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Abstract:  Trihexyltetradecylphosphonium  (Pgggs14) salts  of
luminescent anionic Pt(ll) complexes, (Psges,14)[PtXa(ppy)] (X = CI,
Br; ppy = 2-phenylpyridinate) were synthesized and photofunctional
thin films with crystal/liquid bi-stability were fabricated. In particular,
the chloride complex provided a thin film exhibiting thermo- and
mechano-triggered luminescence ON/OFF switching at ‘ambient
temperature, which was based on the control of the supercooled liquid
phase and bright luminescent crystalline phase. The photophysical
properties of the complexes were investigated and compared with
those of the bromide complex and tetra(n-butyl)Jammonium salts of
the complexes. Furthermore, detailed photophysical analysis
revealed a large contribution of the charge-transfer character to the
ligand-centered *mm* excited state, which resulted in intense
phosphorescence in the crystal and high-contrast luminescence
ON/OFF by the phase transition of the chloride complex.

Introduction

Phosphorescent transition-metal complexes, such as Pt(ll), Ir(lll),
and Ru(ll) complexes, have recently attracted growing attention
because of not only their excellent photophysical properties and
high quantum efficiencies,"? but also as stimuli-responsive
properties to mechanical forces, vapor, and temperature
changes.® In particular, the fabrication of polycrystalline thin films
of phosphorescent transition-metal complexes enables a wide
range of optical/optoelectronic applications, including light-
emitting devices and sensors that respond rapidly to
gases/vapors.B! To fabricate such photofunctional polycrystalline
thin films, the vacuum deposition process or the solution process
by spin-coating are widely used, but the former requires high
temperature and high vacuum, whereas the latter has difficulties
in controlling the uniformity and/or amount of loading. Although
there have been recent reports on the fabrication of
photofunctional thin films of nanocrystals of transition-metal
complexes doped in polymers,“¢5d the fabrication of non-doped

translucent thin films of phosphorescent metal complexes still
remains a challenge. For the easy fabrication of such optical
devices with large surface areas, it is a promising strategy to
liquefy the luminophore.l®! The liquefication of phosphorescent
metal complexes at ambient temperature (typically, below 100 °C)
has mainly been reported for lanthanide(lll) complexes,”! and
there are relatively few reports of liquescent and phosphorescent
d-block metal complexes, including Cu(l), Au(l), and Ru(ll)
complexes.®l We have recently succeeded in the liquefication of
luminescent Pt(ll) complexes showing obvious thermochromic
luminescence.® However, most of them are difficult to crystallize
at room temperature, and only a few of these liquids exhibit
stimuli-responsiveness. /9l
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Scheme 1. (a) Schematic representation of the fabrication of a stimuli-
responsive thin film using liquescent transition-metal complex. (b) Structural
formulas of complexes.

In this context, crystal/liquid bi-stability (i.e., hysteretic
crystallization/melting behavior)'® would enable the easy
fabrication of luminescent and stimuli-responsive crystalline films



at ambient temperature (Scheme 1(a)). To achieve such
properties, we selected the trihexyltetradecylphosphonium
(Ps.6.6,14) cation bearing asymmetric long alkyl chains. In addition
to lowering the melting point, Psg6,14 Salts are also expected to
crystallize gradually because of van der Waals interactions
between the alkyl chains, resulting in the formation of a
metastable supercooled liquid state.l''! As an anionic phosphor
for the Pseg14 cation, [PtXz(ppy)lI~ (X = CI- or Br, ppy = 2-
phenylpyridinate) was selected because of its photophysical
properties depending on the environment: (BusN)[PtClx(ppy)] (1-
Cl in Scheme 1(b))'? and derivatives!'® were reported to exhibit
strong ligand-centered 3 emission in the crystal, whereas the
emission was completely quenched in the fluid media. Thus, the
highly contrasting luminescence behavior of [PtClx(ppy)l™
motivated us to create a high-contrast luminescence ON/OFF
switchable system coupled with the hysteretic phase transition.

