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ABSTRACT: A solid understanding of the molecular-level
mechanisms responsible for zeolite crystallization remains one
of the most challenging issues in modern zeolite science. Here
we investigated the formation pathway for high-silica LTA
zeolite crystals in the simultaneous presence of tetraethylam-
monium (TEAY), tetramethylammonium (TMA*), and Na*

TO, tetrahedra
(T = Sior Al)

-G8

ions as structure-directing agents (SDAs) with the goal of better understanding the charge density mismatch synthesis approach,
which was designed to foster cooperation between two or more different SDAs. Nucleation was found to begin with the
formation of lta-cages rather than the notably smaller sod and d4r-cages, with concomitant incorporation of TMA" and Na™ into a
very small amount of the solid phase with a low Si/Al ratio (ca. 2.5). The overall characterization results of our work demonstrate
that sod-cages are first built around the preorganized lta-cages and that d4r-cages are in turn constructed by the progressive
addition of low-molecular-weight (alumino)silicate species, which promotes the formation and growth of embryonic LTA zeolite
crystals. We also show that the crystal growth may take place by a similar process in which TEA" is also incorporated, forming a

single LTA zeolite phase with a higher Si/Al ratio (ca. 3.3).

B INTRODUCTION

Despite the great success that zeolites, with channels and
cavities of molecular dimensions, have had as industrial
adsorbents, ion exchangers, and catalysts,1 understanding how
they nucleate and grow remains one of the most challenging
issues in modern zeolite science. These highly porous crystals
are metastable in nature,” so their wide structural diversity must
rely on the nucleation process, which determines the phase
selectivity of the crystallization. According to the secondary
building unit (SBU) theory proposed by Barrer,” zeolites can
grow from the structural elements of their final framework. To
date, a wide variety of silicate oligomers, including cagelike
double-ring species (d3r, d4r, dSr, and dér), have been
identified in aqueous alkaline and/or tetraalkylammonium
silicate solutions by *Si NMR spectroscopy.” Apart from the
intense controversy concerning the SBU concept itself,
however, the existence of zeolite building units with greater
than 12 tetrahedral atoms (T-atoms) in the solution or solid
phase has not been experimentally evidenced to date.
Furthermore, no attempts to elucidate unequivocally the
pathways for forming even the simplest zeolites from their
SBUs (if they really exist) have yet been successful.

Zeolite A (LTA) with a framework Si/Al ratio of ca. 1, which
is one of the most widely used model systems for studies of
zeolite crystallization mechanisms, has been repeatedly
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proposed to crystallize by self-assembly of d4r-cages even in
the presence of organic structure-directing agents (SDAs).> As
shown in Figure 1, the LTA structure can be built from 14-

sod-cage

Figure 1. LTA structure and its three different composite building
units.

hedral ([4°6®]) sod-cages with 24 T-atoms that are linked
through d4r units, producing a 26-hedral ([4126886]) Ita-cage
with 48 T-atoms in the center of its unit cell.® UZM-9, a silica-
rich LTA zeolite, is among the zeolites that have been
synthesized using the charge density mlsmatch (CDM)
approach developed by researchers at UOP.” This zeolite has
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been reported to crystallize using both tetramethylammonium
(TMA") and tetraethylammonium (TEA") ions, the two most
common organic SDAs, together with Na*?

The CDM approach to zeolite synthesis was initially
proposed as a cheaper alternative to the trend of using ever
more complicated quaternary ammonium species designed to
be a “hand-in-glove” fit between the SDA and the zeolite pore
structure.'® One serious problem that needs to be addressed in
a multiple-SDA system is how to prevent the SDAs from
directing the synthesis of multiple structures, that is, how to
achieve cooperation between multiple SDAs. To gain control
over the crystallization process, we first constructed a synthesis
system that cannot condense or crystallize. This CDM
synthesis mixture consists of an aluminosilicate solution that
has a relatively low Si/Al ratio and thus has the potential to
make a zeolite framework with a high negative charge. The
solution also contains a large, low-charge-density SDA such as
TEA', which cannot efficiently balance the relatively high
aluminosilicate negative charge in a manner that provides
extensive condensation or crystallization,” even after heating at
typical synthesis temperatures.

