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A H-shaped heterometallic SnsAu, system that displays tuneable
guest-dependent optical and photoluminescent properties has
been synthesized. It shows selective dye sorption, while its stimuli-
responsive methylred-rich solid is sensitive towards pH variations.
This non-emissive SnjAu, system exhibits multicolour lumines-
cence in the presence of aniline derivatives.

Coordination-driven supramolecular self-assembly has been
proved to be exceptionally efficient in the development of
heterometallic supramolecules with intriguing physical and
chemical properties."” Multifunctional ligands bearing vari-
ous donor atoms offer opportunities to combine a variety of
different metal centres and therefore to produce an impres-
sive diversity of heterometallic supramolecular assemblies,
which comprise macrocycles, cages, clusters, coordination
polymers, networks and metal-organic frameworks.>*' The
design and synthesis of heterometallic supramolecules incor-
porating main group and transition elements is, however, still
challenging due to the differences in coordination and
electronic properties of metal centers.'>™** As part of our stud-
ies, we reported the coordination-driven assembly of main
group metal units (Me;Sn* and Me,Sn>") with gold(1)-based
bridging metalloligand ([Au(CN),]) leading to coordination
polymeric  arrays  with  striking  stimuli-responsive
mechanochromic luminescence.*

Despite the considerable progress which has been
achieved in the construction of porous solids based on
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metal-organic frameworks (MOFs), porous organic frame-
works (POFs) and discrete organic molecules,">™ the explo-
ration of discrete heterometallic complexes for the develop-
ment of materials with guest-tuneable photophysical
properties remains in its infancy."" The vast majority of re-
ports on this topic, however, deals with the guest-dependent
photophysical properties of MOFs and POFs, which have de-
finable pore size and shapes.">™” MOFs have been extensively
utilized as hosts to encapsulate chromophore guests such as
dyes, however only a limited number of MOF@dye composite
systems have been exploited for vapour-based chemical sens-
ing of various volatile organic compounds (VOC's).”

Design of crystal structures from well-defined molecular
building blocks is still a major challenge due to the large
complexity of possible solid-state structures. H-shaped mole-
cules offer a simplification in crystal engineering strategies
by reducing the number of possible packing patterns mainly
into either ladder or brick-wall arrangements (Scheme 1).>°

As shown in Scheme 1, these molecular arrangements gen-
erate void spaces, which are filled with appropriate guest
(usually solvent) molecules. These cavities often collapse
when guest molecules are removed, although they could be
restored upon guest binding. This is especially important for
obtaining guest-dependent optical and stimuli-responsive
properties. Although there are numerous examples on the
crystal engineering of organic H-shaped molecules,”** to

S

7 vt N st
= >—-—< a L4 o
r=siair=s - -
P P =<

Scheme 1 Typical ladder and brick-wall crystal packing patterns of
the H-shaped molecules providing void spaces filled with guest
molecules.
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our knowledge only a pentiptycene-derived structures have
been used to sense diverse volatile organic compounds.”*~*’
For example, the green-fluorescent H-shaped pentiptycene
scaffold creates pores accessible to guest molecules in the
solid state and shows exceptional guest-dependent lumines-
cent properties owing to ground-state host-guest interactions
and excited-state exciplex formation.?®* This prompted us to
investigate if it might be possible to modulate the photo-
physical properties of H-shaped metallosupramolecular sys-
tems by guest molecules. To our knowledge, there are no
studies focusing on the photophysical properties of discrete
heterometallic H-shaped host, though the understanding of
guest-responsive optical and luminescent properties of such
systems is important for the design of novel functional
materials.

To create a H-shaped heterometallic system, it is essential
to develop a metalloligand having four donor sites and more
importantly to favourable preorganise them. H-shaped struc-
tures are typical for {[Me,Sn(RCOO)],0}, organostannoxa-
nes,”® thus, we expected that a bifunctional ligand, namely
4-diphenylphosphinobenzoic acid (Hdppba) functionalized
with O- and P-donor sets might create an organostannoxanic
{{Me,Sn(dppba)],O}, complex (1, Scheme 2). This tetranuclear
complex containing four Sn(wv) and four Ph,P sites would be
an ideal H-shaped metalloligand that can further coordinate
Au(1) centres with its arms. The as-resulting bulky H-shaped
heterometallic {{Me,Sn(dppba)(AuCl)],0}, (2, Scheme 2) sys-
tem with m-electron rich parts can be anticipated to show in-
triguing guest-responsive properties.