Herein, we report thermo/mechano-responsive luminescent
films based on (Psg 6 14)[PtX2(ppy)] (2-X in Scheme 1(b); X = CI
or Br). 2-X exhibited obvious luminescence in the crystal phase,
and the emissions were completely quenched by melting.
Importantly, 2-X adopted a metastable supercooled ionic liquid
phase that crystallized by mechanical stimulation, enabling the
mechanostress-induced turn-on of luminescence at ambient
temperature. In addition, by comparison with the corresponding
BusN* salts (BusN)[PtXa(ppy)] (1-Xin Scheme 1(b); X = CI~or Br),
the unusually large contribution of the charge-transfer character
to the 3mmr* excited state of [PtXx(ppy)]~ ions was first revealed,
which enables intense phosphorescence in the crystal and high-
contrast luminescence ON/OFF behavior between the crystal and
liquid phases. Thus, we realized the fabrication of a translucent
non-doped film with high-contrast luminescence ON/OFF
switching triggered by mechanostress.

Results and Discussion

Synthesis and Thermal Properties

New complex salts were successfully synthesized as yellow
crystalline solids by the reaction of [Pt2(u-X)2(ppy)2] with (BusN)Br
(for 1-Br) or (Peeg14)X (for 2-X) in dichloromethane (see
Supporting Information for details), while 1-Cl was synthesized
according to a previously reported method.'¥ X-ray
crystallographic analysis of 1-Br revealed that the Pt atom
adopted a four-coordinated square-planar geometry (Figure S1),
as typically observed for divalent platinum complexes. Although
square-planar Pt(Il) complexes tend to assemble based on Pt—Pt
and/or T—T interactions,®! bulky BusN* cations prevent such
interactions to afford the “discrete” nature.??' Likewise, the
photophysical measurements indicated the discrete environments
for all the Pt(Il) complexes (not only 1-Cl and 1-Br, but also 2-Cl
and 2-Br) in their crystal phases (vide infra), although it was
difficult to conduct the X-ray crystallographic analysis of 2-Cl and
2-Br.

To investigate the phase ftransition behavior, differential
scanning calorimetry (DSC) and differential thermal analysis
(DTA) were performed, as summarized in Table 1. The DSC
curves of 2-Cl and 2-Br (Figure 1(a,b)) in the first heating process
displayed an endothermic peak at 326 K (2-Cl) and 325 K (2-Br),
corresponding to the melting of complexes to form the ionic liquid
phase. In the subsequent cooling process, no exothermic peaks
appeared, and only a slight change in the baseline assignable to
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the glass transition at approximately Ty = 225 K (2-Cl) and 216 K
(2-Br) were observed for both complexes (Figures 1(a,b) and S2).
This result indicates that the cooling of melted 2-Cl and 2-Br
resulted in a stable supercooled liquid phase. Indeed, variable-
temperature powder X-ray diffraction (VT-PXRD) measurements
(Figure 1(c,d)) revealed that the diffraction peaks of 2-Cl and 2-
Br disappeared above 323 K, and the peaks did not recover even
after cooling to 293 K. Importantly, the DSC curves in the second
heating process displayed an exothermic peak at 308 K (2-Cl) and
282 K (2-Br), prior to the second melting at approximately 323 K.
Therefore, the metastable supercooled liquids of 2-Cl and 2-Br
thermally undergo crystallization at ambient temperature (i.e.,
cold crystallization).’"10.11.161 This thermal process was also
confirmed by variable-temperature microscopic observations
(Figure S3). In contrast, the melting points of 1-CIl'1and 1-Br (Tp,
= 458 K and 443 K, respectively; Figure 1(e)) are significantly
higher than those of 2-X, indicating the importance of the low-
symmetry of Ps .14 ions for lowering the melting point. Thus, we
have succeeded in obtaining metastable supercooled ionic liquid
phases for 2-Cl and 2-Br and thermal crystallization of their
supercooled liquid phases using Ps 66,14 Cations.
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Figure 1. (a,b) DSC curves of (a) 2-Cl and (b) 2-Br (scan rate = 5 K/min) under
N2 flow. Magnified DSC curves around Ty are shown in Figure S2. (c,d) VT-
PXRD patterns of (c) 2-Cl and (d) 2-Br. (e) DTA curves of 1-Cl (top) and 1-Br
(bottom) (scan rate = 2 K/min) under Ar flow.



Table 1. Thermal properties of complexes.

