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Platinum(II) complexes with salophen ligands bearing carboxy substituents at different positions, [Pt

{(COOH)n–salophen}] (n = 2 (1), 3 (2), 1 (3)), were synthesized and characterized by acquiring UV-vis and

luminescence spectra. These complexes exhibited systematic variations in absorption spectra depending

on the number of carboxy groups, and this effect was attributed to metal–ligand charge transfer with

support from density functional theory calculations. The luminescence properties of these complexes

were also correlated with structural differences. Complexes 1–3 showed systematic spectral changes by

addition of organic acid and base, respectively. This is based on the protonation/deprotonation of the

carboxy substituents. Furthermore, aggregation-induced spectra change was investigated in DMSO–H2O

mixtures with various proportions of water. Peak shifts in the range of 95 to 105 nm occurred in the

absorption spectra in conjunction with pH changes. These variations resulted from molecular aggregation

and diffusion associated with protonation/deprotonation of the carboxy groups. Variations in lumine-

scence emission intensity and peak shifts were also observed. This work provides new insights into the

correlations between the optical properties of carboxy-appended molecular complexes and pH changes

and will assist in the future design of pH sensing devices based on molecular metal complexes.

Introduction

Metal complexes exhibiting luminescent properties, such as
those based on platinum(II), iridium(III) and ruthenium(II),
have been intensively investigated with regard to potential
applications in optical devices,1–3 biological imaging,4–7

photo-sensitizers,8–10 chemical sensing11–15 and light-emitting
diodes.16–19 The effects of molecular arrangements, organic
substituents (that is, ligand modification) and external stimuli
(including heat, pressure and pH) on the luminescent pro-
perties of these compounds have also been evaluated.20–22

Knowledge of the relationship between optical properties and
external stimuli is especially important when developing
chemical sensing devices. On this basis, various metal com-
plexes exhibiting tuneable luminescence properties have been
reported. Above all, from the perspective of environmental

application, metal complexes exhibiting photo-functions
based on variations in molecular assembly triggered by proto-
nation and deprotonation in conjunction with pH changes
have been widely investigated.23–25 These pH-responsive lumi-
nescent complexes tend to contain hydroxy groups and/or N
atoms acting as Lewis bases that can readily accept protons.
Among these chemically-responsive metal complexes, square-
planar d8 platinum(II) complexes show promise as external-
stimuli-responsive luminescent molecules because the elec-
tronic states of these complexes vary with molecular structure.
Cyclometalated platinum(II) complexes have been designed
that incorporate N^N^C, N^C^N or C^N^C tridentate ligands
in which the C or N atoms serve as coordinating donor atoms.
As well, Schiff-base platinum(II) complexes having tetradentate
ligands with N2O4 or N4 moieties have been reported.26–30

The present work investigated the effect of protonation/
deprotonation of carboxy groups on the optical properties of
platinum(II) complexes incorporating salophen ligands with
carboxy groups, [Pt{(COOH)n–salophen}] (n = 2 (1), 3 (2), 1 (3))
(Scheme 1), and demonstrated the pH-dependent spectro-
scopic changes of the complexes.

These complexes were synthesized using a previously
reported procedure with minor modifications (see the
Experimental section and ESI†).31 Each complex was initially

†Electronic supplementary information (ESI) available. CCDC 2251726 2251727.
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isolated as its potassium salt as a consequence of deprotona-
tion of the carboxy groups during the synthesis process. These
salts were dissolved in water after which the addition of 2 M
HCl precipitated the target compounds 1–3 as dark orange
solids. These materials were characterized by 1H-NMR, single
crystal X-ray diffraction (SC-XRD), elemental analysis and mass
spectrometry. The optical properties of each complex under
various conditions were also investigated along with the struc-
tural feature.

