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ABSTRACT

The thermal expansion of the host-guest material, siliceous chabazite- N,N,N-trimethyl-1-adamantyl ammonium, (CHA-TMAda),
obtained directly from hydrothermal synthesis, and calcined siliceous chabazite (CHA) were measured by variable-temperature,

high-resolution, synchrotron, x-ray powder diffraction. In contrast to the strong negative thermal expansion (NTE) found for
chabazite, CHA-TMAda exhibits isotropic zero thermal expansion (ZTE) with one of the lowest, measured, volume thermal
expansion coefficients (a,) of 0.12(2) x 10~ K~! from 120-394 K. This striking result is due to the presence of TMAda in the
large chabazite cages of CHA and fluoride ions in the double six-membered rings that strongly reduce transverse displacements of
the oxygen atoms in the CHA framework, which are linked to the NTE mechanism in CHA. The use of selected organic structure
directing agents, as in this case TMAda, for the hydrothermal synthesis of targeted zeolites provides a straightforward strategy to
obtain a new class of host-guest, nanostructured, crystalline ZTE materials made of light and abundant elements.

1 | Introduction

Zero thermal expansion (ZTE) materials are of great technolog-
ical interest due to their potential use in mechanical, electronic,
thermal, optical and aerospace applications [1-21]. These materi-
als [15] are characterized by linear thermal expansion coefficients
leyy| of less than 0.1 x 1075 K™%, corresponding for a cubic material
to a volume coefficient lo,| of less than 0.3 x 10> K™'. ZTE
materials are often obtained by combining materials exhibiting
positive and negative thermal expansion (NTE) to form compos-
ites with low or zero thermal expansion. Such composites present
a drawback as they are subject to cracking due to the difference
in thermal expansion of the two components. Relatively few
ZTE materials have been identified including metallic alloys
[4] (INVAR-FeNi36, Fe-33Ni-4.5Co and related systems), the
vitroceramic composite ZERODUR [1], and framework struc-
tures [2, 7, 8, 10, 11, 13-17, 18, 21] such as Sc,;Al,sW;0,, [15],

(LiFe),sxCu,V,0, [18] and K,Mn,In, (M0O,), based materials
[21]. In this context, the concept of average atomic volume (AAV)
[22] has proved to be useful to design such materials as it has
been observed that a critical value of 16 A® exists corresponding
to ZTE, with higher values corresponding to systems exhibiting
NTE and lower values positive thermal expansion (PTE). The
variation in the amount of space around atoms provides a
mechanism to modulate the low-energy vibrations responsible
for NTE in framework structures. However, many of the above
materials contain transition metals and/or technology-critical
elements. Most are materials with properties that can be tuned
by chemical composition, such as alloys, solid solutions, and
vitroceramic composites. Single component materials exhibiting
intrinsic ZTE properties present advantages in terms of prepara-
tion and stability. The framework material, Sc, sAl,sW;0,,, for
example, presents ZTE over a very large temperature range from
4-1400 K.
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An alternative strategy to attain ZTE is to tune the thermal
expansion properties of a porous NTE material by the insertion of
guests in the pores and cages. In the family of zeotype materials,
AlPO,-17 exhibits the highest coefficient of negative thermal
expansion «, = —3.50 x 10~ K~! over the 18-300 K range [23].
Typical a, values for zeotype materials [24] lie in the range from
—0.50 x 107 K™ to —3.50 x 10~ K. It can be noted that these
values are lower than materials which exhibit giant NTE [25],
for which a, < =5 x 107> K~L. The proposed NTE mechanism
in AIPO,-17 is linked to thermally activated transverse oxygen
displacements in the AlI—O—P linkages bridging the AlO, and
PO, tetrahedra. This results in a reduction of the AI-O—P angles
and consequently the Al—P distances in the structure yielding a
contraction of the AIPO,-17 framework around the empty pores
and cages of the structure with increasing temperature. The
very strong NTE at low temperature in AIPO,-17 can be tuned
by the insertion of oxygen molecules in the cages under high
pressure [26]. The overall volume thermal expansion only exhibits
a small change with respect to guest-free AIPO,-17 at ambient
pressure; however, in a direction, low NTE of —0.4 x 107> K™ is
observed, whereas a very strong linear NTE of —2.2 X 107 K! is
observed in the c direction. These results show the strong effect of
interactions with the guest molecules on the thermal expansion
of the framework in the xy plane, which is strongly reduced.

