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Introduction

From stimuli-responsive emission to a rare
aggregation induced emission effect in platinum(i)
terpyridyl complexes

Bartosz Zowislok,? Anna Switlicka, () *® Anna Maria Maron,*? Krzysztof Cwynar,?
Marzena Dzida, ()@ Marcin Libera,? Mariola Siwy,? Dorota Kowalska,®
Sebastian Mac¢kowski (2 € and Ewa Schab-Balcerzak®®

Controlling the spectral properties by changing external factors is a key ingredient in the search for new
sensing materials. This work is focused on the photophysical response of [PtCLl(tBuTPAterpy)] (where
tBuTPAterpy = 4'-(4-(di(4-tert-butylphenyllamino)phenyl)-2,2',6',2"-terpyridine) (C). The examined com-
pound was synthesized and characterized by acquiring UV-vis and photoluminescence (PL) spectra in
solutions and in the solid state at room and low temperatures. Its photophysical properties were discussed
in relation to those of [PtCl(4'-(CH3),NPh-terpy)lCF3SOs (A) and [PtCl(4'-Ph,NPh-terpy)]lCFsSO3z (B),
which have a similar donor—acceptor structure, in order to emphasise the beneficial features of the
studied compound. At room temperature, its photoluminescence is ‘ON’ in a viscous medium (triacetine),
whereas in non-viscous media, no emission signal was observed. The rotation of the substituent may be
the factor responsible for the lack of emission in dilute solutions. To support this hypothesis, a series of
experiments was performed, which showed that the photoluminescence is switched on under conditions
of low temperature, acid—base equilibrium, viscosity and aggregation. Compound C exhibits reversible
mechanochromism with a colour change from red to brown and an emission shift from 708 nm to
783 nm. PXRD and SEM techniques were employed to support the observation of mechanochromic
changes. The attractive solid-state photophysical properties, including reversible mechanochromism and
tunable emission, indicate that compound C is a promising candidate for exploration for OLED
applications.

observable signals, are highly desirable due to their potential
sensor properties.”® Mechanochromism is the phenomenon

One of the major research trends in fundamental research and
practical applications is the tuning - through conscious
control - of the photophysical properties of transition metal
complexes via the manipulation of environmental factors.
Significant attention is being given to stimuli-responsive
luminescence switching through external perturbations, such
as mechanical stress,' temperature,®™ chemical vapours,® and
acid-base dependent equilibrium.” Piezochromic luminescent
materials form a group of compounds that exhibit emission
colour changes in response to grinding and pressing. These
materials, which respond to external pressure by providing
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in which a material undergoes drastic changes in colour and
luminescence that are visible to the naked eye when exposed
to mechanical forces such as grinding, cutting, or rubbing.”®
The key feature of mechanochromism is its reversibility: the
ground compound can be reverted to its original state by
exposure to organic vapours; this process can often be
repeated for multiple cycles.’® Several structural factors, such as
molecular arrangement, conformational flexibility, and inter-
molecular interactions, have been considered to explain the
origin of mechanochromism."® The term ‘vapochromic effects’
refers to a reversible or irreversible change in the colour and
emission of a compound in response to gas and/or vapour
adsorption/desorption.'* Some polypyridine-platinum(i) com-
plexes demonstrate excellent mechanochromic and vapochro-
mic responses upon exposure to chemical vapours such as
those of alcohols or hydrocarbons.” Within the group of terpy-
Pt(n) systems, vapochromic behaviour has been confirmed for
[Pt(Cl-terpy)Cl]Cl, (Cl-terpy = 4-chloro-2,2":6',2"-terpyridine)">
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[Pt(terpy)Cl|PFs,"*  [Pt(terpy-COOH)CI]|CF;SO;  (4'-carboxy-
2,2":6',2"-terpyridine),"* [Pt(Nttpy)Cl](CF;S03), (Nttpy = 4'-(p-
nicotinamide-N-methylphenyl)-2,2":6,2"-terpyridine),® with
red-shifts of the emission wavelength being observed for these
systems. Mechanochromism and the aggregation induced
emission (AIE) effect have been observed less frequently.
Importantly, four-coordinated Pt(un) compounds feature
square-planar geometry at the metal centre, and thus, their
complexes with flat n-type ligands enable distinct stacking
arrangements vig Pt---Pt and =---m interactions, and/or hydro-
gen bonds.">"” This opens a path to AIE and excellent stimuli-
responsive luminescence properties.'®™*° Among Pt(u) systems,
only a few rare examples respond positively to multiple exter-
nal stimuli. In the family of terpy-Pt(u) compounds, only [Pt
(Nttpy)CI](CF3S0;), and [Pt(terpy-COOH)CI]CF;SO; have
shown two different sensing properties: pH-sensing/vapochro-
mism and vapo-/mechanochromism, respectively [Table S2].
Additionally, due to the structural characteristics of Pt(u)
complexes, they are being explored for applications in light-
emitting technologies, such as visible light or near-infrared
(NIR) emitters. Consequently, the potential of synthesized Pt
(1) compounds for OLED and NIR-OLED applications has been
tested.>® In the current paper, we focus on a Pt(i) complex
(sample C) with 4'-(4-(di(4-tert-butylphenyl)amino)phenyl)-
2,2',6',2"-terpyridine (tBuTPAterpy). The push-pull organic
ligands were previously found to be sensitive to environmental
factors, including polarity, viscosity, and acid-base equili-
brium, thus displaying rather complex photophysics.>”*® Here,
we develop the knowledge about its chloride Pt(u) coordination
compound (compound C) in the context of structurally diverse
platinum(u) systems with 2,2,6',2"-terpyridines substituted at
the 4’ position with phenyl-linked electron donating groups
(A-C) (Scheme 1). The coordination cation of compound A is
known from the literature, and its synthesis and photophysical
characterization have been reported.***> The present work
focuses on platinum(n) complexes with CF;SO;~ as the coun-
terion, whereas the previously studied compound involving the
cation of A was a chloride derivative, and thus is not included
in the discussion. To gain a comprehensive understanding of
the excited-state processes of the designed compounds, a wide

Scheme 1 Structures of the Pt(i) cations (A—C) employed in this study.
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range of spectroscopic techniques was employed, and the data
were complemented by theoretical studies (TD-DFT/DFT). The
study presented herein centres on the structural and photo-
physical properties of all three Pt(u1) complexes (compounds A-
C), and comprehensive experiments on the selective and
reversible luminescence response of compound C to external
stimuli, such as gentle grinding (mechanochromism), acid-
base conditions (pH-dependent luminescence), temperature
variation, and the viscosity of the medium. Furthermore, the
potential of this compound in the context of the AIE phenom-
enon as well as OLED technology has been examined.

