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Multicolor and reversible stimuli-responsive
luminescence of dumbbell-shaped Zn(n)
complexes with extended triphenylamine-
attached ethynylpyridine terminals

Yuta Takeuchi,® Minoru Yamada,® Itaru Tsuchiya,® Yoshiki Ozawa, (2
Masaaki Abe (2 ¢ and Akiko Hori (2 *@P

Dumbbell-shaped Zn(i) paddlewheel dimers bearing n-extended triphenylamine—ethynylpyridine ligands
were synthesized to investigate how fluorination and axial n-extension influence structural flexibility and
luminescence responsiveness. Single-crystal X-ray diffraction revealed that the benzoate and pentafluoro-
benzoate derivatives retain the Zn,(p-carboxylate), core but differ in carboxylate planarity, intermolecular
contacts, and overall molecular distortion. These subtle structural variations strongly affect their excited-
state landscapes. The fluorinated complex exhibits an additional intramolecular charge-transfer absorp-
tion band and enhanced electronic anisotropy, leading to pronounced changes in the solid-state emis-
sion. Both complexes display reversible mechanochromic luminescence associated with partial amorphi-
zation and recrystallization, while the fluorinated derivative undergoes a larger red shift and higher
quantum vyield after grinding. High-pressure photoluminescence measurements on single crystals
revealed continuous and nearly reversible emission shifts. The fluorinated complex shows a substantial
83 nm shift (AE = 0.36 eV) and a full multicolor progression from green to orange-red up to 3.6 GPa,
whereas the non-fluorinated analogue displays only modest changes. These behaviors demonstrate that
fluorination increases structural flexibility and enhances the pressure adaptability of the Zn, core. The
results establish a design strategy in which a d'° metal scaffold is combined with electronically tunable
n-extended axial ligands to achieve multicolor, reversible, and stimuli-responsive luminescence in simple
molecular assemblies.

sion, so the luminescence arises entirely from coordinated
n-conjugated ligands.”®* Subtle changes in Zn(u)---Zn(1) sep-

Paddlewheel-type dinuclear Zn(u) complexes have long been
employed as structurally well-defined molecular models that
connect two metal centers through four bridging carboxylate
ligands."™ They have served as key building blocks in metal-
organic frameworks and supramolecular assemblies,* and as
model systems for investigating metal-metal interactions and
photophysical modulation.">'" Among them, Zn(u) paddle-
wheel dimers, Zn,(p-carboxylate),, are particularly attractive
because their d'° configuration prevents metal-centered emis-
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aration or carboxylate geometry have been correlated with
solid-state luminescence shifts, including in silica-bridged or
hybrid matrices,'® leading to mechanochromic or vapochromic
responses under external stimuli such as mechanical stress or
solvent vapor exposure.’®'® Although Zn(u) complexes are
widely used across coordination chemistry, their photophysical
behavior is fundamentally constrained by the d'* configur-
ation, which eliminates low-energy d-d transitions and
renders the metal center essentially colorless.’®*° As a result,
visible absorption and emission in Zn(u) compounds originate
almost exclusively from ligand-centered n-n* or n-n* tran-
sitions, with negligible contribution from Zn-based orbitals.
This characteristic places Zn(u) paddlewheel dimers in a dis-
tinctive position among d-block systems: the metal-carboxy-
late framework provides structural rigidity and low toxicity
while delegating electronic tunability entirely to the co-
ordinated chromophoric ligands.?™**> Despite this advantage,
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only a limited number of studies have exploited such d'° archi-
tectures to engineer long-range electronic communication or
stimulus-responsive luminescence using n-extended axial
ligands.”®** Establishing design principles for color-tunable
Zn(u) assemblies therefore remains an important challenge in
developing safe, cost-effective, and electronically modular
luminescent materials.

