2013a;
Kim et al., 2013b; Plevert et al., 1997; Shepelev et al.,
1990; Wozniak er al., 2008). Sometimes, remaining Li"
ions in supercage for charge balance of the zeolite frame-
work were not found due to the high mobility and low
occupancy of Li~ ion at certain sites (Feuerstein and Lobo,
1998; Forano et al., 1989; Kim et al., 2012a; Kim et al.,
2012b; Kim ef al., 2013b). In addition, large distortions
of the zeolite framework were observed in dehydrated
zeolites (Feuerstein and Lobo, 1998; Forano et al., 1989;
Kim et al., 2012a; Kim et al., 2012b; Kim et al., 2013b;
Shepelev et al., 1990).

In present study, Li'-exchange into zeolite Y (Si/Al =
1.56) was performed from two different solvents, undried
methanol and formamide, at an elevated temperature, 323
K, to study the Li" ion exchange tendency on properties
of solvents under same condition (ion exchange temperature
and water concentration in solvent) and to investigate the
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distribution of cations in zeolite framework. Methanol and
formamide were selected as solvent for Li' ion exchange
because of different dielectric constant. Their structures
were determined by single-crystal synchrotron X-ray diff-
raction techniques.

Materials and Methods

Ion exchange and dehydration Large single crystals
of zeolite Y (FAU), stoichiometry NassSii17Al7503s4, were
synthesized in this laboratory (Lim et al., 2010). Each of
two crystals, colorless octahedral about 0.30 mm in cross-
section, was lodged in its own fine Pyrex capillary. Two
ion-exchange solutions 0.1 M LiNO; (Aldrich, 99.99%,
Ca 4.82 ppm, Na 1.91 ppm, Sc 0.48 ppm, Mg 0.42 ppm,
Ba 0.41 ppm, Zr 0.31 ppm, Cu 0.21 ppm, Al 0.07 ppm,
La 0.05 ppm, Sr 0.04 ppm) were prepared as follows.
Solutions land 2 were prepared by dissolving LiNOs in
undried methanol (Baker Analyzed HPLC Solvent, assay
100%) and in undried formamide (Aldrich, assay 99.5%),
respectively. Although a previously unopened bottle of

Table 1. Summary of experimental and crystallographic data.

solvents were used, the water content of solution could
have increased significantly during its preparation by
sorption of moisture from the LiNOs(s) and from the
atmosphere. The compositions of the solvents in two
solutions are given in Table 1.

All two crystals were Li'-exchanged in their capillaries
by dynamic method at 323 K. Each of the resulting clear
colorless single crystal was slowly heated under dynamic
vacuum to 723 K and dehydrated at 1 x 10 Torr for 2
days. While these conditions were maintained, the hot
contiguous downstream lengths of the vacuum system,
including a sequential 17-cm U-tube of zeolite SA beads
fully activated in situ, were allowed to cool to ambient
temperature to prevent the movement of water molecules
from more distant parts of the vacuum system to each
crystal. While still under vacuum, each crystal was allowed
to cool to room temperature and was sealed in its capillary
by torch.

Single-crystal X-ray Diffraction  Synchrotron X-ray
diffraction data for the two crystals were collected at

Crystal 1 Crystal 2

Crystal cross-section (mm) 0.31 0.33
Solvent CH;0H CHONH,
[H0]" 0.06 0.06
Ion exchange t(h),T (K) 24, 323 24, 323
Crystal color colorless colorless
Dehydration T (K) 723 723
Data collection T (K) 100(1) 100(1)
Space Group, Z Fd3m, 1 Fd3m, 1
X-ray source Pohang Light Source, Beamline 2D SMC
Wavelength (A) 0.63000 0.67000
Unit cell constant, a (A) 24.6757(2) 24.7773(2)
20 range in data collection (deg) 72.17 65.60
No. of unique reflections, m 1911 1276
No. of reflections with F, > 40 (F,) 1564 1193
No. of variables, s 55 56
Data/parameter ratio, m/s 34.7 22.8
Weighting parameters, a/b 0.095/80.5 0.063/123.0
Final error indices

