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One- and two-dimension&®Xe NMR spectroscopy has been employed to study the porosity of cocrystallized
MCM-49/ZSM-35 zeolites under the continuous flow of hyperpolarized xenon gas. It is found by variable-
temperature experiments that Xe atoms can be adsorbed in different domains of MCM-49/ZSM-35
cocrystallized zeolites and the mechanically mixed counterparts. The exchange of Xe atoms in different types
of pores is very fast at ambient temperatures. Even at very low temperature two-dimensional exchange spectra
(EXSY) show that Xe atoms still undergo much faster exchange between MCM-49 and ZSM-35 analogues
in the cocrystallized zeolites than in the mechanical mixture. This demonstrates that the MCM-49 and ZSM-
35 analogues in cocrystallized zeolites may be stacked much closer than in the physical mixture, and some
parts of intergrowth may be formed due to the partially similar basic structure of MCM-49 and ZSM-35.

1. Introduction amorphous materials like mesoporous silffaThe use of
optical pumping techniques for the production of hyperpolarized
(HP) xenon can increase sensitivity of several orders of
magnitude &10%.15°17 This technique works at very low
Loncentrations of xenon~1%) under continuous flow, the
contribution of Xe-Xe interactions is rather insignificant at
ambient temperature, and the observé®e chemical shift
could reflect mainly interactions between xenon atoms and the
surface, i.e., the chemical composition of the surface and the
geometry of the xenon environment in that particular site. These
have made it very attractive for materials analy&gig?

In the present work, the continuous-flow hyperpolariz€d
Xe NMR has been employed to study the porous structure of
fcM-49/zSM-35 cocrystallized zeolites by variable-temper-
ature experiments. For comparison, the porosities of pure-phased
MCM-49 and ZSM-35 zeolite and their mechanical mixture are
also investigated. Two-dimensional (2D) exchange NMR ex-
periments are used to illustrate the exchange process of xenon
in cocrystallized zeolites and their physical mixture counterparts
in order to reveal their porous structure differences.

Generally, zeolites with single structure are directly applied
in the field of chemical industry as catalysts, supports, adsor-
bents, ion exchangers, etc. However, the pure zeolite phase ca
be obtained only when the synthesis parameters are well
controlled. Normally, the variations in the zeolite synthesis
conditions will lead to the formation of cocrystallized zeolites
with different phases. They may be regarded as the physical
mixture in many cases; thus, their structure and properties are
ignored. Only a few examples of intergrowth zeolites from
cocrystallization, such as the intergrowths of zeolites XM/
MEL,2 FAU/EMT,® and STF/SFfwith the analogous basic
structures, have been reported so far. In some cases composit
materials are preferred for the combination of different structures
and better performance in the catalytic reactiohémbert et
al” observed that the isomerization and hydrogen-transfer
reactions could be inhibited within the pore systems of ZSM-
5/ZSM-11 intergrowth zeolites for the-decane cracking. Xu
et al® reported MCM-22/ZSM-35 cocrystallized zeolites, which
had a notable synergistic effect on the aromatization for butylene
conversion and quid_cataIytic cracking (FCC) gasoline updating. o Experimental Section
However, the most important charactethe framework struc-
ture and porosity-of these composite zeolites have not been  2.1. Sample Preparation and CharacterizationMCM-49,
well studied so far. Especially the porous structures of zeolites ZSM-35, and MCM-49/ZSM-35 cocrystallized zeolites were
are very crucial for their shape selectivity in catalytic reactions. Synthesized as follows. Typically, the molar composition of the
Although the high-resolution transmission electron microscopy 9€! is 4.0-7.5CHA:4.0-2.6HMI:3.0Na0:30SiG:Al 205:750~
provides the direct method for charactering the fine structures, 900H0O, where CHA and HMI are cyclohexylamine and
there are disadvantages for study of the electron-beam-sensitivdiexamethylenimine, respectively. After aging, the gel was
zeolites? More than one type of zeolite in the composites makes transferred into the stainless steel autoclave, where the crystal-

the porosity more complicated. lization was performed dynamically at given temperatures for
129¢¢ NMR spectroscopy is a powerful tool for probing the & few day;. After. crystalllzatlon all samlples were thoroughly

porosity and species distribution in porous matergils washed with deionized water and dried at 393 K. After

