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Vapochromic Luminescent Proton Conductors: Switchable
Vapochromism and Proton Conduction of Luminescent Pt(ll)
Complexes with Proton-exchangeable Sites

Atsushi Kobayashi,*? Shin-ichiro Imada,® Yasuhiro Shigeta,® Yuki Nagao,® Masaki Yoshida,® and
Masako Kato*@

Two luminescent and highly proton-conductive Pt(ll) complexes, [PtCl(tpypy)ICl and [PtCl(tpypyH)]Cl> (1 and 1-HCI,
respectively; tpypy = 2,2": 6',2"-terpyridine-4',4"'-pyridine) were successfully synthesized. X-ray analysis revealed that the
intermolecular Pt---Pt interaction was ineffective in the monohydrated form of 1-H,0 but effective in the dihydrate and
hexahydrate forms, 1-HCI-nH20 (n = 2 and 6). Yellow luminescence (Aem = 519 nm, ® = 0.016) assigned to intraligand 3n—n*
phosphorescence was observed for 1-H:0, whereas a stronger red emission ascribable to the phosphorescence from the
triplet metal-metal-to-ligand charge transfer ((3MMLCT) state was observed for the HCl adduct 1-HCI-nH20 (Aem = 741 nm, ©
=0.06 for n = 2, Aem = 642 nm, and @ = 0.10 for n = 6). Both complexes exhibited strong relative humidity (RH)-dependent
proton conductivity, while surprisingly high conductivity was observed for 1-HCl (6.8 x1073 S cm™) at 95% RH at 298 K. The
reversible transformation between 1 and 1-HCl was achieved by exposure to humid HCl gas and heating and their
vapochromic behaviour was completely different owing to the presence of acidic N-H protons and the additional hydrophilic
CI- counter anions in 1-HCI. To the best of our knowledge, these complexes are the first switchable vapochromic and highly

proton conductive materials that can be employed to visualize the proton conducting state by colour and luminescence.

Introduction

Proton conductors exhibiting high proton conductivity in the
solid state are key materials for the fabrication of high-
performance fuel cells.1* To date, various types of proton
conductors have been developed, ranging from organic
materials>13 with strongly acidic functional groups, such as
Nafion, to inorganic oxides'#1° such as yttria-doped barium
zirconate. In addition to these typical organic and inorganic
proton conductors, metal-organic frameworks (MOFs) and
related coordination compounds are attracting increasing
attention as high proton conductors as well as multifunctional
proton conducting materials because of the various techniques
that can be employed for their functionalization.20-38
Luminescent proton conducting MOFs comprising emissive
lanthanide cations are examples of such interesting
multifunctional porous materials.34-38 For example, Zheng et al.
reported that the f—f phosphorescence emission lifetime and
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intensity of the proton conductor Eu(ll)-MOF,
[Euz(CO3)(0x)2(H20)2]-4H,0 (ox = oxalate), strongly depended
on the temperature and hydration number.3> Such a
cooperative phenomenon between proton conduction and
luminescence may enable us to visualize the proton conducting
pathway via spectroscopic techniques without using bulk
electrodes and to acquire valuable information in complicated
systems such as fuel cells. However, the dependence of the f—f
emission energy on the coordination structure of the Ln3*
cations is negligible. Thus, to date, the changes in the
luminescence behaviour observed in Ln—MOF systems have
been insufficient for this purpose. Another noteworthy
approach for the visualization of the proton conducting state is
the fabrication of hybrid materials comprising proton
conducting substrates such as Nafion and suitable dye
molecules.39-42 However, it is challenging for this technique to
achieve both high proton conductivity and a reversible
colour/luminescence change because the proton conducting
pathway is blocked by the incorporated dye molecules.

To overcome these difficulties, we have focused on
luminescent Pt(ll) complexes because these systems have
attracted much attention as unique vapochromic materials that
exhibit reversible colour and/or luminescence changes in
response to reversible vapour adsorption/desorption.42-48 One
typical example is the simple Pt(ll)-diimine complex
[Pt(CN)2(bpy)] (bpy = 2,2'-bipyridine), which exhibits water-
vapour-induced vapochromism between the red-luminescent
anhydrous state and yellow-emissive monohydrate state.*® This
phenomenon originates from the structural transformation
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1-HCI

Scheme 1. Molecular structures and reversible HCl addition and removal between
1and 1-HCl.

