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Massive Anisotropic Thermal Expansion and Thermo-
Responsive Breathing in Metal-Organic Frameworks

Modulated by Linker Functionalization

Sebastian Henke,* Andreas Schneemann, and Roland A. Fischer*

Functionalized metal-organic frameworks (fu-MOFs) of general formula
[Zn,(fu-L),dabco], show unprecedentedly large uniaxial positive and negative
thermal expansion (fu-L = alkoxy functionalized 1,4-benzenedicarboxylate,
dabco = 1,4-diazabicyclo[2.2.2]octane). The magnitude of the volumetric
thermal expansion is more comparable to property of liquid water rather
than any crystalline solid-state material. The alkoxy side chains of fu-L are
connected to the framework skeleton but nevertheless exhibit large confor-

gas storage,l’l separation, catalysis,P! etc.
A straightforward way to fine tune MOFs
is attaching additional functional groups
(fu s) at the linker L. This concept is not
at all restricted to trivial choices of sub-
stituents (fu = NH,, NO,, OH, etc.),l’ but
can be expanded to more sophisticated fus
like alkyl amides”) or even crown ethers
and rotaxanes.®! Typically, fus are not as
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mational flexibility. Thermally induced motion of these side chains induces
extremely large anisotropic framework expansion and eventually triggers
reversible solid state phase transitions to drastically expanded structures.
The thermo-responsive properties of these hybrid solid—liquid materials

are precisely controlled by the choice and combination of fu-Ls and depend
on functional moieties and chain lengths. In principle, this combinatorial
approach allows for a targeted design of extreme thermo-mechanical proper-
ties of MOFs addressing the regime between crystalline solid matter and the

liquid state.

1. Introduction

Inorganic-organic hybrid materials receive much attention,
and among those metal-organic frameworks (MOFs) are par-
ticularly interesting for academic research and much prom-
ising for industrial applications.”l MOFs are robust, porous
and crystalline materials, which are based on Werner-type
coordination chemistry and are constructed from metal ions,
which are interconnected by organic linkers, L (i.e., multitopic
carboxylates, imidazolates, etc.), in two or three dimensions in
space. The resulting zeolite-like architectures define the coor-
dination space of guest accessible pores and channels. Huge
topological diversity paired with extraordinary chemical versa-
tility and designability suggest diverse applications, including
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ordered as the crystalline scaffold, rather
they point more or less randomly into
the cavities and exhibit a certain degree
of conformational flexibility.®% Often the
respective fu-MOFs exhibit an increased
structural complexity based on the coa-
lescence of the highly regular framework
skeletons and the disordered fus in void
space.

Recently, we have shown that imple-
mentation of additional alkoxy groups at
bdc-type linkers (bdc = 1,4-benzenedicar-
boxylate) can initiate unexpected guest-
dependent structural flexibility in so-called pillared-layered
MOFs of the general formula [Zn,(fu-L),dabco], (Figure 1; fu-L
= alkoxy functionalized bdc, dabco = 1,4-diazabicyclo[2.2.2]
octane).ll% The responsive networks are constructed from
binuclear Zn,-paddlewheel units, which are 2D-interconnected
by fu-L and bridged in the third dimension by dabco as pillar
(Figure 1b,c). In contrast to the non-functionalized parent
framework [Zn,bdc,dabco],,l'!l the corresponding functional-
ized derivatives [Zn,(fu-L),dabco], reversibly switch between
an extended large pore (Ip) and a drastically contracted narrow
pore (np) form as a function of guests adsorption (Figure 1d).
Reasons for the guest-dependent bistability are attractive
dipolar and dispersion interactions between adjacent fu,
between guests and fu, as well as between fu and the frame-
work backbone.[102:10c]

Such kind of flexible or adaptive MOFs, also named soft
porous crystals,['l have been studied intensively in terms of
their unique ‘breathing’ or ‘gate opening’ phenomena upon
guest adsorption, which are very attractive for smart separa-
tion and sensing applications.'3] Reports on the intrinsic
softness of MOFs in absence of any guests are very rare,
however.' Anomalous thermo-mechanical properties, like
‘colossal positive thermal expansion!*®! (PTE) as well as uniaxial
or volumetric negative thermal expansion!'® (NTE) have been
reported only recently. These studies have merely focused on
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Figure 1. a) Selection of alkoxy functionalized 1,4-benzenedicarboxy-
lates (fu-Ls) used in this work. b) Cut-out of the structure of as-prepared
[Zn,(fu-L"),dabco], (1).1% Disordered moieties of fu-L' and dabco have
been omitted for clarity. The flexible side chains are not included in the
structural model. H atoms are not shown. c) Structural representation
depicting the lattice vectors x, y, and z. d) Representation of the revers-
ible [p—np transition of 1 upon guest molecule removal/re-adsorption
at ambient temperature. Colour code for b and d: Zn polygons (cyan),
O (red), N (blue), C (grey); yellow spheres indicate the positions of fu.