R/wWR, (Fy > 4o(Fy)) 0.048/0.171 0.045/0.146

Ri/wR, (all intensities)’ 0.057/0.203 0.047/0.152
Goodness-of-fit’ 1.11 121

“Water concentration (mol/L) in the exchange solution. 'R, = SIFo|F|/ZF, and R, = [ZW(FOZ-Fcz)Z/ ZW(F(,Z)Z]”Z; R and R,
are calculated using only the 1564 and 1193 reflections for which F, > 40(F,). ‘Ri and R, are calculated using all unique

reflections measured. “Goodness-of-fit = (ZW(E)z-Fcz)Z/(m-s))”z, where m and s are the number of unique reflections and

variables, respectively.
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Table 2. Positional, thermal, and occupancy parameters.”

atom \};\;};ngrflf e y z Ui Un Us U Uo7k U — ] OC::;:;‘CY fixed
|LisiNaas|[Si117Al750384]-FAU, crystal 1

Si,Al 192(3) 509(1)  1240(1)  370(1)  97(2)  84(2)  842)  -12(1) 1) 2(1) 192

o(l) 96() -1015(1) 0 1015(1) 1775) 177 177(5)  -47(4)  -11(6)  -47(4) 96

02) 96(g) 2(1) 21)  1501(1)  157(4)  157(4)  135(6)  10(4)  10(4) 52(5) 96

03) 96(g) 232(1)  7211)  721(1)  138(7)  133(4)  133(4)  10(5)  20(4)  20(4) 9%

0@ 96(g) 723(1)  777(1)  1723(1)  155(7)  146(4)  146(4)  -35(5)  20(4)  -20(4) 96

Li(l) 32) T 445(2)  455(2)  455(2) 184(15) 184(15) 184(15)  36(20)  36(20)  36(20) 30.3(3) 30
Na(’)  32(e) I 672(8)  672(8)  6728) 101(71) 101(71) 101(71)  30(58)  30(58)  30(58) 1.73) 2
Lid) 32 I V044)  2224(4)  2224(2) 20223) 202(23) 20223) 331 331) 33D 21.14) 21
Na(II) 32(e) 1T 2400(15) 2400(15) 2400(15) 252(21)  252(21) 252(21) 130(21)  130(21) 130(21) 10.8(4) 11
Na(lll))  192() 1P 440(13)  811(12) 4177(12) 1064(134) 15.9(12) 11

|LisoNas| [Sit17AlsOs5]-FAU, crystal 2

Si,Al 192(i) 522(1)  1239(1)  365(1)  1303)  114(3)  1103)  -17(2) Q) -11Q) 192

o) 96(h) -1038(1) 0 1038(1)  201(6) 229(10)  201(6)  -47(5) 58)  -47(5) 96

0Q) 96(g) J6(1)  -16(1)  1471(1)  193(6)  193(6)  204(10) 7(6) 7(6) 58(8) 96

03) 96(2) 2631 713(1)  713(1)  232(10)  182(6)  182(6)  15(7)  -5(6) -5(6) 96

0(4) 96(2) 7041y 767(1)  1733(1)  21011)  217(7)  217(7)  -798)  22(6)  -22(6) 96

Nal)  16(c) I 0 0 0 562(181) 1.63) 15
Li®)  32e) T 426(5)  426(5 426(5) 187(34) 187(34) 187(34)  5(33)  533)  5(33) 21.7(4) 2
Na(l) 32 T 569(5)  569(5)  569(5) 339(46) 339(46) 339(46) 176(48) 176(48)  176(48) 6.5(4) 7
Li(I) 2e) I 2169(16) 2169(16) 2169(16) 369(110) 7.9(4) 8
Na(ll)  32(e) I 2355(1)  2355(1) 2355(1) 238(10) 238(10) 238(10)  89(9)  89(9) 89(9) 24.1(4) 24
Na(ll')  192() I’ 1659(13) 1998(15) 4133(14) 850(134) 12.2(12) 125

“Positional parameters X 10* and thermal parameters X 10* are given. Numbers in parentheses are the estimated standard deviations in the units of the
least significant figure given for the corresponding parameter. “The anisotropic temperature factor is exp[-2°a (Un/i* + Unk® + Ussl® + 2Uykl + 2Uishl

+ 2Uphk)). “Occupancy factors are given as the number of atoms or ions per unit cell.

100(1) K wusing an ADSC Quantum 210 detector at
Beamline 2D SMC at The Pohang Light Source.