involving the change in the intermolecular 5dz2? orbital overlap
between the adjacent Pt(ll) cations (i.e., metallophilic
interaction).#2 This clearly indicates that luminescent Pt(ll)
square-planar chromophores are suitable for the visualization
of the proton conducting state, especially of water-mediated
proton conductors. Although little attention has been devoted
towards luminescent Pt(ll) complexes as proton conducting
materials to date,*%-51 several studies have recently reported on
proton conducting Pt(ll) complexes, which exhibit interesting
thermochromic and vapochromic luminescence behaviour.
Schmidt et al. reported on their thermochromic luminescence
and proton conduction behaviour at temperatures above 293
K.4% Higuchi et al. also reported on the proton conduction and
luminescence  behaviour of imidazole-doped  Pt(ll)—
metallopolymer However, the proton
conductivities of these Pt(ll) complexes were low at room
temperature (<105S cm) because of the lack of strongly acidic
protons. The luminescence was simply quenched in the proton
conducting state, probably because of the thermal deactivation
occurring at the high temperatures required to promote proton
conduction.

In this work, to design vapochromism linked to proton
conduction, we have newly synthesized a luminescent Pt(Il)—
terpyridine complex with a proton-accepting non-coordinated

materials.>0

pyridyl group, [PtCl(tpypy)IClI (1) and its HCl-adduct
[PtCI(tpypyH)ICl, (1-HCIl, Scheme 1; tpypy = 2,2":6',2"-
terpyridine-4',4''-pyridine). The additional pyridyl group

directly attached to the [PtCl(tpy)]* (tpy = 2,2":6',2"-terpyridine)
moiety was expected to act as both a proton accepting site to
produce the cationic and strongly-acidic pyridinium py—H*
group and an effective switch for the vapochromic behaviour
(“switchable vapochromism”)4é of the Pt(ll) luminophore based
on the protonation process. We demonstrated that these two

2| J. Name., 2012, 00, 1-3

Table 1. Selected bond lengths (A), bond angles (°), and torsion angles (°) of 1-H,0,
1-HCI-2H,0, and 1-HCI-6H,0.

1-H,0 1-HCI-2H,0 1-HCI-6H,0
Pt-Cl 2.301(1) 2.296(1), 2.315(6)
2.303(2)
Pt1-N1 2.015(5) 2.030(5), 2.00(1)
2.014(4)
Pt1-N2 1.935(5) 1.929(4), 1.98(1)
1.927(5)
Pt1-N3 2.030(5) 2.013(5), 2.03(1)
2.029(4)
Pt---Pt 5.3103(1) 3.3994(4), 3.385(1),
3.3022(7) 3.705(1)
N1-Pt1-N3 162.2(2) 162.5(2), 162.4(6)
162.7(1)
Cl1-Pt1.- 0 122.43(5), 180 180
Pt1’-Cl1’

forms, 1 and 1-HCI, exhibited remarkably different vapochromic
behaviour and reversibly transformed between them by
exposure to humid HCl gas (hereafter abbreviated as HCI
vapour) and dry by heating. Further, the proton conducting and
luminescence behaviour of 1-HCI changed in response to the
relative humidity (RH); the proton conductivity was significantly
enhanced by increasing the RH at 298 K (6.8 x103Scm1at 95%
RH and 298 K) and the dark-red emission originating from the
triplet metal-metal-to-ligand charge-transfer state (3MMLCT)
clearly changed to bright orange emission at the same RH region.
To the best of our knowledge, these complexes are the first
example of switchable vapochromic and highly proton
conducting materials that contribute towards the visualization
of the proton conducting state.

Results and discussion

Crystal structures.

Crystal structures of the deprotonated form 1-H,0 and the HCI-
adducted forms 1-HCI-2H,0 and 1-HCI-6H,0 are illustrated in
Figure 1. Selected bond lengths and angles are listed in Table 1.
Complex 1 was crystalized in the monoclinic P2;/c space group.
In this structure, one Pt(ll) cation, one tpypy ligand, two CI~
anions, and one water molecule were crystallographically
independent. The Pt—N bond distance of the central pyridyl ring
(Pt1-N2) was ~0.09 A shorter than the other Pt-N bond
distances, a characteristic feature of tpy-bound complexes. The
bond lengths around the Pt(ll) ion were near-comparable to
those of the carboxy-functionalized analogue complex
[PtCI(tpyCOOH)]CI (tpyCOOH = 4'-carboxy-2,2":6',2"'-
terpyridine),*¢ suggesting that the replacement of the carboxy
functional group attached at the central pyridyl ring with a
pyridyl group had negligible effect on the coordination structure
of the central Pt(ll) cation. The additional pyridyl group attached
at the central pyridyl ring of the tpy ligand was located on the
same plane as the planar tpy ligand. Although the near-planar
cationic molecules [PtCl(tpypy)]* were stacked along the a axis
with relatively short stacking distances (mean distance between
two adjacent molecules, 3.30 A), the intermolecular Pt---Pt

This journal is © The Royal Society of Chemistry 20xx
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stacking distance (Figure 1(b), 5.3103(1) A) was significantly
longer than twice the length of the van der Waals radius of Pt
(3.50 A). This suggested that the m—mr stacking interaction was
effective in this crystal, while the intermolecular Pt---Pt
interaction was negligible. Figure 1(c) illustrates that the
counter Cl~ anions and hydrated water molecules formed a one-
dimensional (1-D) hydrogen-bonded chain structure (O—H---Cl:
3.123(5) and 3.126(5) A, respectively) as well as 1-D Pt(ll)
complex columns (Figure S1(a)).

