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Colour/luminescence changes of transition metal
complexes induced by gaseous small molecules
for monitoring reaction progress and

environmental changes

Kazuteru Shinozaki

Transition metal complexes act as monitoring devices for reaction progress and environmental changes

through their color/luminescence changes. In this paper, we focus on colour/luminescence changes

induced by gaseous small molecules in the environment. The gradual decrease in O, content in solution

can be monitored by the luminescence enhancement of an Ir(i) complex in dimethyl sulfoxide during

photoirradiation. CO, in air can be captured by a Pt(i) complex in basic aqueous solution, resulting in a

colour change from yellow to red to blue-green due to higher degree aggregate formation. Moisture in

Received 24th June 2024,
Accepted 4th August 2024

DOI: 10.1039/d4dt01822b

rsc.li/dalton

Introduction

Transition metal complexes (TMCs) showing strong lumine-
scence and intense colour have attracted great attention from
researchers involved in luminescence/colour studies across
many fields including chemistry, biology, materials science,
etc., because of their applications in synthesis, catalysis,
sensors, bio-imaging, and OLEDs. The colour and lumine-
scence occasionally change upon exposure to small amounts
of gaseous molecules such as O,, CO,, H,O, or volatile organic
compounds (VOCs). These characteristic responses to gaseous
molecules are useful for the fabrication of monitoring devices for
reactive and toxic chemicals based on emission measurements
with quick response and high sensitivity. For example, phosphor-
escence from an excited TMC is quenched by O, to produce reac-
tive oxygen species (‘O,), which selectively attacks and Kkills
cancer cells in photodynamic therapy (PDT)." However, in aerated
dimethyl sulfoxide (DMSO) solution, phosphorescence is
enhanced rather than quenched, where O, contributes not to
phosphorescence quenching but to the oxidation reaction of the
DMSO molecule.” Another example is the colour change resulting
from the CO, insertion reaction of M-OH to M-CO;H,*> which
proceeds spontaneously under ambient conditions, capturing
CO, from the air along with a remarkable colour change.
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air induces colour/luminescence changes in Ru(i) and Ir(i1) complex salts due to the sorption of H,O into
hydrophilic channels in the crystal. Volatile organic compound vapours such as CHClz and CH,Cl,
change the purple colour of Pt(i) complex crystals to red and blue, respectively. The purple crystal can
adsorb two CHClz molecules under ambient conditions but only one CH,Cl, molecule.

Vapochromism is the most characteristic phenomenon of TMCs
involved in colour and luminescence changes induced by gaseous
small molecules.* Some salts consisting of TMCs and counterions
contain waters of crystallization, which are easily lost upon
heating accompanied by a crystal colour change. Since the heated
crystal retains its intrinsic crystal framework, the original crystal
colour can be recovered by the sorption of H,O molecules upon
exposure to moisture in the air. Additionally, exposure to VOCs
can trigger colour/luminescence changes in the Pt(u) complex
crystal. The quick response and high sensitivity in vapochromism
are useful for monitoring environmental changes in our daily
lives; for example, the Pt(u) complex crystal can provide an alert
signal through colour/luminescence changes when VOCs are
emitted from household products.**®

In this manuscript, we summarize our recent studies on
the colour/luminescence changes of TMCs as monitoring
devices for reaction progress and environmental changes in
the following sections.

Emergence of NIR absorption by
higher degree aggregate formation of
the Pt(1) complex due to the capture
of CO,°

CO, capture and storage (CCS) is an important concept for
achieving net-zero emissions and realizing a sustainable

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structure of 1 (R = COOH and X = OH™) and 2 (R = COO™ and X
= COs*).

Fig. 2 An image of aggregation resulting from the reaction of complex 1
with CO, in basic aqueous solution. The CO, gas bubbling causes the
aggregate formation. The degree of aggregation increases up to at least 32.