Experimental
Materials

All the reagents used for the syntheses of the coordination
compounds were commercially available and were used
without further purification. The precursor [Pt(PhCN),Cl,]
(99% purity) was obtained from Strem Chemicals Inc. and was
used without further purification. The 2,2":6',2" terpyridine
derivatives were obtained by condensation of 2-acetylpyridine
with the corresponding aldehyde [4-(dimethylamino)benz-
aldehyde] for A, 4-(diphenylamino)benzaldehyde for B, and 4-
(bis(4-(tert-butyl)phenyl )Jamino)benzaldehyde for (C) according
to literature methods.?*™** Triethylamine (TEA) and trifluoroa-
cetic acid (TFA) were also obtained from Sigma Aldrich and
were used without additional purification.

Preparation of Pt(u) complexes

A suspension of the precursor [Pt(PhCN),Cl,] (0.100 g,
0.21 mmol) in acetonitrile (10 mL) was treated with an equi-
molar amount of Ag(CF;S053) (0.054 g, 0.21 mmol) dissolved in
acetonitrile (5 mL). The reaction mixture was heated at 120 °C
in a solvatothermal reactor under atmospheric pressure for
16 h and then gradually cooled to 23 °C over another 40 h.
After this time, the AgCl precipitate was removed by filtration,
and one equivalent of the appropriate ligand [ligand for A
(74 mg, 0.21 mmol); ligand for B (100 mg, 0.21 mmol); ligand
in C (123 mg, 0.21 mmol)] was added to the filtrate. The reac-
tion mixture was heated in the solvatothermal reactor for an
additional 24 h at 130 °C and then gradually cooled for
another 40 h with a step of 0.04 °C min~". In both steps, poly-
propiolactone (PPL)-lined hydrothermal autoclave reactors
were used.

Compound A. Yield: 60% (92 mg). C,3H,oN,CIPt, CF3SO3: C
39.38% H 2.75% N 7.65%; found: C 39.47% H 2.41% N 7.33%;
'H NMR (500 MHz, DMSO) & 8.88 (s, 1H), 8.84-8.72 (m, 2H),
8.50 (t, J = 7.7 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.94-7.87 (m,
1H), 6.90-6.82 (m, 1H), 3.10 (s, 3H). **C {'"H} NMR (126 MHz,
DMSO) § 158.60, 153.72, 152.94, 152.25, 151.24, 142.49,
129.54, 129.15, 126.06, 120.46, 119.88, 118.15, 112.24, 40.25;
IR (KBr, cm™): 3448, 1571, 1479, 1415, 1263, 1161, 1029, 838,
785, 756, 669, 637, 518. HRMS ESI MS, C,3H,N,CIPt [M]" cal-
culated: 582.1035 Da, found: 582.1028 Da; HRMS ESI MS,
CF;055S™ [M]" calculated: 148.9525 Da, found: 148.9520 Da.

This journal is © The Royal Society of Chemistry 2025
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Compound B. Yield: 70% (125 mg). C33H,5N,4CIPt, CF3S0;: C
47.64% H 2.94% N 6.54%; found: C 47.36% H 2.47% N 6.18%;
"H NMR (500 MHz, DMSO) § 8.88-8.77 (m, 2H), 8.74 (d, J = 7.9
Hz, 1H), 8.49 (td, J = 7.9, 1.5 Hz, 1H), 8.05-7.99 (m, 1H),
7.94-7.87 (m, 1H), 7.47-7.39 (m, 2H), 7.27-7.17 (m, 3H), 7.07
(d, J = 8.9 Hz, 1H). *C {'"H} NMR (126 MHz, DMSO) § 158.68,
154.42, 152.44, 151.61, 150.96, 146.40, 142.90, 130.42, 129.76,
129.53, 126.29, 126.10, 125.42, 120.73, 120.38; IR (KBr, cm™):
3448, 1581, 1479, 1415, 1334, 1263, 1161, 1029, 838, 785, 756,
699, 637. HRMS ESI MS, C,3H,oN,CIPt [M]" calculated:
706.1348 Da, found: 706.1327 Da. HRMS ESI MS, CF;0;S™ [M]"
calculated: 148.9525 Da, found: 148.9524 Da.

Compound C. Yield: 70% (142 mg). C,1H4oN,CIPt, CF3SO0;:
caled C 52.09%, H 4.16%, N 3.66%; found: C 51.93%; H
4.25%; N 3.54%; 'H NMR (500 MHz, DMSO) 6 8.96 (d, J = 5.9
Hz, 2H), 8.86 (s, 2H), 8.79 (d, J = 7.9 Hz, 2H), 8.55 (td, J = 7.9,
1.5 Hz, 2H), 8.06-8.01 (m, 2H), 7.97 (ddd, J = 7.3, 5.6, 1.4 Hz,
2H), 7.47-7.41 (m, 4H), 7.15-7.08 (m, 4H), 7.02 (dd, 2H), 1.32
(s, 18H). *C {"H} NMR (101 MHz, DMSO) § 158.25, 153.91,
152.13, 151.19, 150.69, 147.34, 143.20, 142.40, 129.21, 129.02,
128.15, 127.40, 126.59, 125.93, 125.72, 125.26, 119.78, 119.47,
34.25, 31.15. IR (KBr, cm™"): 3450, 1587, 1507, 1479, 1463,
1416, 1330, 1266, 1161, 1030, 830, 1788, 638. HRMS ESI MS,
C,3HyoN,CIPt [M]" calculated: 818.2600 Da, found: 818.2573
Da; HRMS ESI MS, CF;0;S” [M]+ calculated: 148.9525 Da,
found: 148.9526 Da.

