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Three-component crown ether phase change materials are characterized by a structural phase change in
response to external stimuli such as temperature and electric or magnetic fields, resulting in significant
changes in physical properties. In this work, we designed and synthesized two novel host—guest crown
ether molecules [(PTFMA)(15-crown-5)ClO4] (1) and [(PTFMA)(15-crown-5)PF¢] (2), through the reaction
of p-trifluoromethylaniline (PTFMA) with 15-crown-5 in perchloric acid or hexafluorophosphoric acid
aqueous solution. Compound 1 undergoes a structural change from the non-centrosymmetric space
group (P2,) to the centrosymmetric space group (P2/c) with increasing temperature. This transformation
is accompanied by a switchable second harmonic generation (SHG) signal, a noticeable dielectric
response, and a reversible phase transition in differential scanning calorimetry (DSC). For compound 2,
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there are reversible phase transitions accompanied by a dielectric response, but it does not exhibit a
switchable SHG signal. The difference in properties between the two compounds may be due to the
polarity modulation of the anion, providing new ideas for obtaining crown ether complexes with SHG
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Introduction

Over the past decades, molecular rotors have played a key role
in biomedicine, molecular sensing, controlled nonlinear
optical switching materials, and piezoelectric materials,
among many other areas, attracting a great deal of attention.™®
A molecular rotor usually consists of a stator and a rotor as
well as a rotating shaft, with the stator always remaining rela-
tively stationary while the rotor is in operation.” ' A three-
component crown ether phase change material is a typical
example of a molecular rotor material, where the crown ether
acts as a stator, anchoring the organic amine via N-H:--O
hydrogen bonding, and the anion is used for charge
balancing."'™* It has been shown that crown ether-based
rotor-stator materials exhibit stable and excellent electro-
optical and thermal properties, especially ferroelectric and
dielectric properties, which have garnered -considerable
attention.™®
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The crown ether as a stator is a macrocyclic ether contain-
ing several oxygen atoms, which allows it to complex with posi-
tively charged ions, especially alkali metal ions."”™” Most
importantly, crown ethers can also form complexes with
amine ions through hydrogen bonding. Studies on crown
ether host-guest compounds have primarily focused on
18-crown-6. To date, various phase change materials with
favorable properties have been constructed using 18-crown-6
based host-guest compounds, including [(CICH,CH,NH;)-(18-
crown-6)][Cl0,],* [(MeO-C¢H,-NH;)(18-crown-6)|[TFSA] (TFSA =
bis(trifluoromethanesulfonyl)Jammonium),® [(DIPA)(18-crown-
6)] [BF,] (DIPA = 2,6-diisopropylanilinium),'® etc. However,
there have been fewer reports focusing on 15-crown-5 in
primary-guest compounds, and the available reports on the
subject tend to focus on the phase transition and dielectric
response, with little exploration of second harmonic (SHG)
effects. This could be attributed to the fact that most host-
guest crown ether complexes typically crystallize in centro-
symmetric space groups, whereas the SHG effect requires the
crystal structure to possess non-central symmetry.'? >
Therefore, achieving crown ether complexes with SHG-respon-
sive properties through exquisite structural modulation has
become a major challenge in the field.

In view of this situation, the special nonlinear optical pro-
perties of SHG materials and their unique application poten-
tial increasingly highlight the value of in-depth studies.>*°
The secondary nonlinear optical material can be reversibly
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switched from SHG-ON to SHG-OFF under appropriate external
stimuli such as light, heat, or electricity.® In particular, the
crown ether subject-guest compounds move from one equili-
brium state to another under the stimulus of external tempera-
ture, and this process favors the induction of the SHG
effect.’ ™

Fu et al. designed host-guest type phase transition supra-
molecular inclusions, [(CICH,CH,NH;)(18-crown-6)][ClO,] and
[(CICH,CH,NH;)-(18-crown-6)|[PFs], which exhibited high
phase transition temperatures of 363 K and 343 K, respect-
ively.! The observed internal anionic differences lead to a
difference in their phase transition temperatures of 20 K,
which illustrates the principle of regulating the phase tran-
sition point through the use of inorganic anions. Based on
this idea, we aim to develop novel phase change materials and
crown ether complexes with multi-switching response pro-
perties. To achieve this, we selected perchloric acid and hexa-
fluorophosphoric acid as inorganic anions and screened
p-trifluoromethylaniline as a promising organic cation.