Therefore, the CDM aluminosilicate solution contains a
barrier to crystallization that can also depend on the hydroxide
level. Typically, higher hydroxide levels shift the aluminosilicate
speciation to smaller and more highly charged species,
increasing the difficulty with which condensation occurs. This
implies that one must break down such a crystallization barrier
to effect crystallization of a zeolite. The CDM aluminosilicate
solution is perturbed with small amounts of high charge density
SDAs (e.g, Na' and TMA"), which are highly effective at
breaking down this barrier and inducing condensation or
crystallization. Cooperation of multiple SDAs results because
these SDAs need one another to complete the crystallization.
By itself, TEA" is an ineffective SDA in this system and requires
assistance from Na" and TMA" ions to effect crystallization. To
that end, the latter two smaller SDAs are kept at levels low
enough that they cannot dominate or complete the
crystallization and need assistance from TEA'. Hence,
TEAOH serves as the hydroxide source for zeolite synthesis
and is present in large excess relative to TMA" and Na" ions. A
consequence of the CDM approach is that over the course of
the crystallization, the aluminosilicate species are largely present
in solution.

Clearly, the situation described above is far from traditional
alkali-rich zeolite syntheses in which the aluminosilicate species
are sparingly soluble and most of the synthesis mixture initially
resides in an amorphous aluminosilicate gel. Delicately
attacking the barrier to crystallization with low amounts of
Na* and TMA" at low temperatures slows the course of the
synthesis, enhancing the ability to characterize the fundamental
steps in LTA zeolite syntheses. Here we present indirect but
secure experimental evidence that the CDM synthesis of high-
silica LTA zeolite in the TEA*/TMA*/Na" mixed-SDA system
involves the initial formation of lfa-cages as nucleation centers,
which is contrary to the proposed mechanism for traditional
LTA zeolite syntheses.*® With the combined aid of
experimental and theoretical approaches, we also show that
the construction of sod-cages around the preorganized lta-cages
is followed by the construction of d4r-cages. Finally, the nature
of the roles of the SDAs in this LTA crystallization is described.
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B EXPERIMENTAL SECTION

Synthesis. A clear synthesis solution with the composition
8.0TEAOH/0.STMACI/0.5NaCl/1.0A1[O(s-Bu)];/8.0TEOQS/
240H,0 was prepared by combining tetramethylammonium chloride
(TMACI, 97%, Aldrich), tetraethylammonium hydroxide (TEAOH,
35% aqueous solution, Sachem), NaCl (>99.5%, Aldrich), aluminum
tri-sec-butoxide (AI[O(s-Bu)];, 97%, Aldrich), tetraethyl orthosilicate
(TEOS, 98%, Aldrich), and deionized water. In a typical synthesis of
high-silica LTA zeolite, Al[O(s-Bu)]; was mixed with a solution of
TEAOH in water and stirred at room temperature for 2 h. To this
clear solution, a given amount of TEOS was added. After being aged at
95 °C for 1 day, the resulting solution was mixed with a solution of
TMACI and NaCl in water and stirred at room temperature for 1 day.
The final synthesis solution was filtered with 200 nm Whatman filter
papers and characterized by multinuclear solution NMR spectroscopy
or subjected to crystallization within Teflon-lined 23 mL autoclaves
under rotation (60 rpm) at 100 °C for a total period of 18 days. Prior
to NMR characterization or crystallization, no special care was taken to
eliminate all of the 2-butanol and ethanol molecules in the synthesis
solution generated by hydrolysis of the Al and Si sources, respectively.
The solid products and mother liquors were separated by
centrifugation (15000 rpm, 10 min). The recovered solids were
redispersed in deionized water using an ultrasonic bath (100 W, 42
kHz) for 60 min with subsequent centrifugation, which was repeated
three times. Finally, the resulting solids were dried overnight at room
temperature. If required, some solid products obtained in this study
were refluxed twice in 1.0 M NaNOj solutions (1 g of solid/100 mL of
solution) for 4 h.

ZK-4 (LTA) was synthesized from a starting aluminosilicate gel
with the composition 3.0TMAOH/0.5NaCl/1.0Al(OH),/2.1Si0,/
S5H,0. The reagents used included tetramethylammonium hydroxide
(TMAOH, 25% aqueous solution, Aldrich), NaCl (>99.5%, Aldrich),
AI(OH);-H,O (Aldrich), and colloidal silica (Ludox AS-40, DuPont).
The final gel was stirred at room temperature for 1 day, charged into
Teflon-lined autoclaves, and heated under rotation (60 rpm) at 80 °C
for different times of up to 24 h. In addition, for comparison of the 13¢C
magic-angle-spinning (MAS) NMR chemical shift for TMA, a sodalite
(SOD) sample with Si/Al = 3.4 was prepared by heating a clear
solution with the composition 5.6TMAOH/0.75LiCl/1.0A1(OH),/
2.0Si0,/232H,0 under rotation (60 rpm) at 160 °C for 4 days.