Physical measurements

A Perkin-Elmer CHN-2400 analyzer was used for elemental
analyses (C, H, N), and a Bruker 400 MHz spectrometer was
used for measuring 'H and "*C{'H} NMR spectra in dimethyl
sulfoxide-d®. IR spectra (4000-400 cm™'/KBr pellets) and elec-
tronic absorption spectra (range: 600-250 nm in acetonitrile,
glyceryl triacetate (triacetine), dichloromethane; ¢ = 5 x 107°
mol dm™®) were measured using a Nicolet iS5 FT-IR
spectrophotometer and Evolution 220 spectrophotometer,
respectively.

The photoluminescence (PL) spectra (in acetonitrile, gly-
ceryl triacetate, dichloromethane; ¢ = 2.5 x 107> mol dm™?)
were measured using an FLS-980 fluorescence spectrophoto-
meter with a Ushio Xenon short arc lamp (UXL-451-0). The
low-temperature (~77 K) emission spectra were measured in
an ethanol : methanol mixture (4 : 1) frozen-glass matrix at the
temperature of liquid nitrogen with a Dewar assembly. Since
no emission was detected in acetonitrile or dichloromethane,
time-resolved PL measurements were carried out for glyceryl
triacetate solution and solid samples at room temperature, as
well as for the frozen-glass sample at low temperature, using
the time correlated single photon counting (TCSPC) or multi-
channel scaling (MCS) methods and the FLS-980 spectrophoto-
meter. The excitation wavelength for room-temperature experi-
ments was obtained using a picosecond pulsed diode laser
(EPL-470; Edinburgh Photonics) as the light source, whereas
for the frozen-glass sample at low temperature, a 60 W pF920H
xenon flashlamp (Edinburgh Photonics) was the light source.
A photomultiplier (Hamamatsu, R928P) in cooled housing was

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

the detector. Prior to the analysis of phosphorescence decays,
IRF measurements were performed at the excitation wave-
lengths using a LUDOX® solution as the standard. The decay
curves were then fitted using a fitting procedure included in
the FLS-980 software to estimate y* in the range 0.989-1.264.
The integrating sphere absolute method was used to deter-
mine the quantum yields with the pure solvent and
Spectralon® as references for solution and solid-state samples,
respectively. Each measurement was repeated 5 times with a
0.25 nm step and 0.2 dwell time. The quantum yield values
were determined using the FLS-980 software with an average
error of 2%. Temperature-dependent emission spectra were
recorded in MeOH : EtOH solution (¢ = 25 pM) using a liquid
nitrogen cryostat (Optistat DN, Oxford Instruments) equipped
with a Mercury iTC temperature controller (Oxford
Instruments).

To collect electroluminescence (EL) spectra, a precise
voltage power supply (Gw Instek PSP-405) was applied with the
sample fixed to an XYZ stage. Light from the OLED device was
collected through a 30 mm lens, focused on the entrance slit
(50 pm) of a monochromator (Shamrock SR-303i), and
detected using a CCD detector (Andor iDus 12305). Typical
acquisition times were equal to 10 seconds. The pre-alignment
of the setup was done using a 405 nm laser.

Viscosity was determined with an MCR 302e oscillatory rhe-
ometer (Anton Paar, Austria) with cone plate geometry (diameter
49.969 mm, cone angle 1.021°) with a gap width of 0.104 mm.
The temperature was maintained with a built-in Peltier system
with an accuracy of +0.01 K. As the samples exhibited Newtonian
behaviour, the experiment was conducted at constant shear rate
conditions equal to 50 s~" at 298.15 K and 323.15 K. Before every
measurement at a selected temperature, the sample was exposed
to a shear rate of 50 s™* for 60 s to remove any shear history
effect. All results are averages from three independent measure-
ments. Based on the calibration procedure, test runs, measure-
ment procedure, and sample properties, the expanded uncer-
tainty (coverage factor k = 2, confidence level 0.95) for viscosity
in this work was estimated to be +3%.

The microstructure of the samples, combined with their
spectral properties, were characterized using a Clara scanning
electron microscope (SEM) (Tescan Group, a.s., Czech
Republic) and Stellaris 8 light confocal microscope (Leica
Microsystems GmbH, Germany). SEM micrographs were
obtained from secondary electrons, which were collected using
an Everhart-Thornley Detector (ETD) under high vacuum con-
ditions at a 1 kV primary electron acceleration voltage.
Confocal analysis was accomplished using a white-light laser.

Devices with the configuration ITO/PEDOT:PSS/complex/Al
and ITO/PEDOT:PSS/PVK:PBD:complex/Al were prepared as
follows: OSSILA substrates with pixilated ITO anodes were
covered with PEDOT:PSS by the spin-coating technique at 5000
rpm for 60 s and annealed for 15 min at 120 °C. Next, the Pt(u)
complex or PVK:PBD:complex in chloroform solution was
spin-coated at 1000 rpm for 60 s and annealed for 5 min at
100 °C. After annealing, the Al (110 nm) was vacuum-
deposited.