Results and discussion
Crystal structures

Single crystals of complexes 1 and 3 suitable for SC-XRD ana-
lysis were obtained via the slow evaporation of solutions of
these complexes in DMSO–MeOH mixtures over several days.
SC-XRD data acquired from complex 1 at 100 K showed that
this compound crystalized in the monoclinic space group P21/c
(Fig. 1a). The crystal parameters are summarized in Table S1.†
Complex 1 was also found to contain a DMSO solvent in the
crystal lattice. The two carboxy groups in this complex were evi-
dently protonated because there was no evidence of counter
cations. In the molecular assembly, a short contact indicating
a Pt⋯Pt interaction was observed and the Pt⋯Pt distance was
determined to be 3.253 Å (Fig. 1b). The data showed that a
pair of 1 molecules interacted with a neighbouring molecule
via hydrogen bonding involving the carboxy groups, with an
intermolecular distance of approximately 1.89 Å. Within the

crystal packing, molecules of 1 formed a one-dimensional
assembly along the a axis that incorporated DMSO molecules
(Fig. 1c). In contrast to the monoclinic space group of 1,
complex 3 at 100 K crystalized in the trigonal space group P3̄c1
(Fig. 2a). The crystal parameters for this complex are also pro-
vided in Table S1.† Complex 3 was found to have a plane of
symmetry but was distorted, as indicated by the side-view in
Fig. 2a. In addition, the data showed that water molecules
were included in the crystal lattice of 3. The crystal packing
structure of this complex exhibited one-dimensional channels
along the c axis (Fig. 2b and c). The carboxy groups evidently
did not undergo dimerization based on hydrogen bond for-
mation but were oriented in the direction of the channel
pores. These groups would therefore be expected to promote
the capture of water molecules in the channels via hydrogen
bonding. Unfortunately, a single crystal of complex 2 suitable
for SC-XRD analysis could not be obtained.

UV-vis and luminescence spectra

Each complex was poorly soluble in many organic solvents
because of the carboxy substituents but would dissolve in
polar nonprotic solvents such as DMF, DMSO and THF.
Therefore, spectroscopic measurements were conducted using
DMSO as the solvent. Fig. 3 shows the UV-vis spectra (dashed
lines) and normalized luminescence spectra (solid lines)
obtained from complexes 1–3 in DMSO. Complexes 1 and 2
each produced an absorption peak at 505 nm based on the
metal-to-ligand charge transfer (MLCT) that is typical of Schiff-
base-type Pt(II) complexes.28 In contrast, complex 3 generated a
peak related to MLCT that was slightly red-shifted to 535 nm.
This difference can possibly be attributed to the reduced repul-
sive effect of the negatively-charged deprotonated carboxy
groups in the case of 3. In addition, the oligomer was formed
in the molecular assemblies through the wide π-plane in the
ligand. Although omitted here to simplify the figure, strong

Fig. 1 (a) The crystal structure of 1. Color code: C, grey; N, blue; H,
light blue; O, red; Pt, white. (b) A representation of intermolecular
hydrogen bonding and Pt⋯Pt interactions between molecules of 1. (c)
The molecular assembly of 1 in the ac plane. Hydrogen atoms are
omitted for clarity.

Fig. 2 (a) Crystal structure of 3. The top view shows the entire molecule
while the side view presents the distorted structure. Color code: C, grey;
N, blue; H, light blue; O, red; Pt, white. Molecular assembly of 2 in (b)
the ab plane and (c) the bc plane. Hydrogen atoms are omitted for
clarity.

Scheme 1 Molecular structures of complexes 1–3.
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adsorption bands assigned to intra-ligand charge transfer
(ILCT) were observed below 400 nm. The luminescence spectra
of 1 and 2 each exhibited a peak around 590 nm while the
same peak for 3 was red-shifted to 620 nm. The emission
quantum yields (QYs, φem) of 1–3 was obtained at room temp-
erature. The QYs of 1 (φem = 0.003) and 2 (φem = 0.001) were
relatively determined based on the QYs obtained in DMSO–
H2O mixture (see later session, Table 2). QYs of 3 was φem =
0.04.

DFT calculations

To obtain an improved understanding of the absorption
spectra of 1, 2 and 3, density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations at the B3LYP32