The ADSC Q210 ADX program (Arvai and Nielsen,
1983) was used for data collection (detector distance is
63 mm, omega scan: Aw@ = 5°, exposure time 1 sec per
frame) and HKL 3000sm was used for cell refinement,
reduction, and absorption correction (Otwinowski and
Minor, 1997). The space group Fd3m, conventional for
zeolite Y, was determined by the program XPREP
(Brucker-AXS, 2001). A summary of the experimental
and crystallographic data are presented in Table 1.

Structure Determination
refinements (SHELXL97) (Sheldrick, 1997) were done on

F,> using all data for two crystals. Each refinement was

Full-matrix least-squares

initiated with the atomic parameters of the framework
atoms [(Si,Al), O(1), O(2), O@3), and O(4)] in dehydrated
[K71|[Si121Al710384]-FAU (Lim ef al., 2006). Each initial
refinement used anisotropic thermal parameters and con-
verged to the high error indices. The further steps of

structure determination and refinement as new atomic

positions were found on successive difference Fourier
electron density functions. The final cycles of refinement
were done with anisotropic temperature factors for all
positions except those that were not stable in anisotropic
refinement: Na(III’) in crystal 1, Na(I), Li(Il), Na(IIl’) in
crystal 2. The final error indices R; and wR, are given in
Table 1. The largest peaks on the final difference-Fourier
function were not included in the final model because
they were too far from framework oxygen atoms to be
cations and were not otherwise within bonding distance of
any other position. All shifts in the final cycles of
refinements were less than 0.1% of their corresponding
estimated standard deviations (esds). The final structural
parameters are presented in Table 2, and selected inter-
atomic distances and angles are given in Table 3.

Fixed weights were used initially; the final weights
were assigned using the formula w = 1/[**(F,) + (aP)’ +
bP] where P = [Max(F,,0) + 2F.]/3, with a and b as
refined parameters (see Table 1). Atomic scattering factors
for Li', Na', O, and (Si,A)'®" were used (Doyle and
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Table 3. Selected interatomic distances (A) and angles (deg).”

Characterization of Li'-ion Exchanged Zeolite Y using Organic Solvents

Crystal 1 Crystal 2
(Si,AD-O(1) 1.6360(7) 1.6436(9)
(Si,AD-O(2) 1.6741(8) 1.6699(10)
(Si,A)-O(3) 1.6863(8) 1.6895(11)
(Si,A)-O(4) 1.6383(7) 1.6427(8)
Mean (Si,Al) 1.6587 1.6614
Na()-O(3) - 2.583(2)
Li(I’)-0(3) 1.924(2) 1.981(3)
Na(I’)-0(3) 2.227(16) 2.121(8)
Li(I1)-0(2) 2.0223) 2.114Q2)
Na(11)-0(2) 2.238(5) 2.262(3)
Na(II1")-0(1) 2.56(3) 2.47(3)
Na(III’)-O(4) 2.49(3) 2.40(4)
O(1)-(Si,A)-0O(2) 113.15(7) 112.25(8)
O(1)-(Si,A)-O(3) 109.62(8) 110.10(9)
O(1)-(Si,A)-O(4) 110.00(8) 110.15(10)
0O(2)-(Si,AD-0(3) 105.46(8) 105.58(10)
0(2)-(Si,Al)-O(4) 107.11(8) 107.05(11)
0(3)-(Si,Al)-O(4) 111.43(8) 111.62(11)
(Si,A)-O(1)~(Si,Al) 145.38(13) 140.65(13)
(Si,A)-O(2)~(Si,Al) 131.82(11) 136.75(15)
(Si,A)-O(3)~(Si,Al) 127.67(10) 130.10(14)
(Si,AD-O(4)-(Si,Al) 141.53(12) 145.98(15)
0O(3)-Na(I)-0(3) - 82.9(1), 97.10(1)
0(3)-Li(1)-0(3) 118.7(1) 119.3(2)
O(3)-Na(I")-0(3) 96.1(9) 107.5(6)
0(2)-Li(IN-0(2) 118.6(2) 120.0(1)
O(2)-Na(ID-0(2) 102.0(3) 108.1(1)
O(1)-Na(IlI’)-0O(4) 64.1(8) 67.2(9)

“The numbers in parentheses are the estimated standard
deviations in the units of the least significant digit given

for the corresponding parameter.