In contrast to 1-H;0, the HCl-adducted forms 1-HCI-2H,0 and
1-HCI-6H,0 presented remarkably different crystal structures.
1-HCI-2H,0 crystallized in the triclinic P-1 space group, with two
Pt(Il) complex molecules, four CI- anions, and four water
molecules being crystallographically independent in the unit
cell. On the other hand, 1-HCI-6H,0 crystallized in the same
space group (P2i/c) observed for 1-H,O and only one Pt(ll)
complex molecule, two CI~ anions, and six water molecules
were crystallographically independent in the unit cell. The
existence of two ClI~ anions per one Pt(Il) complex molecule in
both 1-HCI-2H,0 and 1-HCI-6H,O indicated that the Pt(ll)
complex molecule was a divalent cation, whereby the non-
coordinating pyridyl N atom was protonated. The protonated
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pyridyl N atoms formed hydrogen bonds with the counter CI~
anions, with N—H---Cl distances of ~3.023(6) A for 1-HCI-2H,0
and 3.04(2) A for 1.HCI-6H,0. Compared to that in 1-H,0, larger
torsion angles were observed between the protonated pyridyl
rings and central pyridine rings of the tpy moieties (~10° for
1-HCI-2H,0 and 25° for 1-HCI-6H,0). This suggested that the
planarity of the [PtCl(tpypyH)]** molecule, as compared to that
of [PtCl(tpypy)]*, was lowered by protonation. On the other
hand, the Pt—Cl and Pt—N bond distances of the HCl-adducted
forms were comparable to those of 1-H,0, suggesting that the
protonation of the pyridyl group had negligible effect on the
coordination environment of the central Pt(ll) cation.
Interestingly, the Pt(ll) complex molecules were stacked along
the a axis in 1-HCI-2H,0 and along the ¢ axis in 1-HCI-6H,0.
Moreover, the intermolecular Pt---Pt distances (Figure 1(b),
3.3022(7) and 3.3994(4) A for 1-HCI-2H,0 and 3.385(1) and
3.705(1) A for 1-HCI-6H,0) were significantly shorter than that
of 1.H,0 (5.3103(1) A). These stacking distances clearly
indicated that the intermolecular Pt---Pt interaction became
more effective in the order 1-H,0 < 1-HCI-6H,0 < 1-HCI-2H,0.
Each Pt(ll) complex molecule in the 1-D column of 1-HCI-6H,0
was stacked in an antiparallel orientation as suggested by the

Figure 1. Crystal structures of (top) 1-H,0, (middle) 1-HCI-2H,0, and (bottom) 1-HCI-6H,0. (a) Crystallographically independent Pt(ll) molecule(s), (b) 1-D stacking structures,
and (c) packing diagrams viewed along the a axis. Pt(ll) coordination planes are depicted as blue squares. Brown, light blue, red, light green, and pink ellipsoids represent the
C, N, O, Cl, and H atoms, respectively. All the H atoms, except for those bound to the N atoms, are omitted for clarity. The displacement parameters are drawn at the 50%

probabilitv level. The values in blue and green in panel (b) are the intermolecular Pt---Pt distances and torsion angles (CI1-Pt1.--Pt1'-CI1').

This journal is © The Royal Society of Chemistry 20xx
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180° torsion angle in Cl1-Ptl---Pt1'-CI1’. The
pyridinium rings of the [PtCl(tpypyH)]?* molecules also formed
a 1-D stacked columnar structure by weak m—m stacking
interaction between two adjacent Pt(ll) stacking columns,
despite the electrostatic repulsion (bottom panel in Figure 1(c)).
In contrast, the [PtCl(tpypyH)]?* stacking in 1-HCI-2H,0 differed
from that of the hexahydrate crystal as suggested by the two
different torsion angles along the Pt---Pt stacking axis
(122.43(5)° and 180°, Table 1). Thus, the cationic pyridinium
ring in the dihydrate crystal was weakly dimerized via n—n
stacking interaction with the same group of the adjacent
molecule at two different positions, resulting in the formation
of quasi-1-D small porous channels surrounded by two Pt(ll)
columns and two dimerized pyridinium cations (designated as A
in the middle panel of Figure 1(c)). Two crystal water molecules
per one Pt(ll) cation were observed in the dihydrate crystal
between the layers of the Pt(ll) complex columns and small
porous A channels to form intermolecular O—H---Cl- and O—
H---O-type hydrogen bonds (Figure S1(b)). Similarly, crystal
water molecules (approx. six molecules per one Pt(ll) cation)
were also observed in the hexahydrate form between the layers
of the Pt(ll) columns to form a more developed hydrogen-
bonded network structure (Figure S1(c)) with disordering of
both the crystal water molecules and counter CI~ anions.
Notably, the acidic N—H* protons in the [PtCl(tpypyH)]?* cations
located in the hydrated water layers of both the dihydrate and
hexahydrate forms play a key role in proton conduction.