The phosphine-functionalized metalloligand 1 was synthe-
sized by the reaction of Me,SnO with Hdppba following the
general method (Scheme S1, route i, for details see the ESI}).
The H-shaped metalloligand 1 features four dangling
phosphine-donor groups suitable for binding to second metal
species through metal-ligand bonds, in the next step, when
mixed at the correct stoichiometric ratio. Accordingly, the ad-
dition of stoichiometric amounts of (Me,S)AuCl to 1 (Scheme
S1, route ii, ESIT) results in the formation of a octametallic
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Scheme 2 H-shaped metalloligand 1 and decorated
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Sn,Au, molecular clip (2). The singlet at 32.9 ppm observed
in the *'P NMR spectrum of 2 is downfield shifted compared
to 1 (Fig. S2 and S6, ESIT), which indicates the coordination
of phosphorous centres of the metalloligand to Au(i). The
presence of two chemically non-equivalent Sn(wv) sites is dem-
onstrated by two peaks at -174.8 and -190.6 ppm in the
19Sn NMR spectrum (Fig. S71) and confirms that the tetra-
organodistannoxanic core of the metalloligand 1 (Fig. S3) re-
mains practically unaltered after P-Au bond formation.

The single-crystal XRD analysis of colourless crystals of 1
-1.23CH,Cl, reveals that the complex has a H-shaped struc-
ture (Fig. 1) typical for {{Me,Sn(RCOO)],0}, organostannoxa-
nes®® with a core made up by a planar Sn,0, ring and two ad-
ditional Sn centres supported by the bridging and chelate-
bridging carboxylate groups of the ligand (Table S2, ESI}).
Complex 1 lies on an inversion centre, which is at the centre
of the Sn,0, ring.

The X-ray structure of colourless 2-3.88CH,Cl, shows the
formation of the anticipated octametallic Sn,Au, assembly,
wherein the closely linear coordination of the dangling
phosphine-donor groups of 1 to AuCl created a H-shaped
heterometallic structure (Fig. 2). The central core of 2 con-
sists of planar Sn,O, ring and two additional Sn centres
supported by two bridging and two monoatomic bridging car-
boxylate groups of the dppba ligand. This heterometallic de-
rivative of 1 similarly resides on an inversion centre located
at the centre of the Sn,0, ring. The bulky H-shaped molecu-
lar clip comprises the Au(r) centres at a distance of 10.736(2)
A [Aul---Au2*; wherein Au2* is at 1 - x , 2 — y, -z] and
19.774(2) A [Au1---Au2], respectively.

As shown in Fig. 3a, the crystal structure shows that the
metalloligand 1 molecules are arranged in ladder pattern and
the solvent molecules are encapsulated in discrete voids (Fig.
S9, ESIT). The potential void volume accessible for guest mol-
ecules upon CH,Cl, removal is as low as 208.1 A* (9.9% of
the unit cell volume of 2102.2 A®) calculated by the PLATON
program.”® The crystal structure of 2 consists of H-shaped
Sn,Au, molecular clips arranged in brick-wall pattern
(Fig. 3b) via C-H---Cl-Au contacts (Fig. S11, ESIf). The
CH,Cl, molecules are hosted in the channels having large
dumbbell-shaped cavities (Fig. 3b). The high guest-accessible
void volume is 1588.5 A® (28.5% of the unit cell volume of
5571.5 A®) calculated by PLATON,* is available for guest

Fig. 1 Molecular structure of H-shaped metalloligand 1. Colour
scheme: tin, green; phosphorous, orange; carbon, grey; oxygen, red;
hydrogen, dark brown.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Molecular structure of H-shaped heterometallic 2. Colour
scheme: tin, green; gold, yellow; phosphorous, orange; carbon, grey;
oxygen, red; chlorine, purple; hydrogen, dark brown.

inclusion upon exchange with solvent molecules (Fig. S10,
ESI{).

