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The molecular dynamics of encapsulated cation within perovskite-like
coordination polymers [(CH3)sNH][M(Ns);] (M = Mn, Cd) are investigated,
which are well controlled by the confined space of a deformable azido
framework. The Mn-based compound provides a rare example that
features unvaried/varied rotational energy barrier during its two different
structural phase transitions.

Molecule-based inclusion compounds containing rotatable or
motionable guest component, as an interesting host—guest
model, have attracted considerable attention in the field of
modern optoelectronic materials, owing to their sensitive and
controllable responses to external stimuli, such as thermal,
pressure, light, or electricity.l‘9 As one type of coordination-
based inclusion compounds, the coordination polymers (CPs)
with perovskite structure are quite unique and have promising
application as new dielectric and ferroelectric materials.” 0%
These perovskite-like CPs, with inclusion of rotatable or
motionable guest cations into the well-matched cage-like host
frameworks (For exemplified structural diagram, see Scheme
1), are apt to undergo displacive-type or order—disorder-type
phase transitions upon thermal stimulus. It has been found
that their related physical properties primarily depend on the
molecular dynamics of the guest cations. Therefore,
understanding the motion modes or the rotational rate of the
guest cations is critical for the practical application of such
perovskite-like CPs. However, investigations on the
guest dynamics within these CPs remain very scarce.>**"
Recently, we have studied a perovskite-like CP encapsulating
polar dimethylammonium cation, namely [(CH3),NH,][Cd(Ns)s]
(1).21 It was revealed that the molecular dynamics of the
[(CH3),NH,]" cation can be well controlled by the variable
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confined space of the host framework, and the varied motior
modes of the [(CH3),NH,]* cation accompanying witl, «
synergistic deformation of the [Cd(N3);]” framework lead to a
structural phase transition at around 174 K. Up to nc..,
although some perovskite-like azido CPs had been reported L_

21-22 23-24
us and others

, the detailed guest dynamics amon-
them were scarcely investigated. It was thus of interest for v
to explore the guest molecular dynamics of other two relat= !
perovskite-like azido CPs, with the polar dimethylammonium
guest being replaced by a larger and heavicr
trimethylammonium cation, namely [(CH3)sNH][Mn(Ns)s] (2)+
and [(CH3)sNH][Cd(Ns)s] (3). Our current studies show that 2 s
a rarely observed example that features unvaried/variea
rotational energy barrier during its two different structur |
phase transitions, and the comparison of the guest moleculat
dynamics within these perovskite-like azido CPs provide s
valuable informations for modulating the guest molecular
dynamics in the confined space.

Scheme 1 Deformable cage unit enclosed by eight octahedrally coordinated metal ions
and twelve end-to-end bridging azido ligands, which encapsulate a guest cation.

Compound 2 was prepared according to a reportd
procedure,24 and it can undergo two reversible struct ral
phase transitions above room temperature. Upon heating, tii
space group of its three phases changes from P2,/c (2a), 1 .,
C2/c (2B), and then to R-3m (2y), with the phase transitic
temperatures (T¢) being ca. 332 and 360 K, respectivel
Although the crystal structures of 2 and the related phas
transitions have been briefly described by Wang an'
coworkers,24 here, for a deep discussion of the guest moleculz
dynamics, we supplemented some characterizations for 2 =n.!
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performed a more detailed analysis on its phase transitions
and crystal structures (see ESI, T Section Il).
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Fig. 1 The Mn--Mn distances (A) and Mn--Mn---Mn angles (°) within a [Mn(N5);]” cage
unit of 2a at 298 K (a), 2B at 350 K (b), and 2y at 360 K (c). The geometries are drawn
based on the supplementary crystallographic data of reference 24.