However, the application of thermally polariz&dXe NMR to calcination to remove the template, the Na-type samples were

materials has been hampered by the relatively low sensitivity 10n-€xchanged with an aqueous s solution to get the Nid
and long relaxation times (this is particularly the case for tyPe and then calcined again at 793 K ®h in air to get the
H-type zeolites. Beforé??e NMR measurements the samples

* To whom correspondence should be addressed:#81411-8437 9976;  Were pressed, crushed, and sieved inte-20 mesh particles.
Fax+86-411-8469 4447; e-mail wpzhang@dicp.ac.cn, xhbao@dicp.ac.cn. The crystalline phases of these samples have been confirmed
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Figure 1. XRD patterns of calcined MCM-49, ZSM-35, mechanically 143K
mixed, and cocrystallized zeolites.
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}\ with permission). (B) Temperature-dependent hyperpolarizéxe
‘e 203K NMR spectra of Xe adsorbed in pure-phased ZSM-35 zeolite. The
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_ 300 200 100 0 TABLE 1: N, Adsorption Results of MCM-49, ZSM-35,
Figure 2. Temperature-dependent hyperpolari&de NMR spectra Mechanically Mixed, and Cocrystallized Zeolites
of Xe adsorbed in pure-phased MCM-49 zeolite. The temperature is -
varied from 293 to 143 K. mech_anlcally .
MCM-49 ZSM-35 mixed cocrystallized
by XRD patterns which were obtained at room temperature on BET surface 497 310 375 423
a Rigaku D/max-rb diffractometer with CudKradiation. The area (n/g)
resultant zeolite with the MWW structure is MCM-49 instead \r;‘o'lczgr?%e) 0.17 0.11 0.14 0.16

of MCM-22 although they can be hardly distinguished after

calcinations (see Figure S1 in the Supporting Informatfdn). 19, with the optical pumping cell in the fringe field of the

The weight content of MCM-49 and ZSM-35 in the cocrystal- spectrometer magnet and 60 W diode laser array (Coherent FAP-

lized zeolites is about 45% and 55%, respectively, which could System). A flow of 1% Xe-1% N,—98% He gas mixture was

be estimated from XRD patterns by the internal standard methoddelivered at the rate of 26250 cn¥/min to the sample in

using fluorite as the reference. The weight ratio of mechanically detection region via plastic tubing. Variable-temperature NMR

mixed sample was the same as that in the cocrystallized zeolitesmeasurements were also performed in the range-298 K.

The BET surface area and pore volume were measured at 77 KAIl one-dimensional spectra were acquired with3s0t/2 pulse,

on a Quantachrome NOVA Automated system. The measure-100—-200 scans, ah2 s recycle delay. The chemical shifts were

ment error of surface area and pore volume was estimated toreferenced to the signal of xenon gas. Although this line was

less than 10%. temperature dependent, its chemical shift variation would not
2.2. Continuous-Flow Hyperpolarized?°Xe NMR. 12°Xe be more than 1 ppm in the whole range of measurements

NMR experiments were carried out at 110.6 MHz on the Varian because of the very low concentration of xenon. The two-

Infinity-plus 400 spectrometer using a 7.5 mm probe. Prior to dimensional exchange experiments (2D-EXSY) were performed

each experiment, samples were subjected to dehydration at 72&t 143 K using a 90-t;—90°—7,—90°—t;, pulse sequence in

K under vacuum £1075 Torr) for ca 20 h. Optical polarization TPPI mode. Each 2D spectrum was acquired with 32 points in

of xenon was achieved with an apparatus similar to that in ref the t; dimension and 1024 points in thg dimension. Before
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Fourier transformation thg dimension was zero-filled to 256

points. Mixing times were varied from 0.1 to 20 ms. N ~ 143K

3. Results and Discussion ————————-j"/\\ ————— 153K
3.1. XRD and Nitrogen Adsorption. XRD patterns of e 163K

calcined zeolites MCM-49, ZSM-35, mechanically mixed, and J \\

cocrystallized zeolites are shown in Figure 1. MCM-49 and 173K

ZSM-35 zeolite with typical characters of MWW and FER have -
high crystallinity. MCM-49/ZSM-35 cocrystallized zeolites and