theoretical level were performed using the Gaussian 16
program33 with the basis sets LANL2DZ for Pt atom and 6-31G
(d) for all other atoms. In all calculations, the solvent effects of
DMSO were included by conductor-like polarizable continuum
model (CPCM). The geometric parameters of 1 were optimised
based on the solid-state structure obtained from the SC-XRD
analysis. The structures of 2 and 3 were then optimised based
on the structure of 1. These optimized structures were verified
by vibrational frequency calculations (they have no imaginary
vibrational frequency). The HOMO and LUMO of all three com-
plexes and the associated energy levels are displayed in Fig. 4.
In each case, the HOMO was evidently distributed over the Pt
(II) centre and the salophen ligands, including the carboxy sub-
stituents. However, the carboxy groups introduced to the
upper phenyl ring (part of the phenylenediamine moiety) in 2
and 3 had little effect on the electron density distribution.
Consequently, the HOMO energy level of 2 was similar to that
of 1 while the HOMO energy level of 3 was slightly higher than
those of 1 and 2. The LUMO in each complex was distributed
on a π-conjugated salophen ligand core. Because a HOMO →
LUMO transition was involved in the S0 → S1 transition, the
absorption peaks of 1–3 that appeared in the range of
500–550 nm were assigned to MLCT phenomena. Complex 1
also generated MLCT/ILCT bands involving S0 → S2 and S0 →
S3 transitions that were primarily attributed to HOMO–1 →

LUMO and HOMO → LUMO+1 transitions (predicted to occur
in the range of 400–421 nm). The results of calculations for
complexes 2 and 3 were very similar to those obtained for 1,
such that all the absorption bands could be assigned to MLCT
or ILCT transitions. Details regarding the transitions for com-
plexes 1–3 are provided in Fig. S1–S3 and Table S2.†

Titration experiments with acid and base

Because the carboxy groups could be protonated or deproto-
nated based on the acid and base addition, titration experi-
ments of 1–3 with suitable acid and base were performed.
Complex 1 was titrated with potassium tert-butoxide (t-BuOK;
base) from 0 to 14 equivalents of base, which was monitored
by luminescence spectra changes (Fig. 5). Deprotonation of 1
resulted in slightly red-shift of the λem max and gave an increase
of emission intensity (Fig. 5a, top). The peak shift was almost
completed by the addition of 4 eq. of base, however, the emis-
sion intensity kept increasing until the addition of 14 equiva-
lents of base. This is because the deprotonation was com-
pleted and then further addition of base induced ionic inter-
action between carboxylate and potassium cation, causing the
interference with heat inactivation and the aggregation-
induced emission enhancement (AIEE). Following the titration
with base, further titration of the basic solution was performed

Fig. 3 UV-vis spectra (dashed lines) and luminescence spectra (solid
lines) obtained from complexes 1–3 at 20 μM in DMSO at 25 °C.

Fig. 5 (a) Luminescence spectra of 1 (20 μM in DMSO at 25 °C) while
titrating with (top) t-BuOK from 0 to 14 eq. and (bottom) TsOH from 0
to 7 eq. (b) Titration plots of intensity changes at λem max of 1. Blue and
red plots indicate the titration by base and acid, respectively.

Fig. 4 An energy diagram showing the frontier orbitals and energy
values for 1 (left), 2 (middle) and 3 (right) calculated at the B3LYP/
LANL2DZ/6-31G* theoretical level.
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with p-toluenesulfonic acid (TsOH; acid) from 0 to 7 equiva-
lents of acid (Fig. 5a, bottom). The emission intensity
enhanced by base addition was drastically decreased by just
addition of 4 eq. of acid, i.e., the elimination of AIEE phenom-
ena was induced by the re-protonation of the carboxylate site
by the appropriate amount of acid (Fig. 5b). Therefore, this
acid/base titration resulted in proving the reversibility of the
protonation/deprotonation in 1. In both acid and base titra-
tion, 1 were found to show sigmoidal spectra change, in which
the protonatioin/deprotonation phenomena occurred coopera-
tively. In complexes 2 and 3, appropriate acid and base like-
wise induced the reversibility in the luminescence spectra
(Fig. S4 and S5†). The spectral change (red- or blue-shift) of
1–3 induced by the deprotonation was also corroborated by
DFT calculation (Table S3†). The energy value of the S0 → S1
transition of 1 was found to decrease by deprotonation (ex.
2.53 eV → 2.41 eV), which supports the red-shift of emission
spectra. Similar calculated data was obtained in complex 2. As
for complex 3, the deprotonation resulted in blue-shift of the
emission spectra, which is also supported by the DFT calcu-
lation. In all the simulation, the oscillator strength did not
changed between the protonated and deprotonated Pt(II) com-
plexes. In other words, the intensity change attributed to the
molecular aggregation.

pH dependence in aggregation induced spectra change

As studied above, acid and base obviously induced emission
changes based on protonation/deprotonation in the present Pt
(II) complexes. Next, molecular aggregation which frequently
affects the luminescence property of Pt(II) complexes were

investigated with various pH water. All data were acquired in
mixtures of DMSO with water, the pH of which had been
adjusted to 2.0, 6.4 or 13.0. In these experiments, the concen-
tration of each Pt(II) complex was fixed at 20 μM and the pro-
portion of water in the solvent was changed from 0% to 90%.