Tl | K T4 /K Ted 1 K
1-Cl 4581 - -
2-cl 326 225 308
1-Br 443 - -
2-Br 325 216 282

[a] Melting points. [b] Glass transition temperature. [c] Cold crystallization
temperature. [d] Almost identical to the value in the literature (461 K).['"]

Photophysical Properties

To confirm the absence of electronic interactions between the
complexes in the crystal, UV/Vis diffuse-reflectance spectra were
measured. As a result, 2-Cl and 2-Br displayed almost identical
absorption edges to those of 1-Cl and 1-Br (Figure 2, dashed
lines; see also Figure S4), indicating that [PtClx(ppy)]- and
[PtBra2(ppy)]” ions in 2-X crystals should behave as “discrete”
molecules without Pt:--Pt electronic interactions, similar to 1-X
(Figure S1). Therefore, their electronic and excited state
characteristics are independent of the type of cation. Time-
dependent density functional theory (TDDFT) calculations
revealed that the lowest-energy absorption bands are assignable
to the monomer-based singlet metal-to-ligand charge transfer
("MLCT) transition mixed with the singlet halide-to-ligand charge
transfer ("XLCT) transition, that is, '(M+X)LCT transition (Figure
S5).
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Figure 2. UV/Vis diffuse-reflectance spectra (dashed lines) and emission
spectra (solid lines, Aex = 350 nm) of (a) 1-Cl and 2-Cl, and (b) 1-Br and 2-Br at
298 K in the crystal phase.

All the complexes exhibited green luminescence in their
crystal phases at 298 K. The vibronically structured profiles of the
spectra (Figure 2, solid lines) indicate the emission from the
ligand-centered *mrr* excited state of the discrete molecules. The
maxima of the first vibrational satellite band of 1-Cl (503 nm,
which is consistent with that in a previous report!'?) and 2-Cl (504
nm) are almost comparable to that of 2-Br (501 nm). Although the
vibrational structure of 1-Br was not so obvious, the high-energy
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edges of the emission band, as well as the maximum of the
second vibrational satellite bands, were almost comparable (538
nm for 1-Cl, 540 nm for 2-Cl, 541 nm for 1-Br, and 537 nm for 2-
Br), suggesting the similarity of the emission origins. Further, the
emissions of 2-Cl and 2-Br disappeared in the supercooled liquid
phases (Figures 3(b) and S6), in contrast to the liquid-phase
luminescence behavior of (Comim)[Pt(CN)(ptpy)] (Comim = 1-
ethyll-3-methylimidazolium, ptpy = 2-(p-tolyl)pyridinate),”®! which
is consistent with the emission quenching of 1-Cl in solution.[?!
This quenching is due to the weaker ligand field of CI- and Br-
compared with that of CN-, which enhances the nonradiative
deactivation through large structural deformation via the metal-
centered 3dd excited state.'®! Therefore, the present 2-Cl and 2-
Br are unique systems that can adopt both the luminescent
crystalline phase and the non-luminescent supercooled liquid
phase at room temperature (Figure 3(a,b)). Below the glass
transition point, the glasses of 2-Cl and 2-Br exhibited intense
green 3mmr* luminescence (Figures 3(c) and S7) because the
increased rigidity of the glass phase should prevent structural
deformation. The enhancement of the first vibrational satellite
band of emission at 77 K (Figure 3(c)) also indicates less
structural deformation.
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Figure 3. Photographs of 2-Cl under UV irradiation (top), emission spectra of
2-Cl (middle, Aex = 350 nm), and schematic representations of 2-Cl and 2-Br
(bottom) at (a) crystal, (b) supercooled liquid, and (c) glass phases. Square-
planar species and green ellipsoids denote [PtX2(ppy)]” and Psgee,14 ions,
respectively.