the mechanically mixed sample show similar diffractions in -J\ﬂ Amrrmees 213K

193K

XRD patterns. The results from the BET surface area and pore

volume (see Table 1) show no big difference between cocrys-

tallized zeolites and mechanical mixture. So it cannot get any

valuable information from the routine XRD and nitrogen A

adsorption. 273K
3.2. HP12%Xe NMR of Pure-Phased MCM-49 and ZSM- /\ A

35 Zeolite. MCM-49 zeolite with the MWW structure consists 293K

of two types of noninterconneted pores: the sinusoidal channels

with 10-MR openings (0.41x 0.51 nm) and the supercages 300 200 100 0 ppm

with 12-MR cross section (0.71 nm in diameter). The structure Figure 4. Temperature-dependent hyperpolari€de NMR spectra

of MCM-49 is virtually identical with that of MCM-22 in the ~ ©f Xe adsorbed in MCM-49/ZSM-35 cocrystallized zeolites. The

. . . temperature is varied from 293 to 143 K.

calcined form?! Figure 2 shows the variable-temperature

hyperpolarized?°Xe NMR spectra of Xe adsorbed in pure-

phased MCM-49. The peaks at O ppm in the spectra are from

xenon in the gas phase. All signals at lower field are originated

233K

-~ 253K

— 143K

!

from the adsorbed xenon in the zeolites. The chemical shifts of 153K

the line from Xe in MCM-49 increase from 115 to 197 ppm

when the temperature decreases from 293 to 143 K. This is a 163K

general trend in variable-temperatdf@Xe NMR experiments A N 173K

mainly due to the increase of the X&Xe interactions at lower /L

temperatures even if the partial pressure of xenon is quite small. 193K

Just like the case in MCM-22, this line may be attributed to Xe A‘

adsorbed in the supercages of MCM-49 aférar the super- 213K

position of the two signals from Xe adsorbed in supercages and A 233K

10-MR channeld® As pointed out by Gaeon et al.2® the JL

similarity of the mean free paths of Xe in these two types of —— 253K

pores may result in only a single line in tH8°Xe NMR A

spectrum. In our case Xe atoms adsorbed in the supercages and ~ 273K

10-MR channels of MCM-49 may also undergo fast exchange JL N 203K
T U

even at the very low temperatures, and the two resonances
coalesce to produce a single line.
300 200 100 0 ppm

The porous structure of ZSM-35 consists of a bidimensional Figure 5. Temperature-dependent hyperpolari2&ie NMR spectra

Cha'?nel network: cylindrical channels (10-MR elliptical cross of Xe adsorbed in MCM-49/ZSM-35 mechanically mixed zeolites. The
section, 0.42x 0.54 nm) andb channels parallel to the and temperature is varied from 293 to 143 K.

b axes, respectively. In thé-direction, channels are ap-
proximately spherical cavities with a diameter of about 0.7 nm
and with two opposite windows (8-MR, 0.3% 0.48 nm)
opening onto thec channels (see Figure 3A). At room
temperature, the hyperpolarizéd®Xe NMR spectra of Xe
adsorbed in pure-phased ZSM-35 show two lines at 155 and
110 ppm (see Figure 3B), which may correspond to Xe adsorbed
in the two types of voids, i.e., channels and cavities, respec- .
tively.23.24 Tr):g line at 155 ppm shifts to the downfield whgn temperature and_ -pre;suﬁéS’Xe _NM_R exp¢r|ment§90,23,24

the temperature decreases. On the contrary, the chemical shifB€l0W 173 K the intensity of the line in low field weakens and

of the high field line at 110 ppm is almost independent of the Vanishes at 143 K. This is probably due to more xenon
temperature between 293 and 163 K. This may be due tb the _condensatlon in the chan_nels and quger residence time of xenon
cavities can accommodate only one xenon atom. While in the in the adsorbed state with decreasing the temperature, which
channek, Xe atoms can be packed so that-X¢ée interactions may lead to the significant decease of the exchange with the
become stronger with decreasing of the temperature, which leadsdas phase and the subsequent polarization of Xe in the channels.
to downfield shift of the line from Xe in the channels. There is The high level of polarization cannot be maintained due to the
a very obvious change in the shape of the signal from Xe in fast relaxation rate of X&dThe signal saturation by the pulses
the channels (Figure 3B), which is probably due to the chemical may exist but its contribution may be limited at 143 K because
shift anisotropy2%¢ The relative intensities of these two lines the signal intensity was nearly unchanged when increasing the
also change with the temperature. At room temperature the pulse delay up to 60 s, and the signals observed were from the