Metalloligand 1 is not luminescent in solution at 298 K,
however in the solid state it exhibits a bright green emission
centred at 502 nm (Fig. S121) with luminescence quantum
yield (@em) of 0.14 and lifetime (te,) of 4.2 ns, which is com-
parable to that of the dppba ligand (Table S3, ESI}). This sug-
gests that the emission is fluorescence caused by the rigidifi-
cation mediated by restriction of intramolecular motion and
there is no participation of the metal ions in the excited
states which was confirmed by the quantum chemical calcu-
lations (for details see the ESIt). The emission intensity from
metalloligand 1 to its gold(r)-coordinated complex 2 decreases
significantly, and the octametallic Sn,Au, system is practi-
cally non-luminescent in the solid state (Fig. S12 and Table
S3, ESIt). The strong luminescence quenching upon Au(i) co-
ordination reflects the importance of the lone pair of phos-
phorous atoms in the radiative transition of 1 (Fig. S18 and
S2071). Moreover, it is very intriguing that the binding of di-
verse types of metal ions to different donor sites of dppba li-
gand allows us to regulate the luminescence properties
selectively.

Next, we anticipated that the large openings (the void di-
ameter calculated by Poreblazer®® ranges from 12.3 to 14.4 A)
of 2 would allow the access, passage, exchange and inclusion
of larger chromophoric guest species such as organic dyes.
Typically, the freshly prepared colourless crystals of 2 were
immersed into aqueous solution of various dyes including

Fig. 3 a) Ladder-type packing of 1 and b) brick wall molecular ar-
rangement of 2 (view along the crystallographic a-axis). The CH,Cl,
solvent molecules are marked with dotted ice-blue line. The hydrogen
atoms are omitted for clarity.
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neutral methylred (MR), cationic methylene blue (MB) and
anionic methylene orange (MO). The colourless crystals of 2
became deep red (Fig. 4a) as well as blue (Fig. 4b) indicating
the formation of dye-rich solid 2, while the anionic MO dye
molecules were not diffused into crystals of 2.

Because the dyed crystals typically include dye molecules
at the parts per thousand to parts per million level, X-ray dif-
fraction is practically useless for determining the structure of
such dye inclusion compounds.®" As in the case of other dyed
crystals, the inclusion and uniformity of distribution of dye
guests in the crystal is difficult to determine directly, thus
the incorporation of dyes was verified visually.*>** As shown
in Fig. 4, the shape and integrity of crystals of 2 remained in-
tact after standing in aqueous dye solutions for 7 days, while
a colour change into either deep red (MR) or blue (MB) pro-
vided the optical evidence of dye inclusion. The dye inclusion
uniformity was also verified by optical microscopy (Fig. S21,
ESIT). Moreover, mass spectrometric measurements indicate
that 1 mole of dye-rich crystals of 2 contains 2-3 x 10> moles
of dye (either MR or MB) molecules (Fig. S24 and S25, ESIT).

The selective adsorption of MR and MB over the MO in
water may be caused by the differences in the molecular size,
as MR and MB have smaller molecular diameter (13.2 and
13.4 A, respectively) than that of MO (14.5 A).>>*® Other mo-
lecular characteristics of dyes (shape, charge, hydrogen and
n---m bonding ability, etc.) might also affect the dye adsorp-
tion selectivity.>>>® In contrast to intriguing dye absorption
ability shown by 2, the crystals of 1 cannot capture these dye
molecules, as no significant guest-accessible void volumes
are present in the structure (Fig. S22, ESIY).

Smart solid-state materials, which sensitively respond to
external stimuli with dramatic changes in their solid-state op-
tical properties such as colour'>'® and/or luminescence®”*°
are of particular interest as they can be used to monitor envi-
ronmental changes. Stoddart and co-workers have shown that
MOF's incorporating pH-sensitive dyes display colorimetric
changes in the presence of acid/base vapours.*>'® For exam-
ple, a MOF with incorporated anionic MR™ changes its colour
from yellow to red in response to gaseous CO,."”