The remarkable difference between the chloride and bromide
complexes was in the emission intensity at 298 K. Photophysical
parameters are listed in Table 2. At 298 K, high emission quantum
yields (®) were observed for 1-Cl (® = 0.49) and 2-Cl (crystal, @
= 0.40), whereas they decreased significantly for 1-Br (¢ = 0.03)
and 2-Br (crystal, @ = 0.04). At 77 K, however, the crystals of 1-
Br and 2-Br, as well as the glass phases, exhibited high emission
quantum yields comparable to those of 1-Cl and 2-Cl. Based on
the emission quantum yields and emission lifetimes, the radiative
and nonradiative rate constants (k. and ki, respectively) were
estimated to understand the photophysical processes. The
determined k; values, which reflect the radiative process, of all



complexes are in the range of 0.9-1.5 x 10°s™' at 298 K, indicating
the similarity of the luminescence origin between 1-X and 2-X. It
should be noted that these k: values are significantly larger than
those of Pt(ll) complexes showing “purer” *mrmr* emissions (~10*
s'; Chart S1(a)),['®?" suggesting the perturbation of the 3mm*
state by the 3(M+X)LCT state (Chart S1(b)).2°22'al |n addition, the
larger knr values of 1-Br and 2-Br at 298 K than those of 1-Cl and
2-Cl suggested the presence of an additional thermally activated
deactivation process through the nonradiative excited state, such
as the metal-centered 3dd state.['822

Table 2. Photophysical parameters of complexes. [

Phase TIK /ps oo K/ g1 Knd®l/ 571
1-Cl Crystal 298 3.2 0.49 1.5 x 10° 1.5 x 10°

Crystal 77 55 0.63 1.2 x 10° 6.8 x 10*
2-Cl Crystal 298 3.1 0.40 1.3 x 10° 1.9 x 10°

Crystal 77 6.4 0.71 1.1 x 108 4.5x10*

Liquid 298 - - - -

Glass 77 6.3 0.52 8.2 x 10* 7.6 x 10*
1-Br Crystal 298 0.22 0.03 1.4 x 10° 4.4 x 108

Crystal 77 4.4 0.55 1.2 x 10° 1.0 x 10°
2-Br Crystal 298 0.43 0.04 9.3 x 10* 2.1 x 108

Crystal 77 6.4 0.55 8.6 x 10* 7.0 x 10*

Liquid 298 - - - -

Glass 77 4.9 0.34 6.9 x 10* 1.3 x 10°

[a] Detailed fitting results are presented in Table S1. [b] Emission lifetimes. [c]
Emission quantum yield. [d] Radiative rate constants, k: = ®/1. [e] Nonradiative
rate constants knr = k(1 — @)/P.

To confirm the emission origins and the deactivation process,
the temperature dependences of the emission lifetimes were
investigated (Figure 4(a,b)). Among the present complexes, 1-Cl
and 1-Br were selected for this purpose instead of 2-Cl and 2-Br
because the BusN* cation is known to play a role as a less-polar
frozen solvent matrix suitable for photophysical analyses over a
wide temperature range.?41920231 The temperature dependence
in the lower-temperature region (4-125 K) is mainly due to the
zero-field splitting (ZFS) of the excited triplet sublevels, which
reflect the degree of the contribution of heavy atoms (i.e., Pt) to
the emission state. For example, the emission lifetimes of Pt(Il)
complexes showing “purer” *mmm* emission display only weak
temperature dependence because of the very small ZFS values
(<2 cm™'; Chart S2(a)).['92%a21a.l |f the 3trr* excited state is mixed
with 3SMLCT (or 3(M+X)LCT) states, the ZFS becomes larger
(approx. 5-50 cm™'; Chart S2(b)) owing to the spin-orbit coupling
(SOC), causing the temperature dependence.?%-2'°1 Because the
emission spectral shapes were almost maintained in this
temperature region (Figure S8), we have ruled out other possible
origins of the temperature dependence. As shown in Figure 4(c,d),
the ZFS values (energy separations between the lowest and
highest sublevels) were estimated to be 129 and 104 cm™' for 1-
Cl and 1-Br, respectively, from the temperature dependence
profile (see Experimental Section in the Supporting Information
for details).?4l Importantly, these ZFS values were unexpectedly
large compared to those of not only the “purer” 3rrr* (< 2 cm™) but
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also the typical 3mm*/*MLCT mixed (approx. 5-50 cm™') excited
states of Pt(Il) complexes,['4212.251 and comparable to those of the
SMLCT and related excited states (approx. 50-200 cm-'; Chart
S2(c,d)),l'426.27] revealing the unusually large contribution of the
3(M+X)LCT character to the mrmr* state of the complexes. Such
large 3mrr*/3(M+X)LCT mixing is further confirmed by the SOC-
included DFT calculations for the T, state of the complexes
(Figure S9), and this conclusion is also consistent with previous
DFT results.?¥ In the higher-temperature region (125-300 K), the
emission lifetime of 1-Br decreased significantly with increasing
temperature, while the temperature dependence for 1-Cl was
small. The temperature dependence for 1-Br at 125-300 K
suggested the presence of thermally activated decay through the
metal-centered 3dd excited state, where the estimated decay rate
constant from the °dd state (1.29 x 10'° s*'; Figure S10) was a
reasonable value.?%212¢21 |n  contrast, less temperature
dependence for 1-Cl at 125-300 K indicated the suppression of
deactivation through the 3dd state. Because the k. values of 1-Cl
and 2-Cl are comparable at 298 K (Table 2), the quenching of the
excited state of 2-Cl through the 3dd state should be similarly
suppressed, which enables the bright emission of 2-Cl in the
crystal phase. This difference in quenching could be due to the
weaker ligand-field strength of Br- compared with that of CI-
(Figure S11).
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Figure 4. (a,b) Temperature dependence of emission lifetimes of (a) 1-Cl and
(b) 1-Br. The red lines in the insets are the fitted curves the fitting results based
on Eq. (1) in Experimental Section (Supporting Information). (c,d) Energy
diagrams of the triplet spin sublevels of (c) 1-Cl and (d) 1-Br (details of fitting
parameters are summarized in Table S2).
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Overall, these photophysical studies revealed the highly
contrasting luminescent behavior of 2-Cl between the crystal and
supercooled liquid phases: bright luminescence in the crystal
phase and non-luminescence in the supercooled liquid phase.
The bright luminescent behavior of 2-Cl and 1-Cl in the crystal
phase originates from the enhancement of the k. value and the
suppression of the deactivation through the 3dd state, where the
former is due to the large mixing of the 3(M+X)LCT character to



