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In this study, two polymorphs of the [1,1'-dibutyl-4,4'-bipyridinium][Ni(mnt),] salt (1) were synthesized.
The dark-green polymorph (designated as 1-g) was prepared under ambient conditions by the rapid pre-
cipitation method in aqueous solutions. Subsequently, the red polymorph (labeled as 1-r) was obtained by
subjecting 1-g to ultrasonication in MeOH at room temperature. Microanalysis, infrared spectroscopy,
thermogravimetry (TG), differential scanning calorimetry (DSC), and powder X-ray diffraction (PXRD) tech-
niques were used to characterize the two polymorphs. Both 1-g and 1-r exhibit structural phase tran-
sitions: a reversible phase transition at ~403 K (~268 K) upon heating and 384 K (~252 K) upon cooling
for 1-g (1-r) within the temperature range below 473 K. Interestingly, on heating 1-r to 523 K, an irrevers-
ible phase transition occurred at about 494 K, resulting in the conversion of 1-r into 1-g. Relative to 1-r,
1-g represents a thermodynamically metastable phase wherein numerous high-energy conformations in
butyl chains of cations are confined within the lattice owing to quick precipitation or rapid annealing from
higher temperatures. Through variable-temperature single crystal and powder X-ray diffractions, UV-
visible spectroscopy, dielectric spectroscopy, and DSC analyses, this study delves into the mechanism
underlying phase transitions for each polymorph and the manual transformation between 1-g and 1-r as

rsc.li/dalton well.

Introduction

Polymorphism is commonly observed in inorganic, organic
(including small molecule and polymer crystals), and hybrid
materials, representing the ability of a species to exist in dis-
tinct crystalline structures due to the differences in packing
arrangements and molecular conformations. The different
polymorphs often exhibit significant variations in their optical
properties,”” conduction,* magnetic behavior,”® hardness,
color, solubility, hygroscopicity, filterability, and
compactability.”

The transformation between polymorphs can be induced
through temperature variations,® high-pressure/strain tech-
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niques,® light irradiation,”' ion irradiation,™* applied electric
field,"> and chemical treatments.>**™'” These methods offer
opportunities for the controlled preparation of anticipated
polymorphs with desirable functionalities, fostering their prac-
tical applications.

Numerous planar metal-bis-dithiolene radical complexes
have undergone extensive investigation to date because of
their diverse magnetic and electric properties. These pro-
perties include metallic behavior,"® ' superconducting,??
Peierls®*/spin-Peierls  transition,>”*> and charge-density
wave®>?® characteristics. In particular, these radical complexes
typically exhibit multiple polymorphic forms.*®*”7*° Limited
attention has been directed towards investigating planar bis-
metal-dithiolene complexes with a closed-shell electron struc-
ture compared to their radical counterparts. This is primarily
due to the absence of magnetic and electronic characteristics
typically associated with the closed-shell electron structure of
these complexes. Consequently, reports on polymorphic
phenomena within this subset of complexes have been scarce.

Viologens, derivatives of 4,4"-bipyridinium, are a class of
electron acceptors that typically exhibit three different oxi-
dation states, 0, +1, and +2, corresponding to colorless, blue,
and yellowish hues, respectively. They have found widespread

This journal is © The Royal Society of Chemistry 2024
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application in the preparation of electrochromic materials.***"
On the contrary, bis-metal-dithiolene complex anions with
closed-shell electron structures, such as [Ni(mnt),]*~ (mnt*~ =
maleonitriledithiolate), serve as electron donors, with the
[Ni(mnt),]*~ dianion potentially undergoing stepwise electron
loss to attain various oxidation states such as —1 and 0.
Notably, the molecular cores of the 4,4"-bipyridinium dication
and [Ni(mnt),]*~ dianion exhibit similar lengths and geome-
tries. Accordingly, coulombic attractive interactions between
the 4,4"-bipyridinium dication and [Ni(mnt),]*~ dianion favor
the formation of an alternating mixed stack of anions and
cations. This arrangement suggests the possibility of electron
transfer occurring between the 4,4'-bipyridinium dication and
[Ni(mnt),]>~ dianion within the mixed stack, potentially
leading to novel optical, magnetic, or electronic properties.