The novel strategy investigated here to tune the thermal expan-
sion of these frameworks is to retain the molecules that act as
organic structure directing agents (OSDA) during the synthesis of
these materials. The second highest ¢, value among zeotypes («,
=-2.85x107° K~! from 293-873 K) is found for siliceous chabazite
[27, 28] with a closely related structure, which differs from that
of AIPO,-17 in the stacking sequence along c. The structure of
chabazite (CHA, pure SiO,, rhombohedral, space group R-3m,
a = 13.5252 A, ¢ = 14.7342 A) is built up of alternating double
six membered rings of SiO, tetrahedra (d6r) and large chabazite
cages (cha) along the c direction. This structure contains 4,
6, and 8-membered rings of SiO, tetrahedra. NTE in CHA
has been linked to a thermally activated mode that translates
along certain Si—O—Si—O0—Si linkages in the dér resulting in
a reduction in Si-Si distances [29]. Pure silica CHA can be
synthesized by hydrothermal methods using N,N,N-trimethyl-1-
adamantyl ammonium ions (TMAda) [27] as the OSDA. In the
present study, the thermal expansion properties of this material,
CHA-TMAda, directly obtained from hydrothermal synthesis,
are investigated by high-resolution, synchrotron, x-ray powder
diffraction (XRPD) in order to determine the effect of the presence
of TMAda in the large cha cages and fluoride ions in the dér as
compared to guest-free, calcined CHA with its strong intrinsic
NTE.

2 | Results and Discussion

CHA-TMAda and CHA were studied by XRPD over the 120-394 K
and 100-1008 K ranges, respectively. Full structure refinements
(Figures S1 and S2) were performed at each temperature to
obtain precise unit cell (Figure 1) and structural parameters
(Figure 2 and deposited CIFs). As previously reported [28], CHA
exhibits very strong negative thermal expansion (Table 1), which
is measured over a significantly larger temperature range with
a large number of data points in the present case (Figure 1;
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FIGURE 1 | Unit cell parameters and volumes of CHA-TMAda and
CHA as functions of temperature.

Figure S3). The maximum value of «, was found to be
—2.50(5) x 10~ K7! at 100 K. Contraction was found to be
essentially isotropic.

The presence of TMAda in the cha cage of chabazite induces a
strong distortion with an increase in its height and reduction in its
diameter [30]. The presence of the charge compensating fluoride
ions in the dér produces only a slight decrease in its height
(Figure 3). This results in an increase in the c lattice parameter, a
decrease in a and in the unit cell volume. The structure collapses
slightly to adapt to the shape of TMAda under the effect of the
intermolecular interactions between the SiO, framework and the
TMAda. The cell volume of CHA-TMAda was found to increase
only by 0.02% over the 120-394 K temperature range with an o, of
0.12(2) x 10~° K. This value is one of the lowest measured for any
material, particularly for single component materials rather than
composites. In addition, the ZTE behavior is isotropic (Table 1).

In CHA, the d6r cage contracts more than the cha cage, in fact the
diameter of the latter is stable over a large temperature range from
100-700 K followed by a slow decrease (Figure 3). In parallel, the
Si—02—Si angle, which is specific to the cha cage increases before
becoming stable. This is compensated by the decrease followed
by the stabilization of the Si—O1—Si angle. The contraction of