the 3mmr* excited state. Such large 3m*/3(M+X)LCT mixing could
be due to the destabilization of the Pt 5d orbitals by conjugation
with halide ligands (Figure S9). Although the radiative processes
of 1-Br and 2-Br are similar to those of 1-Cl and 2-Cl, the
relatively strong tr-donation of the Br~ ligand quenched the
emission of 1-Br and 2-Br at ambient temperature, resulting in
their lower emission behavior. Because the excited state of
[PtClx(ppy)]~ completely quenched in fluid media,'? the emission
of 2-Cl disappeared in the supercooled liquid phase, enabling the
high-contrast luminescence ON/OFF switching between crystal
and supercooled liquid phases triggered by external stimuli, as
described in the next section.

Fabrication of Stimuli-responsive Film

The abovementioned thermal and photophysical behaviors of the
present complexes allow the fabrication of a non-doped stimuli-
responsive luminescent film of 2-Cl through facile procedures.
Typically, the powder sample of 2-Cl was melted on a glass
substrate and molded by pressing it gently between two glass
plates or spread manually using a spatula. After standing at room
temperature (298 K), the melted 2-Cl slowly crystallized to form a
polycrystalline film (hereafter named as 2-Clfilm) while
maintaining the translucency (inset of Figure 5(a); see also Figure
S$12). The X-ray diffraction pattern of the 2-Cl-film clearly showed
sharp peaks similar to those of the 2-Cl powder (Figure 5(a)), but
fewer peaks for the 2-Cl-film indicated the anisotropic crystal
growth on the glass substrate. Indeed, the scanning electron
microscopy (SEM) observations clearly showed the anisotropic
orientation of very thin crystals (width of approx. 2 ym; Figures
5(b) and S13) owing to the radial growth from the nucleation
center. The presence of radial crystal growth domains was also
confirmed by polarized optical microscopy (Figure S14). The
resulting 2-Cl-film displayed brilliant green emission with CIE
coordinates of (0.32, 0.62) (Figures 5(c) and S15). Such
translucent films should have advantages for various applications,
including optical and optoelectronic devices.