Dalton Trans., 2025, 54,17287-17298 | 17289
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Theoretical calculations

DFT calculations were performed using the GAUSSIAN-16
program package.’® The geometry of the singlet ground state
(So) was fully optimized without any symmetry restrictions at
the DFT level using the PBE1PBE hybrid exchange-correlation
functional.’”*° The calculations were performed using the
def2-TZVPD basis set for platinum ions and def2TZVP basis
set for other elements.>*™*" Vibrational frequencies were calcu-
lated on the basis of the optimized geometry to verify that
each geometry was a minimum on the potential energy
surface. Absorption properties were calculated using the
TD-DFT method on the basis of the optimized ground-state
geometries. The polarized continuum model (PCM) was
employed to recreate media effects in acetonitrile
(CH;CN). >

Crystal structure determination and refinement

The single-crystal X-ray diffraction data for compound A were
recorded at room temperature using an Oxford Diffraction
Gemini A Ultra four-circle diffractometer equipped with an
Atlas CCD detector, using graphite-monochromated Mo Ko
radiation (A = 0.71073 A). Data collection, unit-cell refinement,
and reduction were carried out with CrysAlisPro software.*’
The structure was solved by direct methods (SHELXS) and
refined on F* by full-matrix least-squares using
SHELXL-2014.*° All non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms were placed in idealized riding posi-
tions, with C-H distances fixed at 0.93 A (aromatic) and 0.96 A
(methyl), and the isotropic displacement parameters were set
to Uiso(H) = 1.2 Uey(C) (aromatic) or 1.5 Ugy(C) (methyl).
Crystallographic details for compound A are summarized in
Table S1 (SI), and the full data have been deposited with the
CCDC (deposition number 2451115). Powder X-ray diffraction
(XRPD) measurements for compounds A and C were per-
formed using a PANalytical Empyrean X-ray diffractometer
with Cu-Ka radiation (1 = 1.5418 A), in which the X-ray tube
was operated at 40 kV and 30 mA in the range from 5 to 50°.

Results and discussion
Synthesis and general characterization

The complexes A-C were synthesized according to a modifi-
cation of the synthetic procedure described by Biichner, which
was used for the preparation of [Pt(terpy)Cl]X (X = CFsSO;7,
SbF¢7).** In the two-step method, the precursor
[PtCl,(PhCN),] was refluxed in acetonitrile with one equivalent
of Ag(CF;SO;) in order to give the compound [PtCl
(PhCN),(CH;CN)]CF;3S0;. After filtration of AgCl, the obtained
intermediate complex was used for further synthesis with
4'-(4-(di(4-tert-butylphenylJamino)phenyl)-2,2',6',2"-terpyridine
(¢tBuTPAterpy), resulting in the formation of compound C.
Both reactions were implemented in a solvothermal reactor
under atmospheric pressure. The synthesis of compounds A
and B was carried out in a similar manner to that of com-
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pound C. Detailed conditions of the synthetic procedures are
described in the Experimental section.

The purity and identity of the compounds were confirmed
using elemental analysis and NMR and FT-IR spectroscopies.
The IR spectra of the free ligand and Pt(u) complexes show
characteristic bands in the range of 1610-1560 cm™" assigned
to y(C=N) and y(C=C) stretching vibrations. Absorptions
assignable to the SO; part of the SO;CF; anion are observed at
1266 cm™ " (14(SO3)), 1030 em™' (v4(SO;)) and 638 cm™*
(84(SO3)) (Fig. $1).°° The coordination of the tridentate ligand
was also confirmed using "H NMR, "C{'"H} NMR and HR-MS
techniques (Fig. S2).

Solid state structure of compound A

Complex A crystallizes in the monoclinic P2,/n space group. A
perspective view of its molecular structure together with the
atom numbering is shown in Fig. 1, while selected bond dis-
tances and bond angles are included in Table S2. It is note-
worthy that despite many attempts, we were unable to success-
fully isolate crystalline forms of complexes B and C.

The platinum(m) centre in the cation [PtCI[(Me),Ph-terpy]>*]
displays a distorted square planar coordination defined by one
chloride ion and three nitrogen atoms from one molecule of
the tridentate terpy derivative. The atoms involved in the
coordination around the Pt(i) ion deviate 0.013 A from the
mean plane through the four atoms N(1), N(2), N(3), and CI(1),
while the angles around the metal(i) atom show slight devi-
ations from the ideal 90° and 180°, falling in the ranges [80.4
(3)-99.4(2)°] and [161.6(3)-179.4(3)°]. A slight deviation from
square planar geometry is also evidenced by Okuniewski’s
parameter (z}) calculated using the following equation:

. Bp—a 180°—p
1' =
Y7 3600—0 ' 180°— 0

where a and f are the two greatest valence angles, a < f and 6 =
cos™'(-3) ~ 109.5°.°" The obtained 7} value (0.079) is close to

d..

Fig. 1 The molecular structure of compound A with thermal ellipsoids
set at 50% probability for non-hydrogen atoms.

This journal is © The Royal Society of Chemistry 2025
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the value of 0 expected for ideal square planar geometry,
whereas for ideal tetrahedral structures, 7y is equal to 1. In
comparison to those of related platinum(u) complexes, the Pt-
N bond of the outer terpy rings is longer than that of the
central pyridyl ring, located at the position trans to the Cl
anion.>”* In complex A, the terpy skeleton shows good pla-
narity, and the dihedral angles between the inner and outer
rings are 0.96° and 5.83°, respectively, while twist angle for the
substituent ring with respect to the central ring of the triimine
framework is equal to 3.81°.

The packing analysis (Mercury, 3.10.2 program) shows that
neighboring cations of complex A are oriented in a head-to-tail
manner relative to each other, and the crystal packing of A was
largely contributed by the intermolecular hydrogen bonds C-
H---O and C-H---Cl and =---n stacking (see Fig. S4 and Tables
S3, S4 in the SI).>

Electronic absorption and emission spectra in solution

The electronic absorption spectra of compounds A-C were
measured in three solvents of different polarity (¢) and viscosity
(): acetonitrile (¢ = 37.5; n = 0.34 cP), dichloromethane (¢ =
37.5; n = 0.41 cP), and glyceryl triacetate (triacetin) (¢ = 7.1; =
25 cP). UV-VIS spectra of A-C are shown in Fig. S5, and the spec-
troscopic data for complex C and complexes A-B are summar-
ized in Table 1 and Table S5 in the SI, respectively. The spectral
profiles of compounds A-C in acetonitrile are comparable to
each other. The vibronically structured high-energy absorption
bands can be attributed to spin-allowed = — n* and n —» 7*
intraligand (IL) transitions associated with the coordinated ter-
pyridyl-like ligand.>*” The lower-energy absorption with AM2* in
the range of 479-490 nm can be attributed to the CT transition
(see TD-DFT calculations below).’® Comparing the electronic
spectra of the compounds A-C with those of [PtCl(4’-Phterpy)]
TFPB (TFPB = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate),
which are known from the literature,”®*” it can be noted that
the low-energy bands of these complexes are bathochromically
shifted compared to those of [PtCl(4'-Phterpy)]TFPB.