As a result, we designed and synthesized two new crown
ether host-guest compounds: [(PTFMA)(15-crown-5)ClO,] (1)
and [(PTFMA)-(15-crown-5)PFs] (2) (Scheme 1). Both com-
pounds exhibit a pair of reversible phase transitions at 244 K/
231 K and 316 K/305 K, respectively, accompanied by a signifi-
cant dielectric response during the phase transitions. Notably,
compound 1 also demonstrates a switchable SHG signal. The
distinct properties observed between the two compounds are
predominantly ascribed to the regulation of anion polarity.
This study not only reinforces the concept of utilizing anionic
variations to influence phase transition behavior but also pro-
vides new insights into the discovery of innovative phase tran-
sition materials and crown ether complexes with multi-switch-
ing response properties.

Experimental
Materials

p-Trifluoromethylaniline, 15-crown-5, and hexafluorophospho-
ric acid (70%) are purchased from Damas-Beta. All reagents do
not require further purification.

Synthesis

[(PTFMA)(15-crown-5)ClO,] (1). A solution containing 0.16 g
(1 mmol) of p-trifluoromethylaniline in 10 mL of methanol is
prepared, to which 90 pL of 70% HCIO, is gradually added.
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Scheme 1 Synthesis routes of compounds 1 and 2.
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The mixture is stirred for ten minutes, followed by the
addition of 0.22 g (1 mmol) of 15-crown-5, after which stirring
continues for thirty minutes. The resulting clear solution is
allowed to evaporate at room temperature for three days, yield-
ing white crystals. Yield: 0.22 g, 44.9%. Elemental analysis: cal-
culated, C 42.33%, H 5.60%, N 2.90%; found, C 42.77%, H
5.26%, N 3.21%. IR (KBr disc, em™): 3067(m), 2924(m),
2873(m), 1323(s), 1244(m), 1051(s), 935(s), 853(m), 827(m),
747(m).

[(PTFMA)(15-crown-5)PF¢] (2). Following a similar method to
that used to synthesize compound 1, 0.16 g (1 mmol)
p-trifluoromethylaniline, 136 pL of 70% HPFs, and 0.22 g
(1 mmol) 15-crown-5 were combined to produce white crystals
of compound 2. Yield: 0.27 g, 51.0%. Elemental analysis: calcu-
lated, C 38.68%, H 5.12%, N 2.63%; found, C 39.12%, H
5.67%, N 2.96%. IR (KBr disc, cm™): 3242(m), 3035(m),
2905(m), 2870(m), 1321(s), 1248(m), 1048(s), 941(s), 820(s).

Results and discussion
Synthesis and characterization

White transparent crystals of compounds 1 and 2 are pow-
dered for various characterization studies. The purity of com-
pounds 1 and 2 is demonstrated by powder X-ray diffraction
(Fig. S1t) and elemental analysis. Infrared spectroscopy
revealed that distinct peaks of Cl-O, C-F, and C-N bonds in
compound 1 are at 1051 cm™", 1323 cm™", and 1244 cm™,
whereas the characteristic absorption peaks of C-F, C-N, and
P-F bonds in compound 2 are at 1321 cm™", 1248 cm™", and
820 ecm ™" (Fig. S21). According to the thermogravimetric test
results, both compound 1 and compound 2 exhibit good
thermal stability. Specifically, compound 1 remained stable
until 170 °C, while compound 2 did not decompose until
180 °C, as shown in Fig. S3.1