Analytical Methods. Powder X-ray diffraction (XRD) patterns
were recorded on a PANalytical X'Pert diffractometer (Cu Ka
radiation) with an X’Celerator detector. The relative crystallinities of a
series of solid products recovered at different time intervals were
determined by comparing the areas of the intense X-ray peak around
20 = 24.2° corresponding to the (622) reflection of the LTA
structure, with that of a fully crystallized sample. The yield of each
product was calculated by dividing the mass of the product obtained
after crystallization for a given time by the total mass of the oxide
forms of all of the components in the synthesis mixture except water.
IR spectra in the structural region were recorded on an ABB Bomen
MB 104 FT-IR spectrometer using the KBr pellet technique. The
concentration of solid sample in the KBr pellets was kept constant at
0.02 g of sample/g of KBr, and 256 scans were accumulated to obtain
the IR spectra. Thermogravimetric analysis (TGA) was performed on
an SII EXSTAR 6000 thermal analyzer, and the weight losses related
to the combustion of organic SDAs were further confirmed by
differential thermal analysis (DTA) using the same analyzer. Elemental
analyses for Si, Al, and Na were carried out using a Jarrell-Ash Polyscan
61E inductively coupled plasma spectrometer in combination with a
PerkinElmer 5000 atomic absorption spectrophotometer. The C, H,
and N contents of the samples were analyzed by using a Vario EL III
elemental organic analyzer.

27Al, 2Si, and '*C solution NMR measurements were carried out in
S mm quartz tubes using a Bruker DRX-500 spectrometer. The *’Al
NMR spectra were recorded at a ’Al frequency of 130.32 MHz with a
7/6 rad pulse length of 3.0 us, a recycle delay of 1 s, and acquisition of
ca. 1000 pulse transients. The °Si NMR spectra were obtained at a
Si frequency of 99.35 MHz with a 7/6 rad pulse length of 3.0 us, a
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recycle delay of 1 s, and acquisition of ca. 5000 pulse transients. The
BBC NMR spectra were recorded at a *C frequency of 125.77 MHz
with a 7/6 rad pulse length of 3.0 us, a recycle delay of 2 s, and
acquisition of ca. 1000 pulse transients. ’Al, *Si, and *C MAS NMR
measurements were performed on a Varian Inova 300 spectrometer at
a spinning rate of 6.0 kHz. The *’Al MAS NMR spectra were
measured at a “’Al frequency of 78.16 MHz with a /8 rad pulse
length of 1.8 us, a recycle delay of 0.5 s, and acquisition of ca. 5000
pulse transients. The ’Si MAS NMR spectra were measured at a *Si
frequency of 59.59 MHz with a /2 rad pulse length of 5.0 us, a
recycle delay of 30 s, and acquisition of ca. 3000 pulse transients. The
BC MAS NMR spectra were recorded at a '*C frequency of 75.43
MHz with a 7/2 rad pulse length of 7.0 us, a recycle delay of 2 s, and
acquisition of ca. 10 000 pulse transients. The 2’Al chemical shifts are
reported relative to Al(H,0)4*, and the *Si and "*C chemical shifts
are referenced relative to tetramethylsilane (TMS). Decomposition
and simulation of the *’Si and '*C MAS NMR spectra obtained were
carried out using the PeakFit curve-fitting program. One strong *C
NMR line at 58.2 ppm, which must be due to the CH; *C NMR line
of the occluded TMA" ions, was observed in the *C MAS NMR
spectrum of as-made sodalite with Si/Al = 3.4.

Quantum-Chemical Calculations. Four different cage systems of
the LTA structure, namely, a discrete sod-cage, a discrete lta-cage, and
systems containing either 1 lta-cage + 12 d4r-cages or 1 lta-cage + 8
sod-cages + 12 d4r-cages, were employed to calculate the stabilization
energies for various combinations of Na*, TMA®, and/or TEA" jons.
The unit cell parameters and atomic coordinates for the LTA structure
with space group Fm3c were taken from the original reference in the
International Zeolite Association tabulation.’ In the calculations, the
terminal Si—H was fixed at a bond distance of 1.47 A and oriented
along the direction of the corresponding Si—O bond. Because of the
hydrothermal nature of zeolite synthesis, the Na* ion in each cage
system was assumed to exist as an octahedral [Na(H,0)4]* complex in
which the Na—O bond distance was fixed at 2.37 A, as in aqueous
solution.® The combined theoretical model, an M06-2x/6-31+G-
(d):MNDO ONIOM method,® was used to predict the geometries of
various structures containing different combinations of SDAs. The
MO06-2X functional implicitly accounts for medium-range electron
correlation and can describe dispersion interactions well in comparison
with traditional DFT methods. Hence, it usually has the best
performance for the non-covalent interactions.'® The ST cluster
active center [AI(SiO),] and adsorbed cations in the high-level layer
were relaxed to preserve the integrity of the zeolite structure during
the structure optimizations, while the rest of atoms were fixed at their
crystallographic locations. The stabilization energy was calculated as
the difference between the total energy of the absorption complex and
the sum of the energies of the separated guest cations and the cluster
model. All of the calculations were performed using the Gaussian 09
package."!