cationic

Photophysical properties.

Because the 1-H,O, 1-HCI-2H,O, and 1:HCI-6H,O crystals
exhibited completely different colours (yellow, dark-red, and
orange, respectively), the photophysical properties of these
three forms were investigated in detail. Figure 2 displays the
excitation and emission spectra of these three forms in the solid
state. The photophysical parameters are summarized in Table 2.
The complex 1-H,0 exhibited yellow emission with the emission
maximum at 519 nm and strong vibronic progressions. The
anomaly in the vibronic progressions observed at the longer
wavelength region, ~650 nm, was attributed to the partly
ground species generated during sample preparation (see
below). On the other hand, the HCl adduct 1-HCI-2H,0 exhibited

dark red emission centred at 741 nm, without vibronic structure.

A similar broad band was observed for the hexahydrate form

Ground

Normalized Emission Intensity

500 600 700 800

Wavelength / nm

300 400 900

Figure 2. Excitation (dotted lines) and emission (solid lines) spectra of the as-
synthesized (red) and manually ground (green) (a) 1-H,0, (b) 1-HCI-2H,0, and (c)
1-HCI-6H,0 complexes in the solid state at 298 K.

1-HCI-6H,0 but with the emission maximum blue shifted to 642
nm. A similar difference was also observed in the excitation
spectra, whereby the 1-H,0 spectrum comprised several sharp
peaks, while the broad band extended to 650 and 550 nm for
1-HCI-:2H,0 and 1:-HCI-6H,0, respectively. For 1:H,0, the
observed emission decay was remarkably longer than those of
1-HCI-2H,0 and 1-HCI-6H,0 at both 298 and 77 K (Figure S2),
while the emission quantum vyields of 1-HCI-2H,O and
1-HCI-6H,0 were about four- and six fold higher, respectively,
than that of 1-H,0 (Table 2). These contrasting results indicated
the remarkable effect of the protonation occurring at the
pyridyl group on the emission behaviour of 1-H,0. The time-

Table 2. Photophysical properties of 1-H,0, 1-HCI-2H,0, and 1-HCI-6H,0 in the solid state.

Complex 1-H,0 1.HCI-2H,0 1.HCI-6H.0
T/K 298 77 298 77 298 77
Amax/ NM 519, 555, 637 529, 570, 643 741 779 642 658
71/ ns (A1) @ 204 (0.843) 1747 (0.677) 49.2 246 93.2 2683
72/ ns (Az) @ 577 (0.289) 7387 (0.450) - - - -
=P/ ns 388 5907 - - - -
0] 0.016 0.049 0.061 0.13 0.095 0.36
ke[ st 4.1 x10* 8.3 x 103 1.2 x 10° 5.3x10° 1.0 x 10° 1.3x10°
kn? /571 2.5 x 10° 1.6 x 10° 1.9 x 107 3.5x10° 9.7 x 10° 2.4 x10°

9Emission lifetime. The emission decays were analysed with two components: | = A; exp(—t/t1) + A, exp(—t/t,). PAverage emission lifetimes determined from Eq. (2) in ESI.
Radiative rate constant k, = @/t,, Nonradiative rate constant k.. = k. (1- @) / ®.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx



resolved emission spectra of 1-H,0 in the different two ranges
were almost identical (Figure S3), suggesting the two emission
components observed in the emission decay have the same
emission origin. Only a slight red shift was observed in the UV-
vis absorption spectrum of 1-H,0 in the MeOH solution state by
the addition of HCI (Figure S4). This suggested that both the
protonation of the pyridyl group and the crystal structure

change by HCl addition are crucial factors for the emission origin.

In addition, UV-Vis absorption spectrum of 1-HCl in the MeOH
solution was almost identical to that of 1 (Figure S4), suggesting
the proton release in the MeOH solution because of the high
acidity of pyridinium group.