Nevertheless, most reported Zn(u) paddlewheel dimers rely
on simple carboxylate or pyridine ligands (e.g., [Zn,(1),Py,] in
Fig. 1),>>*® and examples that incorporate extended n-systems
for detailed photophysical studies remain limited.'>"7° To
address these points, we designed a new class of dumbbell-
shaped Zn(u) paddlewheel dimers, [Zn,(n),L,] (n = 1, 2), axially
coordinated by m-extended triphenylamine-ethynyl-pyridine
ligands (L). The Zn,(p-carboxylate), core acts as a flexible
coordination unit, while the conjugated termini provide long-
range electronic communication over approximately three
nanometers. Incorporation of fluorinated carboxylate bridges
increases structural flexibility and electronic anisotropy,
making the emission more responsive to mechanical stress,
temperature, and pressure. This fluorination-induced adapta-
bility enables gradual and reversible multicolor modulation
across the visible range, consistent with progressive changes in
n-n and w-hole---n interactions®'** within the crystal lattice.
Herein, we describe the synthesis, crystal structures, and
photophysical properties of these triphenylamine (TPA)-
capped Zn(un) paddlewheel dimers, focusing on reversible
mechanochromic and pressure-dependent luminescence.'®™®
The present study shows that combining a d'® metal core with
n-extended, electronically tunable ligands provides a simple
molecular strategy for developing adaptive luminescent
materials that respond to external stimuli. The synthesized
complexes display well-defined paddlewheel structures with
extended axial ligands, enabling systematic evaluation of how
fluorination and external stimuli influence their optical behav-
ior. Both the benzoate (1) and pentafluorobenzoate (2) deriva-
tives crystallize as pale-yellow solids but show distinct lumine-
scence colors in the solid state: bluish-green for [Zn,(1),L,]
and yellow for [Zn,(2),L,]. Upon gentle grinding, both emis-
sions shift to longer wavelengths and are fully restored after
exposure to solvent vapor. These observations highlight the

[Zna(1)4X7] F [Z2na(2)4X7]

Fig. 1 Molecular structures of [Zn,(n)4X;] (n =1and 2, X = Py and L); L
= N,N-diphenyl-4-(pyridin-4-ylethynyl)aniline.
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mechanical adaptability of the Zn,(p-carboxylate), framework
combined with the n-extended TPA-CC-Py ligands.

Results and discussion
Synthetic procedures and crystallographic studies

The n-extended ligand (L) was synthesized via a Sonogashira
coupling between 4-bromopyridine and 4-ethynyl-N,N-
diphenylaniline (Fig. S1).>*> The corresponding Zn(u) com-
plexes [Zn,(n),L,] (n = 1 and 2) were prepared by reacting Zn
(OAc),-2H,0 with benzoic acid (H1) or pentafluorobenzoic acid
(H2) as bridging ligands in the presence of L as an axial donor
in methanol. For comparison, the pyridine-capped analogues
[Zn,(n),Py,] were obtained under identical conditions.>® The
products were isolated as colorless solids for [Zn,(n),Py,] and
orange solids for [Zn,(n),L,]. The "H NMR spectra confirmed
the formation of single-component dinuclear species
(Fig. S2-5). Single crystals suitable for X-ray diffraction were
obtained by slow evaporation of chloroform solutions,
affording block-shaped crystals of [Zn,(n),Py,] and [Zn,(n),L,]
(n=1 and 2) (Table S1, Fig. S6-S11).

Single-crystal analyses revealed that all complexes possess
the typical paddlewheel-type dinuclear Zn(u) core bridged by
four syn-syn carboxylate ligands (Fig. 2).t Each Zn(u) center
adopts a distorted square-pyramidal geometry, coordinated by
four oxygen atoms from the carboxylate ligands in the equator-
ial plane and one nitrogen atom from the axial ligand at the
apical position. As summarized in Table 1, the Zn---Zn separ-
ations fall within the range commonly observed for Zn(u) pad-
dlewheel dimers. The fluorinated complexes [Zn,(2),X,] (X = Py
and L) exhibit slightly longer Zn---Zn and shorter Zn-N dis-
tances, consistent with the electron-withdrawing fluorine
atoms attached to the bridging ligands, which reduces the
electron-donating ability toward the Zn(u) centers. In addition,
the steric hindrance of the fluorine substituents (with a larger
twist angle between the C¢Fs; and COO planes) appears to
enhance the structural flexibility of the molecules.