B RESULTS AND DISCUSSION

Figure 2a shows the **Si NMR spectrum of a clear
aluminosilicate synthesis solution with the composition
8.0TEAOH/0.5TMACI/0.5NaCl/1.0A1[O(s-Bu)],/8.0TEOS/
240H,0 used in our work. This spectrum presents four major
lines at —72.2, —80.8, —82.4, and —89.5 ppm due to the silicate
monomer, dimer, cyclic trimer (s3r), and prismatic hexamer
(d3r), respectively.'” Also, there is at least one line at low-field
relative to each of the latter three lines, assignable to the other
small silicate or aluminosilicate species such as those described
elsewhere.'?” It is worth noting that the 2Si line at —98.4 ppm
attributed to the silicate cubic octamer (i.e., d4r), which has
repeatedly been proposed to serve as a key building unit in the
crystallization of zeolite A,°*® is much weaker in intensity than
the silicate d3r line. On the other hand, when the synthesis
solution was heated under rotation (60 rpm) at 100 °C, the
crystalline order detectable by powder XRD (in the range of a
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Figure 2. (a) *Si NMR spectrum of a starting synthesis solution with
the composition 8.0TEAOH/0.STMACI/0.5NaCl/1.0A1[O(s-Bu),]/
8.0TEOS/240H,0. (b) °Si NMR spectra of a series of mother liquors
separated after UZM-9LS crystallization at 100 °C for different times.
(c) Si MAS NMR spectra of the solid products recovered after
different periods of crystallization.

few unit cells'®) was present after 18 h, and crystallization was
complete after 6 days (Figure 3). Since the LTA material fully
crystallized here has a somewhat lower Si/Al ratio (3.3) than
the typical ratios (3.5—6.0) of UZM-9, it is designated as UZM-
9LS, a low-silica (LS) version of UZM-9.

To follow the formation pathway for UZM-9LS, the mother
liquors and solid products were recovered by centrifugation at
different time intervals during the synthesis of this LTA-type
zeolite at 100 °C and subjected to multinuclear solution and
solid-state NMR measurements, respectively. The *Si solution
NMR spectra in Figure 2b reveal that the concentration of
silicate d3r-cages in all of the mother liquors was much higher
than that of any of the other (alumino)silicate species, includin,
d4r clusters. In fact, one previous molecular dynamics study'
reported that the d3r cluster in aqueous solution can easily be
stabilized by the presence of TEA* in addition to TMAY, as in
our synthesis solution. It is noteworthy that after only 3 h of
heating, the relative intensities of the *Si lines other than the
silicate d3r line became significantly weaker than those of the
corresponding lines from the starting synthesis solution.
Because this trend remained almost unchanged during the
course of crystallization at 100 °C for 18 days, it is clear that a
high concentration of d4r-cages was not necessarily present in
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Figure 3. (left) Powder XRD patterns and (right) relative crystallinities and solid yields for a series of solid products obtained after crystallization at

100 °C for different times.

the liquid phase to facilitate the crystallization of UZM-ILS, in
contrast to what has been proposed to date for zeolite A
formation.>

The *’Al NMR spectrum of the starting synthesis solution
(Figure S1 in the Supporting Information) shows signs of four
components around 75, 70, 65, and 60 ppm, corresponding to
q"(nSi) species with n = 1—4, respectively."> However, the
spectra of the mother liquors became featureless with
increasing crystallization time, giving a broad line around 60
ppm after 6 days of heating. This suggests that the Al species in
the solution phase during UZM-9LS synthesis were essentially
nonmonomeric. We also found that the three “X-ray
amorphous” solids obtained with quite low yields (<4 wt %)
after heating at 100 °C for times shorter than 18 h gave one
very broad *°Si line around —95 ppm (Figure 2c). When the
crystallization time was increased to 2 days, this *Si line
disappeared and Q*(nAl) *’Si lines with n = 3—0 began to be
resolved, in good agreement with the growth of UZM-9LS
crystals (Figure 3). However, the Al MAS NMR spectra of all
of the solids obtained at crystallization times ranging from 3 h
to 18 days, although amorphous, were characterized by only
one broad line around 53 ppm (Figure SI in the Supporting
Information), typical of tetrahedral Al'**