dense coordination networks without guest accessible voids.
A rational strategy for the implementation and modulation of
such ‘extreme’ thermo-mechanical properties in porous coordi-
nation networks, i.e. prototypical MOFs, is absent, so far.

Here we show, that the unique interplay of a structurally
well-defined framework backbone decorated with disordered,
conformationally flexible substituents results in extraordinary
thermo-mechanical responsiveness. Variable temperature
powder X-ray diffraction (VI-PXRD) and differential scanning
calorimetry (DSC) measurements of a variety of guest-free
[Zn,(fu-1¥),dabco], (k = 1-4, Figure 1a) frameworks reveal mas-
sive PTE, uniaxial NTE, as well as adjustable thermo-responsive
breathing (reversible np—lp transition without guest adsorp-
tion) associated to the intrinsic nature of these hybrid solid/
liquid materials.

2. Results and Discussion

VI-PXRD patterns of the prototypic, guest-free framework
[Zn,(fu-LY),dabco], (1), which features pendent 2-methoxy-
ethoxy substituents, were recorded in the temperature range
from 303 to 493 K with a step size of 10 K (Figure 2). The dif-
fraction patterns give evidence for drastic but fully reversible
structural changes of 1 depending on the temperature. Le Bail
fitting analysis!!”) of the VI-PXRD patterns was performed to
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Figure 2. VT-PXRD patterns of [Zn,(fu-L'),dabco], (1) recorded from 303
to 493 K (AT/step = 10 K). a) Conventional representation, b) representa-
tion as an artificial 2D film.

quantify the temperature-driven structural changes (unit cell
parameters, space group symmetry). In order to allow for an
easy description we define the characteristic lattice vectors x,
y, and z (Figure 1c), which are independent from the respec-
tive crystal symmetry of the np and Ip phases (monoclinic vs.
tetragonal, Supporting Information Figure S50). Vectors x and
y represent the diagonals characteristic for the 2D [Zn,(fu-L),],
grid and z represents the repeat distance of two neighboring
[Zn,(fu-L),], grids along the dabco axis. The specific volume
(Vipec) is defined as the crystallographic volume per formula
unit. Figure 3 displays the temperature dependent structural
changes of 1 on the basis of x, y, z, and V... Three facts are
immediately apparent from the data. Firstly, 1 exists solely in
the contracted np form at 303 K and shows massive thermal
expansion in the range from 303 to 463 K, leading to a 4.5%
increase in Vg, over a range of just 160 K. Secondly, between
473 to 493 K, 1 transforms from the np to the Ip form involving
a 19% increase in Vg, With respect to the np form at 303 K.
And, thirdly, the thermal expansion as well as the phase transi-
tion is completely reversible. Similar to the thermal breathing
of MIL-53(Al), 1 features a hysteretic behavior leading to a shift
of the reverse Ip—np transition to lower temperatures (473 to
453 K) on the cooling branch of the VI-PXRD experiment.
However, the width of the hysteresis is very narrow (=20 K)
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Figure 3. a) Evolution of lattice vectors x, y, z and b) specific volume Vg,
of 1 in dependence on the temperature. Data points of the heating and
cooling branches are shown as solid and open symbols, respectively. The
errors are not larger than the size of the symbols. Note that in the range
from 473 to 483 K on the heating branch and 473 to 453 K on the cooling
branch both phases (np and Ip) coexist in varying ratios. Only the majority
phase at these temperatures is included in the graphs. The insert in panel
b shows a graphical representation of the np and Ip forms.

compared to the very large hysteresis observed for MIL-53(Al)
(=200 K).[1%%]