Phase transition

The thermal properties of compounds 1 and 2 are character-
ized by differential scanning calorimetry (DSC). For compound
1, there is a pair of reversible endothermic and exothermic
peaks at 244 K/231 K, with a thermal hysteresis of 13 K
(Fig. 1a). The obvious thermal hysteresis suggests a first-order
phase transition. Similarly, compound 2 displays a pair of
switchable endothermic and exothermic peaks at 316 K/305 K,
with a thermal hysteresis of 11 K, indicating that the phase
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Fig. 1 DSC curves of 1 (a) and 2 (b) in heating and cooling runs.
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change is also a first-order phase transition (Fig. 1b). It can be
seen that the phase transition temperature of compound 2 is
71 K higher than that of compound 1, and we speculate that it
is due to the stronger ionic interactions of hexafluoro-
phosphate compared to perchlorate. This stronger interaction
leads to closer intermolecular bonding in the products, contri-
buting to the higher phase transition temperature.

As shown in Table 1, the value of AH for compound 1 at a
phase transition temperature of 244 K is obtained instrumen-
tally, and the AS is calculated to be 7.17 ] mol™* K.
According to the Boltzmann equation AS = RIn N (where R =
8.314 is the gas constant and N represents the geometrically
based ratio of the orientation numbers),** the value of N is
obtained as 2.37. The AS value for compound 2 is calculated
in the same way to be 3.29 ] mol™* K~ with an N value of 1.49.
The calorimetric analysis of the phase transitions for both
compounds reveals that their structural phase transitions are
categorized as ordered-disordered transitions.

Dielectric properties

Dielectric anomalies often arise near phase transitions,
making dielectric response a useful tool for confirming these
transitions.*>*® The dielectrics of compounds 1 and 2 are
measured at different temperatures, and the results are shown
in Fig. 2. Compounds 1 and 2 show significant dielectric
anomalies at around 244 K and 316 K, respectively (Fig. 2a and
b). Specifically, compounds 1 and 2 show dielectric changes
near the phase transition of about 1.5 times and 2 times,
respectively, with dielectric constants as high as 27 and 30

Table 1 The thermal values in the phase transitions of 1-2

Compounds  PT(K) AH(KJmol™)) AS(Jmol'K') N
1 344 1.75 7.17 2.37
2 316 1.04 3.29 1.49
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Fig. 2 Temperature-dependent real part (¢') of the dielectric constant
at different frequencies measured for 1 (a) and 2 (b). Variation of ¢ of 1
(c) and 2 (d) with temperatures at 1 MHz.
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. This is mainly due to the change of the acid radical ions
(anions) from ordered to disordered with increasing tempera-
ture. This change in anion configuration leads to a shift of the
dielectric anomaly of compound 2 towards higher tempera-
tures and a significant enhancement of the dielectric strength
as well, suggesting that modifying the anion can effectively
modulate the dielectric properties of the compounds. As
shown in Fig. 2c and d, the trend of dielectric anomalies
during the cooling process of compounds 1 and 2 at 1 MHz is
consistent with the heating phase and also corresponds to the
reversible phase transition occurring in DSC.

Variable temperature crystal structure analysis

To gain a deeper understanding of the causes of phase tran-
sitions and dielectric generation, we tested the crystal struc-
tures of compounds 1 and 2 at different temperatures.
Compound 1 crystallized in the monoclinic P2, space group
(point group C,) under the low temperature phase (LTP) at
200 K. The asymmetric unit contains two three-component
molecules [(PTFMA)(15-crown-5) ClO,] (with half of the unit
structure shown in Fig. 3a). The lattice parameters are as
follows: a = 14.5944(5) A, b = 9.4697(2) A, c = 17.1687(5) A, a =y
=90°, and f = 111.882(4)° (Table S1}). As shown in Fig. 3a, the
hydrogen atoms attached to the nitrogen atoms interact with
the oxygen atoms in the crown ether and perchloric acid,
forming two distinct types of N-H---O hydrogen bonds (for
details see Table S2t). However, hydrogen bonding exists only
between p-trifluoromethylaniline, 15-crown-5 and perchloric
acid within a single molecule, resulting in the formation of a
zero-dimensional single-crystal structure (Fig. S47).