In the L-containing complexes, each pyridyl group of L
coordinates axially to the Zn, core to form a dumbbell-shaped
molecular rod in which the nitrogen atoms of the terminal tri-
phenylamine units are separated by around 28 A, while the
terminal C---C distance extends to approximately 34 A, provid-
ing sufficient molecular length and rigidity. In [Zn,(1),L;], the
ethynyl-pyridine spacer adopts an almost linear geometry

+Crystal data of [Zny(2),Py,]: CagH10F20N20gZn, (m.w. 1133.22), orthorhombic,
Phca, T =100 K, a = 19.6600(13) A, b = 8.3244(6) A, ¢ = 23.6741(17) A, V = 3874.4
(5) A% Z = 4, R = 0.0368, WR = 0.0986, GOF = 1.101. [Zn,(1),L,]: C7sH5cN,05Zn,
(m.w. 1308.00), triclinic, P1, T = 100 K, a = 10.0947(18) A, b = 10.1964(18) A, ¢ =
17.021(4) A, a = 106.708(7)°, f# = 102.504(7)°, y = 96.097(6)°, V = 1611.4(5) A%, Z =
1, R = 0.0549, WR = 0.1461, GOF = 0.995. [Zn,(2),L,]: Cg,H36F20N4010Zn, (mM.w.
1747.89), triclinic, P1, T=100 K, a = 11.713(7) A, b = 12.142(7) A, ¢ = 14.308(7) A,
a = 111.447(19)°, f = 91.149(19)°, y = 99.759(18)°, V = 1859.2(18) A*, Z=1, R =
0.0933, WR = 0.2727, GOF = 0.975; T = 293 K, a = 11.7959(5) A, b = 12.2469(5) A, ¢
= 14.3407(4) A, a = 110.859(3)°, = 91.242(3)°, y = 100.562(4)°, V = 1894.58(13)
A%, Z=1, R =0.0387, wR = 0.1065, GOF = 1.065.
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S N2---N2’ 28.991(7) A
b) S
X = 68.85°
O y=2944°
AB =70.73°

N2---N2' 28.64(2) A

Fig. 2 Molecular structures with the selected numbering schemes of
(@) [Zn,(1)4L,] (CCDC 2506029) and (b) [Zn,(2)4L,] (CCDC 2506030):
ORTEP view with 50% thermal ellipsoids; color scheme: C, gray; N, blue;
O, red; F, green; Zn, light blue.}

(Fig. 2a), and no significant intermolecular n---n interactions
were observed. The detectable contacts were intermolecular
CH.--m interactions between ring-o and the terminal phenyl
groups or between phenyl groups [C16-H16---Cy(Ph), C30-
H30---Cy4(Ph); C, = centroid of the six-membered ring], and a
pseudo-hydrogen bond between ring-a and an oxygen atom
(C18-H18-:-03). In contrast, the introduction of electron-with-
drawing fluorine substituents decreases the planarity of the
carboxylate bridges, giving a more flexible framework (Fig. 2b).
The overall molecular shape displays a gentle wave-like distor-
tion, and the intermolecular n-hole---n distance between adja-
cent molecules of C¢F5 and CgH,(ring-p) groups is 3.826(6) A
(Fig. 3). Additional interactions include CH---m contacts
between ring-a and the terminal phenyl group [C18-
H18:--Cy(Ph), C35-H35--C4(a)], C-F---m interactions [C13-
F9---Cy(p), C14-F10---C4(p)], and a pseudo-hydrogen bond
between ring-f and fluorine (C23-H23---F4). Hirshfeld surface
(HS) analysis®**> supports these intermolecular interactions,
as shown in Fig. S12-15. These subtle electronic and structural

Table 1 Selected intramolecular atom---atom distances (A) for

[Zn(n)4Xz] (n =1 and 2)

[Zny(1)4Py,]*  [Zny(2)sPy,]  [Zn,(1)4L]  [Zny(2)4L,]
Zn1---Znl 2.958(3) 3.058(1) 2.945(8)  3.012(2)
Zn1--01-4 (av.) 2.040 2.049 2.043 2.042
Zn1---N1 2.034(2) 2.016(3) 2.049(3) 2.017(9)
N(TPA)---N — — 28.991(7)  28.64(2)
(TPA)
Longest C--C  13.69(4) 12.61(6) 34.54(1)  34.32(2)°

@Ref. 26; CCDC 610568. ” C30---C30’ and C36---C36' for [Zn,(1),X,] and
[Zn,(2)4X,], respectively.
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r-hole---t
( Cy (CoFs)~Cy (CaHa) 3.826(6) A

Fig. 3 Partial molecular packing of [Zn,(2)4L,].

variations are expected to play an important role in the lumine-
scence behavior of the complexes. Such variations in carboxy-
late planarity and n-stacking geometry modulate the local elec-
tronic environment around the Zn, core, creating distinct
excited-state landscapes that are highly sensitive to external
perturbations.