In detail, the thermal expansion of the np form of 1 in the
range from 303 to 463 K is highly anisotropic (Figure 4). Vector
x is showing NTE of —1.5% and y shows PTE of +6.0%, while z is
almost constant. As a result the rhombic structural motif of the
[Zn,(fu-LY),], grids is continuously opening up with rising tem-
perature whereas the distance between two adjacent [Zn,(fu-LY),],
grids (described by z) is nearly unaffected. The coefficients
of thermal expansion (a) along x, y, and z as well as the volu-
metric thermal expansion coefficient oy have been calculated
from empirical fits in the range from 303 to 463 K (Figure 4b,
see Supporting Information for details). At 303 K the NTE
along x (o, = —44 MK™!) and PTE along y (o, = +42 MK)
are in the moderate region. Both coefficients increase rapidly
with the temperature, leading to extraordinary large expansiv-
ities at 463 K (o, = 380 MK, o, = +1161 MK™). The volu-
metric coefficient of thermal expansion ay is +51 MK at 303 K
and reaches +837 MK™! at 463 K. These values are much higher

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

'a\
Mﬁ\‘{‘liﬁ"ﬁ

www.MaterialsViews.com

(a) T T T T T T
1.064 |—=—xIx, A 4
—A=yly, A/
g —v—2zlz /S .
5 1.04- 0 v
S —e— VIV, ‘S
£ /A/:/./
2 1,024 A" _
o ~o-®
:.%) é‘s‘ﬁ‘;‘/
% 1.00 -m—!=ﬁ2ﬁ=1:':.:;—v—v—v-v—v—v—v—v—v §
= TE-E-m_y_
.s.\.\
LN
0-98 T T T T T T T T T T T T T
300 325 350 375 400 425 450 475
T/IK
(b) 1250 . T T T T T T ]
10004 e
750 e
- 500 N
§ ]
S 250 E
0‘{ v v v v v v v v v -1
-250 1 e
-500 T T T T T T
300 325 350 375 400 425 450 475
TIK

Figure 4. a) Relative expansion of the np form of 1 in the range from
303 to 463 K. The expansion of x, y, z, and V is shown in relation to
the initial values at 303 K. b) Temperature dependent thermal expansion
coefficients (o) for x, y, z, and V between 303 to 463 K. These data are
based on empirical fits of the corresponding structural parameters of the
heating branch of the VT-PXRD experiment.

than the ‘colossal’ thermal expansion coefficients of current
record holders within the family of coordination networks and
MOFs (0, = 4230 MK}, o, = =170 MK}, oy = +300 MK for
FMOF-1;08) ¢, = +150 MK, o, = 130 MK}, oy = +170 MK~!
for Ag;[Co(CN)]™) and represent, to the best of our knowl-
edge, the largest intrinsic expansivities reported for any crystal-
line material so far.') Remarkably, the magnitude of the volu-
metric thermal expansion coefficient of 1 is more comparable to
the thermal expansion coefficients of liquid water (Supporting
Information Figure S51), rather than crystalline solid-state
materials.

At a threshold temperature (Ty,) of 473 K the expansivity
of 1 is so large, that phase transformation from the mono-
clinic np form to the tetragonal Ip form occurs. This leads to
coexistence of both phases, np and Ip, between 473 to 483 K.
Thereby, the fraction of np rapidly decreases while the frac-
tion of Ip increases (Supporting Information Figure S11). The
transition is completed at 493 K and 1 exists solely as Ip form,
with x and y being equal. Hence, the Ip form represents the
most expanded structure possible for this material. Note, that

Adv. Funct. Mater. 2013, 23, 5990-5996
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N,N-dimethylformamide or carbon dioxide loaded Ip samples
of 1 still feature a thomb shaped motif (x # y) with a slightly
lower specific volume. This important difference is assigned to
packing and interaction effects of the guests with fu inside the
pores. 10010

The phenomenon of thermal expansion in materials is com-
monly ascribed to the anharmonicity of their interatomic and
intermolecular vibrational modes. Unusually large PTE and
NTE in framework materials are often explained by transverse
atomic or molecular displacements involving geometric flexing
around ‘hinges’ of the crystalline structure.'>*16.20] Similarly,
the unique temperature dependent response of 1 is also based
on a lattice fence-like hinged motion. However, the abnormally
large expansivities of 1 just arise from the unique interplay
between the structurally well defined framework backbone
and the flexible disordered substituents (fu), which possess
many degrees of freedom for rotations and vibrations in the
(nano) confined pore space. In principle, the substituents can
conceptually be viewed as immobilized guests, which are fixed
at the much more rigid backbone. We propose that thermally
excited vibrations of fu, which are coupled to the framework via
L, are causing the massive expansion of np in the range from
303 to 463 K. At Ty, the thermal energy is large enough to over-
come the attractive intra-framework interactions allowing the
framework to switch to Ip, which provides more pore space for
thermal motions of fu. Given that the thermal motion of the
disordered side chains can hardly be quantified using diffrac-
tion techniques we have currently started investigating these
effects with solid state VI-NMR spectroscopy of selectively deu-
terated [Zn,(fu-L),dabco], samples.