society. Since the concentration of CO, in the air is as low as
0.04%, the development of effective methods to capture CO,
from the air is highly desirable. The CO, insertion reaction
using TMCs offers an advantage for CCS because we can easily
monitor the progress of the reaction through colour changes
in response to CO, insertion. The CO, insertion induces aggre-
gate formation in Pt(u) complex 1 (Fig. 1), accompanied by a
colour change in aqueous solution from yellow to blue-green.
The blue-green colour results from strong and broad absorp-
tion bands of the aggregate in the visible-near infrared (NIR)
region assigned to the metal-to-ligand charge-transfer
(MMLCT) transition. Recrystallization of 1 from sodium car-
bonate aqueous solution (Na,CO; aq) provides both red and
blue-green polymorphic crystals. The red colour of one of the
polymorphs originates from the MMLCT transition of the Pt-
Pt stacked dimer, where Pt(u) complex monomers are bridged
by CO;*>~ ions. For the blue-green colour of the other crystal,
although X-ray crystallography has not yet succeeded, it is
known that the crystal is constructed from arrays of complex 2
(-Pt-Pt-Pt-) connected by Pt-Pt interactions (Fig. 2). The for-
mation process of the blue-green aggregate in the aqueous
solution was monitored through transient absorption spec-
troscopy. A global analysis of the spectral changes provided
evidence for the formation of a 32-mer of complex 2 in the
blue-green solution.

Emission enhancement of fac-[Ir
(ppy)s] (ppyH = 2-phenylprydine) by
consuming O, in DMSO’

The phosphorescence of TMCs, such as fac-[Ir(ppy);], consist-
ing of heavy atoms is often quenched by O, due to efficient
triplet-triplet energy transfer, producing a strong oxidant, '0,.
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Therefore, the photosensitization of phosphorescent TMCs
has been applied in photodynamic therapy (PDT) for killing
cancer cells and in new synthetic procedures involving oxi-
dation reactions using reactive oxygen."”"" Dimethyl sulfoxide
(DMSO) has been widely used as a solvent in organic syntheses
and PDTs because of its low toxicity, high polarity, and capa-
bility of dissolving many compounds. In aerated DMSO, photo-
irradiation gradually enhances the emission intensity of fac-[Ir
(ppy)s] due to the prevention of quenching by O,, and the
resultant intense-emission is suddenly quenched upon
shaking the solution.> The suppression of quenching during
the photoirradiation is reasonably accounted for by the con-
sumption of *0, through the formation of dimethyl sulfone
(DMS) in the photosensitized reaction involving fac-[Ir(ppy)s]*
and the 3*(0,-DMSO) adduct. Since *0, rapidly reacts with
DMSO under ambient conditions when ®0, is dissolved in
DMSO, photosensitization of fac-[Ir( ppy);] potentially contrib-
utes to the activation of *(0,-DMSO) to labile '(0,-DMSO)
rather than 20, to '0,. The sudden drop in emission intensity
upon shaking is accounted for by quenching from *(0,-DMSO)
formed from fresh >0, dissolved in the solution from the air or
gas phase in the cuvette. DFT calculations supported that the
formation of *(0,-DMSO) is energetically more favourable than
the formation of '0,. We clarified the mechanism of a series
of photochemical reactions in this system through kinetic ana-
lysis of DMS production along with the emission enhancement
of fac-[Ir(ppy);]. This analysis reproduced not only the pro-
duction process of DMS but also the production/consumption
processes of all species involved in the photosensitization,
including transient fac-[Ir(ppy)s]* and '(0,-DMSO). This DMS
production via photosensitization can continue until all the
%0, in the DMSO solution is completely consumed. It should
be noted that the (0,-DMSO) adduct could participate in sub-
strate oxidation in organic syntheses and in killing cells due to
photosensitization using DMSO as a solvent (Scheme 1).

Detection of H,O through colour
changes in TMC salt crystals®

TMC salts can detect moisture through changes in crystal
colour in response to the sorption/desorption of H,O mole-
cules into/from the crystal. For the demonstration of this vapo-
chromic performance, it is required that the crystal exhibits a
remarkable colour change upon attachment/detachment of
H,0, possesses a robust crystal framework for the sorption/de-
sorption cycle of H,O molecules, and has channels through
which H,0 molecules can move. For the crystal of fac-[Ir(tpy),]
I;-2H,0 (tpy = 2,2":6',2"-terpyridine), a reversible colour change

fac-{Ir(ppy)s] DMSO
30, + DMSOT—— 3(0,— DMSO)T> 1(0,— DMSO)———» 2DMS
A%
Scheme 1 Reaction of O, consumption by photosensitization of fac-[Ir