The "*C chemical shift of TMA" in zeolites is particularly
sensitive to the size of the cavity inside which it becomes
entrapped during zeolite synthesis, although it is practically
independent of the Si/Al ratio of the zeolite host.'* It has been
repeatedly shown that the TMA" ions occluded within the Ita-
cage and the smaller sod-cage in LTA zeolites exhibit *C NMR
chemical shifts around 57 and 59 ppm, which are shifted to
lower field by ca. 1 and 3 ppm, respectively, relative to the
corresponding line of TMA* in D,0.'® This stimulated us to
investigate the entire process of nucleation and growth of
UZM-9LS crystals using *C MAS NMR spectroscopy. Figure 4
shows the *C MAS NMR spectra of the solid products
recovered after UZM-9LS crystallization at 100 °C for different
times. The spectrum of the product recovered after 3 h of
heating, which has an organic content of 7.6 wt % (Table 1),
showed a strong TMA" CH; *C NMR line at 57.0 ppm.
Elemental analysis indicated a small decrease in organic content
of this amorphous solid to 6.0 wt % when the sample was
refluxed twice in 1.0 M NaNOj solution for 4 h, suggesting that
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Figure 4. ®C MAS NMR spectra of the solid products recovered after
UZM-9LS crystallization at 100 °C for different times. To display the
changes in the *C NMR line intensities more clearly, the relative
intensities are referenced to the height of the *C line around 57 ppm
due to CH, groups of TMA" ions in Ita-cages. The *C solution NMR
spectra of TMACI and TEABr in D,0O (bottom traces) are also
included for comparison.

its organics (including TMA') are mainly located in
nonexchangeable sites, probably in Ifa-cages and/or cages that
are similar to and readily transformed into Ifa-cages.
Interestingly, a new shoulder around 58 ppm began to appear
in the ®*C MAS NMR spectrum of the solid obtained after 1
day of heating, the relative crystallinity (ca. 20%) of which was
still low (Figure 3). This shoulder, which also comes from
TMA', became stronger in products heated for up to an
additional 5 days, as ascertained by curve decomposition
(Figure S2 in the Supporting Information and Table 2). A
combination of elemental and "*C MAS NMR analyses revealed
the presence of ca. 0.9 TMA® ions per sod-cage in fully
crystallized UZM-9LS obtained after 6 days of heating, in
addition to ca. 0.8 TMA" ions per lta-cage. Because this sample

dx.doi.org/10.1021/ja309831e | J. Am. Chem. Soc. 2013, 135, 2248—2255



Journal of the American Chemical Society

Table 1. Chemical Composition Data for a Series of Solid Products Recovered after Heating at 100 °C for Various Times during

UZM-9LS Synthesis

time TEA*/ % % Na*/ TMA'/ TEA*/ T,
(days) %N  %C  %H Y CHN* TMA*®  TEA* TMA® %Na" %Si %Al Si/Al° Al Al Al (°C)¢
0.125 1.02 3.84 274 7.61 (9.0) 0.10 (0.18) 114 647 477 211 817 248 069 029 0.03 320
0.25 1.18 451 274 8.44 (9.6) 0.11 (0.19) 137 707 490 224 859 250 067 030 0.03 330
0.5 0.77 297 237 6.12 (7.0) 0.13 (0.19) 114 498 551 225 850 254 076 021 0.03 320
0.75 1.19 506 282 9.07 (10.8) 030 (026) 3.13 594 517 237 886 257 0.68 024 0.07 330
1 1.08 472 262 8.32 (7.7) 0.36 (027) 323 509 528 236 870 267 071 021 0.08 340
1.5 1.43 651 281 1076 (12.1) 045 (0.54) 475 601 460 253 855 284 0.63 0.25 0.11 350
2 1.49 712 297 1158 (11.6)  0.62 (0.56) 604 554 431 248 830 287 061 024 0.15 350
3 1.68 837 325 1329 (137) 079 (087) 773 556 352 251 773 312 0.53 026 021 350
6° 1.97 9.87 331 1515(147) 082 (0.89) 895 620 280 257 770 321 (32) 043 029 0.24 350
9 198 1006 330 1534 (154) 089 (097) 936 598 277 260 734 340 (32) 044 029 0.26 350
18 197 9.92 330 1519 (148) 0.84 (095) 906 613 259 246 712 332(32) 043 031 0.26 350

“Total organic content in wt %. Values in parentheses are exothermic weight losses determined by TGA/DTA at 250—800 °C. Values in
parentheses are TEA"/TMA" ratios calculated from the relative intensities of the CH; and CH, 13C NMR lines of TMA* and TEA" ions,
respectively. “Values in parentheses are Si/Al ratios calculated from the 2Si MAS NMR data. “Temperature of the exothermic peak maximum in
DTA. “From a combination of elemental and thermal analyses, this sample was determined to have the unit cell composition
TEA 5TMA,33Na; g H, 5(H,0)505[Alys 6Si14640334)- H was introduced to make this zeolite electrically neutral.