Fig. 6a–c present the UV spectra of complex 1 as generated
with various water proportions and at different pH condition.
At a pH of 2, 1 was less soluble in water and so may have pre-
ferentially migrated to the DMSO as good solvent. Therefore,
upon increasing the proportion of water to 40%, the peak at
approximately 504 nm gradually became less intense and then
underwent a remarkable decrease in association with the for-
mation of a precipitate (Fig. 6a). At a pH of 6.4, a similar peak
decrease was observed but the decrease occurred sequentially,
not drastically, because 1 was slightly soluble in water at this
pH condition. Conversely, at a pH of 13.0, the carboxy substitu-
ent of 1 was deprotonated. In this case, even with a 10% pro-
portion of water, the complex molecules were soluble in the
basic water sites working as good solvent, resulting in a large
red-shift from 505 to 600 nm in the UV-vis spectrum. Despite
the absorption maximum was red-shifted by 95 nm at max at
basic condition, the emission spectra was hardly shifted (men-
tioned later). Therefore, the peak shift of the adsorption
spectra is originated from the formation of oligomer based on
the pH change. With increases in the water proportion, the
peak was gradually blue-shifted down to 495 nm. This
occurred because the negatively-charged carboxylate moieties
accelerated the complex molecules to repel each other in the
solution so as to inhibit the oligomer formation. Table 1 sum-
marizes the peak shifts of 1 at different pH together with the

Fig. 6 (a)–(c) UV-vis spectra obtained from complex 1 in DMSO/H2O mixtures having varying proportions of water. (d)–(f ) Luminescence spectra
for complex 1 in DMSO/H2O mixtures with different water proportions. The pH of the H2O was adjusted to 2.0, 6.4 or 13.0. Data were obtained with
λex = 505 nm and a complex concentration of 20 μM at 25 °C.
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Δλmax values. These data demonstrate a minimal peak shift of
Δλmax = 5 nm across all acidic and neutral pH values.
Conversely, a basic pH generated large red- and blue-shifts
with a Δλmax of 105 nm. This was accompanied by aggregation
or dispersion based on the specific proportion of water. That
is, depending on the pH, water acted as a good or poor solvent
for 1 so that the carboxy groups were protonated or deproto-
nated. This, in turn, modified the molecular assembly of the
complex in solution leading to the spectral changes. In the
case of complex 2, similar spectral changes were observed
(Fig. S6 and Table S4†). However, complex 3, which had only
one carboxy group at the top of the salophen ligand, was
slightly more soluble in water. Thus, even under neutral con-
ditions (pH = 6.4), a systematic peak shift was observed with
variations in the water proportion (Fig. S7†). At the acidic pH,
a sharp decrease in peak intensity based on the precipitation
of 3 was seen, as also occurred with the other complexes, but a
slight red-shift appeared in 90% water. This effect was possibly
the result of colloid formation. The various peak shifts are pre-
sented in Table S5.†

Fig. 6d–f provide the normalised emission spectra of 1 in
solutions with various water proportions and at different pH.
At a pH of 2, the emission intensity increased on going to a
40% water proportion due to the higher local concentrations
of the complex at the DMSO sites (Fig. 6d). That is, complex 1
exhibited AIEE phenomena in a good solvent (meaning
DMSO).34,35 However, the emission intensity was decreased
significantly in solutions with more than 50% water as a con-
sequence of the precipitation of 1 in response to acidification,
which was consistent with the UV spectra. Similar behaviour
was observed at a pH of 6.4 but the emission intensity gradu-
ally decreased because 1 was slightly soluble in neutral water
(Fig. 6e). Under basic conditions (pH = 13.0) and with a 10%
water proportion, the emission intensity increased slightly and
λem was red-shifted from 590 to 620 nm. As mentioned, the
deprotonated molecules were readily soluble in basic water, so
oligomer formation occurred at water sites, which resulted in a
red-shift in emission spectra. A blue-shift accompanied sub-
sequent increases in the proportion of water, induced by the
gradual dispersion of complex molecules and the loss of oligo-
mer formation. The emission intensity decrease may also have
partly resulted from thermal deactivation caused by the
rotational motion of the carboxy groups. Complexes 2 and 3
showed similar trends with regard to luminescence character-
istics. QYs of 1–3 in DMSO and DMSO–H2O mixture are sum-
marized in Table 2. As also can be understood from the lumi-
nescent measurements, QYs in all the complex increased in