In a prior investigation, we explored a planar nickel-bis-
dithiolene salt, [C,-4,4"-BiPy][Ni(mnt),] (C,-4,4"-BiPy>" signifies
1,1-diheptyl-4,4"-bi-pyridinium). Our study revealed two dis-
tinct crystal forms of [C;-4,4-BiPy][Ni(mnt),], among which a
red-colored form is synthesized in an aqueous solution, while
a dark-green polymorph is obtained by transforming the red
microcrystals under ultrasound in MeOH at ambient con-
ditions. Notably, this represents the initial instance of poly-
morphism observed in the [Ni(mnt),]*” salt, marking a unique
discovery.”” To broaden the scope of this investigation, consid-
ering the potential impact of alkyl chain lengths within 1,1"-
dialkyl-4,4"-bipyridinium cations on the crystal packing, we
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examined the crystal structure and dielectric properties of
[C4-4,4-BiPy]|[Ni(mnt),] (1; C,-4,4-BiPy*" represents 1,1-dibutyl-
4,4"-bipyridinium). Our findings revealed that 1 exhibits two
different crystalline forms, each undergoing a reversible phase
transition. Consequently, we investigated deeply into the
mechanisms governing these phase transitions and polymorphic
transformations.

Results and discussion
Synthesis and characterization

The preparation and comprehensive characterization of 1 are
detailed in the ESI{ Initially synthesized in an aqueous solu-
tion under ambient conditions, 1 underwent rapid precipi-
tation, which was subsequently collected vig filtration.
Washing with water continued until the filtrate became color-
less. The resulting precipitates were then transferred to an
oven and dried at 40 °C for 4 hours, resulting in a dark-green
sample (Fig. 1a, labeled as 1-g). Subsequently, 1-g underwent
immersion in MeOH and was subjected to ultrasonic treat-
ment for half hour, yielding a microcrystalline sample that
appeared red in color (Fig. 1c, labeled as 1-r). Interestingly,
this situation contrasts with the observation made for [1,1"
diheptyl-4,4"-bipyridinium][Ni(mnt),]. Initially formed as a red-
colored precipitate in an aqueous solution, it later transformed
into a green sample upon exposure to ultrasound in MeOH.*

Fig. 1 Images of optical and SEM of 1. (a and b) The sample of 1-g quickly precipitated in the aqueous solution, and (c and d) this sample was ultra-

sonically treated in MeOH.

This journal is © The Royal Society of Chemistry 2024
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Comparative microanalysis of both 1-g and 1-r (ESIT) revealed
relative C, H, and N element contents consistent with the cal-
culated values for the formula C,cH,cNgNiS,, indicating identi-
cal chemical composition in both 1-g and 1-r, and both are
two polymorphic forms of [C4-4,4"-BiPy]|[Ni(mnt),].

In the realm of polymorphic transformations through
chemical treatments, the mechanisms can be categorized into
two subsets. These subsets involve solvent or adsorbent-
induced solid-to-solid transformations and dissolved-recrystal-
lization." Such forms are frequently observed in metal-
organic frameworks (MOFs) or porous coordination polymers
(PCPs). Typically, solvent or adsorbent molecules coordinate
with the metal ions in the framework, resulting in alterations
in the coordination geometry. These changes are pivotal in
driving polymorphic transformations. For example, Kitagawa
and colleagues identified that the synergistic interplay
between adsorbent CO and available Cu" sites induce a com-
prehensive framework transformation within a soft nanopor-
ous Cu®**-PCP crystal.'> The latter phenomenon has been
found across multiple crystalline solid structures. Notably,
Zang and coworkers observed a reversible solid-to-solid trans-
formation within a two-dimensional Kagomé lattice porous
coordination polymer (PCP-1) transitioning primarily to a dis-
torted Kagomé intermediate (PCP-2). This was succeeded by
an in situ dissolved-recrystallized process, resulting in the for-
mation of a three-dimensional NbO framework (PCP-3).**
Typically, a polymorph possessing higher solubility tends to
undergo solvent-mediated transformation, wherein it dissolves
and subsequently recrystallizes into another polymorph
characterized by lower solubility, while the differences in solu-
bility between polymorphs stem from differences in lattice
energy.” The microcrystals of 1-g show a limited solubility in
MeOH, suggesting that the transformation from 1-g to 1-r
involves a dissolution-recrystallization process and 1-g shows
lower lattice energy in comparison to 1-r. Scanning electron
microscopy (SEM) images depicted in Fig. 1b and d exhibit the
morphological alteration between 1-g and 1-r, and 1-g presents
a characteristic flake-like morphology with a maximum size of
ca. 0.3 um. In contrast, 1-r shows a belt-like shape with dimen-
sions exceeding 30 um, approximately two orders of magni-
tude larger than those observed in 1-g.