Emission studies in solution and solid states

Both [Zn,(n),Py,] complexes are colorless and show almost no
emission in CHCl; solution (Table 2 and Fig. S16). In contrast,
the dumbbell-shaped [Zn,(n),L,] complexes form yellow solu-
tions that exhibit intense blue luminescence under UV light.
Their UV-Vis spectra in CHCl; show absorption maxima
nearly identical to that of the free ligand L, indicating that the
Zn,(p-carboxylate), framework has little influence on the
n-conjugated system. Thus, the two terminal TPA-CC-Py units
behave as electronically independent chromophores. In the
fluorinated complex [Zn,(2),L,], an additional absorption
band appears around 400 nm, which is attributed to an intra-
molecular charge-transfer (ICT) transition from the triphenyla-
mine donor to the electron-deficient C¢Fs group, as shown by
DFT calculations (Fig. S17). The nearly identical spectral fea-
tures among L and [Zn,(n),L,] are consistent with only modest
perturbation of the frontier orbitals by the paddlewheel core.
The well-resolved "H NMR spectra in low-polarity halogenated

Table 2 Photophysical properties of [Zn,(n)sXz] (h = 1 and 2);
maximum absorption wavelength (,,s), emission wavelength (le.,) with
the excitation at Ae, = 380 nm, and PL quantum yield (&p))

Aabs/nm /Iem/nm ‘pPL
In CHCI; ¢ Zn,(1),Py,] 264 Not detected —
Zn,(2),4Py,] 264 Not detected —
Zn,(1),L,)] 370 457 90
7n,(2) L, 373 459 86
L only 370 456 78
Solid? Zn,(1),Py,] 281 466 23
7n,(2),Py,) 287 468 18
Zn,(1),L,] 392 487 17
7n,(2),L,] 384 531 17
L only 359 459 9

“Other solvents were summarized in SI. °Microcrystalline samples
were used.
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solvents confirm that the dinuclear structure is retained in
solution, lending support to this interpretation. These obser-
vations also suggest that the excited states remain largely con-
fined to each TPA-CC-Py chromophore.

The emission spectra of L, [Zn,(1),L,], and [Zn,(2),L,] in
solution show almost identical maxima at 456, 457, and
459 nm, respectively, suggesting that coordination does not
significantly alter the excited-state energy levels (Fig. 4a and
S18-S20). However, the photoluminescence quantum yields
(@pL) increase from 78% for L** to 90% for [Zny(1),L,] and
86% for [Zn,(2),L,], indicating that Zn(u) coordination effec-
tively suppresses nonradiative decay pathways. Solid-state
luminescence was also investigated using microcrystalline
samples. The colorless [Zn,(n),Py,] complexes exhibit weak
greenish-blue emission under UV irradiation (iex = 380 nm),
with maxima at 466 nm (®p;, = 23%) for [Zn,(1),Py,] and
468 nm (®p;, = 18%) for [Zn,(2),Py,] (Fig. 4b). The spectral
similarity implies that the emission originates from the intrin-
sic Zn(u) paddlewheel framework rather than from the substi-
tuents or axial ligands. In contrast, [Zn,(1),L,] emits bluish-
white light, while [Zn,(2),L,] shows yellow emission, with
maxima at 487 nm (®p, = 17%) and 531 nm (Pp; = 17%),
respectively (Fig. 4c). The red shift observed upon fluorination
suggests that the electron-withdrawing C¢Fs groups modify the
local packing environment, enhance n-conjugation, and stabil-
ize the electronic structure along the paddlewheel’s longitudi-
nal axis. Since photoluminescence quantum yields are higher
in dilute solution, where intermolecular interactions and self-