(ppy)sl.
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between red and orange is observed in response to heating
and cooling cycles. Since both intense colours originate from
the I"-to-ligand charge-transfer (XLCT) transition, the colour
change can be accounted for by the difference in the inter-
action between I and the tpy ligand, resulting from the attach-
ment/detachment of H,O to/from I°, respectively. Single
crystal X-ray crystallography clarified that the Ir(u) complex
possesses I~ ions at distances of 2.9-3.1 A from the closest H
atoms of the tpy ligand, suggesting that the XLCT transition
results from the interaction between the I" 5p orbital and tpy
n* orbital. The two waters of crystallization, involved in the
vapochromism, form a dimer structure, ro_o = 2.911 A, by hydro-
gen bonding. The H,O dimer connects to one of the ~ ions with
Toa = 3.664 A by hydrogen bonding and contacts another I~ ion
with ro_; = 3.747 A, suggesting that the XLCT transition is easily
changed by H,O desorption from the crystal. Thermogravimetric
(TG) measurements revealed step-by-step H,O desorption from
the crystal, and powder X-ray diffraction (PXRD) showed the
robustness of the Ir(m) complex crystal framework during the
sorption/desorption cycles. The H,O desorption takes place even
at room temperature upon blowing dry nitrogen gas or exposure
to organic solvent vapour, which results in a red coloration of the
crystal. Conversely, when the red crystal of [Ir(tpy),]I; is exposed to
H,O0 vapour, the crystal colour returns to orange even at ambient
temperature. It is suggested that the hydrogen bonding of H,O to
I" is too weak to keep H,O molecules in the vicinity of I".
M[Ru(bpy)(CN),] (M** = Ca®>" or Sr**) acts as a moisture
sensing device showing reversible colour and luminescence
changes; both emission spectra of Ca®* and Sr** salts are
remarkably shifted to the longer wavelength region with
increasing temperature from 296 to 500 K. An X-ray crystallo-
graphic study revealed that the crystals are constructed from
linear chains of {[Ru(bpy)(CN),][Ca(H,O)s]}, and {[Ru(bpy)
(CN),][Sr(H20)6]}n. The chain -Ru-CN-M>*-NC-Ru- (Fig. 3)
guarantees the robustness of the crystal during the sorption/
desorption cycles of H,O. The hydrophilic channels between
these chains contribute to the sorption/desorption of H,O
into/from the crystal. Changes in the interaction of the M**
ion with the equatorial CN ligand, depending on the number
of H,0O molecules attached to the M>" ion, effectively contrib-
ute to colour/luminescence changes in the Ca®>" and Sr*”* salts.
The results of TG measurements indicated that heating above
470 K enables the desorption of five H,O molecules for both
salts, resulting in {{[Ru(bpy)(CN),][Ca]},, and {[Ru(bpy)(CN),][Sr
(H20)]}». The changes in the hydration structure around the
M?** ion regulate the shift of CN stretching modes, leading to a

<H22°)m (H2O), (H20)m (H2°>2m
M M2z M2+ Vg
~ PN N ~
- Ny 2 Ny N N\\c . N N
C\ P N /C ~ -~
NCB=RU“1ICN NCB=RU1IICN NCBRU-1ICN
7N\ / N\ / N\
=N N= =N N= =N N=—
\ 7/ \ 7/ \ 7/ \ 7/ \ 7/ \ 7/

Fig. 3 Chain structure of {[Ru(bpy)(CN)41IM(H,0),,1},. The number of
H,0 (m) depends on temperature.
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redshift in the ruthenium-to-bpy CT (MLCT) excited state. It
should be noted that the colour/luminescence changes are
caused by the changes in the MLCT transition energy modu-
lated by the attachment/detachment of H,O to the M?*" ion but
not the Ru(ir) complex ion. The luminescence change based on
the weak interaction between the M>* ion and the CN ligand of
Ru(u) complexes provides a novel design guideline for vapo-
chromic materials.

Colour changes of the crystal upon
exposure to halomethane vapour and
selective sensing of CHCls °

Pt(u) complex 3 (Fig. 4) is obtained as a red precipitate from
CHCIl;. However, surprisingly, when this precipitate is col-
lected by suction filtration, the resultant material’s colour
rapidly changes to purple, and conversely, the purple colour
changes to red upon exposure to CHCl; vapour. The reversible
colour-change between purple and red is accounted for by the
vapochromic response of crystal 3 to CHCl; vapour. Since the
red and purple crystals emit red and NIR luminescence,
respectively, we can perceive the vapochromism as an ON/OFF
switch for red emission during the evacuation and exposure
cycles of CHCIl; vapour. These characteristic features promise
quick and highly sensitive detection of small amounts of
CHCI; vapour using crystal 3. X-ray crystallography of the red
form revealed that two Pt(u) complexes are mutually twisted by
ca. 180°, resulting in a head-to-tail arrangement of stacked
dimers and the Pt-Pt units are aligned along the b-axis of the
unit cell, forming infinite columnar structures. The CHCI;
molecules are stored in channels between these infinite —Pt-
Pt-Pt- columns and thereby are desorption/sorption through
the channels from/into the crystal. During the exposure to
CHCIl; vapour, a step-by-step change from 3 to 3-CHCI; to
3-2CHCl; was observed. Unlike the M[Ru(bpy)(CN),] and [Ir
(tpy)2]1s systems, the peak patterns in PXRD obtained for the
crystals are different from one another, suggesting that the
crystal framework consisting of complex 3 is soft and easily
altered during the sorption/desorption cycles of CHCl;. When
purple crystal 3 is exposed to CH,Cl, vapour, which is chemi-
cally very similar to CHCl;, the colour of the crystal changes to
blue (Fig. 5). This behaviour suggests that crystal 3 has the
capability to discriminate CHCl; from chemically similar
CH,Cl,. A change in the PXRD pattern of crystal 3 upon
increasing the CH,Cl, vapour pressure up to 50 kPa showed a