The longest-wavelength absorption bands of A-C in dichloro-
methane are red-shifted by 34 nm (for A), 45 nm (for B) and
50 nm (for C) with reference to those in acetonitrile solution.
The bathochromic shift of the absorption bands accompanying
the change of solvent from more-polar CH;CN to less-polar
CH,Cl, indicates that the molecules of the compounds in the
ground states are more polar than those in the excited states.
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Similar behaviour was previously indicated in ref. 56. As can be
seen from Table S5, in both acetonitrile and dichloromethane,
the maximum of CT absorption for C is located at lower energy
relative to those of compounds A and B, which can be attributed
to the increase in ILCT character due to the influence of the sub-
stituent (see TD-DFT calculation section below). Moreover, com-
pared to those of [Pt(dma-terpy)Cl|CF;SO; and [Pt(pyrr-terpy)Cl]
CF;SO; (where dma-terpy = 4'-(dimethylamino)-2,2":6',2"-terpyri-
dine, pyrr-terpy = 4'-(pyrrolidin-1-yl)-2,2":6',2"-terpyridine)*® with
directly substituted amino groups, it can be seen that the
addition of the phenyl linker in the structures of A-C results in
significant bathochromic shifts of the CT absorption.

Theoretical calculations®**® at the DFT/PBE1PBE/DEF2-
TZVPD/DEF2-TZVP level of theory were performed in order to
understand the nature of the excited state responsible for
absorption. The calculated absorption energies associated with
their oscillator strengths and major contributions, as well as
their assignments to the experimental results, are given in
Tables S6-S8 (SI). As shown in Fig. S13 and Table S2 for com-
pound A, for example, the structural features are well repro-
duced by the DFT calculations. The TD-DFT calculated UV-vis
absorption spectra shown in Fig. S6-S11 display bathochromic
shifts of 945-2258 cm™" with reference to the experimental
ones. This discrepancy is quite typical of those reported for long
distance charge separated molecules.®® In order to avoid under-
estimating the calculated values with respect to the experimental
UV-VIS data, as well as due to the differences in the description
of the electronic structure of studied complexes, the influence of
a few selected functionals (B3LYP, CAM-B3LYP and ®B97X-D) on
the results was taken into account, and the results showed that
the PBE1PBE functional is an optimal choice (Fig. S12).

In compounds A-C, the HOMO level is marginally influ-
enced by the metal atom. The percentage of the PtCl fragment
decreases from A (3.17%) to B (1.55%) to C (1.41%). A signifi-
cant contribution from the Pt(u) ion is found in HOMO-1/
HOMO-2. The LUMO levels are dominated by the contri-
bution from 2,2":6',2"-terpyridine. Analysing the frontier mole-
cular orbitals, orbital percentage composition, oscillator
strength, and transitions assigned to the low-energy absorp-
tion band, it can be assumed that there is a balance between
ILCT and mixed MLCT/ILCT states, with the first one playing
the dominant role. Interestingly, the low-wavelength range of
the theoretical absorption spectra of A-C is dominated by
intense ILCT transitions (HOMO — LUMO and HOMO — L+1

Table 1 Absorption maxima and molar extinction coefficient values together with the photoluminescence data for compound C

UV-vis Photoluminescence data
Medium 2 [nm] (¢[dm® mol™* em™]) Aem [NM] 7 [ps] D [%]
Glyceryl triacetate 512 (10 802), 336 (13 866), 283 (14 461), 263 (14 850) 720 0.9; 2.2 37.0
CH,CN 490 (16 888), 328 (24 540), 282 (26 396), 258 (24 189) —
CH,Cl, 540 (21 675), 337 (29 801), 284 (33 926), 263 (31 801) —
77 K — 698 37.2;75.7 —
Unground solid 247, 353, 447, 479, 526, 561 708 0.1; 2.5; 16.2 11.0
Ground solid 295, 388, 419, 482, 591, 622 783 0.5; 2.5; 43.5 0.8
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in A; HOMO — LUMO in B; HOMO — LUMO in C), while the
MLCT transitions (H-1 — LUMO in A and H-2 — LUMO; H-1
— LUMO in B; H-2 — L; H-1 - LUMO in C) contribute
marginally.

Complex C is non-emissive in dilute solutions of aceto-
nitrile and dichloromethane at room temperature. The
absence of emission at room temperature was also observed
for compounds A and B in solution. This fact was previously
discussed in the case of the tetraphenylborate salt of A
([PtCl(4’-NMe,-Ph-terpy)|BPh,). Namely, while it shows rather
weak photoluminescence at room temperature, it is clearly
impeded by the lack of interference between the *ILCT and
*MLCT excited state, thus favouring non-radiative decay.®’
A possible reason for this effect may be the rotation of
the phenyl linker suppressing the communication between
excited states and consequently decreasing the phosphor-
escence properties of the transition metal compound, which
presents photophysics connected with the twisted intra-
molecular charge transfer (TICT) process.

Changing the solvent to the more viscous glyceryl triacetate
(i.e., slowing down rotation) results in the appearance of emis-
sion for compound C (Fig. S5). Excitation at a wavelength
corresponding to the lowest energy absorption maximum of
[Pt(tBuTPAterpy)Cl|CF;SO; in glyceryl triacetate gives rise to
one structureless emission band at 720 nm with high
quantum efficiency (@ = 37.0%) (Table 1). The luminescent
decay profile was also examined and fitted using a two-expo-
nential-decay function (0.9 ps, 2.2 ps), possibly related to the
existence of two excited state species (*ILCT and *MLCT).
Unfortunately, complexes A-B display insufficient solubility in
glyceryl triacetate to obtain their PL spectra for comparison.