20f6

Advanced Functional Materials, 2026

85U017 SUOWIWIOD BAEa.D @|qed!(dde aup Aq peusenob ae Sejolie YO @SN JO S9N 10} A%eiq18ul|uO /8|1 UO (SUORIPUOD-PUE-SW.BI W0 A8 | 1M ATRIq U1 UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/90/2T] Uo AkeiqiTaulluo A8IM ‘'ESNISUNOA!E 1'Mod Aq 2G2S WPpe/zZ00T OT/I0p/woo A8 |im Azeiq 1 Ul juo’peoueApe//sdny Wwouy pepeo|umod ‘St ‘9202 ‘8Z0E9T9T



03 O1
02
384K
04
’ 100K

? 394K

? 120K

394K

FIGURE 2 | Crystal structures (left) and enlarged individual SiO, tetrahedra (right) of CHA and CHA-TMAda at low and high temperature.
Framework Si and O atoms are represented in blue and red, respectively. The extraframework atoms are represented in brown (C), light gray (N),
light brown (H), and light blue (F). The TMAda and fluoride ions are disordered over 2 and 12 sites in the cha and d6r cages, respectively. ADP ellipsoids

are plotted at 50% probability.

TABLE 1 | Unit cell parameters (A), volume (A3), and thermal expansion coefficients ay (x1075 K1), a; (x1078 K~2) for CHA and CHA-TMAda,
ar = ap+a;(T-100) obtained from thermal equation of state fits to the XRPD data.

CHA

(ST Xo o Cro0k ay Viook ao a,
13.5392(3) —0.84(2) 0.38(4) 14.7524(8) —0.82(6) 0.4(1) 2352.5(2) —2.50(5) 1.13(9)
CHA-TMAda (linear fit: e¢; = 0)

Q100K Qo o Clo0k ao ay Viook Xy o,
13.4717(3) 0.04(1) — 14.8339(3) 0.03(1) — 2331.4(1) 0.12(2) —

the dér is also linked to the decrease in this latter angle along
with that of the Si—04—Si angle. It can be noted that the SiO,
tetrahedra remain very stable with the O—Si—O angles remaining
identical and the average, apparent Si—O distance decreasing by
0.008 A over the 100-1008 K range (Table S1). In comparison
with previous work [28, 29], the magnitudes of the changes in
the Si—O—Si angles, the intratetrahedral distances, and angles are
lower.

In CHA-TMAda, the change in height of both cages with tem-
perature is almost negligeable. The remaining decrease in the
diameter of the dér cages is more than compensated by the
increase in that of the cha cage. This is associated with a slight
decrease in Si—O1—Si angle and an increase in the Si—02—Si,
while the Si—O03—Si and Si—O04—Si angles remain stable. The

overall effect of the TMAda and the charge compensating fluoride
ions is a much lower NTE for the dé6r with very slight positive
thermal expansion for cha cage. The F~ exerts a more pronounced
effect proportionally concerning the small dér cage; however, the
effect of the TMAda on the much larger cha cages dominates
in absolute terms in the overall modification to the thermal
expansion as there are an equal number of each type of cage in
the structure.

The present results can be analyzed in the framework of the AAV
concept [22] (Table S2). Empty CHA has an AAV of 21.7 A and
would be expected to exhibit NTE as observed experimentally.
Taking into account the OSDA and the F~ ions, the AAV decreases
t010.4 A? and PTE would be expected. Up to the present, the AAV
concept [22] has not been applied to organic guest molecules.
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FIGURE 3 | Normalized height (h) and diameter (d) of d6r and cha
cages and intertetrahedral Si—O—Si angles for CHA-TMAda and CHA as
functions of temperature.

The hydrogen atoms in such molecules are distinct due to their
small size and thus volume occupied in a crystal structure.
Hydrogen atoms lie to a great extent inside the van der Waals
radii of the carbon atoms to which they are bonded and thus
their contribution is significantly lower than other larger atoms. If
the hydrogen atoms are not considered, the AAV of CHA-TMAda
would be 15.2 A3, which is very close to the limiting value of 16 A
corresponding to ZTE.