It is noted that the monoclinic unit-cell parameters vary very
slightly from 2a to 2B phase [a, b, ¢ (A), 8 (°): “8.464(6),
9.324(5), 12.882(7), 105.466(14) at 298 K” versus “8.502(16),
9.431(17), 12.93(2), 104.77(2) at 350 K”], whereas the lattice
type changes from a primitive to a C-centered Bravais lattice.?*
The small difference between the two phases is consistent
with the small thermal anomaly detected by the DSC
measurement. For such phase transition, the total symmetric
elements of the crystallographic point group remain
unchanged (ESI,* Fig. S2), i.e. 4 (E, C,, i, g,). However, the
asymmetric unit changes from [0<x<1;0<y<1/4;,0<z<1]
to[0<x<1/2;0<y<1/2; 0 <z<1/2]. As for the transition
from 2B to 2y, the total symmetric elements of the
crystallographic point group increase from 4 (E, C,, i, o;,) to 12
(E, 2Cs, 3GC,, i, 2S5, 30,). Thus, this transition should be
ferroelastic with an Aizu notion of §mF2/m,25 and the number
of equivalent unique ferroelastic directions is 3. In short, the
former phase transition is characterized by a change of the
lattice type but without the alteration of its crystal system,
whereas the latter is a ferroelastic one characterized by a
change of the crystal system. As indicated by the varied
Mn:---Mn distances and especially the Mn---Mn---Mn angles (Fig.
1), the deformation of the [Mn(N3);]” framework in the latter
transition is more remarkable than that in the former one. In
addition, the Mn---Mn edges tend to be identical as the phase
transition occurs, i.e., the numbers of different dy...mn Within a
cage unit reduce from 5 (2a) to 2 (2B), and to 1 (2y).

The driving force for phase transition 2a—>2B is mainly
thought to be the disorder of the [(CH3);NH]" guest. For an
order—disorder transition, from the Boltzmann equation, AS =
RIn(N), where R is the gas constant and N represents the ratio
of the numbers of respective geometrically distinguishable
orientations in both phases. According to the single-crystal X-
ray diffraction studies on the ordered and two-fold disordered
[(CH3)3sNH]" cation before and after the phase transition, the
theoretical value of N should be 2 and thus the expected AS
should be 5.8 J-K'mol™". However, the AS value (1.5
J-K mol™) estimated from the Cp measurement (Fig. S4) is
about one quarter of the expected value. This result shows
that much residual entropy is left over, implying a significant
relaxor character for this phase transition.”® On the other hand,
the driving force for 2B—>2y can mainly be ascribed to the
deformation of the [Mn(N3)3;] framework and the synchronous
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change in the rotation modes of the [(CH3);NH]" guest. For ti »
phase transition, the evaluated AS (3.4 3K mol™, see ESI, T F: P
S4) is about 59% of the excepted value for the disordere
[(CH3)sNH]" cations (two-fold = four-fold disorder), shov 'r_
that some residual entropy is still left over at this stage.
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Fig. 2 Temperature-dependent €' and €'" at various ac frequencies for powder-pressea
pellet samples of 2 (a) and 3 (b). The inset plots are shown in Arrhenius representatio
providing the linear fitting of In(w) versus 1/Tpea.

Since the guest [(CH3)sNH]" cation is bestowed on a specif.
dipole moment, the change in the dynamical state of suc’
cation should be reflected in the dielectric property of 2. Th
above-discussed dynamical rotation of the guest cation an-’
the relaxor character of such phase transition wetl
unambiguously disclosed by the variable-temperature
dielectric spectroscopy. As shown in Fig. 2a, the temperati ~-
dependent complex dielectric permittivity (¢ = €' — je"') was
measured at a broad band ranging from 800 Hz to 1 MHz and
could be roughly divided into two regions: 2a+2B and 7,
(labeled as A, B region, respectively), between which the valu
of &' under all measured frequencies shows an obviou
mutation at the T of 2B<>2y.

At region A, €' increased steadily from ca. 275 K to 356 -°
under all measured frequencies, e.g., €' at 100 kHz increase.
from 1.52 at 275 K to 1.85 at 356 K. Moreover, both the €' and
" show notably frequency dependence, suggesting tt »
dynamical feature of a polar rotator in 1.7 The peak maxima
of " were found at the rising temperatures (T,e,k) from 30 ,.2
to 347.4 K for the increasing f “0.5 = 25 kHz”. Based on "=
Debye-type relaxation process, €' is strongly dependent on the
temperature (7) and the angular frequency (w) of the test fiel !
e"(T) = wr(T)/[1 + wzr(T)z], where t(T) is a temperaturc-
dependent relaxation time obeying Arrhenius law: 1/t = wq
exp[-E./(kgT)] (E, is an activation energy, wy is a pr -
exponential factor, and kg is the Boltzmann constant). The "
value reaches a maximum when wt(T) = 1. Thus, the te ¢
frequency can be used to estimate the rotational rate (1/1; a.