The spectrum of C (see Fig. 2) measured at 77 K shows one
phosphorescence band, which is blue-shifted in comparison
to that of the glyceryl triacetate solution by about 440 cm ™,
which confirms the CT nature of the lowest-energy excited
state (LEES).®> Comparison of the low-temperature emission of
[PtCl(4"-NMe,-terpy)]CF3SO; (4pr, 77 K: 560 nm, 605 nm) as
well as that of [PtCl(4-NMe,-Ph-terpy)|BPh, (4pr, 77 K: 660 nm
(sh), 734 nm) reveals a systematic bathochromic shift, confirm-
ing the increase in the *ILCT character of the LEES in com-
pound C.**®' However, the low-temperature emission spectra
of [PtCl(4-NMe,-Ph-terpy)|BPh, were affected by an aggrega-
tion process.>® On the contrary, the 77 K spectra of A and C
display similar emission wavelengths (see Table S10), which
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Fig. 2 Emission spectra in rigid MeOH : EtOH (1: 4 v/v) matrices.
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are red-shifted compared to that of B. Taking into account the
Hammett’s constants for the -CH; (—0.17), -Ph (-0.01) and
-Ph¢Bu (—0.07 to —0.10) groups in the structures of A, B and C,
respectively, one could expect that A and C would have similar
spectra, whereas the spectrum of B might be different.®® The
two-exponential fit of the decay curves at 77 K for A-C proves
the existence of two excited state species (*ILCT, *MLCT).

Electronic absorption and emission spectra in the solid state —
mechanochromic effect

The solid-state absorption spectra of compound C are domi-
nated by one band at 570 nm, which is bathochromically
shifted compared to those of compounds A and B. In light of
the well-documented mechanochromic behaviour of platinum
(1) complexes and the prior investigation of the TPA motif in
this context,’* the mechanochromic properties of compounds
A-C were also systematically examined.

Solid state UV-VIS spectra and emission spectra were
recorded for each compound twice, i.e., before and after the
mechanical grinding of the sample. In the case of compound
C only, after gentle grinding with a pestle, the red colour of the
Pt(u) complex under daylight changed to brown. However,
when the ground powder was treated with a few drops of aceto-
nitrile and allowed to dry in air, the complex reverted to its
original colour (Fig. 3a). This process was repeated six times
without any noticeable degradation of the starting material.
The UV-VIS spectrum of the Pt(u) complex after grinding was
also measured, and the A% was red-shifted by 1353 cm™"
compared to the spectrum before grinding (Fig. 3b). In the
case of A and B, after grinding, a miniscule shift or no shift of
the UV-Vis absorption was observed, respectively (see Fig. S16
and PXRD spectra section below) indicating the absence of
mechanochromic properties.

In the second step, the mechanoluminescence properties
were investigated. No mechanoluminescence properties were
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Fig. 3 Visual colour changes under ambient light and under UV light
(a); solid absorption spectra before and after grinding (b); emission
spectra before and after grinding (c); and the PL decay of sample C in
the solid state before (black) and after (blue) grinding at RT together
with IRF (pink) measured with a 50 ps time window (d).
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observed for A or B, in agreement with the absence of any
visible mechanochromism in the absorption spectra. Under
UV irradiation at 365 nm, the initial red powder of compound
C emits bright orange-red light. After the grinding of C, the
colour of its emission changed slightly to reddish-brown,
demonstrating significant and sensitive mechanolumines-
cence. Upon treatment of the ground powder with a few drops
of acetonitrile, the colour and luminescence were quickly
recovered. The mechanochromic response was recorded using
steady-state visible light absorption spectroscopy together with
the visual changes, as presented in Fig. 3a-c.

In agreement with changes in the luminescence colour, the
solid-state emission profile of C exhibits a red-shift, with Ay ax,
changing from 708 nm to 783 nm in the solids. Based on
related studies, the broad, bathochromically shifted emission
may be assigned to a metal-metal-to-ligand charge transfer,
SMMLCT, as a result of the formation of Pt.--Pt contacts in the
newly formed ground aggregates; however, both the unground
and ground sample display emission spectra that partially
overlap with the monomer emission attributed to
*ILCT/°MLCT excited states.®>®® The luminescence quantum
yield was determined, and a decrease in ¢ was detected for the
solid-state powders upon grinding (Table 1). A decrease in the
quantum yield after grinding, accompanied by a significant
red-shift of the emission band, has been previously noted for
several Pt(u) compounds.”®*"®® The luminescence decay pro-
files before and after grinding were studied at room tempera-
ture (Fig. 3d). The data for the unground and ground samples
differs only marginally (Table 1 and Fig. 3d).

Powder X-ray diffraction (PXRD) analysis was employed to
confirm the visual observations as well as the UV-vis absorption
and photoluminescence data. As shown in Fig. S17, powder pat-
terns were measured for polycrystalline, ground and unground
compounds A and C. The PXRD pattern of broken crystals of A
perfectly matched that obtained for the unground sample and
the simulated PXRD pattern generated from single-crystal data,
confirming the absence of any structural change. On the other
hand, the experimental spectra for the ground and unground
sample of C clearly differ, strongly suggesting conversion from
one crystalline form to another. In order to further investigate
the structural differences between the ground and unground
samples of compounds A and C, scanning electron microscopy
(SEM) was utilized (Fig. 4 and Fig. S18).

The as-synthesized crystals exhibit a rod-like structure
(Fig. 4, top), while the ground materials have a cube-like
appearance (Fig. 4, bottom). The length of the sides of the
cube is similar to the width of the rods formed via crystalliza-
tion, based on the average value determined for 50 objects.

Switching “on” photoluminescence via external conditions

The organic tBuTPAterpy ligand in the structure of C can be
considered an interesting combination of the terpy moiety with
tBu derivatives of the TPA unit. As a push-pull molecule, it can
be sensitive to external conditions such as polarity, viscosity or
acid-base equilibrium.>”?® The terpy unit in the structure of the
square planar Pt(u) complex facilitates intramolecular inter-
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Fig. 4 The morphology of crystalline compound C before (top) and
after (bottom) grinding. Fluorescence micrographs of compound C (left
panels) and SEM micrographs of the crystal morphologies of complex C
(right panels).

actions, providing necessary rigidity, while the TPA motive,
owing to its non-coplanar structure, can prevent molecular
aggregation. The coordination of ¢tBuTPAterpy to the Pt(u) ion
can open a path to on-off PL properties. In order to explore this
phenomenon, the sensitivity of the photoluminescence of C to
acid-base equilibrium, aggregation processes, and the rigidity
and viscosity of the medium was examined.