Turner, 1968; Ibers and Hamilton, 1974a). The function
describing (Si,Al)"**" is a weighted mean of the Si*", Si’,
Al”, and AI’ functions (Si/Al = 1.56). All scattering
factors were modified to account for anomalous dispersion
(Cromer, 1965; Ibers and Hamilton, 1974b). Other crys-
tallographic details are given in Table 1.

Results and Discussion

The framework structure of zeolite Y (FAU) is charac-
terized by the double 6-ring (D6R, hexagonal prism), the
sodalite cavity (a cubooctahedron), and the supercage (see
Fig. 1). Each unit cell has 8 supercages, 8 sodalite cavities,
16 D6Rs (32 6-rings), 16 12-rings, and 32 single 6-rings

e oxygen
o cation
II
III (:)
o lll
d 7 S6R
3 @2 j @! _\
11 | OI| |D6R
e 3 g 111
) .
0 (VA
J o I
V4 l
supercage O T sodalite
o cavity

Fig. 1. Stylized drawing of the framework structures of zeolite
Y. Near the center of the each line segment is an oxygen
atom. The nonequivalent oxygen atoms are indicated by the
numbers 1 to 4. There is no evidence in this work of any
ordering of the silicon and aluminum atoms among the
tetrahedral positions, although it is expected that Loewenstein’s
rule (Loewenstein, 1954) would be obeyed. Extraframework
cation positions are labeled with Roman numerals.

(S6Rs).

The exchangeable cations, which balance the negative
charges of the zeolite Y framework, usually occupy some
or all of the sites shown with Roman numerals in Fig. 1
(Loewenstein, 1954). The maximum occupancies at the
cation sites I, I’, II, II’, III, and III’ in zeolite Y are 16,
32, 32, 32, and 48, respectively. Site III’ in zeolite Y
studied using space group Fd3m is a 192-fold position.
Further description is available (Break, 1974; Van Bekkum
et al., 2001).

Crystal Structure of |Li51Naz4|[Si117Al750384]-FAU (Crystal
1). About 51 Li" ions per unit cell are found at two
different crystallographic sites. The 30 nearly fill site I’
and 21 occupy site II (see Table 2). Residual 24 Na' ions
are found at three different crystallographic sites I°, II,
and III” with occupancies of 2, 11, and 11, respectively
(see Table 2). The degree of Li" ion exchange is taken to
be 51/75, about 68%, in this structure.

The Li" ions at site I’ (opposite D6Rs in the sodalite
cavity) are coordinated by the three O(3) oxygen atoms
of the D6R at 1.924(2) A, which is very close to the sum
of the conventional ionic radii of Li' and Oz', 1.91 A
(see Table 3) (Lide, 1996/1997a). It indicates that Li" ion
coordinate strongly to their three O(3) oxygens in the
6-rings (see Figs. 2(a) and (b)). Each Li" ion lies
relatively near inside the sodalite cavity 0.22 A from its
three O(3) plane (see Fig. 3 and Table 4). The O(3)-
Li(I’)-O(3) bond angle, 118.7(1)°, is near trigonal planar
(see Table 3).
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(b

Fig. 2. Stereoviews representative D6Rs in crystals 1 and 2.
Of the 16 D6Rs per unit cell in crystal 1, the amangements of
Li" and Na® jons are possible as shown in (a) and (b). For
crystal 2, Li" and Na' ions are occupied as shown in (a), (b),
and (c). The zeolite Y framework is drawn with heavy bonds.
The coordination of Li" ions to oxygens of the zeolite
framework is indicated by light bonds. Ellipsoids of 25%
probability are shown.

Each Li" ion at Li(Il) (opposite S6Rs in the supercage)
extends inside the supercage, 0.24 A, from the plane of
their O(2) framework oxygen atoms (see Fig. 4 and Table
4). The O(2)-Li(Il) distance is 2.022(3) A, which are in
close agreement with the sum of the ionic radii, 1.91 A
(see Table 3) (Lide, 1996/1997a).

Residual Na” ions at sites I’ and II are shown Figs. 2
and 3, respectively. Each Na' ion at Na(I’) and Na(ll)
extends inside the sodalite cavity and supercage 1.14 and

Fig. 3. A stereoview of representative sodalite units in crystals
1 and 2. See the caption to Fig. 2 for other details.

Table 4. Displacements of atoms (A) from 6-ring planes.