The experimental PXRD patterns of 1-g and 1-r, along with
the simulated one derived from single crystal diffraction data
of 1-r, are presented in Fig. 2a-c. Remarkably, the most
intense diffraction peak in 1-g shifts towards a smaller 26
angle compared to that observed in 1-r, indicating distinct
crystalline structures between the two samples.

The IR spectra of 1-g and 1-r are displayed in Fig. 2d-g and
Fig. S1,f respectively, with the corresponding characteristic
vibration bands elucidated in Table 1. The characteristic
vibrational bands associated with 1,1'-dioctyl-4,4"-bipyridinium
concern two spectral regions. The vc_y bands in pyridyl rings
and butyl chains are located at 3150-2850 cm™". In 1-g, some
of these bands exhibit a shift towards lower frequencies, while
others demonstrate a movement towards higher frequencies
compared to those observed in 1-r. Additionally, the vc—c/
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vc—n bands within the pyridyl rings occur within the range of
1561-1439 cm™?, displaying a slight redshift in 1-g compared
to that observed in 1-r. The representative IR spectral bands
from the anion primarily include the ve=n, vc—c, Vc-c t Vc-s
and v¢_g vibrations in mnt*>~.** The most intensive band orig-
inating from the B,, symmetry of vc—y in mnt*~ appears at
2196.7 em™" for both 1-g and 1-r, indicating the characteristic
of the dianion. In addition, the Bj;, symmetry of the ve—y
band as well as the vc_¢ + vc_s and vc_g bands in mnt*~ in 1-g
exhibit a slight redshift compared to those in 1-r. However, the
Vc—c band in the mnt>~ of 1-g shifts to a higher frequency
compared to that in 1-r. Theoretical analysis revealed that the
highest occupied molecule orbital (MO) of the [Ni(mnt),]*”
dianion comprises the 3d,, orbital of Ni*" ion and the & orbital
of mnt>” ligands. This MO shows bonding characteristic for
the C=C bond and antibonding characteristics for the C-S,
C-C, Ni-S, and C=N bonds. The anticipated transfer of elec-
trons or negative charge from this MO to other acceptors is
expected to result in a weakening of the C=C bond and a
strengthening of the C-S, C-C, Ni-S, and C=N bonds.****
The IR spectra illustrated lower frequencies for the vibrational
bands of v¢_s, vc-c and vc=y with lower frequencies, while the
band of vc—¢ exhibited a higher frequency 1-g compared with
those in 1-r. This observation demonstrates a lesser extent of
charge transfer in 1-g in comparison to 1-r.

The solid-state UV-visible diffusion reflectance spectra in
the 200-2500 nm region were collected under ambient con-
ditions for 1-g and 1-r, as depicted in Fig. 3a. The curves of 1-g
and 1-r exhibit an overlap in the spectral range of 200-500 nm,
and the electron transition bands in this spectral region are
attributed to © — n* within both an anion and a cation as well
as MLCT charge-transfer bands within an anion. Additionally,
the absorption bands in the spectral range of 500-800 nm are
relevant to d-d transitions of Ni** ions and MLCT charge-
transfer transitions within an anion. Furthermore, ion-pair
charge transfer (IPCT) occurs from the anionic HOMO to the
cationic LUMO. Comparatively, the electron transition bands
arising from the d-d transitions of Ni*" ions and MLCT
charge-transfer transitions within an anion are contrasted with
the IPCT transition band, which is rather sensitive to the
packing arrangement of anions and cations in the crystal
structure.’®*” However, a noticeable difference emerges in the
spectral region in the range of 500-2500 nm, and the differ-
ences in the visible light spectrum between 500-800 nm result
in distinct polymorphs with differing colors. TG plots of 1-g
and 1-r, as shown in Fig. 3b, demonstrate similar weight loss
behavior; moreover, they indicate that both polymorphs are
thermally stable up to approximately 550 K.