At 293 K, which corresponds to the high-temperature phase
transition (HTP), the space group of compound 1 changes to
the monoclinic P2,/c space group (point group C,). The lattice
parameters are modified as follows: a = 14.9120(11) A, b =
9.6790(5) A, ¢ = 16.9652(12) A, a = 90°, = 111.895(9) °, and y =
90°. The symmetry of the crystal decreases as the temperature
changes from the P2, to the P2,/c space group before and after
the phase transition. The asymmetric unit comprises one
three-component molecule [(PTFMA)(15-crown-5)ClO,], as
shown in Fig. 3c. In the HTP, the ClI-O bond length varies
from 1.307 A to 1.467 A and the O-Cl-O bond angle ranges
from 102.9° to 115.1°, and the average Cl-O bond length and
the average O-Cl-O bond angle are comparatively larger in the
HTP than in the LTP (Table S3f). At the same time, the N-
H---O hydrogen bond length between the (PTFMA)" cation and
the anion (ClO,”) becomes longer, indicating a weaker inter-
action between the cation and anion. This may be due to a
change in perchloric acid from ordered to disordered as the
temperature increases.

In order to more visually compare the structural differences
between compounds 1 and 2, a variable temperature single
crystal structure analysis is conducted on compound 2.
Unfortunately, data are only obtained at 200 K. At 200 K (LTP),
compound 2 crystallizes in the monoclinic crystal system
within the P2,/n space group. The lattice parameters are as
follows: a = 10.5818(4) A, b = 15.9181(6) A, ¢ = 13.8015(5), a =

Dalton Trans., 2025, 54, 2793-2798 | 2795
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Fig. 3 Crystal structures of compounds 1 (a) and 2 (c) at 200 K, and crystal structures of compounds 1 (b) at 293 K.

90°, # = 93.642(3) ©°, and y = 90° (Table S4}). An asymmetric
unit comprises one three-component molecule,
[(C,H,F5N)"(15-crown-5)PFs "] (Fig. 3b). The hydrogen atoms
on N form strong N-H:--O hydrogen bonds with the oxygen in
the crown ether, and N-H---F hydrogen bonds with the fluo-
rine atoms in PFs~ (Table S51). The bond lengths of F-P range
from 1.475(9) A to 1.714(6) A, and the bond angles of F-P-F
range from 80.9°(5) to 169.0°(3) (Table S67), indicating that
PF¢~ is not an ortho-octahedron. This may be influenced by
the fact that the hydrogen atoms attached to the nitrogen
atoms also form an N-H---F hydrogen bond with the fluorine
atom in the hexafluorophosphate root.

Since compound 2 exhibits significant disorder at high
temperatures, it is not possible to obtain single-crystal data for
its high-temperature phase. To further understand the struc-
tural changes of the compounds, we test variable temperature
X-ray powder diffraction of compound 2 (Fig. 4). Below 316 K
(prior to the phase transition), the XRD spectral lines remain
nearly unchanged. However, the number of diffraction peaks
at 10.4°-11.9°, 15°-15.5°, 20.1°-22.0°, and 23.5°-24.2° is sig-
nificantly reduced when the phase transition point is
exceeded. The obvious changes in the variable temperature
XRD results indicate the occurrence of a phase transition,
which is consistent with the DSC results.