Table 2. Chemical Shifts, Line Widths, and Relative Intensities of '>*C MAS NMR Resonances of TMA* and TEA* Ions within
the Solid Products Recovered after Heating at 100 °C for Various Times during UZM-9LS Synthesis

13C NMR 6§ (ppm from TMS)”

TMA" CH;¢ TEA* CH, TEA" CH,
sample” sod-cage Ita-cage Ita-cage
TMACI 553 -
TEABr - 53.8 10.4
3h - - - 57.0 (110) [1.00] 53.3 (120) [0.18] 7.2 (110) [0.25]
6h - - - 57.0 (130) [1.00] 53.2 (150) [0.19] 7.0 (140) [0.26]
12h - - - 56.8 (160) [1.00] 53.0 (170) [0.19] 7.2 (170) [0.27]
18 h - - - 56.9 (140) [1.00] 53.1 (160) [0.26] 7.1 (150) [0.29]
1 day - 58.4 (90) [0.19] - 57.0 (90) [1.00] 53.0 (100) [0.32] 7.8 (100) [0.51]
1.5 days - 58.4 (100) [0.23] - 57.0 (100) [1.00] 53.2 (140) [0.67] 7.8 (140) [0.84]
2 days 59.5 (90) [0.08] 58.4 (110) [0.34] - 57.0 (120) [1.00] 53.2 (130) [0.80] 7.7 (120) [1.03]
3 days 59.1 (80) [0.08] 57.9 (100) [0.45] - 56.8 (120) [1.00] 53.2 (160) [1.33] 7.9 (140) [1.64]
6 days 59.3 (100) [0.16] 58.1 (110) [0.89] 57.5 (50) [0.11] 56.9 (90) [0.89] 53.3 (170) [1.83] 8.1 (130) [2.27]
9 days 59.3 (100) [0.16] 58.1 (120) [0.91] 57.5 (60) [0.11] 56.9 (110) [0.89] 532 (170) [2.13] 8.0 (140) [2.69]
18 days 59.2 (100) [0.21] 58.1 (100) [0.79] 57.4 (60) [0.19] 56.7 (90) [0.81] 53.2 (160) [1.91] 8.0 (130) [2.36]

“The first two samples are the pure reagents; the remaining samples are the solids obtained at the indicated times. *Values in parentheses and square
brackets are full widths at half- maximum in Hz and relative intensities referenced to the intensity of the peak(s) appearing around 57 ppm due to
decomposed component(s) from TMA" in lta-cages, respectively. “Each lta-cage in fully crystallized UZM-9LS zeolite obtained after 6 days of
heating contained 0.8 TMA® ions and 1.4 TEA" ions, whereas there were 0.9 TMA" ions per sod-cage. Because this material also contained ca. 20
Na* ions per unit cell, we tentatively assigned the two TMA" CH; '*C NMR lines at 57.5 and 59.3 (+0.2) ppm, detectable from highly crystalline
UZM-9LS samples only, to the TMA" jons present together with TEA" and/or Na" in Ita-cages and with Na" in sod-cages, respectively.

also contained ca. 20 Na' ions per unit cell (Table 1), we
tentatively assigned the two additional TMA* CH; *C NMR
lines at $7.5 and 59.3 (+0.2) ppm, detectable from highly
crystalline LTA materials only, to the TMA" ions present
together with TEA" and/or Na* in Ita-cages and with Na* in
sod-cages, respectively, which are thus in more restricted
environments. Therefore, we reasoned that the formation of
Ita-cages and/or such similar cages occurs at the nucleation
stage of UZM-ILS in the solid phase and/or at the solid—liquid
interface and takes precedence over that of sod-cages.

The *C MAS NMR spectra in Figure 4 also show two lines
around 53 ppm and 7 or 8 ppm due to the CH, and CH;
carbons of TEA*, respectively. These *C NMR lines became
stronger as the crystallization time increased from 1 to 6 days,
indicating a continuous increase in the relative concentration of
TEA" in the solid phase. The same conclusion can be drawn
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from the chemical composition data for solid products obtained
in this work (Table 1). It thus appears that the role of TMA* as
both an organic SDA and an initiator of aluminosilicate
condensation during UZM-9LS nucleation is greater than that
of TEA". This was further supported by the striking enrichment
of TMA" in all of the products relative to the starting synthesis
solution (TEA/TMA" = 16), the "*C solution NMR spectrum
of which showed hardly any TMA* CH; "*C NMR line (Figure
S3 in the Supporting Information). In contrast, the opposite
holds for the crystal growth process: for crystallization times
longer than 18 h, the TEA* CH; "*C NMR line shifted to lower
field (7 to 8 ppm), indicative of a more restricted environment
than seen for TEA" at the nucleation stage.