The experiments involving acid/base equilibrium were con-
ducted for compound C in chloroform solution with and
without the addition of triethylamine (TEA), and the initial
conditions were then restored by the addition of trifluoroacetic
acid (TFA) (Fig. 5). The chloroform solution of C at room temp-
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Fig. 5 Emission spectra of C in CHClz without and with base (TEA) at
77 K (a); and photos of the stimuli-responsive behaviour of a chloroform
solution of C in an NMR tube (b).
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erature is a non-emissive red fluid. After the addition of TEA, its
colour changes from red to yellow. After the subsequent
addition of an equimolar amount of TFA to the (C + TEA)
sample, the colour changes again from a yellow to a red (initial)
colour. Cooling the solution of (C + TEA) to 77 K yields bright
yellow emission, shifted to the blue in comparison to that of
the complex C in CHCl;. An equimolar amount of TFA reverses
the process, and the sample exhibits bright pink emission. A
similar process can also be observed in dichloromethane.
However, for other solvents, such as acetonitrile, DMSO,
hexane, and acetone, this phenomenon was not observed.

Generally, square-planar Pt(u) coordination compounds are
a powerful tool for studying AIE properties owing to intra-
molecular interactions (including Pt-Pt, Pt-r, and =n-x).
However, in the present case, a factor that also has a signifi-
cant influence on the AIE behaviour is the flexible and steri-
cally hindered substituent of the terpyridine ligand.®®””¢

aggregation

A  AIE properties

Intensity (a.u.)

— ]

o T T T T T
600 650 700 750 800

Wavelength (nm)

Temperature dependence

Intensity (a.u.)

Viscosity sensing

70000
60000
50000
40000
30000

20000

Intensity (a.u.)

10000

o
550 600 650

Wavelength (nm)

700 750

—10%
—20%
—30%
—40%
—50%
—60%
—T70%
—T75%
—80%
—90%

View Article Online

Dalton Transactions

In order to verify this hypothesis, the PL spectra in THF-
H,0 mixtures were acquired. Different fractions of water as a
pure solvent (0-90%) were added to the pure THF solution,
keeping the same concentration in each solution (2.5 x 107>
M) (Fig. 6a).

In the pure THF solution, similarly to in the dichloro-
methane and acetonitrile solutions (see section: Electronic
absorption and emission spectra in solution), no emission
signal was recorded. This results from the fact that in non-
viscous solutions, the di(4-(tert-butylphenyl)amino)phenyl sub-
stituent in the ligand skeleton can rotate freely, and loses
energy via undergoing mechanical motion.”””® Increasing the
percentage of water leads to the formation of aggregates that
are visible, even to the naked eye (see Fig. 6A, left side), and a
gradual increase in the PL signal due to the AIE phenomenon.
One possible reason for the enhancement in the PL is the fact
that aggregates can inhibit the mechanical rotation, which
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Fig. 6 PL spectra of C in THF-H,O mixtures with different water fractions, together with images showing colour changes from 0% to 90% water
fraction in increments of 10% in an open atmosphere (a); PL spectra of C in a methanol : ethanol mixture (1:4) at different temperatures (b); and
emission spectra of C in triacetine—methanol mixtures, together with the linear response between log/ (emission intensity) and log 7 (viscosity) in

glyceryl triacetate—methanol mixtures at different ratios (c).
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consequently causes the restoration of the radiative pathway.
The emission spectra are almost unchanged in the water frac-
tion range of 10-40%, which suggests strong rotation of the
substituent in C. When the water fraction is higher than 50%,
a dramatic change in the behaviour can be noticed, attribu-
table to effective inhibition of the mechanical motion of the
tBuTPA chromophore in the coordinated terpy skeleton
(Fig. 6a).

Partial verification of whether the rotation of the substitu-
ent has an impact on the emitting properties of C requires esti-
mation of any rigidochromic effect. The use of a frozen glass
matrix, however, affects the emission properties in a dual
manner: it almost completely inhibits rotational motion
within the molecule, and also prevents solute-solvent
rearrangement, thus causing the observed blue-shifts of the
CT bands. The latter was discussed in section: Electronic
absorption and emission spectra in solution. In order to
further explore the thermal and conformational barriers of C,
its emission spectra in an MeOH : EtOH mixture (1:4) over a
wide range of temperatures (80-290 K) were recorded. At 80 K,
the emission band of C is centred at 696 nm (Fig. 6b). Upon
increasing the temperature to 120 K, the decrease in emission
intensity is accompanied by a red-shift of the emission band at
about 1600 cm™". Above 130 K, the emission band practically
vanishes, and the PL spectra in the range 130-290 K show only
an artefact band at 650 nm.
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As indicated in previous sections, the rotation process can
also be inhibited in media with higher viscosity (e.g., in gly-
ceryl triacetate), which may enable the radiative pathway and
in turn allow the observation of a strong PL signal. For this
reason, and to avoid the observation of both thermal and con-
formational changes in one experiment, the viscosity sensi-
tivity of the PL spectra of C was studied in a methanol-glyceryl
triacetate system with increasing fractions of glyceryl triacetate.
As the viscosity of the solvent increases, the intensity of the PL
emission of the C complex is enhanced 32-fold (Fig. 6c, right
side). The relation between log# (y - viscosity) and logI (I -
luminescence intensity) exhibits a linear behaviour according
to the Forster-Hoffmann equation.”® The viscosity sensitivity
parameter (x) was determined to be 0.7036 (R* = 0.9523). These
results confirmed that compound C can be a good alternative
for traditional viscosity sensors and it can sense the viscosity
effectively.