Single crystal structures of 1-r

Given that 1-g is exclusively obtained through the initial syn-
thesis in an aqueous solution, rapid precipitation impedes the
attainment of sufficiently large single crystals necessary for
single-crystal X-ray diffraction analysis. Consequently, in this
study, only the crystal structures of 1-r were determined. DSC
measurements unveiled a thermal anomaly occurring at about

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a—c) PXRD patterns of 1-g and 1-r, in which the black and red lines represent the experimental PXRD patterns of 1-g and 1-r, and the blue
line is the simulated one obtained from the single crystal data of 1-r. (d—g) IR spectra of 1-g and 1-r in different frequency regions.

268 K for 1-r (refer to the next section of DSC investigation). As
a result, the crystal structures of 1-r were investigated both
below (low-temperature phase, abbreviated as LTP) and above
(high-temperature phase, abbreviated as HTP) this critical
temperature of 268 K.

The crystal structure of 1-r crystallizes in the monoclinic
system with space group P2/c at 296 K, and the crystal data and
structure refinement parameters in HTP are summarized in
Table S1.1 Its asymmetric unit comprises one-half [Ni(mnt),]>~
paired with one-half C,-4,4"-Bipy”* (Fig. 4a). Both the anion and
the cation possess an inversion center, which is located at the

This journal is © The Royal Society of Chemistry 2024

Ni** ion within the planar [Ni(mnt),]*~ and the midpoint of the
C7-C7#1 bond (#1 =1 — x, 1 — y, —2) in C,-4,4"-Bipy*", respect-
ively. The two pyridyl rings adopt a coplanar manner, while the
butyl chain shows a fully ¢rans-conformation, tilted towards the
pyridyl rings, resulting in a chair-shaped conformation within
C44,4-Bipy”". Bond lengths and angles within both the cation
and the anion adhere to standard ranges.*****° The anions (A)
and the cations (C) are arranged in a mixed-stacking fashion of
...CACA... along the a-axis direction (Fig. 4b), with identical dis-
tances of Ni in the anion to the midpoint of the C7-C7#1 bond
in the cation within a mixed-stacking column. The mixed-stack-

Dalton Trans., 2024, 53, 8202-8213 | 8205
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Table 1 Comparison of the typical vibrational bands in IR spectra of 1-g and 1-r

Band in 1-g (cm™) Band in 1- (cm™) Assignment®?

3119.4 s, 3101.5 m, 3057.7 s 3127.0 m, 3096.5 m, 3063.0 s Vc-p in pyridyl ring
2987.6 sh, 2960.8 s, 2930.5 s, 2902.3 w, 2875.2 m 2987.3 sh, 2964.7 s, 2936.0 s, 2901.9 w, 2873.7 sh ve_p in butyl chain
2215.2 m, 2196.7 vs, 2186.2 sh 2217.3 m, 2196.7 vs, 2188.1 sh Vo in mnt?”
1557.5s,1504.4 s, 1463.1 s, 1439.1 vs 1560.5 s, 1504.3 s, 1446.6 s Vc—c/Vc—n in pyridyl ring
1482.5 vs 1473.6 vs Vo—c in mnt*~

11709 s 1179.3 s Vg *+ Vo-s in mnt?™
861.8 s 863.4 s Vo-s in mnt®”

@ ,, 0)
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80
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Fig. 3 (a) Solid-state UV-visible spectra and (b) TG plots of 1-g and 1-r.