This journal is © The Royal Society of Chemistry 20xx
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Toeaks @nd then, an wy value of 4.20 x 10" s™ and an £, of 20.1
kcal-mol™ (0.87 eV) were obtained from the plot of 1/Tpeak
versus In(w) (Fig. 2a, inset). It is worthy of note that the
rotational energy barrier hardly varied after the phase
transition of 2a->2B, which may be mainly ascribed to the
hardly distorted confined space constructed by the host
framework during 2a—>2. As a result, the observed variable-
temperature dielectric constant &' of 2 does not show a
distinguishable inflection point at the T. of 2a->2B. Such
phenomenon can also be explained by the significant residual
entropy below T, as discussed above.

At region B, the values of &' below 100 kHz decreased
slightly upon heating whereas those above 250 kHz showed an
opposite shifting trend and increased steadily upon heating,
strongly implying that dielectric relaxation still occurs at this
region. Based on the frequency dependence of the £" value, in
which T, for region B were found at 361.1, 367.8, 374.2 and
376.4 K for f = 250, 500, 800 and 1000 kHz, respectively, wq
and E, values were estimated as 2.53 x 10%° s™ and 23.9
kcal-mol™ (1.04 eV), respectively (Fig. 2a, inset). The wq value
at region B is about three orders of magnitude of that at
region A, whereas the E, value is slightly increased, implying
that the guest molecular dynamics change slightly after the
ferroelastic phase transition.
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Fig. 3 Proposed rotation models for the triimethyl ammonium cation in 28
(model A) and 2y phase (model B), respectively.

According to the recent studies on the molecular dynamics
of the [(CH;),NH,]" cation in two types of confined space
constructed by the perovskite-like [KCo(CN)s]*™ or [Cd(N3)s]”
framework,”’21 we proposed the possible rotation models for
the [(CH3)sNH]" cation at 2B and 2y phases (Fig. 3). In model A,
a 120° flip about the electric dipole C; axis does not change the
orientation of the dipole moment and should be thus
dielectrically inactive. Whereas the rotation around the axis
perpendicular to the dipole C, axis of the cation changes the
orientation of dipole moment and is thus dielectrically active.
For model B, the 120° flip about the electric dipole C; axis
turns to a 60° one, while the rotation around the axis
perpendicular to the dipole C, axis still exists. Notably, the
dielectrically-active molecular dynamics of [(CH3)sNH]" cations
are well confined by the deformable anionic [Mn(N3)s]
framework via supramolecular interactions (e.g., ionic
interaction and hydrogen bonds) in 2B and 2y phases, leading
to the remarkable dielectric relaxation behavior in a broad
frequency region.

In order to get a deeper understanding on the encapsulated
guest molecular dynamics discussed above, we synthesized a
new perovskite-like azido CP, ie., 3, which is cadmium

This journal is © The Royal Society of Chemistry 20xx
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analogue of 2 (For experimental details and Caution stateme. .,
see the ESIt). The TGA analysis shows that it star’ .
decomposing at 98 °C under a nitrogen atmosphere (ESI,* Fi_
S5), and a modulated differential scanning calorimeter (ML 5C;
measurement indicates that it undergoes a reversible seconc -
order phase transition at T¢ of 336 K (see ESI,* Section Il and
Fig. S6), which is slightly higher than that (332 K) of
Structural analysis reveals that 3 is isomorphic to 2 in both a
and B phases (ESI,t Table S1), except that 2B can furthcr
transform to a R3m phase at a higher temperature. The As
value (1.7 JK™'mol™) of 3a—>3B estimated from the Cp
measurement is roughly the same as that of 2 (ESI,* Fig. S7). .«
is believed that if 3 decomposes at a higher temperature, the .
a second similar phase transition may be expected.