SHG effect

The symmetry of crystals plays an important role in the physi-
cal properties of compounds. Among these properties, the
switching of the SHG signal is closely related to the symmetry
of the crystal.***° The signal of SHG can only correspond to

336K

T
10 15 20 25 30 35 40
20 (degree)

Fig. 4 Variable temperature XRD plot for compound 2.
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non-centrosymmetric crystals (NCS).**** Through testing, it is
found that compound 1 exhibits a switchable SHG signal
(Fig. 5a), while compound 2 displays almost no SHG signal.
Before the phase transition, compound 1, while in the P2,
non-center space group, has an SHG signal with a signal value
0.15 times that of KDP (Fig. S5t). As the temperature rises, the
SHG signal gradually weakens. When the temperature approxi-
mates 244 K, the SHG signal value approaches zero, and at this
point, the space group changes to P2,/c. The transition of the
SHG signal from presence to absence corresponds to the
change in the crystal’s spatial symmetry from non-centro-
symmetric to centrosymmetric, reflecting the pair of reversible
phase transitions observed in DSC. During this process, the
ClO,~ anion of compound 1 undergoes a transition from order
to disorder. This indicates that compound 1 has a switchable
SHG signal that achieves the transition from SHG-ON to
SHG-OFF. To verify the durability of this signal switching, a
six-cycle test is performed. The results (Fig. 5b) indicate that
the passing signal slightly decreases in the first three cycles
but remains relatively stable in the subsequent cycles. This
also indicates that the SHG signal switching of compound 1 is
still relatively persistent. Combined with the above characteriz-
ation studies, this suggests that compound 1 may be a poten-
tial ferroelectric material, as shown in Fig. S6.}
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Fig. 5 (a) SHG signaling plot of compound 1. (b) SHG cycle diagram of
compound 1. (c) Stark surface projections of compound 1 in the low-
temperature phase (P2;) and the high-temperature phase (P2;/c).
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(b)

Fig. 6 The Hirshfeld dnorm surface plots of 1 (a) and 2 (b) and the
fingerprints of 1 (c) and 2 (d).

In addition, SHG is a tool used to probe the importance of
inversion center symmetry breaking during phase
transitions.**™*° For this purpose, we plot the terrestrial projec-
tion of compound 1 from the LTP to the HTP. In the LTP, com-
pound 1 is in the P2, space group in point group 2, which con-
tains two symmetry elements: E and C,. In the HTP, compound
1 is in the P24/c space group in point group 2/m, with four sym-
metry elements E, C,, i, and oy,. As the system transitions from
the HTP to the LTP, symmetry breaking occurs, accompanied
by the disappearance of two symmetry elements: i and o},. The
changes in the symmetry elements and the changes in the
micro-symmetry operation reflected in the space group
changes are consistent with the switching of the SHG signal.

Hirshfeld dnorm surface and the fingerprint analysis

In order to study the interaction forces within molecules,
Hirshfeld dyom surfaces and two-dimensional (2D) fingerprint
maps are created, as shown in Fig. 6. We consider the crown
ether and the amine as a whole and explore the force of the
anion on this entire system. The interaction of the oxygen
atom in the anion (ClO,") with its surroundings is calculated
to be 19.2% in compound 1. In contrast, the fluorine atom in
the anion of compound 2 (PFs") interacts with the surround-
ing environment to a degree of 28.8%. The anionic force on
the crown ether and amine in compound 2 is greater than that
in compound 1. This also provides a plausible explanation for
the greater phase transition temperature for compound 2 than
for compound 1.

Conclusions

In conclusion, two three-component crown ether phase
change material molecules, [(PTFMA)(15-crown-5)ClO,] (1) and
[(PTFMA) (15-crown-5)PFs] (2), are synthesized in this work.
Compound 1 exhibits a pair of reversible phase transitions at
244 K/231 K, with a space group shift from P2; to P2,/c, the
presence of a switchable SHG signal, and an accompanying
pronounced dielectric response. Compound 2 shows a pair of

This journal is © The Royal Society of Chemistry 2025
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reversible DSC phase transitions at 316 K/305 K and always
remains in the center space group. Structural analysis indi-
cates that the difference in the properties of compounds 1 and
2 results from anionic polarity modulation. This also provides
ideas for the discovery of new three-component crown ether
phase change materials with switchable SHG signals.
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