The static changes in average distances and angles do not provide
direct information on the mechanism of NTE in chabazite. A
previous study based on the pair distribution function method
[29] linked the mechanism to a thermally activated mode that
translates along the Si—03—Si—04—Si linkages in the dér result-
ing in a reduction in Si—Si distances. Information on such modes
can be obtained from the atomic displacement parameters (ADP).
The ADPs were refined anisotropically and from the equivalent
isotropic ADP, U, (Figure 4; Figure S4), it can be seen that the
values for the oxygen atoms in the dér cage, O1, O3, and O4,
increase to a greater extent than that of O2, which only is found in
the cha cage. More importantly, analysis of the anisotropic ADPs
has allowed the root mean square displacements (RMS) of the
oxygen atoms along the principal axes of the ADP ellipsoids to
be calculated and which are given in Table S3 at the low and high
temperature limits for the comparison between CHA and CHA-
TMAda. Typically, the increase in one transverse component
dominates (Table S3; Figure 2) giving rise to a contribution to
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FIGURE 4 | Equivalent isotropic ADPs (U,,) for CHA-TMAda and
CHA as a function of temperature.

the overall NTE. These transverse displacements correspond to
atomic motion essentially perpendicular to the Si-O-Si linkages
in the framework.

Significant differences are observed for the ADPs for CHA-
TMAda. Initially the silicon and oxygen U,, values are slightly
higher as there will also be a static component due to interactions
between the oxygen and silicon atoms of the CHA framework and
the disordered TMAda in the cha cages and the fluoride ions in
the dér. The thermally activated dynamic component increases
at a much slower rate than for CHA giving a lower overall
increase in Ueq for the silicon and all the oxygen atoms indicating
that the phonon amplitudes are less activated by temperature.
Strikingly, the increases in the transverse components of the RMS
displacements of the oxygen atoms (Table S3) are in the range of
10%-33% from 120 to 394 K as opposed to 43%-117% from 100 to
384 K for CHA. This clearly shows the effect of the TMAda and
fluoride ions on the transverse oxygen displacements linked to the
NTE behavior of CHA, thereby resulting in ZTE in CHA-TMAda.

3 | Conclusion

In conclusion, the presence of OSDAs in the final structure of
these host-guest materials, which direct the formation of zeo-
lites during hydrothermal synthesis, can also tune the intrinsic
thermal properties of porous zeolitic frameworks. The strength
of the interactions between the OSDA and the framework
(Coulomb electrostatic, van der Waals, CH...O hydrogen bond),
that come into play for structure direction, also affects the atomic
displacements of oxygen atoms and ultimately the overall thermal
expansion properties. Herein, we have shown that starting from
a zeolite framework like chabazite with strong intrinsic NTE
properties and an OSDA, a new class of host-guest ZTE materials
made of light, abundant, and non-toxic elements, can be obtained
through a simple and straightforward strategy

4 | Experimental Section/Methods

CHA-TMAda was synthesized hydrothermally using tetraethyl
orthosilicate (TEOS) as the silica source, N,N,N-Trimethyl-1-
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adamantylammonium Hydroxide (TMAdaOH) as the organic
structure directing agent (OSDA) in the presence of fluoride
ions, and adapting a previous protocol [27] by the inclusion of
seeds. In order to obtain siliceous chabazite CHA, the CHA-
TMAda was calcined in air at 823 K to remove the OSDA. Details
of the synthesis and sample characterization are presented in
Supporting Information.

CHA-TMAda was studied by XRPD (1 = 0.67837 A) in a 0.3 mm
diameter glass capillary as a function of temperature from
120-394 K on the two-circle diffractometer equipped with a
Dectris Mythen II detector at the CRISTAL beamline at the
Synchrotron SOLEIL. XRPD measurements (4 = 0.35451 A)
from 100-1008 K on CHA (which had been calcined at 823 K)
in 1 mm diameter quartz capillaries were performed on the
two-circle diffractometer ID22 beamline [31] equipped with the
multianalyzer [32] stage and a Dectris Eiger CdTe 2M-W detector
at the European Synchrotron Radiation Facility. Full details of the
XRPD measurements and structure refinements are given in the
Supporting Information.

CCDC 2523560-2523588 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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