The yellow emission of 1-H,O with remarkable vibrational
progression was assigned to ligand-centred triplet n—n*
emission (3t—mnt*), as suggested by the crystal structure without
intermolecular Pt---Pt interaction. In contrast, the effective
intermolecular Pt---Pt interaction of 1-HCI-2H,0 and 1-HCI-6H,0
enabled these complexes to exhibit triplet metal-metal-to-
ligand charge transfer (3MMLCT) emission. These assignments
were supported by the emission spectra at 77 K. A similar
vibronic structure at the same wavelength region was also
observed in the emission spectrum of 1-H,0 at 77 K, whereas
obvious red shifts (~38 and 16 nm) were observed for
1-HCI-2H,0 and 1-HCI-6H,0, respectively, on lowering the
temperature to 77 K (Figure S5). Further, the near-identical
spectrum of 1-H,0 was also observed in the frozen MeOH/EtOH
glass states at 77 K and the emission of the ligand was also
observed in the same wavelength region (Figure S6).

Interestingly, the emission spectrum of 1-H,O was highly
sensitive to mechanical stimulation (Figures 2(a) and S7). The
manually ground (mortar and pestle, 5 min) 1-H,0 exhibited red
emission with the emission maximum at 704 nm, which was
comparable to the emission maximum of 1-HCI-2H,O with
effective intermolecular Pt---Pt interaction. In contrast, such a
marked change by grinding was not observed for 1-HCI-2H,0
(Figures 2(b) and S7). The PXRD pattern of the ground 1-H,0 was
near-identical to that of as-synthesized 1-H,O but with
broadening of most of the peaks (Figure S8). TG-DTA analysis
revealed that the dehydration temperature of 1-H,O was
significantly changed by manual grinding (Figure S9). The
manually ground 1-H,0 exhibited shorter emission decay and
higher emission quantum yield (tay = 115 ns, @ = 0.055, Figure
S2(a)) than that of as-synthesized 1-H;0 (tay = 388 ns, ® = 0.016,
Table 2), indicating a faster radiative process like 3SMMLCT
emission observed for 1-HCI-:2H,O and 1-HCI-6H,O. These
results suggested that grinding-induced amorphization would
partly occur to form the 3MMLCT emissive species with effective
intermolecular Pt---Pt interaction. In contrast to the interesting
photophysical properties in solid state, these complexes were
non-emissive in solution state probably because of the absence
of metallophilic interaction.

Proton conductivity.

As discussed in the crystal structures section, both 1 and 1-HCI
comprised hydrated water molecule(s) and counter ClI~ anion(s)
that formed hydrogen-bonded network structures with

This journal is © The Royal Society of Chemistry 20xx

different dimensionalities. Since these networks could be
proton conduction pathways, the proton conductivity and
water vapour adsorption isotherm measurements at various RH
values were conducted. The samples used in the water vapour
adsorption isotherm measurements were dried at 160 °C for 1
and 90 °C for 1-HCI under vacuum to remove all the hydrated
water molecules. Under these drying conditions, only the
hydrated water molecules were selectively removed, as
suggested by the TGA data (Figures S10). The afforded results
are presented in Figures 3(a) and 3(b). The conductivities of 1
and 1-HCl at 40% RH were low (1.2 x 107 and 1.7 x 106 S cm?,
respectively) but significantly increased on increasing the RH to
1.9x 10%Scmland 6.8 x 103 S cm™ at 95% RH, respectively. In
contrast, the conductivity of 1-HCl decreased significantly to 9.3
x 1010 S cm! when the RH was decreased to 0%, indicating the
electron insulating nature of 1-HCI. This strong RH dependence
clearly revealed that the hydrated water molecules present in
the crystals play a key role in the conductivity behaviour. This
observation was also supported by the water vapour adsorption
isotherms. In the adsorption process, complex 1 adsorbed
water vapour in three steps: at <10% RH, ~30% RH, and 70% RH,
to finally form 1-2H,0. On the other hand, two-step increases
were observed in the isotherm of 1-HCl at <10% RH and ~60%
RH. This difference clearly indicated that the HCI adsorption to
1 significantly affected its vapour adsorption properties. As
suggested by the crystal structure of 1-HCI-6H,0, the saturated
amount of adsorbed water vapour on 1-HCl was estimated as
5.9 mol per one Pt(ll) complex, a value twice as large as that of
1 (2.6 mol per one Pt(ll) complex). This was attributed to the
presence of one more hydrophilic Cl-anion in 1-HCl than in 1, as
suggested by the hydrogen bond formation of all the CI- anions
(Figure S1). The conductivity of 1-HCI was about tenfold higher
than that of 1 in all the measured RH region, suggesting the
contribution of the acidic N—H proton of the [PtCl(tpypyH)]?*
cation. The conductivity observed at 95% RH for 1-HCI-6H,0 was
remarkably high and approached that of the well-known proton
conductor, Nafion 117 (~0.1 S cm™)>9, In addition, the colour of
1-HCI changed dramatically from orange (0% RH) to red (23%
RH) and finally bright orange (95% RH) on increasing the RH
(insets of Figures 3(a) and S11(a)), suggesting two-step water-
vapour-induced structural transformations. To gain further
insight into the proton conduction mechanism, the
temperature dependence of the conductivity was next
evaluated (Figure S11(b)). The activation energies of 1-2H,0 and
1-HCI-6H,0 at 95% RH were estimated as 0.30 and 0.19 eV,
respectively. These relatively low values suggested proton
hopping through the hydrogen-bonding network, namely
Grotthuss-type proton conduction. The lower activation energy
of 1-HCI-6H,0 compared to that of 1-2H,0 at 95% RH was
attributed to the different hydrogen bonding networks,
whereby the 3-D hydrogen bonding network structure of 1-HCI
involving the acidic N—H proton of the [PtCl(tpypyH)]?* cation
may enhance proton conduction (Figure S1). On the other hand,
the activation energy of 1-HCI-2H,0 at 50% RH was significantly
increased (0.39 eV), suggesting that the structural
transformation of 1-HCI from the hexahydrate to dihydrate
phase should close some of the proton conducting pathways.

