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Selective Ammonia Sensing through Reversible Vapochromism 
and Luminescence ON–OFF Switching of a Chalcone-Based Co(II) 
Complex
Mai Mukoyama,a Masashi Hashimoto,a,b Yuta Shudo,c Hajime Yagi,a,b Hayato Kikuchi,a and Manabu 
Nakaya*a,b 

In this work, we demonstrate that a chalcone-based cobalt(II) 
complex exhibits distinct vapochromism upon exposure to 
ammonia (NH3) vapor, accompanied by reversible luminescence 
ON–OFF switching. The response is triggered by partial dissociation 
of the chalcone ligand from the cobalt(II) center, concomitant with 
insertion of NH3 molecules to the cobalt(II) metal center.

Stimuli-responsive metal complexes that exhibit optical 
changes have emerged as a key class of materials for 
applications in chemosensing, bioimaging, and smart optical 
devices.1–5 Reversible modulation of the coordination 
environment and metal oxidation state at the metal center—as 
well as subtle changes in molecular arrangement within the 
crystal lattice—provides a versatile platform for constructing 
systems capable of physically- or chemically-induced electronic 
or spin switching.6–10 Optically active compounds based on such 
mechanisms have been widely investigated for sensing 
industrially relevant gases (O2, CO2, N2, etc.) as well as 
environmentally hazardous gases and pollutants (NOx, SOx, 
NH3) and other volatile organic compounds (VOCs).11–14

Polymeric solid materials such as metal–organic frameworks 
(MOFs), inorganic perovskites and so on have long been 
explored as highly effective guest adsorbents, owing to their 
stable porosity and high surface areas.15–19 However, translating 
adsorption events into clear and readily observable physical 
responses remains challenging. As a result, systems that enable 
direct and instantaneous optical readouts for in-situ sensing 
remain relatively limited.20,21 In recent years, however, discrete 
metal complexes have attracted increasing attention as 

promising candidates for sensing, particularly industrially 
relevant gas and pollutants.22–26 These studies underscore the 
broad applicability of coordination-driven switching 
mechanisms for the selective and sensitive detection of diverse 
chemical analytes. On the other hand, molecular compounds 
can exhibit much faster and more discrete structural or optical 
changes, yet they typically suffer from limited chemical 
selectivity toward specific analytes.

Herein, we report a mononuclear cobalt(II) complex bearing 
a chalcone-based luminescent ligand (L1·Co) that exhibits highly 
selective and reversible vapochromism and luminescence ON–
OFF switching in response to ammonia (NH3) vapor. The 
switching mechanism involves partial dissociation of the ligand 
upon NH3 coordination to the Co(II) center, restoring the 
ligand’s intrinsic emission. Subsequent removal of NH3 leads to 
reformation of the original L1·Co and quenching of the 
luminescence. These reversible optical changes are supported 
by reflectance spectroscopy, powder X-ray diffraction (PXRD), 
gas adsorption analysis, elemental analysis and density 
functional theory (DFT) calculations.

The luminescent ligand L1, a chalcone derivative bearing 
dimethyl amine group, was synthesized according to a reported 
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Fig. 1  Crystal structure of L1·Co. Color code: C, grey; N, blue; H, light blue; 
O, red; Cl, green; Co, magenta.
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procedure with minor modifications (see Experimental Section 
in Supporting Information (SI)).27 Single crystals of L1·Co 
suitable for single crystal X-ray diffraction (SC-XRD) were 
obtained by slow evaporation of an acetone solution of L1 and 
CoCl2·4H2O (Figure 1), enabling detailed elucidation of the 
coordination environment at the metal center. Crystallographic 
parameters are summarized in Table S1. Elemental analysis 
indicated the presence of a small amount of adsorbed solvent 
in the powder sample (Table S2); however, the PXRD pattern 
was consistent with that simulated from the SC-XRD data. This 
result suggests that the detected solvent molecules are surface-
adsorbed, as no lattice solvent molecules were observed in the 
crystal structure. Notably, the powder sample of L1·Co is 
structurally identical to the crystalline sample; therefore, it was 
used in most subsequent experiments.