Electroluminescence

Taking into account the photoluminescence (PL) properties of
the synthesized Pt(u) complex C, preliminary investigations of
its ability to produce emission under an external voltage were
carried out. The electroluminescence (EL) capability of C was
tested in two kinds of diodes: one with a simple structure, in
which the active layer consists of a neat complex (ITO/PEDOT:
PSS/Pt(ir)complex/Al), and one in a guest-host device bearing

. . . . .
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(a) Photoluminescence (lex = 342 nm) and electroluminescence (20 V) spectra for PVK:PBD matrices with increasing amounts of the Pt(i)

complex: 2 wt% and 15 wt%, (b) EL spectra of the diode with the neat Pt(1) complex, (c) effects of applied voltage on the EL intensity of the guest—
host devices; and (d) chromaticity diagrams of the guest—host diodes (model CIE 1931).
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the molecularly dispersed complex (2 and 15% wt) in a binary
matrix consisting of poly(9-vinylcarbazole) (PVK) and (2-tert-
butylphenyl-5-biphenyl-1,3,4-oxadiazole) (PBD) (PVK:PBD,
50:50% by weight) (ITO/PEDOT:PSS/PVK:PBD:Pt(i)complex/Al).
Taking into account the principles of the guest-host diode
operation, that is, the energy transfer or charge trapping
mechanism,®® the PL spectra obtained from the layers of the
same compositions as those used for the diodes were con-
sidered. Fig. 7 presents the PL spectra of the PVK:PBD matrix
with increasing amounts of the luminophore (Fig. S19).

A PL band originating from the emission of PVK:PBD is
observed at shorter wavelengths, in addition to the band
ascribed to the PL of the Pt(u) compound. The incomplete
quenching of the matrix band indicates that the energy trans-
fer from the PVK:PBD to the luminophore is not complete,
mainly due to the weak overlap between the emission spec-
trum of the host and the absorption spectrum of the guest.
The energy transfer can be slightly improved with increasing
content of complex C, as evidenced by the relative decrease in
the PVK:PBD emission band in comparison to the lumino-
phore band.

All the fabricated diodes were emissive, and their EL
spectra are presented in Fig. 7a. The EL spectra of the complex
in the matrix are compared with the PL registered for the same
thin films. The maximum of the electroluminescence band
(4gr) was observed at 760 nm and 670 nm for the diode with
the neat complex and with the guest-host configuration,
respectively. The Ag;, position of the guest-host devices showed
no variation with increasing luminophore content. No EL
signal of the matrix was seen, which may suggest a charge trap-
ping mechanism rather than energy transfer between the host
and the guest. The A, of the diodes shifts bathochromically
compared to the photoluminescence peak for both types of
geometries. The diode based on the neat Pt(i1) complex started
to emit near-infrared radiation (NIR; 4 > 700 nm)*
voltages compared to the other OLEDs, which emitted red
light. The emission intensity of the structure with lower lumi-
nophore content in the matrix is significantly higher compared
to the diode with 15% wt of the Pt(u) compound. Moreover,
the diode with 15% wt. luminophore started to emit light at a
lower voltage of ~8 V. Considering the obtained results, it can
be concluded that the newly synthesized Pt(u) complex C
demonstrates potential for NIR-OLED applications. Utilization
of the proper matrix may enable shifting the range of the
emitted radiation to red light.

at lower

Conclusions

In this work, a platinum(u) chloride complex based on a
donor-acceptor ligand, namely 4'-(4-(di(4-tert-butylphenyl)
amino)phenyl)-2,2',6',2"-terpyridine ~ (compound C), was
designed and synthesized with high yields of up to 70%. The
identity and purity of the compound were confirmed by
studies including elemental analysis, HRMS, FT-IR, and NMR
techniques. Its photophysical properties in solution and in the
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solid phase have been discussed with reference to similar [PtCl
(4-R-terpy)]” systems, especially [PtCl(4-(CH;),NPh-terpy)]
CF3S0; (compound A) and [PtCl(4-Ph,NPh-terpy)]CF;SO;
(compound B). The series of complexes A-C exhibits a strong
single absorption band (¢ in the range 10800-21700 [dm®
M™"]) in the visible region, which, according to TD-DFT calcu-
lations, is mainly assigned to ILCT transition. Excitation within
this band of a diluted solution of C in non-viscous media
(acetonitrile and dichloromethane) yields no emission signal.
The same result was obtained in the case of compounds A and
B. The efficient photoluminescence signal (@ -37%) is observed
only in a diluted solution of C in a viscous medium (glyceryl
triacetate). A two-exponential fit of the decay time of C in this
medium indicates the existence of two emitting species (*ILCT
and *MLCT) involved in the luminescence process.

The luminescence switching of C was found to be sensitive
to a number of external factors: temperature, acid-base equili-
brium, viscosity, grinding, and aggregation. We concluded that
the rotation of the substituent on the terpy skeleton is one of
the reasons for the lack of emission in dilute solutions.

The red solid of C shows stimuli-responsive properties
under mechanical grinding, along with intriguing lumine-
scence responses. Although compounds A and B are also emis-
sive in the solid phase, no mechanochromism or mechanolu-
minescence was detected for them. In order to explore the
structural differences between ground and unground samples,
powder X-ray diffraction and scanning electron microscope
techniques were employed. Furthermore, the preliminary tests
indicated great potential for the examined complex C for both
NIR-OLED and OLED applications.

Conflicts of interest

There are no conflicts to declare.

Data availability
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the supplementary information (SI). Supplementary infor-
mation: additional experimental details: NMR, FT-IR spectra,
UV-VIS spectra, luminescent properties in solution, in rigid
glass matrix (EtOH : MeOH, 4 : 1 v/v); viscosity in different frac-
tions of triacetin in methanol, PL spectrum of Pt(u) complex,
the energies and characters of the selected spin-allowed elec-
tronic transition calculated with the TDDFT/PBE1PBE method
together with assignment to the experimental absorption
bands; composition of frontier molecular orbitals. See DOI:
https://doi.org/10.1039/d5dt01391g.

The TD-DFT calculations were carried out in Wroclaw
Centre for Networking and Supercomputing (https:/www.wcss.
wroc.pl).

The data will be available in the The Repository of
the University of Silesia (RE-BUS) (https://rebus.us.edu.pl/?
locale=en).
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