To gain information on the d4r-cage evolution during UZM-
9LS crystallization at 100 °C, we compared the IR spectra of a
series of solid products taken at different time intervals (Figure
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Figure 5. IR spectra in the structural region of the solid products
recovered after UZM-ILS crystallization at 100 °C for different times.
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Figure 6. Relative intensities of the *C NMR line for CH; groups of
TMA" ions in sod-cages (M) and of the d4r-cage IR band (@) for the
solid products recovered after UZM-9LS crystallization at 100 °C for
different times.

5). A weak IR band at 590 cm™ due to the d4r unit'” was
detectable in products obtained after at least 1 day of heating.
Like the '*C NMR line for CHj groups of TMA" ions in sod-
cages (Figure 6), its intensity increased until UZM-9LS fully
crystallized at 6 days. Since the detection limit of IR
spectroscopy with respect to the atomic ordering of zeolites

is superior or similar to that of NMR spectroscopy,® it is clear
that the nucleation process is initiated by the formation of Ita-
cages, which is followed by the construction of sod and d4r-
cages at least in an almost simultaneous manner. We should
note here that trends essentially identical to those described so
far were also observed during the long-established synthesis of
ZK-4,"° another Si-rich LTA zeolite, in which TMA* and Na*
are used as SDAs (Figure S4 in the Supporting Information).

To address further the issue discussed above, we performed
quantum-chemical calculations of the stabilization energies for
various combinations of Na*, TMA", and/or TEA" ions in four
different cage systems of the LTA structure: a discrete sod-cage,
a discrete lta-cage, and systems containing 1 lfa-cage + 12 d4r-
cages or 1 lta-cage + 8 sod-cages + 12 d4r-cages, each with one
or two Al atoms in tetrahedral positions (Figure SS in the
Supporting Information). Under the assumption that the Na*
ion in zeolite synthesis mixtures exists as an octahedral
[Na(H,0),]* complex, as in aqueous solution,® the termination
of the lta-cage surface with d4r-cages was calculated to be
thermodynamically less favorable by 7—43 kcal/mol of SDA
than the formation of a discrete Ifa-cage or the system
containing 1 lta-cage + 8 sod-cages + 12 d4r-cages (ie., a
complete LTA unit cell) (Table 3). There is one high-
resolution transmission electron microscopy study showing that
the surface of a large single crystal of zeolite A is terminated
with a layer of incomplete sod-cages rather than with d4r-
cages.”® This implies that the formation of sod-cages over the
Ita-cage surface is more feasible than the formation of d4r-cages,
consistent with the results of our calculations. On the other
hand, when no TMA" was added to our synthesis solution, we
were unable to obtain any crystalline solid even after 4 weeks of
heating. We also obtained the same result in the complete
absence of Na*, suggesting that both TMA" and Na" ions are
indispensable for promoting UZM-9LS nucleation.

Figure 7 shows the formation pathway for high-silica LTA
zeolite crystals emerging from the overall results of our work.
Small (alumino)silicate species are organized around the
organic SDAs (mainly TMA* ions) and/or the hydrated Na*
ion to make large lta-cages at the nucleation stage in the solid
phase, regardless of their structural incompletion. In fact, all of
the amorphous solids obtained after heating at 100 °C for less

Table 3. Stabilization Energies Calculated for Various Combinations of SDAs in Four Different Cage Systems of the LTA

stabilization energy (kcal/mol of SDA)“

Structure
Al/system® guest cation(s)? sod
1 1 [Na(H,0)(]* -14.1
1 TMA* —-50.3
1 TEA* 103.5
2 2 [Na(H,0)4]" =
1 [Na(H,0).]* + 1 TMA* e
1 [Na(H,0),]* + 1 TEA* —e
2 TMA* -
1 TMA* + 1 TEA* -

Ita 1 lta + 12 d4r? 1 lta + 8 sod + 12 d4r?
-117.9 —~104.8 1187
—109.1 —100.0 —106.7
-93.8 —85.6 —92.6
—-312.1 —269.6 —292.2
—257.8 —229.1 —255.2
—246.3 —2192 —237.2
—241.7 —213.7 —229.6
—232.6 —199.0 —2204