J. Name., 2013, 00, 1-3 | 5
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Figure 3. (a) Log (5/S cm™) vs. RH profiles at 298 K for 1.-HCI (red closed circles) and 1 (blue open triangles). Insets: luminescence images of 1-HCl in 0% (left), 23% (center), and

95% (right) RH. (b) Water vapour adsorption isotherms of 1-HCI (red circles) and 1 (blue triangles) at 298 K. The closed and open symbols in panel (b) represent the adsorption

and desorption processes, respectively. (c) RH dependence of the PXRD pattern and (d) emission spectrum (A = 400 nm) of 1-HCl at 293 K.

This is also consistent with the observation that the conductivity
of 1-HCl steeply increased at high RH regions (~70% RH).

In the water vapour desorption process, clear hysteresis was
observed for each step, suggesting water-vapour-induced
structural transformations. In fact, the PXRD pattern of 1-HCI
clearly changed in two steps (Figure 3(c)). The 1-HCI patterns in
the mid-RH region (23 and 44% RH) qualitatively agreed with
the simulated pattern based on the crystal structure of the
dihydrate phase 1-HCI-2H,0. The data were also consistent with
the estimated X-ray diffraction data, which revealed that the
number of adsorbed water molecules in the mid-RH region
approached the hydration number of 1-HCI (2 mol per one mol
of Pt(ll) cation). The PXRD pattern at 0%RH was different from
the simulation based on the crystal structure of 1-HCI-2H,0,
suggesting the dehydration of 1-HCI-2H,O gave a significant
effect on the crystal structure. In higher RH region, several
diffraction peaks newly appeared at 75%RH, and then the
pattern finally changed to the almost identical one to the
simulated 1-HCI-6H;0, indicating the water-adsorption-induced
structure transformation from the dihydrate to the hexahydrate
phase. Interestingly, these two-step transformations were

further evidenced by the emission spectral changes (Figure 3(d)).

Thus, a longer wavelength emission (~740 nm) was commonly
observed in the mid-RH region, whereas shorter wavelength
emissions (~670 and 640 nm) were observed at 0 and >86% RH,
respectively. The emission of 1-HCI-2H,0 (mid-RH region) was
assigned to the 3SMMLCT phosphorescence originating from the
effective intermolecular Pt---Pt interaction. Thus, the structural
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transformations of 1-HCI-2H,0 triggered by water removal or
adsorption weaken the intermolecular Pt---Pt interaction,
resulting in the blue shift of the 3MMLCT phosphorescence as
discussed in “Photophysical Properties” section. This was also
supported by the longer intermolecular Pt---Pt distance of
1-HCI-6H,0 over that of 1-HCI-2H,0 (Table 1). Such drastic
changes in the PXRD patterns and emission spectra were not
observed for 1 (Figure S12) because of the lack of
intermolecular Pt---Pt interaction in this form. This led to the
conclusion that the formation of the HCl adduct is the key step
for complex 1 to form the higher proton conductive state in the
high RH region as well as for its water-vapour-induced
vapochromic behaviour.

Reversible transformation by HCl adsorption/desorption.