(a)

C1

Fig. 4 ORTEP views of 1-r with thermal ellipsoids at a 50% probability level (H atoms omitted) for the crystal structures at (a) 296 K and (c) 100 K.
The comparatively packing arrangements in the crystal structures at (b) 293 K and (d) 100 K for 1-r.

ing columns show the same orientation along the b-axis direc- Cu, Pd or Pt; 1,1'-di-R-4,4"-BiPy*" is the cation of 1,1'-dialkyl-4,4'-
tion, while they show wave-shape arrangement along the c-axis  bipyridinium, 1,1’-diphenyl-4,4-bipyridinium or 1,1'-dibenzyl-
direction (Fig. 4b). Such a type of alignment is distinct from that  4,4"-bipyridinium).>>***> The mean-molecule planes of
observed in other [1,1-di-R-4,4"-BiPy][M(mnt),] (herein, M = Ni, [Ni(mnt),]*", defined by the NiS, core in the anion, and the two
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coplanar pyridyl rings in the cation, display nearly parallel stack-
ing with a 3.03(1)° dihedral angle within a mixed-stacking
column. The mean-molecule planes of [Ni(mnt),]*~ make a di-
hedral angle of 57.83(2)° between the neighboring mixed-stack-
ing columns along the c-axis direction (Fig. 4b and Fig. S27).

Upon transition from the HTP to the LTP, the space group
of 1-r undergoes a transformation from monoclinic P2/c to tri-
clinic P1 (the crystal data and structure refinement parameters
in LTP are summarized in Table S1}), and the asymmetric unit
doubles compared to that observed in HTP, comprising of two
halves of [Ni(mnt),]*” anions (two crystallographically distinct
Ni** ions are denoted as Nil and Ni2, respectively) along with
two halves of C4-4,4-Bipy®" cations; the distinction between
two crystallographically inequivalent cations is determined by
the nitrogen atoms on their respective pyridyl rings, namely,
N5 and N6, as depicted in Fig. 4c. The butyl chains exhibit a
fully trans-conformation in the cation containing N5, resem-
bling that observed in HTP. Conversely, a gauche conformation
is observed between C23 and C24 in the cation containing N6
(Fig. S3 and S47). As a result, the phase transition occurring at
about 268 K during heating in 1-g is attributed to the ther-
mally-induced conformational changes in the butyl chains
within certain C,-4,4"-Bipy>" cations.

Although the packing arrangements in both the HTP and
LTP exhibit similarities, the equivalent mixed-stacking
columns in the HTP undergo subdivision into two distinct
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entities. One type involves anions with Nil and cations con-
taining N6, forming a set of regular mixed-stacking columns,
while the other comprises anions with Ni2 and cations con-
taining N5, establishing a separate set of regular mixed-stack-
ing columns, illustrated as semitransparent columns in
Fig. 4d. The mean-molecule planes of [Ni(mnt),]>~ and the
two pyridyl rings in the cation display a dihedral angle of
5.45(6)°/6.75(6)° in the mixed-stacking columns containing
Ni1/Ni2. Notably, these angles are approximately twice as large
as those observed in the HTP. The mean-molecule planes of
[Ni(mnt),]>~ between the anions containing Ni1 and Ni2
exhibit a dihedral angle of 61.19(2)°, indicating a slight
increase compared to that observed in the HTP.

Phase transition and thermal triggering polymorphic
transformation

DSC analyses were conducted below 473 K with two heating-
cooling cycles for both 1-g and 1-r (Fig. 5a and b), and the vari-
ations of enthalpy and entropy, together with the peak temp-
eratures of thermal anomalies, are summarized in Table S2+
for each phase transition observed in 1-g and 1-r. Two poly-
morphs showed reversible thermal anomalies, with peak temp-
eratures recorded at 403/384 K for 1-g and 268/252 K for 1-r
during the heating/cooling cycles (Fig. 5a and b). The single
crystal structure analysis for 1-r and the variable-temperature
PXRD pattern investigation for 1-g (Fig. S5t) revealed a struc-

0.8
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o
[T
% 0.04
(0]
T
:::\fT___—ﬁ___‘_“““‘ |
041 268K
250 300 350 400 450
T/K
0.9
(d) . .
—— 1st Heating 1st Cooling
0.6 2nd Heating 2nd Cooling
3rd Heating 3rd Cooling

Heat Flow / W g’
o
o

/\/ﬁ
N

250 300 350 400 450 500
TIK

2
o
N

Fig. 5 DSC plots of (a) 1-g and (b) 1-r at the temperatures below 473 K with two heating—cooling cycles; (c) 1-r and (d) 1-g at the temperatures

below 523 K with three heating—cooling cycles.