mixture of DMSO and basic H2O mixture, resulted in giving ca.
10-fold higher than mixing with acidic water.

For the practical use of such pH effect on the luminescence
feature of the present platinum(II) complexes, the reversibility
in spectroscopic changes with response to pH-adjusted water
was studied. We measured luminescence spectra by consecu-
tive addition of acid (2 M HCl) and base (2 M NaOH) to pure
20 μM DMSO solution of 1 (Fig. 7). In acidic solution of 1
adjusted by addition of 1 mL of 2 M HCl to the pure DMSO
solution, strong emission that can be seen in naked eyes was
not observed although slight emission peak was observed in
spectroscopic measurements. This is because of complex
molecules were diffused in DMSO site without molecular
aggregation. On the other hand, purple emission was observed
by addition of 2 mL of 2 M NaOH to the acidic solution
wherein the solution became basic. This is attributed to the
molecular aggregation in basic water site as good solvent,
resulting in AIEE behaviour. That is, emission on/off behaviour
that can be confirmed by naked eyes was observed between
basic and acidic solution of 1. To avoid the precipitation by
addition of much water, the repeated experiment was con-
ducted two times. This behaviour was also observed in 2
(Fig. S8a†). However, in case of 3, only slight change was
observed because of lower effect of the carboxy group at the
top of salophen ligand on the emission behaviour based on
molecular assembly change (Fig. S8b†).

Table 1 Variations in the UV spectra of complex 1 with changes in pH

pH = 2.0 pH = 6.4 pH = 13.0

Initial 505 nm 505 nm 505 nm
Red shift — — 105 nm
Blue shift 5 nm 5 nm 10 nm
Δλmax 5 nm 5 nm 105 nm

Table 2 QYs (φem) of 1–3 in pure DMSO and DMSO–H2O mixture

DMSO pH = 2.0 pH = 6.4 pH = 13.0

1 0.002b 0.002b 0.012b 0.026a

2 0.001b 0.001b 0.012b 0.015b

3 0.011a 0.015b 0.027b 0.037a

aDetermined using the spectra showing the highest emission intensity
in the DMSO–H2O mixture. b Relatively determined based on absol-
utely obtained value.

Fig. 7 Luminescence switching behaviour of complex 1 by addition of
acid and base. 10 mL of 20 μM DMSO solution of 1 was consecutively
diluted by acid (2 M HCl) and base (2 M NaOH).
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Conclusions

We have reported carboxy-appended platinum(II) complexes
that alter the protonation/deprotonation by organic acid/base
addition, which influences on the luminescence spectra
change. Furthermore, the present results reflect the protona-
tion/deprotonation of carboxy substituents with changes of pH
in water of its DMSO mixture, which in turn induce aggrega-
tion or repulsion in good solvent and lead to changes in UV-
vis and luminescence spectra. Acidic and neutral pH con-
ditions accelerate protonation of carboxy group, and the
increasing of water proportion resulted in the loss of emission
intensity due to the precipitation. On the other hand, basic pH
condition caused the deprotonation of carboxy group, indu-
cing AIEE phenomena efficiently. Based on these changes,
complexes 1–3 each exhibit a peak shift with Δλmax =
95–105 nm in good solvent with aggregation or repulsion of
molecules. Furthermore, emission on/off behaviour being con-
firmable in naked eyes were observed by addition of suitable
acid and base. This study, which focuses on optical changes
based on dynamic molecular assembly changes rather than
the more common pH-induced resonance structural changes,
provides new insights into the correlation between the lumine-
scence properties of carboxy-appended molecular complexes
and pH changes, and will contribute to the future construction
of pH sensing devices based on molecular metal complexes.