a) 457 om Lonly  [Zno(talel  [205(2)sLo]
370 hm, 373 m 459 nm ' 'i'
3
S
>
@
<
¢ | e _
= i e L= 4 oL e
e 380 nm M N light UV light UV light UV
300 400 500 600 700 800
Wavelength / nm
b) B
66-468 392 487 nm 531
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Fig. 4 Normalized UV-Vis and emission spectra of [Zny(n)4Xzl: (a)
[Zn,(n)4L;] in CHCl; solution with the corresponding appearances
(0.1 mM); normalized UV-Vis and emission spectra of solid states for (b)
[Zn,(n)4Py,] and (c) [Zn,(n)4L,l; (d) the temperature-dependent emission
(lex = 380 nm) of [Zn,(n)4L,] at 78—-298 K. Color scheme: (a—c) black,
non-fluorinated complex; red, fluorinated complex; dashed line, absorp-
tion; solid line, emission spectra.
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absorption introduce additional nonradiative decay pathways,
the reduced ®p;, observed for the solid samples are therefore
attributed to aggregation-related quenching effects rather than
changes in the intrinsic emissive nature of the TPA-CC-Py
chromophore.

In particular, the introduction of C¢F5 groups increases the
electronic anisotropy of the crystal lattice, strengthening
n-hole---n interactions and generating a more polarizable
environment in the solid state. These effects collectively
promote stabilization of lower-energy excited states, leading to
pronounced bathochromic shifts compared to non-fluorinated
analogues. Encouraged by this bathochromic trend, we exam-
ined the temperature dependence of the single-crystal emis-
sions (Fig. 4d).***” For [Zn,(1),L,], the emission profile
remained almost unchanged, with the peak slightly shifting
from 466 nm at 298 K to 463 nm at 78 K, while the intensity
approximately doubled. This moderate enhancement is attribu-
ted to suppression of thermally activated nonradiative pathways
in the rigid crystal lattice. In contrast, the fluorinated [Zn,(2),L,]
displayed a fourfold increase in intensity upon cooling,
accompanied by a slight red shift from 502 nm (298 K) to
508 nm (78 K) and the emergence of an additional shoulder
band around 475 nm. Such thermally induced spectral changes
suggest a more flexible excited-state landscape and prompted
further investigation of its external-field responsiveness.

Mechanochromic photoluminescence switching

When the crystalline samples were gently ground in a mortar,
their emission colors changed markedly (Fig. 5a): from bluish-
white to green for [Zn,(1),L,] and from greenish-yellow to
orange for [Zn,(2),L,], accompanied by red shifts of 43 nm
(Ppr, = 15%) and 73 nm (Pp, = 36%), respectively (Fig. 5b).

a) )
[Zna(1)4L2] B grinding [Zna(1)4Le]
Y E grindingww WL P
[Zna(2)4L0] E <
— fuming
4 fuming Simu. [Zns(1)4Ls]
b) | 487 nm 530 nm
3 2 4 6 8 10 12 14 16
S 201/°
k) [Zna(2)4L2]
: MM
L
£ grinding
531:nm 604 nm grinding(
S
> fuming
E \ Simu
£
0y .
400 500 600 700 800 900 2 4 6 8 10 12 14 16

Wavelength / nm 201/°

Fig. 5 (a) The appearance of before and after mechanical stimulation.
(b) Normalized solid-state emission spectra: (top) before (black line) and
after (green line) of [Zny(1)4L,]; (bottom) before (black line) and after
(orange line) of [Zn,(2)4L,] with [Zn,(1)4L,] (gray line). (c) pXRD patterns
of grinding and fuming of [Zn,(n)4L,] using MoK, radiation.
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These color changes were completely reversible; the original
emission was restored within several minutes upon exposure
to diethyl ether vapor. Powder X-ray diffraction (pXRD) pat-
terns collected before and after grinding showed significant
peak broadening, indicating partial amorphization, whereas
vapor annealing recovered the sharp reflections of the initial
crystalline phase (Fig. 5c). The close correlation between crys-
tallinity and emission behavior confirms that the mechano-
chromic switching arises from reversible structural reorganiz-
ation rather than chemical decomposition.