This journal is © The Royal Society of Chemistry 2024
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tural phase transition corresponding to the observed thermal
anomaly. For description convenience, the phases of 1-g below
and above 403/384 K upon heating/cooling are named as its
LTP/HTP. An intriguing irreversible thermal anomaly emerges
at about 494 K upon heating 1-r to 523 K (Fig. 5c¢); further-
more, the thermal anomaly observed at 268/252 K in the initial
heating process disappears, replaced by two endothermal
peaks at ca. 402 K and 480 K, together with an exothermal
peak at ca. 382 K over the subsequent two continuous heating-
cooling cycles (the changes of enthalpy and entropy are listed
in Table S27 for each phase transition). The proximity of the
endothermal and exothermal peaks at 402 K and 382 K to the
critical temperatures in 1-g is noteworthy. In addition, the
endothermal peak at 480 K is close to the critical temperature
of 495 K observed upon the initial heating. No new thermal
anomalies manifest in the DSC plot of 1-g upon heating it to
523 K (Fig. 5d).

The annealing of 1-r was performed at temperatures of
423 K, 473 K, and 523 K, respectively, with their corresponding
PXRD patterns presented in Fig. 6a. The PXRD pattern result-
ing from the annealing at 423 K mirrors that of the pristine
sample of 1-r. Contrastingly, the PXRD pattern obtained at
473 K illustrates the presence of the phases of both 1-r and 1-g,
while the pattern from the annealing at 523 K corresponds to
that of 1-g. This alignment between the PXRD patterns and
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their association with specific annealing temperatures res-
onates with the findings observed in DSC measurements.
Variable-temperature PXRD measurements were conducted for
1-r, as depicted in Fig. 6b. The findings reveal that at 473 K, 1-
r initiates a partial transformation towards 1-g, with the com-
plete polymorphic transition occurring at 523 K. It is note-
worthy that the PXRD patterns of 1-r exhibit a high degree of
similarity at 523 K and after annealing back to 298 K. However,
it is evident that all the diffraction peaks at 523 K shift towards
smaller 260 angles compared to those observed at 298 K. This
discrepancy is attributed to thermal expansion.