Similar studies on the related [Zn,(fu-L¥),dabco], (2-4, k =
2-4) frameworks indicate the drastic influence of the choice of
fu on the thermo-responsive properties of these materials. At
298 K compound 2, which features less polar n-butoxy substitu-
ents instead of the more polar 2-methoxyethoxy substituents
of 1, represents a np form very similar to 1 but with a slightly
larger unit cell volume (Supporting Information Figure S2).[10¢!
Notice, that at the beginning of the VI-PXRD experiment a
reflection of low intensity is apparent at 20 = 8.11°, which is
dedicated to a small fraction of 2 already featuring the Ip form.
Nevertheless, the vast majority of 2 exhibits the np form at
303 K, evidenced by the very low intensity of the aforemen-
tioned reflection. Le Bail fitting!'”! of the VI-PXRD patterns of
2 (Figure 5) indicates, that the overall thermal behavior of 2 is
related to the behavior of 1. Vector x is contracting (NTE), y is
expanding (PTE), and z is again almost invariable in the range
from 303 to 393 K (Figures 6 and 7). The thermal expansion
coefficients of 2 are already very large at 303 K (a, = —74 MK,
o, = +283 MK™!, oy = 4209 MK™') and, similar to 1, increase
further with the temperature (o, = -186 MK™', o, = +674 MK,
oy = +524 MK™! at 393 K). As a consequence the np—lp tran-
sition starts at a threshold temperature of only 393 K and is
already completed at 423 K. The much lower Ty, of 2 is assigned
to the weaker intermolecular interactions of the n-butoxy chains
compared to the polar 2-methoxyethoxy chains present in 1.
Moreover, the phase transition shows an interesting hysteresis.
Compound 2 remains exclusively in the Ip form upon cooling
from 473 K to a temperature as low as 363 K. Only below 353 K
the reverse lp—np transition starts, leading to coexistence of
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Figure 5. VT-PXRD patterns of [Zn, (fu-L?),dabco], (2) recorded from 303
to 473 K (AT/step = 10 K).

(a) 18_I—I—II—I—I—II—I—.I—._. ,I-,p ' I |
—
\

169 [v—2 Ip _
< VPO -~
8 Ip '
3 14 .
>
[0]

O
® 124
n
- la—A—A-A—A-A-A—A—A— P
104 B
V—V—V—V-V-V9V- V-V V- V-VV-V—-V-V-VVY
300 325 350 375 400 425 450 475
T /K
(b)
1150 E—E—-E-E—E—-E—-m—g
Ip
1100+ e
<
~% 1050- -
np
-
10004 o pu-m" |
300 325 350 375 400 425 450 475
TI/K

Figure 6. Temperature dependence of a) the characteristic lattice vectors
X, ¥, z and b) Ve of compound 2. Data are based on the heating branch
of the VT-PXRD experiment. The errors are not larger than the size of the
symbols. At 403 and 413 K the contracted np form is also present as a
minority phase, which is not included in the graphs.
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Figure 7. a) Relative expansion of the np form of 2 in the range from
303 to 393 K. The expansion of x, y, z, and V is shown in relation to
the initial values at 303 K. b) Temperature dependent thermal expansion
coefficients (o) for x, y, z, and V between 303 to 393 K. These data are
based on empirical fits of the corresponding structural parameters of the
heating branch of the VT-PXRD experiment.

both phases (Supporting Information Figure S15). The frac-
tion of the Ip form decreases and the fraction of the np form
increases with falling temperature. At the final temperature
of 303 K, however, both phases are still present and even after
13 days at 298 K the lp—np transition is not yet completed (Sup-
porting Information Figure S16). The large hysteresis and very
slow transformation of 2 upon cooling suggests that the lp—np
transition is kinetically hindered for this material.