“The number of tetrahedral Al atoms in the framework of the given cage system. In general, the Na* ion in aqueous solution forms the octahedral
aqua complex [Na(H,0),]".® This argument led us to assume that the Na* ion in zeolite synthesis mixtures is present as [Na(H,0),]* and not as its
dehydrated form, although the structure of hydrated Na* ions could be altered according to the pH of the synthesis solution and the presence of the
other reactant components in this crystallization. The lowest-energy structure for the octahedral [Na(H,0)¢]* complex in which the bond distance
between an O atom of a water molecule and the Na* ion was fixed at 2.37 A® was derived using the ONIOM method.” “The SDA includes both
organic (TEA* and TMA") and inorganic (Na*) cations. 9The guest species are assumed to be located within the Ita-cage only. “Not calculated
because the sod-cage cannot accommodate more than one of either TMA*, TEA*, or [Na(H,0)¢]* without severe steric hindrance.
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Figure 7. Schematic illustration of the high-silica LTA zeolite
formation pathway in the TEA*/TMA*/Na" mixed-SDA system.

than 18 h gave (TMA" + Na*)/Al ratios very close to unity,
supporting the role of these ions as the initiators of
aluminosilicate condensation during UZM-9LS nucleation
(Figure 8). These solids also have low Si/Al ratios (2.5)
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Figure 8. TMA'/Al (W), Na*/Al (@), (TMA" + Na*)/Al (A), TEA*/
Al (¥), and Si/Al (<) ratios in the solid products recovered after
UZM-9LS crystallization at 100 °C for different times.

compared with that of the synthesis mixture (8), since highly
charged aluminosilicates are the most insoluble in the presence
of Na* and TMA®. Once such a single lta-cage is formed, the
cations balancing the negative framework charges created by Al
substitution can be placed not only inside this large cage but
also in the proximity of its outer surface. The very high TMA"
occupancy of sod-cages in fully crystallized UZM-9LS (0.9)
supports the conclusion that TMA" ions as well as Na* ijons
residing outside the preorganized large cage may promote the
continuous consumption of relatively simple aluminosilicate
species (mainly d3r units) in the solution phase (Figure 2b),
resulting in the construction of smaller sod-cages around the Ifa-
cage. In view of the calculation results described above, a logical
next step would be coupling among the sod-cages (i.e., d4r-cage
formation), leading to embryonic LTA crystals. Finally, a
similar self-assembly process in which TEA* is also involved
may allow LTA nuclei to substantially grow at higher Si/Al
ratios (Figure 8).

Our work also sheds light on the course of events in the
CDM method for zeolite synthesis. After the initial
condensation by Na* and TMA®, the growth step embodies
the process for which the CDM approach’ was designed (i.e., to
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foster the cooperation of TEA*, TMA*, and Na*), as these ions
are incorporated from the aluminosilicate solution into the
LTA zeolite crystals with a higher Si/Al ratio. Indeed, during
this period from 18 h to 6 days, the TEA*/Al ratio of the solid
products increased from 0.07 to 0.24. Also, their TMA"/Al ratio
increased slightly from 0.24 to 0.29. However, while the Na*/Al
ratio decreased from 0.63 to 0.43, the Si/Al ratio increased
from 2.57 to 3.21 (Table 1 and Figure 8). Furthermore, as
shown in Figure 3, UZM-9LS crystallization was characterized
by a low yield (ca. 20 wt %) even after 18 days of heating at 100
°C. This implies that the majority of the synthesis mixture
remained in solution during the synthesis. The predilection of
solid products for incorporating TMA™ and especially Na* may
in our view explain why their concentrations must be kept low
in order to maintain the aluminosilicate solutions that allow the
cooperation of all three SDAs during the UZM-9LS crystal
growth process. Finally, it is interesting to note that this same
synthesis mixture, when heated at 150 °C, yielded UZM-$ with
a hi%her Si/Al ratio (ca. 7) in much higher yield (ca. 45 wt
%).”> A mechanistic study of the synthesis of this particular
zeolite is currently underway in our laboratory.

Bl CONCLUSIONS

Our work provides the first example in which the pathway for
formation of zeolites from their discrete building units has been
clearly elucidated. The construction of large lta-cages was found
to precede that of much smaller sod or d4r-cages at the
nucleation stage of high-silica LTA zeolite in the TEA*/TMA*/
Na* mixed-SDA system. In this CDM synthesis, both Na* and
TMA" play an important role in the initial condensation and
nucleation, while the crystal growth takes place in an
aluminosilicate solution with the incorporation of Naf,
TMA®, and TEA" into the solid phase. We also believe that
the combination of ex-situ *C MAS NMR and IR techniques
employed here, although far from state-of-the-art, will be quite
useful for obtaining invaluable information on the molecular-
level mechanisms responsible for the synthesis of other
industrially important zeolites such as FAU and CHA materials
in the presence of both organic and inorganic SDAs.
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