Solid-state reflectance spectra of L1 (green dashed line) and 
L1·Co (red solid line) are shown in Figure 2a. The reddish-brown 
L1 ligand exhibited a decrease in reflectance below 600 nm, 
whereas its cobalt(II) complex L1·Co, with a darker brown color, 
showed reduced reflectance extending to below 800 nm. This 
reflectance changes upon metal complexation, i.e. red-shift in 
absorption, is attributed to metal-to-ligand charge transfer 
(MLCT). As shown in Figure 2b, the luminescence spectrum of 
L1 (green dashed line) displays a clear emission maximum at 
585 nm (λex = 405 nm), whereas L1·Co exhibits no detectable 
emission (red solid line).

The optical response of L1·Co to NH3 vapor (generated from 
a 28% aqueous NH3 solution) was investigated. Upon exposure 
of a powder sample of L1·Co in a cuvette to NH3 vapor, the dark 
brown color immediately changed to reddish-brown, and the 
resulting state is denoted as L1·Co@NH3 (Figure 2c). Notably, 
L1·Co@NH3 exhibited orange luminescence under UV 
irradiation, whereas pristine L1·Co showed no detectable 

emission (middle photographs in Figure 2c). After air-drying 
L1·Co@NH3 for a few minutes, the color reverted to the original 
dark brown state (re-L1·Co in Figure 2c). Re-exposure to NH3 
vapor reproducibly induced the same optical changes, yielding 
re-L1·Co@NH3. Although the emission intensity of re-L1·Co 
does not completely return to the original baseline after the 
recovery step, the ON–OFF switching remains clearly 
distinguishable. The residual emission is attributed to 
incomplete removal of NH3 from the solid state, consistent with 
elemental analysis indicating trace NH3 remaining after drying 
(see below).

The reproducibility of the switching behavior over repeated 
NH3 exposure and drying cycles is shown in Figure S1. Although 
the ON/OFF ratio was slightly decreased, reversibility was 
confirmed for at least three cycles. The reversible response can 
be attributed to NH3 molecules, as no color and luminescence 
change was observed when L1·Co was exposed to water vapor 
under identical experimental conditions (Figure S2). 
Furthermore, L1·Co exhibited high selectivity toward NH3 over 
other volatile organic solvents and amines, which can be 
rationalized to the strong coordination affinity of ammonia and 
its small molecular size. A visually detectable luminescence 
response was maintained down to 1 wt% aqueous ammonia. 
This corresponds to an estimated NH₃ vapor concentration of ca. 
8,600 ppm under ambient conditions (based on Henry’s law28). 
While this detection limit does not reach the sub-ppm levels 
reported for some porous or device-based sensors, the present 
system offers distinct advantages as a structurally defined 
discrete molecular metal complex, enabling reversible 
coordination-driven switching with a direct optical readout 
clearly observable to the naked eye.

The changes in color and luminescence feature of L1·Co 
before and after exposure to NH3 vapor were further examined 
by optical spectroscopic measurements, as summarized in 
Figures 2a and 2b. The reflectance spectrum of L1·Co@NH3 (red 
dashed line) is nearly identical to that of L1 (green dashed line). 
This observation implies that the coordination environment 
formed between the cobalt(II) center and the L1 ligand is 
disrupted upon NH3 insertion,29 resulting in the generation of 
free L1. Consistent with this interpretation, the luminescence 
feature of L1·Co@NH3 (red dashed line) is recovered upon 
exposure to NH3 vapor. Upon air-drying L1·Co@NH3, the 
reflectance spectrum of re-L1·Co (blue solid line) again exhibits 
a red-shift, indicating partial removal of coordinated NH3 
molecules and the reformation of the original metal–ligand 
coordination environment. Associated with this process, the 
luminescence intensity decreases again (blue solid line); 
however, it does not completely vanish and exhibits a slight 
spectral shift. This behavior is attributed to residual NH3 
molecules remaining in the solid, which leads to incomplete 
dissociation of the original coordination environment. As a 
result, reversible luminescence ON–OFF switching is clearly 
observed upon alternating exposure to NH3 vapor and air-
drying (blue dashed line).