Fig. 6c illustrates the variable-temperature PXRD patterns of
the 1-g sample. The PXRD profiles of the pristine sample at
298 K and its annealed counterpart at 523 K, subsequently
cooled back to 298 K, demonstrate significant similarity. The
distinct differences that appear in the PXRD patterns are
observed at 450 K and 523 K, temperatures surpassing the
thermal anomaly threshold (403 K during heating). A notice-
able shift is observed in the diffraction peak at the smallest 26
angle, indicating a movement towards lower values. Moreover,
the PXRD patterns at 450 K and 523 K exhibit similarity to
each other but differ from the pristine sample at 298 K. This
observation strongly suggests a reversible structural phase
transition in 1-g occurring at about 403/384 K during the
heating/cooling process.
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Fig. 6 (a) PXRD patterns of 1-r annealed at different temperatures together with the simulated PXRD pattern of 1-r at room temperature, (b) vari-
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Polymorph 1-r exhibits a transformation into 1-g upon
annealing at temperatures exceeding 473 K. This transform-
ation demonstrates that both polymorphs share a similar
packing arrangement of anions and cations within their
respective crystal structures. The diffraction data of 1-g at
room temperature underwent Pawley refinement using the
Reflex module within Materials Studio. The refinement
process used the crystal structure of 1-r at 296 K as the initial
model structure and involved the removal of background
signals from the PXRD pattern of 1-g. The refinement results
suggest that 1-g at room temperature likely exhibits monoclinic
symmetry within the P2 space group, with unit cell parameters
of @ =9.1276 A, b = 8.3632 A, ¢ = 24.3659 A; f = 98.89°. The
obtained R, value is 4.37%, and R,, stands at 2.45%. Fig. 6d
displays the experimental PXRD pattern of 1-g at room temp-
erature alongside its refined counterpart, from which the back-
ground has been removed. Both patterns, experimental and
refined, demonstrate a strong match, corroborating their align-
ment. From the single crystal structure analysis of 1-r, the
diffraction peak at 20 = 8.975° in the PXRD pattern of 1-r at
room temperature corresponds to the [0 0 1] crystal orien-
tation. The expansion of the lattice along the [0 0 1] crystal
orientation signifies an increase in the distance between adja-
cent mixed-stacking columns. Building upon the aforemen-
tioned analysis, the metastable nature of 1-g compared to the
thermodynamically stable 1-r suggests the probable presence
of high-energy conformations in the butyl chains of the
cations, such as the gauche conformation. Alkyl chain confor-
mational polymorphism has been observed in polymer poly
(vinylidene fluoride), which is renowned for its five distinct
conformational polymorphs (namely, a, f, 7, §, and ¢ forms).
Across these polymorphs, the chains of poly(vinylidene fluor-
ide) run parallel to each other, yet the conformation of the
chains varies distinctly. The most thermodynamically stable
phase, p-phase, characterized by an all-trans conformation,
exhibits the shortest interchain distance at 8.58 A. Alternately,
the interchain distances in other phases range between 9.64
and 9.66 A.** Integration of findings from literature®® and
crystal structure analysis of 1-r at room temperature leads to
the conclusion that repulsive interactions between butyl
chains in gauche conformations contribute to an expansion in
distances between adjacent mixed-stacking columns.

The concept of entropy is related to the level of disorder
within a system. Further analysis of entropy changes during
phase transitions and polymorphic transformations were con-
ducted using the equation AS = RIn(N,/N;). Here, R represents
the gas constant valued at 8.314 ] mol™* K™%, while N; and N,
denote the microscopic state numbers in phase-1 and phase-2,
respectively. In the context of an order-disorder phase tran-
sition, the ratio N,/N; approximately corresponds to the ratio
of orientation numbers among disordered molecules or ions.
The N,/N; ratio is estimated at ~1.5 and 56.9 during the phase
transition of 1-r at temperatures of about ~274 K and ~495 K
upon initial heating, respectively. It stands at ~10.4 during the
phase transition of 1-g at ~404 K upon initial heating. These
findings demonstrate a significant prevalence of disordered
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conformations within the butyl chains of the cations during
the transformation from 1-r to 1-g as well as during the tran-
sition from LTP to HTP of 1-g.

The microcrystals of 1-g exhibit a dark-green color in LTP,
transitioning to a dark red color in HTP. This color variation
corresponds to changes in the absorption spectrum within the
visible light range (Fig. S61). Importantly, this process of color
alternation is reversible, indicating that 1-g displays reversible
thermochromism. Conversely, the microcrystals of 1-r display a
red color at room temperature. As the temperature increases to
423 K, the color shifts to dark red. After being elevated to
523 K, 1-r retains its dark red coloration, which transitions
back towards that resembling 1-g upon cooling down to 298 K,
also showing thermochromism in 1-r (Fig. S7 and S8t). The
color change with temperature is in agreement with the vari-
ation in the UV-visible optical spectra of 1-g and 1-r (Fig. 7).

Mechanically inducing polymorphic transformation

The microcrystals of 1-g were ground for 5 minutes under
ambient conditions, resulting in a color change from dark-
green to earthy red, as depicted in the set of Fig. 8a. The ana-
lysis of the UV-visible spectra of both the pristine and ground
samples of 1-g reveals that piezochromism is associated with
spectral variations in the 550-800 nm range (Fig. 8a).
Furthermore, a comparison of PXRD patterns indicates that
the ground sample of 1-g exhibits the characteristic diffrac-
tions of 1-r, suggesting a transformation of part of the 1-g
sample into 1-r during the grinding process (Fig. 8b).