No remarkable mechanochromic response was observed for
the free ligand L or the pyridine-capped [Zn,(n),Py,], indicat-
ing that the adaptive nature of the Zn,(p-carboxylate), core,
coupled with the n-extended TPA-CC-Py ligand, is essential for
the switching behavior. The larger red shift and enhanced ®py,
after grinding in the fluorinated complex, [Zn,(2),L,], can be
attributed to its greater structural adaptability and the pres-
ence of m-hole---n interactions rather than conventional inter-
molecular interactions, which provide more directional and
polarizable contacts under mechanical perturbation. In par-
ticular, fluorination increases the electrophilic character of the
aromatic surfaces, which may enhance n-hole---x and related
n---n interactions under compression, leading to stabilization
of lower-energy excited states.

Hydrostatic-pressure dependence of photoluminescence

To obtain a more detailed understanding of the solid-state
photoluminescence behavior of these complexes, high-
pressure photoluminescence measurements were carried out
(Fig. 6 and S21-25).>**° The measurements were performed
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using a diamond anvil cell, and the internal pressure was cali-
brated by the ruby fluorescence method. A single crystal used
for the SC-XRD and variable-temperature experiments was
employed as the sample. Perfluoropolyether (PFPE) oil was
used as the pressure-transmitting medium.*’ Compression
was applied from ambient pressure (0.0 GPa) to high pressure
(3.5 or 3.6 GPa), and decompression was carried out from high
pressure back to ambient pressure. During these processes,
the emission spectra, crystal appearance, and emission colors
were examined. Fig. 6a shows the photoluminescence spectra
of the hydrogenated complex [Zn,(1),L,] during compression
and decompression. At ambient pressure, two emission
maxima were observed at 467 nm and 492 nm (shoulder).
Upon compression, both bands shifted slightly to longer wave-
lengths and retained similar spectral features up to 2.1 GPa,
and an inversion of their relative intensities was observed. At
higher pressures, the shorter wavelength emission dis-
appeared, the emission maximum at 500 nm reached its
highest intensity at 2.5 GPa, and a shoulder appeared at
530 nm. At 3.6 GPa, the averaged emission maximum was
525 nm, corresponding to a red-shift of approximately 60 nm
(AE = 0.29 eV). The emission maximum shifted back to shorter
wavelengths upon decompression, with largely retained spec-
tral features. The spectral shapes were also similar during
decompression. This reversibility was reflected in the crystal
appearance, which changed from yellow brown to reddish
brown, and in the emission color, which changed from blue
(the hue angle, H = 175°) to green (H = 95°).

In comparison, the fluorinated complex [Zn,(2),L,] showed
smooth and pronounced red-shifts and larger emission color

2) Zny(1),L2 e o srans D) 2@ o pror
a 467 & a a a
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Fig. 6 Hydrostatic-pressure dependence of solid-state photoluminescence of single-crystals: photoluminescence spectra under compression (left)
and decompression (right) of (a) [Zn,(1)4L,] and (b) [Zn,(2)4L,] under excitation at e, = 365 nm (the asterisk represents the emission from the ruby);
(c) plots of peak energies (peak maxima) vs. pressure for the complexes [Zn,(1)4L,] (left) and [Zn,(2)4L,] (right), with the part of color plots around
0.0-0.7 GPa in [Zn,(1)4L;] representing the average of two emission peaks; (d) photographic images of single crystals of [Zny(1)4L,] (left) and
[Zn,(2)4L,] (right) under hydrostatic pressure. The reversible cycle of multicolor emission (between green and red) is observed for [Zn,(2)4L,],
whereas the color change of [Zn(1)4L,] is tiny (between blue and green). The pressure for compression was increased from ambient pressure (0.0
GPa) to 3.5 or 3.6 GPa, and the corresponding decompression was performed in the reverse direction, from 3.5 or 3.6 GPa to ambient pressure (0.0