To reactivate the luminescence feature, partial dissociation 
of the L1 ligand from the Co(II) center is required. Metal 
complexes containing unpaired spins, such as cobalt(II) complex 

Fig. 2  (a) Normalized reflectance spectra and (b) luminescence spectra of 
L1 (green dashed line), L1·Co (red solid line), L1·Co@NH3 (red dashed line), 
re-L1·Co (blue solid line) and re-L1·Co@NH3 (blue dashed line). (left to 
right) Photograph of powder sample of L1, L1·Co, L1·Co, L1·Co@NH3, re-
L1·Co, re-L1·Co@NH3 in a cuvette under daylight (top) and UV light 
(bottom).
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L1·Co, are generally prone to luminescence quenching due to 
efficient non-radiative relaxation pathways. Even if only the 
chloride (Cl) atoms coordinated to the Co(II) center are replaced 
by NH3 molecules, nonradiative relaxation is still expected to 
remain operative. However, if L1 ligands were to be completely 
removed from the Co(II) center, i.e. decomposition of the metal 
complex formation, re-complexation in the solid-state would be 
difficult to achieve. Thus, NH3 molecules are likely to be partially 
inserted through dissociation of the coordination bonds 
involving the pyridine N atoms, whose coordination donor 
ability is reduced by the electron-withdrawing effect of the 
adjacent carbonyl group.30

To clarify this hypothesis, density functional theory (DFT) 
structural optimizations and time-dependent DFT (TD-DFT) 
calculations at the B3LYP31 theoretical level were performed 
using the Gaussian 16 program32 with the 6-311G(d,p) basis sets 
for all other atoms. The absorption of L1 ligand is attributed to 
an intra-ligand charge transfer (ILCT) from the 
dimethylaminophenyl moiety to carbonyl-pyridine site (Figure 
S3). In contrast, both L1·Co and L1·Co@NH3 have three 
excitations with oscillator strength greater than 0.1 in their 
main absorption. To assign the characteristics of these 
excitations, natural transition orbital (NTO) analyses31 were 
performed. In L1·Co, although the ILCT transition is still present, 
MLCT dominates one of these excitations (ca. 38%), thereby 
suppressing the ILCT contribution and quenching the 
luminescence (Figure S4). Upon exposure to NH3 vapor, the 
electronic structure of L1·Co@NH3 shifts back toward an ILCT-
dominant excited state (Figure S5). This result indicates that 
NH3 coordination likely weakens the competing MLCT pathway, 
thereby enabling the re-emergence of ILCT-driven 
luminescence. Besides, although the emission of L1·Co@NH3 
originates predominantly from a ligand-centered excited state, 
additional nonradiative relaxation pathways associated with 
the cobalt(II) center are still operative. It should be noted that 
the present TD-DFT calculations primarily describe ligand- or 
metal-centered charge-transfer, whereas the d–d states are not 
explicitly described within this computational operation.

Photoluminescence lifetime measurements were performed 
to further elucidate the optical response (Figure S6 and Table 
S3). The decay profile of the free ligand L1 (green plots) displays 
lifetimes of τ1 = 0.34 ns and τ2 = 1.06 ns, whereas that of the 
cobalt(II) complex after NH3 exposure, L1·Co@NH3 (red plots), 
exhibits longer lifetimes of τ1 = 0.56 ns and τ2 = 2.51 ns. In 
contrast, pristine L1·Co without NH3 exposure does not show a 
detectable lifetime owing to the absence of observable 
luminescence. Considering that the ligand is only partially 
dissociated from the central Co(II) ion upon NH3 coordination, 
rather than being fully released, the observed lifetimes–distinct 
from those of free L1–are reasonable.

In addition to the spectroscopic observations and DFT results, 
the response mechanism toward NH3 vapor was investigated by 
elemental analysis, PXRD, gas adsorption isotherms, and 
thermogravimetric analysis (TGA). After exposure of L1·Co to 
NH3 vapor, elemental analysis revealed a marked increase in 
nitrogen content for L1·Co@NH3, indicating uptake of NH3 
molecules (+H2O and +5.5NH3, Table S2). The NH3 adsorption 

isotherm measured at 25 °C shows a gradual uptake at lower 
pressures, followed by a steep increase beginning at PNH3 = 21 
kPa, indicative of gate-opening (GO) adsorption behavior, to 
reach an adsorption amount of 211 mL (stp) g–1 (5.4 mol per 
formula unit) at 100 kPa (Figure S7). This is well agreement with 
the result of elemental analysis for L1·Co@NH3.