The 2-Cl-film exhibited thermally and mechanically induced
ON/OFF luminescence. As shown in Figure 5(c), the emission of
the 2-Cl-film disappeared above the melting point (326 K; Figure
S16) and was not restored immediately after cooling to 298 K,
while it was recovered by standing at 298 K overnight. This
thermal luminescence ON/OFF cycle could be repeated without
degradation (Figure S17), enabling high-contrast ON/OFF
switching with high reproducibility. Although such crystallization-
induced luminescence of ionic liquids has also been reported
previously,B% in the present system, mechanical stimuli such as
scratching drastically accelerated the crystallization of the
metastable supercooled ionic liquid phase of 2-Cl at ambient
temperature. As shown in Figure 6(a), the bright luminescent
crystals of 2-Cl grew radially from the supercooled liquid phase of
the 2-Clfilm after the pinpoint mechanostress (see also
Supplementary Movie). Because such radial crystal growth was
also observed in the thermal crystallization (Figures S12—-S13),
the nucleation by mechanostress should accelerate the
crystallization. As a result, the apparent quantum yield reached @
~ 0.05 (observable by the naked eye), within 25 min after the
mechanostress, while the recovery to @ ~ 0.05 requires 150 min
without mechanical initiation (Figure 6(b)). By applying this
mechanically triggered luminescence behavior, we realized
mechanical writing on the melted 2-Cl-film and erasure by
heating (Figure 6(c)). Overall, the co-existence of the cold
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crystallization  behavior and the crystallization-induced
luminescence behavior of 2-Cl enabled us to fabricate a high-
contrast luminescence ON/OFF switchable thin film triggered by
mechanostress.

@
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Figure 5. (a) PXRD patterns of 2-Cl powder (black) and 2-Cl-film (red). (b) SEM
image of the 2-CI-film. (c) Photographs showing thermal ON/OFF switching of
the luminescence of the 2-Cl-film under bright field (top) and UV light (bottom).
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Figure 6. (a) Photographs of progression of the crystallization of the melted 2-
ClI-film (fabricated by the spin-coating (8,000 rpm, 60 s)) triggered by a pinpoint
mechanostress. (b) Time-course of the apparent emission quantum yield of the
2-Cl-film (Aex = 388 nm) at 298 K (i) in the absence of mechanostress or (ii)
initiated by scratching by spatula after melting. (c) Photographs of the melted 2-
ClI-film before and after scratching by spatula.



Conclusion

In conclusion, we have succeeded in the synthesis of the
liquescent Pt(ll)  complex  2-Cl, showing obvious
phosphorescence ON/OFF switching coupled with the phase
transition at ambient temperature. The complexes 2-Cl and 2-Br
showed bi-stability between the crystal and supercooled liquid
phases even at ambient temperature. In particular, 2-Cl exhibited
bright luminescence in the crystal phase due to the large mixing
of the 3(M+X)LCT character with the *rrmr* emission, as evidenced
by the large ZFS value, as well as the suppression of the
quenching through the 3dd state. Because this bright
Srmr*3(M+X)LCT phosphorescence in the crystal phase is
drastically quenched in the liquid phase, 2-Cl enables stimuli-
triggered high-contrast luminescence ON/OFF switching. Based
on the present system, a mechanostress-responsive translucent
thin film was successfully fabricated. The present system is
unique as the first system that exhibits luminescence change
coupled with the phase transition from the supercooled liquid state
of transition-metal complexes by external stimuli. In addition,
although the luminescence of the [PtClx(ppy)]~ anion itself was
reported very early,['? the photophysical studies has not been
conducted in detail, because it was mainly used as a starting
material to construct the complexes with stronger ligand fields
(e.g., CN~ or alkynyl).?! The unusually large contribution of the
3(M+X)LCT character to the 3mmr* luminescence was revealed in
this study. We believe that the present study will offer new
perspectives not only for easily fabricated luminescent optical
devices with large surface areas but also for the development of
rewritable optical papers driven by mechanical stimuli and thermal
treatment. Further studies of luminescent Pt(ll)-complex ionic
liquids are in progress toward applications in optical devices and
Sensors.
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Photofunctional thin film with supercooled liquid/crystal bi-stability has been fabricated using a trihexyltetradecylphosphonium salt of
a luminescent Pt(Il) complex with a low melting point. Since the emission of the complex changed significantly between the crystal
and the supercooled liquid phases, this thin film could switch luminescence ON/OFF through crystallization by mechanostress and
melting by gentle heating.