We next investigated the structural transformation between 1
and 1-HCl. Figure 4(a) illustrates the changes in the PXRD
pattern of the as-synthesized 1-H,0 yellow powder by exposure
to HCl vapour for 1 d at 303 K and subsequent heating at 363 K
for 8 h. The pattern of as-synthesized 1:-H,0 well-agreed with
the simulated pattern calculated from the 1-H,O crystal
structure. Interestingly, the PXRD pattern was significantly
changed following exposure of the as-synthesized 1-H,0 to HCI
vapour at room temperature. The pattern of the HCl-vapour-
exposed sample did not agree with those of the 1-H,0 and
1-HCI-:2H,0 simulations. However, a PXRD pattern that
qualitatively agreed with the simulated 1-HCI-2H,0 pattern was
attained by subsequent drying at 363 K. Notably, TG-DTA

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Changes in the PXRD patterns of (a) as-synthesized 1-H,0 by exposure to
HCl vapour and subsequent heating at 363 K and (b) as-synthesized 1-HCI-2H,0 by
heating at 433 K and subsequent exposure to water vapour. The brown and green
patterns of both panels display the simulated patterns based on the crystal
structure of 1:H,0 and 1-HCI-2H,0, respectively.

analysis revealed that 1-H,O was thermally stable at <573 K
(Figure S13). Because a conc. HCI (36 wt%) aqueous solution was
used as the HCl vapour source in this experiment, co-adsorption
of the H,O vapour and/or more than one HCl adsorption per one
Pt(ll) complex would be the plausible origins of the
disagreement between the simulated 1-HCI-2H,0 and
experimental PXRD patterns of the HCl-vapour-exposed 1. In
fact, TG-DTA analysis of HCl-vapour-exposed 1 exhibited a
larger weight loss than 1-HCI-2H,0, suggesting that more than
one HCl and two H,0 molecules per Pt(ll) cation were adsorbed
by the as-synthesized 1-H,O (Figure S13). The reverse
transformation from the HCl adduct 1-HCI-2H,0 to the original
1-H,0 was also examined. Figure 4(b) displays the changes in
the PXRD pattern of the as-synthesized 1-HCI-2H,0 by heating
at 433 K and subsequent water vapour exposure for 1 d. The
pattern of the dark red as-synthesized 1-HCI-2H,0 powder was
near-identical to the simulated pattern of 1-HCI-2H,0,
suggesting the successful synthesis of 1-HCI-2H,0. TG-DTA
analysis for 1-HCI-2H,0 clearly revealed that all the solvated
molecules (one HCl and two H,0 molecules per one Pt(ll) cation)
were removed by heating at 433 K for 6 h (Figure S10(a)) to form
anhydrous 1. The PXRD pattern of the sample heated at 433 K
comprised few broad diffraction peaks. However, this pattern
changed to qualitatively agree with the simulated 1-H,0 pattern,
following exposure to H,0 vapour for 1 d at 303 K. These PXRD
patterns clearly revealed that the HCl-adducted 1-HCI-2H,0 was
successfully transformed to 1-H,O form via the removal of HCI
and H,0 molecules by heating at 433 K, and subsequent re-
hydration by exposure to H,0 vapour.

Switchable vapochromic behaviour.

This journal is © The Royal Society of Chemistry 20xx

We next investigated the vapochromic behaviour of these two
forms, because we predicted that the large difference in their
crystal structures would affect their vapour selectivity. Figure 5
depict the changes in the excitation/emission spectra and PXRD
patterns of 1-H,0 and 1-HCI-2H,0 by exposure to saturated H,0,
MeOH, and EtOH vapours at 293 K for 7 d. The changes in the
weak yellow 3n—n* emissions of 1-H,0 were negligible under
exposure to H,O and EtOH vapours. Conversely, a marked
change to a broad red emission centred at 670 nm was observed
by exposing 1-H,O to MeOH vapour. This trend was also
observed in the PXRD patterns, whereby a change was only
observed under exposure to MeOH vapour. These results
suggest that 1-H,0 exhibited vapochromic behaviour selectively
with MeOH vapour. Although the crystal structure of MeOH-
exposed 1 was not elucidated, the broad spectral feature
without vibronic progression suggested that the emission origin
could have changed from the 3n—n* to the 3SMMLCT emission
generated by effective Pt---Pt interaction. Such a structural
transformation was attributed to MeOH adsorption to the
pyridyl site in 1 via N---H—O-type hydrogen-bond formation, as
suggested by the crystal structure of 1-HCI-2H;0. In fact, the 1H
NMR spectrum of MeOH-exposed 1 suggested that two MeOH
molecules per one Pt(ll) cation were adsorbed (Figure S14),
while a new band assignable to the hydrogen-bonded OH group
of the adsorbed MeOH was observed at 3215 cm™ in the IR
spectrum (Figure S15). The original PXRD pattern of 1-H,0 was
recovered by heating the MeOH-exposed 1 complex at 423 K
(Figure S16), indicating that the MeOH-vapour-induced
structural transformation of 1:-H,0 is reversible.