Experimental

All reagents were used as received without further purification.
Details of the procedures used to synthesize the carboxy-
appended salophen ligand derivatives (L1–L3) are provided in
the ESI.†

Synthesis of complexes 1–3

[Pt{(COOH)2–salophen}] (1). L-1 (0.121 g, 0.296 mmol),
K2CO3 (0.122 g, 0.888 mmol) and K2PtCl4 (0.123 g,
0.296 mmol) were added to DMSO (3 mL) following which the
mixture was stirred for 18 h at 80 °C. The resulting solution
was added to water (50 mL) after which the complex was preci-
pitated by adding 2 M HCl. This product was removed by fil-
tration and washed with water, MeOH and ether to give
complex 1 as an orange powder. Yield: 61.9%. 1H-NMR
(DMSO-d6): δ = 9.61 (s, 1H), 8.65–8.64 (d, 1H, J = 4.0 Hz),
8.45–8.41 (m, 1H), 8.05–8.02 (dd, 1H, J = 8.0 Hz), 7.48–7.44 (m,
1H), 7.14–7.12 (d, 1H, J = 8.0 Hz). Elemental analysis: calcd for
C22H14N2O6Pt·2.5H2O (642.48): C, 41.13; H, 2.98; N, 4.36.
Found: C, 41.34; H, 3.18; N, 4.21. FAB-MS(−): m/z calcd for [M
− H]−: 596.5; found: 596.2.

[Pt{(COOH)3–salophen}] (2). L-2 (0.129 g, 0.296 mmol),
K2CO3 (0.117 g, 0.888 mmol) and K2PtCl4 (0.120 g,
0.296 mmol) were added to DMSO (5 mL) after which the solu-
tion was stirred for 18 h at 80 °C. The resulting mixture was
combined with water (50 mL) and 2 M HCl was added to pre-
cipitate the complex. The product was removed by filtration

and washed with water, MeOH and ether to give complex 2 as
an orange powder. The crude powder was dissolved in DMF
and purified on a silica gel column to obtain complex 2. Yield:
61.9%. 1H-NMR (DMSO-d6): δ = 9.80 (s, 1H), 9.68 (s, 1H), 8.99
(s, 1H), 8.73 (d, 1H, J = 2.4 Hz), 8.62 (d, 1H, J = 2.4 Hz),
8.53–8.51 (d, 1H, J = 8.0 Hz), 8.04–7.98 (m, 2H), 7.92–7.89 (dd,
1H, J = 8.7 Hz), 7.11–7.07 (t, 2H, J = 8.0 Hz). Elemental ana-
lysis: calcd for C26H30N3O13.5Pt·4.5H2O·DMF (642.48): C, 39.25;
H, 3.80; N, 5.28. Found: C, 38.98; H, 3.48; N, 5.40. FAB-MS(−):
m/z calcd for [M − H]−: 640.4; found: 640.2.

[Pt{(COOH)–salophen}] (3). L-3 (0.204 g, 0.566 mmol), K2CO3

(0.236 g, 1.71 mmol) and K2PtCl4 (0.234 g, 0.566 mmol) were
added to DMSO (5 mL) after which the mixture was stirred for
18 h at 80 °C. The resulting solution was combined with water
(50 mL) after which the complex was precipitated by adding 2 M
HCl. The product was removed by filtration and then washed
with water, MeOH and ether to give complex 3. Yield: 75.7%.
1H-NMR (DMSO-d6): δ = 9.69 (s, 1H), 9.63 (s, 1H), 8.99 (s, 1H),
8.55–8.53 (d, 1H, J = 8.0 Hz), 8.02–8.00 (d, 1H, J = 8.0 Hz),
7.98–7.96 (d, 1H, J = 8.0 Hz), 7.91–7.89 (d, 1H, J = 8.0 Hz),
7.64–7.57 (m, 2H), 7.15–7.14 (d, 1H, J = 4 Hz), 7.13–7.12 (d, 1H, J
= 4.0 Hz), 6.84–6.78 (m, 2H). Elemental analysis: calcd for
C21H14N2O4Pt·2H2O (642.48): C, 42.79; H, 3.08; N, 4.75. Found; C,
42.73; H, 3.03; N, 4.63. FAB-MS(−): m/z calcd for [M − H]−: 552.1;
found: 552.1.
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