Dielectric property

Fig. 9a and b illustrate the graphs depicting the real part of
dielectric permittivity (¢') against temperature during the
initial heating and cooling cycles at the selected frequencies.
Fig. 9c shows the ¢'-T plots at a frequency of 10° Hz across two
heating—cooling cycles for 1-r within the temperature range of
200-473 K. The &' values range from 12.5 to 13.0 at tempera-
tures below 340 K and exhibit minimal dependence on fre-
quency, however, they display thermally-activated dielectric
relaxation behavior at temperatures above 340 K. A knee-
shaped anomaly emerges at ca. 268 K in the ¢'-T plots during
the initial heating process, consistent with the thermal
anomaly temperature observed in the DSC plot of 1-r (refer
Fig. 5b). Both the thermal and the dielectric anomalies are
attributed to the structural phase transition. During the initial
cooling and the subsequent reheating, knee-shaped anomalies
manifest at ca. 397 K and 408 K, respectively. Subsequently,
the dielectric anomaly persists at about 397 K in the sub-
sequent cooling process. The observed dielectric anomaly
temperatures of 397 K and 408 K during the second cooling
and heating processes closely align with the respective thermal
anomaly temperatures for 1-g. However, the earlier observed
dielectric anomaly at about 268 K during the initial heating
process is no longer present.
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Fig. 9 Plots of the real part of dielectric permittivity (¢') versus temperature at the selected frequencies in 200—-450 K for 1-r: (a) the inset showing
the anomaly at about 268 K, and the anomaly at about 397 K in the initial heating run. (b) The anomaly at about 397 K in the initial cooling. (c) Plots
of ¢—T at the frequency of 10°> Hz with two heating—cooling cycles for 1-r, showing a dielectric anomaly at about 268 K during the initial heating
process, consistent with the thermal anomaly temperature observed in the DSC plot of 1-r (refer Fig. 5b).

and 1-r, and the Pawley refinement of PXRD pattern of 1-g at
room temperature, the conclusion is drawn that 1-r and 1-g

Mutual transformation between two polymorphs

Through the analysis of DSC, variable-temperature PXRD pat-
terns, UV-visible reflection and dielectric spectra of both 1-g

8210 | Dalton Trans., 2024, 53, 8202-8213

represent the thermodynamically stable and kinetically favor-
able polymorphic forms of [C,-4,4’-BiPy|[Ni(mnt),], respect-
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Fig. 10 Schematic illustration of the mutual transformation between 1-
gand 1-r.

ively. The structural disparity between 1-g and 1-r mainly con-
cerns the separations between the adjacent mixed-stacking
columns, which are more extensive in 1-g compared to 1-r. The
mutual transformation between 1-g and 1-r is depicted sche-
matically in Fig. 10.

Conclusion

In this study, two polymorphs of the [1,1'-dibutyl-4,4-
bipyridinium][Ni(mnt),] salt were obtained. Aqueous solutions
containing 1,1-dibutyl-4,4-bipyridinium and [Ni(mnt),]*" ions
were mixed at ambient conditions, resulting in the formation
of a dark-green solid labeled as 1-g. This solid was subjected
to ultrasonic treatment in MeOH, leading to the transform-
ation into a red solid denoted as 1-r. The transition from 1-g to
1-r in MeOH involves dissolution and subsequent recrystalliza-
tion. Furthermore, mechanical grinding also facilitates the
conversion of 1-g into 1-r. Two polymorphs exhibit structural
phase transitions: 1-g (1-r) undergoes a reversible phase tran-
sition at about 403 K (268 K) upon heating and 384 K (252 K)
upon cooling within the temperature range below 473 K.
However, upon heating 1-r to 523 K, an irreversible thermal
anomaly emerges at about 494 K, leading to the transform-
ation of 1-r into 1-g. In contrast to 1-r, 1-g represents a thermo-
dynamically metastable polymorph wherein multiple high-
energy conformations of butyl chains are trapped within the
lattice due to rapid precipitation or quick annealing from elev-
ated temperatures. The immobilized high-energy confor-
mations of the butyl chains can be altered to lower-energy
states through mechanical grinding or heating, resulting in
piezochromism and thermochromism.
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