The variable-temperature dielectric spectroscopy was als
measured for 3 to detect its guest molecular dynamics. £ -
shown in Fig. 2b, both of the [¢' = T] and [&" - T] curves st
similar variations to those in “2a+2B”. An analogous relaxation
process can also be uncovered by the frequency depende
of €", in which the peak maxima were found at the T,e.
ranging from 281.0 to 342.8 K for f “0.8 - 100 kHz”. Thus -~
w, value of 7.89 x 10™ s and an E, of 14.8 kcal-mol™ (0.64 € )
can be evaluated (Fig. 2b, inset). The E, remains unvaried
during 3a—>3B, which is similar to that during 2a->2, .
However, the E, value here is about three-fourths in
comparison with that of 2, indicating that the interactica
between the [(CH3);NH]" guest and the cage-like anion .
framework is somewhat weaker in 3.

Considering that 3 features a similar [Cd(Ns3)s;]” hor.
framework to 1 and has a same [(CH5);NH]" guest componer.
as 2, the comparisons among them are very meaningful:

(i) All three compounds exhibit dielectric relaxation, owin,
to the dielectrically active rotation of the encapsulated pol?
guest cations within them. When the E, value is somewha
high (e.g. 14.8 kcal-mol™ (0.64 eV) for the [(CH3);NH]" cation in
3), an orientationally ordered (frozen) state of the guest ca.
can be achieved as the temperature decreases to a certain
extent. However, if the E, value is low enough, e.g. 2.00/8.64
kcal-mol™ (0.09/0.38 eV) for the [(CH3),NH,]" cation in .
before/after the structural phase transition, a “rotating ¢
hopping” (melt-like) state of the guest cation can still exi
even at a very low temperature. The larger E, value of 3 can k
mainly ascribed to the heavier weight and larger size of th
guest [(CH3)sNH]" cation. For 2, owing to a slightly smaller siz:
of the cage unit whithin it (Fig. 1 and Fig. S8), the E, value in ?
is somewhat larger than that in 3, which means that tt »
[(CH3)sNH]" cation in 2 rotates less easily than that in 3. As a
result, the dielectric response (g') of 2 is smaller than that o 3.

(ii) From the thermodynamic point of view, the phc
transition types of 2a<>2B (or 3a<>3B) and 2B<>2y ar
second-order and first-order, respectively, which mean tha"
the inherent phase transition mechanism of them diffei -
essentially. In the former transition, the host framework
distorted very slighlty, so the phase transition is mainly cause 1
by the rotation of the guest cation, which has a hardly varied
E, value after the phase transition, and thus the observe i
variable-temperature dielectric constant €’ of 2 and 3 does not

J. Name., 2013, 00, 1-3 | 3



ChemEomm

show a distinguishable inflection point during 2a<>2p and
3a<>3B. On the other hand, the phase transition of 2B<>2y
can be ascribed to the combined effect of a rotatable
[(CH3)sNH]" guest and a deformable [Mn(N3);]” framework,
which leads to a change of the rotational energy barrier after
the phase transition, and thus the observed temperature-
dependent &' manifests an obvious mutation at the T. of
2B<>2y. For 1, a notable deformation of the [Cd(N3)s]
framework cause a remarkable change of the rotational energy
barrier during the phase transition, and thus leads to a rare
sharp decrease of €' from low-T to high-T phase.21

In summary, the molecular dynamics of encapsulated
[(CH3)3NH]" cation were studied for perovskite-like CPs, i.e., 2
and 3. Compared with the [(CH3),NH,]" cation confined in the
[Cd(N3);]” framework of 1, the [(CHs)sNH]" cation confined in
the [Mn(N3)s] /[Cd(N3)s]” framework of 2/3 has a much higher
rotational energy barrier (14.8 kcal-mol™" (0.64 eV) for 3a and
3B, 20.1 kcal-mol™ (0.87 eV) for 2a and 2B, and 23.9 kcal-mol™
(1.04 eV) for 2y, respectively), which are well controlled by the
variable confined space of a deformable host framework.
Considering that the E, value plays a crucial role for dielectric
response, further research works will be devoted to
modulating the E, within new host-guest systems, for the
exploitation of controllable and switchable dielectric materials.
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The guest molecular dynamics confined in deformable azido coordination frameworks are revealed, one of which
features unvaried/varied E, during its two structural phase transitions.
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