GPa).
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changes during compression and decompression (Fig. 6b). At
ambient pressure, the emission maximum was observed at
497 nm. During compression, this band shifted continuously
to 580 nm at 3.6 GPa. The total shift was 83 nm (AE = 0.36 eV).
Upon decompression, the emission maximum gradually
returned to shorter wavelengths while maintaining similar
spectral profiles. Although the crystal appearance changed
from yellow brown to reddish brown in a manner similar to
that of [Zn,(1),L,], the emission colors were clearly different.
The emission color changed from green (H = 135°) to yellow
and then to orange red (H = 25°), indicating a distinct multico-
lor response. This pressure dependent luminescence behavior
supports the qualitative trend observed in the mechanochro-
mic response of [Zn,(2),L,], which changes from yellowish
green emission to orange emission. It also demonstrates that a
single crystal provides a more uniform emission state than
bulk samples. The continuous change in emission color
during compression confirms that the fluorinated complex has
a more flexible structure that can accommodate pressure more
effectively than the hydrogenated analogue. While a single
dominant interaction cannot be unambiguously identified, the
consistent trends observed across the pressure range support
this interpretation. Although the Zn, core itself is electroni-
cally silent and essentially colorless, paddlewheel type dinuc-
lear Zn(n) complexes with conventional benzoate bridges
usually exhibit blue emission in both solution and solid states,
and the emission mainly originates from the ligand. When the
bridging ligand was replaced with pentafluorobenzoate, the
structural flexibility increased and the axial coordination inter-
actions became stronger. As a result, the complex, [Zn,(2),L,],
showed multicolor emission ranging from blue to orange-red;
blue (Aem = 459 nm) in solution; green (497 nm) and greenish
yellow (531 nm) in the solid state (single-crystal and precipi-
tated microcrystalline state, respectively); orange (604 nm) and
orange-red (580 nm) under mechanical and hydrostatic-
pressure, while that of non-fluorinated [Zn,(1),L,] showed blue
to green colors (457-530 nm). Paddlewheel type Zn(u) dimers
have been known for many years as interesting structural
motifs. Fluorination enhances the axial coordination pro-
perties, enabling the emergence of new emission colors and
pressure-responsive electronic states. The luminescence behav-
ior of the Zn(u) complexes [Zn,(n),L,] is not observed for the
free ligand L or for the pyridine-capped analogues
[Zny(n)4Py,], and no new emission bands appear upon
mechanical stimulation. In particular, for the fluorinated
complex with ligand 2, the emission shifts observed under
mechanical grinding and hydrostatic pressure occur without
the emergence of new peaks and are continuous in nature.
These features do not suggest a discrete phase transition
associated with a specific crystal system. Instead, the results
are reasonably attributed to pressure-induced contraction of
the zinc-bridged framework, which leads to effective extension
of conjugation. This behavior demonstrates that the structural
flexibility and external-field adaptability of the Zn,(u-carboxy-
late), core, when combined with a n-electronic emissive ligand,
play a central role in governing the luminescence response.

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

Experimental
General

All reagents and solvents were used without further purifi-
cation. Compounds were characterized by EA, '"H NMR, and
crystallographic studies. "H NMR spectra were recorded on a
JEOL AL400S spectrometer at 400 MHz using TMS as an
internal standard. Electronic absorption spectra were
measured on a JASCO V-660 UV/Vis spectrophotometer.
Photoluminescence spectra and absolute quantum yields were
obtained using a JASCO FP-8600 spectrometer and a
Hamamatsu Photonics C9920-02G system, respectively. Solid-
state temperature-dependent luminescence measurements
were carried out using the single crystals. Samples were excited
with a Panasonic Aicure UJ30 UV source through a UTVAF-34U
UV-pass visible filter. Emission was collected through a
380 nm sharp-cut filter and focused into a Hamamatsu
PMA-11 detector (model C7473) via a 1 mm quartz fiber.
Temperature control was achieved using a LINKAM THMS 600
cooling-heating stage equipped with an LK-600PM controller
and L-600A liquid-nitrogen cooling unit. Solid-state high-
pressure luminescence measurements were performed using a
diamond anvil cell. Pressures were calibrated by the ruby fluo-
rescence method. Perfluoropolyether (PFPE) oil was used as
the pressure-transmitting medium, and stainless-steel
SUS301 gaskets (thickness 150 pm) with a 300 pm hole were
used for sample loading.