intensity of the line in high field is stronger, so Xe atoms may
prefer to stay in the cavities. At lower temperatures no more
Xe atoms could enter the cavities due to the slower mobility of
Xe atoms, so Xe atoms would prefer to stay in the channels,
and the intensity of the line in low field grows up. This is
consistent with what Springuel-Huet et al. found in the variable-
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Figure 6. Hyperpolarized?°Xe NMR spectra of Xe adsorbed in MCM-49, mechanically mixed, cocrystallized, and ZSM-35 zeolites at 153 and
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Figure 7. Hyperpolarized?®Xe 2D-EXSY NMR spectra of cocrys-
tallized zeolites at 143 K with different mixing time: (Aix = 0.2
ms; (B) tmix = 1 ms.

3.3. HP 129Xe NMR of Cocrystallized MCM-49/ZSM-35
Zeolites and Mechanically Mixed Counterparts. The coc-
rystallized zeolites have the weight ratio of 45% MCM-49 and
55% ZSM-35 from XRD measurements. Figure 4 shows their
hyperpolarized??Xe NMR spectra. There is only one signal in
the low field above 193 K. When the temperature decreases to
173 K and lower, it becomes asymmetric and a new signal
appears in the high field at 143 K. This means there are at least
two types of pores in the MCM-49/ZSM-35 cocrystallized
zeolites, and the faster exchange of Xe atoms between these
two types of pores exists above 173 K. In order to get a better
understanding of the porous structure in cocrystallized zeolites,
we prepared a mechanical mixture with the same weight
composition as the cocrystallized zeolites. Figure 5 shows the
VT hyperpolarized?®Xe NMR spectra. At room temperature,
there is nearly a single line, which may be assigned to the
overlap signals of Xe in MCM-49 and cavities of ZSM-35. The
Xe signal in ZSM-35 is not so clear probably due to the much
smaller surface area of ZSM-35 compared to MCM-49.
However, when the temperature decreases below 233 K, an
asymmetric signal appears gradually in the low field, and a new
peak becomes much more obvious in the high field at 143 K
compared to the cocrystallized zeolites. This also indicates that
there are at least two types of pores in the mechanical mixture.
For a better assignment of these two signals, Figure 6 shows
the HP129Xe NMR spectra of the four samples with xenon
adsorption at 153 and 143 K. From above discussion we know
that the exchange of Xe atoms in different pores of the individual
zeolite is quite slow at such low temperatures, so the single
signal in the'?®Xe NMR spectrum of MCM-49 and ZSM-35
may represent the characteristic structure of zeolite MCM-49
and ZSM-35, respectively. It can be seen from Figure 6 that
the low-field signal in the cocrystallized and mechanically mixed
zeolites should come from the Xe adsorbed in MCM-49
analogues, while the high-field one should be assigned to Xe
adsorbed in ZSM-35 analogues. Xe adsorbed in these two
domains may still undergo exchange because the signal from
Xe adsorbed in ZSM-35 analogues shifts to the lower field in
cocrystallized and mechanically mixed zeolites compared to that
in the pure-phased ZSM-35 zeolite. At 143 K the chemical shift
difference AJ) of xenon in these two domains is 34 ppm for
the cocrystallized zeolites, which is less than that of 65 ppm
for the mechanically mixed ones. This means that the Xe
exchange is much faster between MCM-49 and ZSM-35

hyperpolarized xenon not from the thermally polarized xenon analogues in the cocrystallized zeolites than in the mechanically
since almost no signal appeared when switching the laser powemixed counterparts, which may also demonstrate that the

off (see Figures S2 and S3 in the Supporting Information).

stacking of these two analogues is different in cocrystallized
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Figure 8. Hyperpolarized?Xe 2D-EXSY NMR spectra of mechani-
cally mixed zeolites at 143 K with different mixing time: (Aix =
2 ms; (B) tmix = 5 ms; (C)Tmix = 10 ms.