. . crystal 1 crystal 2
positions  sites P B a B
at O(3)" at O(2) at O(3)" at O(2)
Na(l) I -1.67
Li(I’) r 0.22 0.17
Na(I’) r 1.14 0.78
Li(II) I 0.24 0.02
Na(II) I 0.97 0.80

“A positive displacement indicates that the cation lies in a
sodalite cavity; a negative deviation indicates that cation lies
in a D6R. (Na(I) lies at the center of D6Rs). A positive
displacement indicates that the cation lies in a supercage.

stal o4 o1 03 sial o4 o1 03

Fig. 4. A. stereoview of representative supercages in crystals
1 and 2. See the caption to Fig. 2 for other details.

0.97 A from its three O(3) and O(2) plane, respectively
(see Table 4). The Na(I’)-O(3) and Na(II)-O(2) bond
lengths are 2.227(16) and 2.238(5) A, respectively, which
are in close agreement with the sum of the ionic radii of
Na“ and 07, 2.29 A (Weast, 1989/1990).

The remaining 11 Na~ ions are located at site III’ in
the supercage on close to the side of the 12-rings near an
O(1)-Al-O(4) sequence (see Fig. 4). These Na' ions bind
only to two oxygen atoms, O(1) and O(4) at 2.56(3) and
2.49(3) A, respectively (see Table 3). These distances are
somewhat longer than the sum of the Na' and 0" radii
(Weast, 1989/1990). However, such long distances have
been seen in fully dehydrated Na-X (Olson, 1995; Zhu
and Seff, 1999). Local distortions may allow the actual
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Table 5. Number of Li* and Na" ions per unit cell at their sites.

Crystal no. Site 1 Site I’ Site 11 Site 111’ Total Cations % IE’
Na Li" Na' Li* Na' Na’ Total Li"  Total Na*
1 30 2 21 11 11 51 24 68
2 1.5 22 7 8 24 12.5 30 45 40

. o
“Percent ion exchange of Li~ ion.

distances to be less.

Crystal Structure of |Li30Na45|[Si117Al750384]-FAU (Crystal
2). In this structure, 30 Li" ions per unit cell occupy two
crystallographic sites and 45 Na“ ions occupy four
different sites (see Table 2). The degree of Li ion
exchange in this crystal is taken to be 30/75, about 40%.

Unlike crystal 1, the 1.5 Na' ions per unit cell at Na(I)
occupy site I (at the centers of the D6Rs, see Fig. 2(c)).
Each coordinates to six O(3) framework oxygens of its
D6R at distance of 2.583(2) A, which is somewhat longer
than the sum of the corresponding conventional radii of
Na“ and 02', 229 A (Weast, 1989/1990), indicating a
reasonably good fit (see Table 3). Because 14.5 D6R’s
are empty and only one and a half contain a Na~ ion at
site I, the O(3) position can be expected to have refined
to describe the predominant geometry, that of the empty
D6R’s. The true Na(I)-O(3) distance is substantially less
than 2.58 A as the Na' ions pull their coordinating
oxygens closer. Accordingly, these longer distances have
consistently been in the structures of partially Li'-exchanged
zeolite Y (Kim et al., 2013b). The O(3)-Na(I)-O(3) bond
angles are 82.9(1)° and 97.10(1)°, nearly perfectly
octahedral (see Table 3). No Li" ions are found at site I
because Li" ion is too small to be located in site I.

The 22 Li" and 7 Na' ions at Li(I’) and Na(I’), res-
pectively, are found at site I’ (see Figs. 2(a) and 2(b)).
To avoid the very short distance between site I and the
two occupied I’ site where intercationic electrostatic
repulsion should be severe, the two I’ sites of a D6R
should not be occupied if its site I is (Kim et al., 2012a;
Kim et al., 2013b). Accordingly, there are only (16-1.5)
x 2 = 29 site I’ positions available for cations which are
in agreeable with the number found at site I’ (see Table
2). Each Li' and Na' ion extend inside the sodalite
cavity, 0.17 and 0.78 A, respectively, from the plane of
three O(3) framework oxygens (see Table 4). The distances
of Li(I’) and Na(I’) to the framework oxygens at O(3)
are 1.981(3) and 2.114(2) A, respectively, which are same
as in crystal 1 (see Table 3).