Fig. 4 Structure of complex 3.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Colour and luminescence variations of complex 3 in the solid
state. (Top) The purple crystal of complex 3 changes to red and blue
upon exposure to CHClz and CH,Cl, vapours, respectively. (Bottom) The
red crystal containing CHCls emits red luminescence, whereas both
blue and purple crystals emit invisible NIR luminescence. This figure has
been reproduced from ref. 8 with permission from the Royal Society of
Chemistry, copyright 2022.

two-step peak change due to the sorption of CH,Cl, similar to
when exposed to CHCl; vapour. Therefore, the difference
between CHCI; and CH,Cl, in the vapochromic behaviour of
crystal 3 under ambient conditions is concluded to be due to
the difference in the number of molecules in the crystal; the
purple crystal 3 can adsorb two CHCl; molecules under
ambient conditions but just one CH,Cl, molecule (Fig. 5).

Conclusion

We presented changes in the colour/luminescence of TMCs
induced by small molecules, enabling the visualization of the
progress of chemical reactions involving these small molecules
and changes in the surrounding atmosphere. A water-soluble
Pt(u) complex reacts with CO,, resulting in higher degree
aggregate formation and showing broad absorption across the
visible to NIR region. Although we estimate that the degree of
aggregation increases up to 32, the structure of the aggregate
remains unknown. Recently, to identify the structure and mor-
phology of the supramolecular assembly of Pt(u) complexes,
measurements of circularly polarized luminescence have been
conducted.”” However, studies on the structure of supramole-
cular assemblies or aggregates of Pt(u) complexes are still
limited. We showed that the enhancement/quenching of emis-
sion from fac-[Ir(ppy)s] can be used in a monitoring device for
tracking the progress of desired reactions in PDT. Moreover,
we found that the O,-DMSO adduct contributes to the catalytic
formation of DMS by excited fac-{Ir(ppy);]. Therefore, further
investigation into the O,-DMSO adduct should be performed
for understanding the fundamental photodynamic effects of
TMC phosphors dissolved in DMSO. For TMC salt crystals, the
robustness of the crystal framework and the presence of hydro-
philic channels are significant for repeatable sorption/desorp-
tion cycles of H,O, and the reversible colour/luminescence
changes result from the indirect interaction of H,O with the
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TMC and the weak bonding of H,O to the counterion. We
should clarify and understand the photophysics of the indirect
interactions contributing to the colour/luminescence changes of
TMCs. For molecular crystals of Pt(u) complexes, the “softness”
of the crystal is important for vapochromism; the Pt(u) complex
easily changes the intermolecular arrangement and Pt-Pt dis-
tance responsible for the coloration of the crystal. Although sub-
stantial knowledge on changes in the crystal structure upon
applying mechanical stress or grinding has been accumulated,*
further investigation into the “softness” of the crystal is needed
to clarify and understand the vapochromism of Pt(u) complexes.
Since the Pt(u) complex crystal can discriminate CHCl; from
CH,Cl,, it is expected to be a detection device for specific mole-
cules in a variety of VOCs. This may contribute to further
improvements in sensors for VOCs and toxic chemicals using
TMCs.* 1t is also significant for the development of next-gene-
ration luminophores that both crystals containing CH,Cl, and
those without any crystal solvent emit NIR luminescence, as
luminescence in the NIR II window is available for in vivo bio-
imaging in deeper regions."” Furthermore, it should be noted
that the NIR emission wavelength can be modulated by changing
the Pt-Pt interaction sensitive to stimuli for the environment,
ancillary ligands such as CI” and CN™, and the number and kind
of small molecules in the crystal.
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