Liu et al.

and mechanically mixed zeolites. Similar phenomena have also
been found by Liu et al. in the characterization of microporous/
mesoporous composite materials by FPXe NMR25 The
exchange rate of Xe atoms betweer-MCM-41 (or AlI-SBA-

15) and ZSM-5 is lower in the mechanical mixture than in the
corresponding composite materials.

3.4. HP 12%Xe Two-Dimensional Exchange SpectraA
powerful tool for the study of exchange process is 2D-exchange
NMR spectroscopy (EXSY) as introduced by Jeener effal.,
and this technique can be extended to study the dynamic
processes of adsorbed Xe in porous solid matefidd® EXSY
is achieved by monitoring frequencies before and after a so-
called mixing time,zmix, during which spin exchange and/or
molecular reorientation motions can occur. Changes in the NMR
frequencies manifest themselves as off-diagonal intensities in
a 2D exchange spectrum, which depends on the mixing time.
The 2D spectrum represents a direct mapping of the joint
probability density of finding a Xe atom in a given adsorption
site (thus with a given NMR frequency) and, aftg, finding
the same Xe atom in another adsorption site (with another NMR
frequency). The cross-peaks indicate an exchange of xenon
atoms between the corresponding environments on the diagonal
within the period ofryix.22 To see more clearly the exchange
of adsorbed Xe between two different domains and how fast
these exchange processes might bel4#3Re 2D EXSY spectra
were recorded at 143 K for cocrystallized and mechanically
mixed zeolites, which are shown in Figures 7 and 8, respectively.
The corresponding 1D spectrum is displayed above the EXSY
for clarity. The polarization of Xe mainly comes from the
hyperpolarized Xe in the 2D experiments because nearly no
signal appeared at 143 K when switching the laser power off
(see Figure S4 in the Supporting Information). The absence of
cross-peaks in Figure 7A demonstrates that the exchange
between MCM-49 and ZSM-35 analogues in cocrystallized
zeolites does not occur during short exchange timgs=< 0.2
ms. The presence of marked cross-peaks between'de
NMR peaks assigned to xenon in MCM-49 and ZSM-35
analogues in Figure 7B suggests that the exchange of xenon
between these environments exists at a time scale of 1 ms. So,
for cocrystallized zeolites the Xe exchange takes place between
MCM-49 and ZSM-35 domains in the time range 62 ms.

For the mechanically mixed sample 2D exchange spectra show
that there is no Xe exchange between MCM-49 and ZSM-35
zeolites at theryix of 2 ms (Figure 8A). The xenon exchange
emerges whemnmix increases to 5 ms and becomes rapidly for
the appearance of strong cross-peaks whgrincreases further

to 10 ms (Figure 8B,C). So, for mechanically mixed zeolites
the Xe exchange is similar to intercrystalline diffusion between
these two zeolites, which occurs in the time rangeé2ns. It

is much slower than that in the cocrystallized zeolites. This
reveals that the MCM-49 and ZSM-35 analogues in cocrystal-
lized zeolites may stay much closer than in the physical mixture,
and some intergrowth parts may be formed due to the partially
similar basic structure of MCM-49 and ZSM-35.

4. Conclusions

The porous structures of cocrystallized MCM-49/ZSM-35
zeolites have been studied by the continuous-flow hyperpolar-
ized1?°Xe NMR. Different adsorption domains of Xe in MCM-
49/ZSM-35 cocrystallized zeolites and mechanically mixed
counterparts can be directly detected by variable-temperature
experiments. The exchange of Xe atoms in different pores is
very fast at ambient temperatures. The 2D exchange NMR
spectra (EXSY) show that Xe atoms still undergo much faster
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exchange between MCM-49 and ZSM-35 analogues in the
cocrystallized zeolites than in the mechanically mixed coun-
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terparts even at very low temperature. This demonstrates thatcpém’ g19oq 103 8837.

the MCM-49 and ZSM-35 analogues in cocrystallized zeolites

may be stacked much closer than in the physical mixture. Thus,

some intergrowth parts may be formed in the crystals due to
the partially similar basic structure of MCM-49 and ZSM-35.
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