About 8 Li" and 24 Na” ions per unit cell at Li(I) and
Na(Il), respectively, are located at site 1I position, complete
the filling of the 6-rings. While Li(Il) extends 0.02 A
into the supercage from its O(2) plane, Na(Il) extends
0.80 A, which is 0.78 A much further than Li(Il) (see

Fig. 4 and Table 4). Because, Li" ion is smaller than Na"
ion, it must pull the oxygen atoms of the 6-rings that it
occupies in toward the 6-ring centers. Correspondingly,
the O(2)-Li(II)-O(2) and O(2)-Na(II)-O(2) angles are 120.0
(1)° and 108.1(1)°, respectively (see Table 3).

As in crystal 1, the remaining Na” ions are located at
site III’ in the supercages in the vicinity of 12-rings.
Their placements may be seen in Fig. 4. The geometry
about them is reasonable (see Tables 2 and 3), much like
that described for crystal 1.

In both structures, Li' ion are found at two different
locations: the majority of the Li" ions are located at site
I’ and remaining Li" ions occupy site II (see Table 5).
Similarly to our previous work (Kim et al., 2012a; Kim
et al., 2012b; Kim et al., 2013b), Li" ion prefers to fill at
site I’ first and then site II. The number of Li" ions at
sites I’ and II increases with increasing Li' exchange
level (see Table 5). Residual Na' ions occupy the sites I,
II, and III’ in both structures, in additional to above sites,
Na' ions occupy site I with decreasing Li" exchange level
in crystal 2. Unlike previous works, all cations are found
per unit cell to balance the negative charge of the zeolite
framework in this work.

According to the previous reports (Plevert et al., 1997,
Kim et al., 2012a; Kim et al., 2012b; Kim et al., 2013b;
Shepelev et al., 1990), the location of Li~ ion at the
center of the 6-rings induces the large distortions of the
zeolite framework occurring upon dehydration due to the
presence strong interactions between Li" ions and oxygen
framework atoms as it is reflected in the T-O-T bond
angles.

In agreement with previous reports (Plevert et al.,
1997; Kim et al., 2012a; Kim et al., 2012b; Kim et al.,
2013b), the T-O-T angles at O(2) and O(3), 131.82(11)%/
127.67(10)° and 136.75(15)°/130.10(10)° for crystals 1 and
2, respectively, are very narrow compared to those as
seen in fully dehydrated Na-X (Olson, 1995; Zhu and
Seff, 1999). This result indicates that zeolite framework is
experienced some level of strain due to strongly interaction
of Li" ion. The T-O-T angles at O(2) and O(3) in crystal
1 are smaller than crystal 2, it can be attributed to the
higher level of Li~ exchange. In addition, significant
decrease the unit cell constant of the zeolite framework is
also seen in crystal 1.
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Table 5 shows the degree of Li" ion exchange into
zeolite Y (Si/Al = 1.56) from undried methanol (crystal
1) and undried formamide (crystal 2) solvent at given
ion-exchange temperature and content of water. While
approximately 68 % exchange is achieved from undried
methanol, only 40 % exchange is observed from undried
formamide. This are attributed to the difference of the
properties of the ion-exchange solution between methanol
and formamide: the dielectric constants of methanol and
formamide are 33.0 and 111.0 &, respectively, at 293.2 K
(Lide, 1996/1997b). As the dielectric constant of solvent
increase, the degree of Li" ion exchange decreases.

According to the previous reports (Canfield et al., 2007;
Kim et al., 2012a; Kim ef al., 2012b; Kim et al., 2013b),
the solvent with low dielectric constant increase the extent
of cation exchange due to weak polarity because the
cation is likely to give up solvent easily in its coordination
sphere to replace it with the framework oxygen of zeolite
during ion exchange process.

Considering the properties of methanol and formamide,
the dielectric constant of methanol is lower than of
formamide, thus, facilitating the ion exchange of Li" ions
in undried methanol into zeolite Y. On the other hand,
the formamide coordinate around the Li" ions very strongly,
indicated by its large dielectric constant, making it
difficult for the formamide molecules to dissociate and
allow the Li" ion to move through the zeolite windows.
This seems to hinder the exchange of Li" ion into zeolite
Y, resulting in low exchange level. Consequently, these
results show the undried methanol solvent for Li" exchange
to be more effective than the undried formamide under
same condition.
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