Synthesis and physical properties

The m-extended ligand L was synthesized by a Sonogashira
coupling between 4-bromopyridine and 4-ethynyl-N,N-dipheny-
laniline, as a reported procedure. The Zn(u) paddlewheel com-
plexes [Zn,(n),L,] and the pyridine analogues [Zn,(n),Py,] (n =
1, 2) were prepared by reacting Zn(OAc),-2H,0 with the corres-
ponding benzoic (H1) or pentafluorobenzoic acid (H2) in
methanol in the presence of L or pyridine as axial donors. The
products were isolated as microcrystalline solids and further
purified by crystallization from CHCI; solution.

[Zn,(2)4Py,]: colorless crystals (yield 52%). m.p. 121-122 °C.
'H NMR (CDCl;, TMS, ppm): & 8.86 (d, J = 6.4 Hz, 4H, PyH);
8.01 (t, J = 6.4 Hz, 2H, PyH); 7.61 (t, J = 6.4 Hz, 2H, PyH). EA
(C3sH10F20N,04Zn,): caled C 40.28%, H 0.89%, N 2.47%;
found C 40.02%, H 0.86%, N 2.45%.

[Zn,(1)4L,]: yellow crystals (yield 80%). m.p. 210-212 °C. 'H
NMR (CDClg, TMS, ppm): 6 8.71 (d, J = 6.0 Hz, 4H, PyH); 8.13
(d, J = 8.0 Hz, 8H, PhH); 7.53 (t, J = 8.0 Hz, 4H, PhH); 7.48 (d, J
= 6.0 Hz, 4H, PyH); 7.43-7.37 (m, 12H, PhH); 7.29 (t, J = 8.0 Hz,
8H, PhH); 7.13-7.07 (m, 12H, PhH); 7.00 (d, J = 8.0 Hz, 4H,
PhH). EA (C,;gHs56N4OgZn,-1.4CHCl;): caled C 64.65%, H
3.92%, N 3.80%; found C 64.74%, H 3.52%, N 3.43%.

[Zn,(2)4L,]: yellow crystals (yield 89%). m.p. 172-173 °C. 'H
NMR (CDCl;, TMS, ppm): § 8.73 (d, J = 6.0 Hz, 4H, PyH); 7.56
(d,J = 6.0 Hz, 4H, PyH); 7.38 (d, J = 8.0 Hz, 4H, PhH); 7.29 (t, ]
= 8.0 Hz, 8H, PhH); 7.13-7.09 (m, 12H, PhH); 6.99 (d, J = 8.4
Hz, 4H, PhH) ppm. EA (C,gH3F,0N40gZn,): caled C 56.17%, H
2.18%, N 3.36%; found C 55.95%, H 2.21%, N 3.48%.
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Conclusions

In summary, a new family of dumbbell-shaped Zn(u) paddle-
wheel dimers bearing n-extended TPA-CC-Py ligands was syn-
thesized and fully characterized, showing a clear molecular
framework for understanding how fluorination and axial
coordination govern stimuli-responsive luminescence. The
fluorinated complex displays enhanced structural flexibility,
increased electronic anisotropy, and additional charge-transfer
character, resulting in marked color modulation under
mechanical grinding and hydrostatic pressure. These effects
originate from cooperative changes in intermolecular contacts,
n-hole-based interactions, and local packing distortions
around the Zn,(p-carboxylate), core. Both complexes show
fully reversible mechanochromic switching, while only the
fluorinated derivative exhibits continuous and large pressure-
dependent color tuning across the visible range, from green to
orange-red. The multicolor behavior in solution, crystalline
solids, mechanically perturbed states, and under high pressure
highlights the adaptability of the n-extended framework and
underscores the importance of structural flexibility in control-
ling excited-state dynamics. These findings demonstrate that
simple d'° paddlewheel architectures can be transformed into
versatile and stimuli-responsive luminescent systems through
judicious ligand design and fluorination. Although the Zn,
core is electronically silent on its own, its combination with
n-extended emissive ligands provides a structural linkage that
enables broad color tunability and also governs, and in some
cases enhances, the mechano- and pressure-responsive behav-
ior of the chromophores. Owing to their reversible lumine-
scence color changes in response to mechanical and hydro-
static stimuli, these Zn(u) paddlewheel complexes are promis-
ing candidates for pressure-responsive optical materials and
mechanochromic luminescent sensors.
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