In contrast to the MeOH selective vapochromic behaviour of
1-H,0, the red 3MMLCT emission band of the HCl-adducted
form 1-HCI-2H;0 (741 nm) was clearly blue-shifted by exposing
to MeOH as well as EtOH and H,0 vapours. The PXRD patterns
of these vapour-exposed samples exhibited completely
different patterns to that of the as-synthesized 1-HCI-2H,0,
suggesting vapour-induced structural transformations. Notably,
the observed PXRD pattern under H,O vapour exposure was
near-identical to the simulation calculated from the crystal
structure of 1-HCI-6H;0, indicating the formation of the
hexahydrate under highly humid conditions. Further, the
original 1-HCI-2H,0 PXRD pattern was successfully recovered by
drying these vapour-exposed samples at 363 K for 8 h (Figure
S17). Thus, we concluded that 1-HCI-2H,0 was a vapochromic
complex that responded to these hydrophilic vapours and the
blue shift of the emission band was ascribed to the weaker
intermolecular Pt---Pt interaction than the original 1-HCI-2H,0
as evidenced by the crystal structure of 1-HCI-6H0.
Interestingly, the vapochromic shifts caused by the MeOH and
H,0 vapours (114 and 99 nm, respectively) were significantly
larger than that observed with the EtOH vapour (56 nm). The *H
NMR spectra of the MeOH- and EtOH-vapour-exposed 1-HCI
suggested that one MeOH per Pt(ll) cation was adsorbed by
1-HCI, while the adsorbed amount of EtOH was approximately a
third of the MeOH amount (Figure S18). The saturated
adsorption amount of H,O vapour was also estimated, from the
vapour adsorption isotherm, to be significantly larger than the
values of the other two vapours (5.9 mol per one Pt(ll)
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Figure 5. Changes in the (a, b) excitation and emission spectra (Aex = 400 nm) and (c, d) PXRD patterns of (top) as-synthesized 1-H,0 and (bottom) 1-HCI-2H,0 under exposure
to (i, red lines) MeOH, (ii, green lines) EtOH, and (iii, blue lines) H,0 vapour at 293 K for 7 d. The bottom black and gray lines in (c, d) are the experimental patterns of the as-
synthesized samples and the simulations calculated from the crystal structures, respectively. The top line in panel (d, bottom) is the simulation calculated from the crystal

structure of the hexahydrate 1-HCI-6H,0.

molecule; “Proton conduction” section) as suggested by the
near-identical PXRD and simulated 1-HCI-6H,0 patterns. Thus,
the smaller vapochromic shift observed for the EtOH-vapour-
exposed 1-HCl was attributed to the smaller amount of EtOH
vapour molecules adsorbed into the crystal lattice of 1-HCI.
These results indicated that HCl adsorption at the pyridyl group
of 1 significantly changed the vapour selectivity.

Conclusions

In this work, we newly synthesized a luminescent Pt(ll) complex
with a pyridyl-functionalized tpy ligand, [PtCl(tpypy)]Cl (1) and
its HCl adduct [PtCl(tpypyH)]Cl, (1-HCI) to develop a cooperative
phenomenon between proton conduction and vapochromism.
The intermolecular Pt---Pt interaction was negligible in 1-H,0
but effective in the HCl adduct 1-HCl and that the degree of the
interaction could be modified by altering the hydration number.
Both 1 and 1-HCl exhibited strong RH-dependent proton
conductivity. Notably, the HCI adduct 1:-HCI exhibited not only
clear vapochromic behaviour in response to the RH, but also
significantly high conductivity (6.8 x 103 S cm) at 95% RH, that
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reported
luminescent Pt(Il) complexes and approaching that of the well-

was significantly higher than that of already

known proton conductor Nafion. Further, the transformation
between 1-H,0 and 1-HCI-2H,0 occurred reversibly by exposure
to HCl and thermal drying. The vapochromic behaviour of these
two complexes were completely different: 1-H,O exhibited
vapochromism only under exposure to MeOH vapour, while
1-HCI-2H,0 displayed vapochromic behaviour in response to
several hydrophilic vapours including MeOH and EtOH. To the
best of our knowledge, complex 1-HCl is the first highly proton
conducting and switchable vapochromic material regulated by
HCl desorption/adsorption. We believe that this type of
cooperation between vapochromism and proton conduction
allows the visualization of the proton conducting pathway,
without the need for a bulk electrode, via the absorption and
emission colours at both the macroscopic and microscopic
levels. Further study to synthesize highly proton conducting
vapochromic materials is underway.
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