On the other hand, the PXRD pattern of L1·Co@NH3 differs 
from that of pristine L1·Co after exposure to NH3 vapor (Figure 
3). That is, the optical change caused by NH3 vapor 
accompanied with the structural change by the GO adsorption 
behavior. Notably, the PXRD pattern of re-L1·Co is nearly 
identical to that of L1·Co@NH3, even though its optical 
properties revert toward those of pristine L1·Co. Elemental 
analysis of re-L1·Co dried for 3 h indicates the presence of a 
small portion of residual NH3 molecules (+1.8H2O and +2.8NH3, 
Table S2). After further air-drying for 1 and 3 days, CHN analysis 
showed no significant change compared to the 3 h dried sample, 
remaining within experimental uncertainty. This indicates that 
NH3 desorption predominantly occurs within the initial 3 h, with 
approximately 3 mol released before reaching a steady 
composition. Nevertheless, the reflectance spectra clearly 
indicate re-coordination of L1 to the Co(II) center, 
demonstrating that the residual NH3 molecules remaining in re-
L1·Co are adsorbed in a coordination-free manner or 
replacement to chloride ions, rather than being directly bound 
to the metal center. Furthermore, TGA of L1·Co@NH3 shows a 
weight loss of ca.13% upon heating to 450 K (Figure S8), which 
is consistent with the release of 0.5 H2O and 5 NH3 molecules. 
Elemental analysis of L1·Co@NH3 after thermal treatment at 
450 K indicates the presence of residual 0.5H2O and 0.5NH3 
molecules (bottom in Table S2). The PXRD pattern of the 
thermally treated L1·Co@NH3 is identical to that of pristine 
L1·Co, indicating recovery of the original crystal structure. 
However, a slight shift of the main diffraction peak toward 
higher 2θ (7.72° for L1·Co and 7.84° for thermally treated 
L1·Co@NH3) suggests a minor lattice contraction. Although the 
overall diffraction pattern closely resembles that of pristine 
L1·Co, such subtle densification may reduce the local free 
volume and/or diffusion pathways required for guest uptake, 
potentially leading to reduced responsiveness.34,35 This effect is 
therefore more likely associated with bulk structural 

Fig. 3  PXRD patterns of L1·Co (red), L1·Co@NH3 (Blue), re-L1·Co (green) 
and L1·Co@NH3 after thermal treatment (magenta). λ = 1.54 Å.
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contraction rather than solely with residual guest molecules 
adsorbed on the surface.

 Figure 4 presents a schematic illustration of the NH3 vapor 
responsivity of L1·Co, in which each state is categorized as 
Phase I–III. The corresponding phases are also reflected in the 
PXRD patterns shown in Figure 3. As described above, pristine 
L1·Co exhibits no luminescence and is defined as Phase I. In 
Phase II, L1·Co@NH3 and re-L1·Co reversibly interconvert, 
accompanied by distinct color changes and luminescence ON–
OFF switching. The exact coordination environment at the Co(II) 
center in Phase II cannot be unambiguously determined. 
Therefore, we propose a plausible coordination model (X = NH3 
or Cl–) consistent with elemental analysis, spectroscopic data, 
and PXRD results. Elemental analysis indicates the presence of 
two chloride ions, suggesting that Cl– remains in the lattice as 
counter anions even when NH3 coordinates to the metal center. 
A small amount of NH3 also persists after drying L1·Co@NH3 
without significant structural change, as supported by PXRD. 
These residual NH3 molecules are likely involved in maintaining 
the reversible optical response of Phase II. In contrast, thermal 
treatment of L1·Co@NH3 generates Phase III, in which the 
original PXRD pattern of L1·Co is restored, while approximately 
0.5 mol of NH3 and H2O remain in the material. Unlike Phase II, 
the presence of these residual guest molecules in Phase III likely 
hinders further NH3 uptake, thereby suppressing the 
coordination-driven optical response.

In conclusion, we have demonstrated that a structurally 
defined chalcone-based Co(II) complex exhibits highly selective 
and reversible vapochromism together with luminescence ON–
OFF switching in response to NH3 vapor. A combination of 
spectroscopic measurements, PXRD, gas adsorption analysis, 
and DFT calculations strongly suggests that this behavior most 
likely originates from a coordination-driven switching process 
involving partial ligand dissociation and reversible NH3 binding. 
The present study highlights a molecular design for fast and 
selective vapor sensing based on reversible metal–ligand 
reconfiguration in discrete coordination compounds.
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The data supporting the results of this study have been included in the Electronic Supplementary Information (ESI). 

Supplementary information is available. See DOI: [URL – format https://doi.org/DOI]

Page 6 of 6ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 1
1:

26
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CC07385E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc07385e