As expected, the related fu-MOFs 3 and 4, which feature
shorter ethoxy and n-propoxy substituents, do also show aniso-
tropic thermal expansion upon heating to temperatures up to
513 K, but they do not transform to the Ip form (Supporting
Information Figure S17). Consequently, the chain length of
the substituents has a major impact on the thermo-responsive
behavior. Only [Zn,(fu-L),(dabco)], frameworks exhibiting
linear substituents of five non-hydrogen atoms can be switched
between the np and Ip forms by means of temperature stimulus.
If the chain is longer (six non-hydrogen atoms; e.g., n-pentoxy
chain or 3-methoxypropoxy chain) the material is permanently
in the Ip form, irrespective of the presence of guests.[1%10

Based on these results we synthesized and characterized
binary mixed linker fu-MOFs of the type [Zn,(fu-L"),,(fu-L?),

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. DSC curves of the simple fu-MOFs 1 and 2 in comparison to
the curves of the mixed linker materials 1,,2; (j = 0.25, 0.50, 0.75). Only
the range from 350 K to 525 K is shown. Three consecutive cycles have
been recorded of which only the second cycle is shown here (see the Sup-
porting Information for details). The curves of the heating branch have
been baseline corrected for the sake of clarity.

dabco]y,, 14,2, (j = 0.25, 0.50, 0.75). Mixed linker MOFs feature
two or more topologically equivalent but differently function-
alized linkers (here fu-L! and fu-L?) as a solid solution inside
one single-phased homogeneous framework.?!l Thereby, the
linkers can be mixed in free ratios to adjust the properties of
the framework beyond the limitations of the simple parent
compounds.['%¢212210] e Bail fitting analysis('”) of PXRD pat-
terns of compounds 1,2; recorded at 298 K prove that the
obtained compounds are indeed single-phased (Supporting
Information Figure S3-S5). VI-PXRD studies performed on
1,12; demonstrate that these mixed linker fu-MOFs feature
thermo-responsive properties analogous to their parent frame-
works 1 and 2 (Supporting Information Figure S18-S24).
Importantly, the threshold temperature Ty for the np—lp
transition, as well as the width of the hysteresis, are highly
dependent on the applied molar ratio of fu-L' and fu-12.

This is nicely illustrated by a comparison of DSC data
recorded for 1,2; (j = 0.25, 0.50, 0.75) and the parent frame-
works 1 and 2 (Figure 8). The np—lp transition generates an
endothermic peak on the heating branch, while the reverse
Ip—np transition is apparent as an exothermic peak on the
cooling branch. Three consecutive cycles in the temperature
range from 303 to 523 K have been recorded in order to verify
the reversibility of the phase transition (see Supporting Infor-
mation). Notably, for the materials 1, 147520 55, and 14502050 the
first runs yield slightly higher np—lp transition temperatures
(Tup—ip) compared to the second and third cycles (Supporting
Information Figure S45, Table S5). However, no further
changes are observed in the successive third runs. For that
reason only the data derived from the second DSC cycles will
be discussed here.

Adv. Funct. Mater. 2013, 23, 5990-5996
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Table 1. Comparison of the phase transition temperatures and the cor-
responding phase transition enthalpies (AH) obtained from the DSC
measurements. The data have been taken from the second cycle (see
main text for details). Note, that there is no peak for the [p—np transi-
tion for 2. As a result the calculated AH,,,_,, is considerably lower on the
second cycle when compared to the first.

Sample Toposip AHppspy Tiposnp AHpy oy
[K] flg mol"'] [K] [k mol”']
1 489 14.2 477 153
T0.7520.25 492 12.6 476 —149
To.5020.50 480 17.1 464 191
To.2520.75 458 15.1 424 169
2 3989 (398)Y 659 (13.1)b) - _

3second cycle; Pfirst cycle.

Unexpectedly, T, is slightly higher for 14752925 (491 K)
when compared to pure 1 (489 K) giving rise to a nonlinear
behavior of the thermo-mechanical properties on the linker
ratio (Table 1). A further enrichment of fu-1? leads to the
expected decrease of T, from 480 K for 14502950 to 458 K
for 192529 75. Compound 2 features a T,,_;, of only 398 K. These
results are in very good agreement with the VI-PXRD data.
Slight differences in the phase transition temperatures deter-
mined from VT-PXRD compared to the DSC data might
originate from the comparatively fast heating/cooling rate of
45 K min~! used for the DSC measurements, while the samples
have equilibrated for 10 min at the corresponding temperature
before the VI-PXRD patterns have been recorded.

The reverse exothermic Ip—np transition, which is taking
place on the consecutive cooling branch of the DSC experi-
ment, is at a similar temperature for 1 (477 K) and 147525
(476 K). Increasing amounts of fu-L? decrease the Ip—np phase
transition temperature further to 464 K (1502¢50) and 424 K
(192520.75)- As a result the temperature difference AT (AT =
Tp—ty=Tip—np) Detween the related phase transitions is nonlin-
early increasing with increasing amounts of fu-12 (AT = 12 K
for 1, AT =15 K for 1475225, AT = 16 K for 1502950, and AT =
34 K for 1j,52¢7s5). Notice, on the cooling branch of the DSC
experiment of 2 no exothermic peak, and therefore no phase
transition is detected. This observation is in accordance with
the VI-PXRD study on 2, which shows a very slow transfor-
mation from the Ip to the np form upon cooling. A significant
fraction of 2 stays in the Ip form, which is further evidenced
by the strong decrease in phase transition enthalpy AH for the
np—lp transition (Table 1 and S5) from 13.1 k] mol™! in the first
cycle to only 6.5 k] mol™ in the second cycle. Such behavior is
not seen for the other compounds, where AH is very similar
in all cycles proving the complete reversibility of the thermal
breathing of these fu-MOFs.

3. Conclusions

In summary we have demonstrated how extreme thermo-
mechanical properties, including massive framework expan-
sion comprising uniaxial NTE and PTE, as well as temperature
responsive breathing, can be implemented in MOFs via the
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utilization of functionalized linkers featuring pendent flexible
substituents. It is suggested that the unique thermo-mechan-
ical behavior originates from increased thermal motions
(vibrations, rotations) of the linear side chains with rising tem-
perature. The interplay of the flexible substituents with the
robust and structurally well-defined framework backbone leads
to a remarkable structural response of these hybrid solid/liquid
materials in dependence on the temperature. Importantly,
chain length and chemical nature of the pendent side chains
govern the particular properties of the respective MOF, which
allows for a precise fine-tuning of the thermo-mechanical prop-
erties, according to the concept of mixed linker MOFs. In prin-
ciple our novel methodology using (mixed) fu-Ls is transferable
to a wide variety of other MOF systems and may facilitate the
development of new functional hybrid materials for applica-
tions in sensing,!*l heat storage/transfer,[29 or for temperature
switchable devices.[??

4. Experimental Section

Synthesis: The linkers and MOFs have been prepared and activated in
vacuo as described elsewhere.l%210 The evacuated (guest-free) samples
have been stored in a glovebox under Ar atmosphere prior to analysis.

Powder X-Ray Diffraction: Room temperature powder X-ray diffraction
(PXRD) patterns of the guest-free fu-MOFs have been recorded at 298 K
on a Bruker D8 Advance AXS diffractometer with Cu Kot radiation and
a Gobel mirror in 6-20 geometry with a position-sensitive detector in a
20 range from 5°-60° or 5°-50° at a scan speed of 1° min~'. 0-Al,O3
was employed as external standard. The samples have been filled
into glass capillaries (& = 0.7 mm) in a glovebox. Each capillary was
subsequently sealed. Variable temperature powder X-ray diffraction
(VT-PXRD) experiments were performed on a PANalytical X'PertPro
with Cu Kot radiation in Bragg-Brentano geometry with an automatic
divergence slit and a position sensitive detector using a continuous
scan mode in the range of 26 = 7°-20° or 6°-21°. A sample stage with
a temperature controller and a heating plate (T = 303-1273 K) was
utilized. The activated, ground MOF samples were deposited on a single
crystalline silicon wafer, which was placed on the sample stage and
accordingly capped with a graphite dome to generate a closed system.
The VT-PXRDs have been recorded with a step size of 10 K and an
equilibration time of 10 min before starting a data collection after the
corresponding temperature was reached. Le Bail fitting analysis of the
PXRD patterns was performed with RIETICA.[2%]

Differential - Scanning Calorimetry: Differential scanning calorimetry
(DSC) was performed on a Netzsch STA 409 PC with a heating/cooling rate
of 5 K min~! in a temperature range from 303 to 523 K. Three adjacent
cycles were performed with each sample. The samples (mass = 1040 mg)
were placed in an alumina crucible inside a glovebox (Ar atmosphere).
Data analysis was performed with the Netzsch Proteus Thermal Analysis
software package. The phase transition temperatures have been determined
from the peak onsets. The respective phase transition enthalpies AH,.ns
were obtained via integration of the DSC curves.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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