Inspired by these results, the MR-rich solid 2 was tested to
act as a colorimetric switch, whereby the pH-sensitive dye
molecules can sensitively respond to acid and base vapours.
The orange-yellow colour of the azobenzene-based pH-indica-
tor MR is generally associated with the neutral MR®, the red
colour with zwitterionic MR* and protonated MRH" forms,
while the yellow colour with the deprotonated MR~ species
(Fig. $26, ESIT)."" We might then reasonably assume that the

Fig. 4 Colorimetric response of 2 to a) MR and b) MB dye molecules,
respectively.
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red-coloured solid 2 is enriched with zwitterionic forms of
MR. We observed a colour change from red to yellow when
the MR-rich solid 2 was exposed to gaseous ammonia, which
suggests that the NH; abstracted protons from the zwitter-
ions resulting in a yellow-coloured anionic MR-rich solid 2
(Fig. 5a). The colour change was reversible, and following ex-
posure to HCIl, the MR™ anion undergoes protonation to re-
generate the red-coloured zwitterionic or protonated MR-rich
solid 2 (Fig. 5b). As in the case of other acidochromic sys-
tems, each deprotonation/protonation cycle triggered by NH;/
HCI vapour also gives rise to the formation of ammonium
chloride in the system.”” It should be noted that humid CO,
(from sublimed dry ice, Fig. S28 ESIT) can also regenerate the
red-coloured MR-functionalized solid 2. The NH;/HCI vapour
triggered reversible colorimetric response occurred quickly,
and after 3 min, no further significant colour change was ob-
served. This cycle was repeated more than 4 times without
noticeable decrease in the sensitivity and colour intensity. It
is worth noting that, in contrast to this acidochromic MR-
rich solid 2 the pristine MR dye cannot be practically actu-
ated by acid/base vapours in the solid state (Fig. S29 ESIT).
Inspired by these results, we finally explored the sensing
capability of 2 for monitoring the presence of VOC's. The
guest-responsive luminescence properties of 2 were investi-
gated with a series of aniline derivatives, including aniline
(AN) and its various electron-rich derivatives such as N,N-
dimethylaniline (DMA), N,N-diethylaniline (DEA) and 4,N,N-
trimethylaniline (TMA) as well as electron-deficient analogues
such as 3-fluoroaniline (FA) and 3,5-bis(trifluoromethyl)aniline
(BTFMA). Thin-layered powdered sample of 2 was exposed to
the vapours of these various aniline derivatives, and as shown
in Fig. 6a, the luminescence of 2 rapidly turns on after expo-
sure to AN, FA, TMA, DMA and DEA vapours (see ESIt). No
significant luminescence response was observed for BTFMA
vapours. The emission colour of aniline-rich solid 2 (Fig. 6b)
depended on the aniline and was bluish green with FA (508

Zwitterionic form (red)

Deprotonated form (yellow)

T NH;
N HCl

Fig. 5 Colorimetric response the MR-rich solid 2 during the acid/base
sensing process. a) Red-coloured zwitterionic MR-rich crystals of 2
changed into yellow-coloured anionic MR-rich solid when exposed to
NH3z vapours and b) back from yellow to red when exposed to HCI
vapours.
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Fig. 6 Luminescence turn on response of crystalline 2 to aniline
derivatives: a) optical microscope images of 2 upon exposure to
various aniline vapours under 365 nm UV lamp illumination and b) their
normalized solid-state emission spectra (leyc = 365 nm).

nm), dark green with AN (534 nm) and greenish yellow with
DMA (558 nm), DEA (561 nm) and TMA (552 nm), respec-
tively. The spectral shifts appear to correlate most closely
with the electron-donating ability of these aniline vapours, as
derivatives with electron-donating methyl group(s) induced
greater red-shifts than electron-withdrawing fluorine
substituted anilines. Accordingly, the TMA and DMA triggers
the most obvious luminescence response and an intense
greenish yellow emission appeared, along with a 471- and
591-fold luminescence enhancement, respectively. It is im-
portant to note that the luminescence of 2 remains
unchanged upon exposure to aliphatic amines (triethylamine
and diethylamine) and aromatic hydrocarbons (toluene and
xylene) vapours. This suggests the synergetic effects of the
amine group and n-electron rich system of the aniline deriva-
tives on the luminescence turn on of 2. Thus, the sensing
ability could be mainly attributed to favourable interactions
between H-shaped heterometallic host having n-electron rich
parts and aromatic amine guests.

In summary, we constructed the first heterometallic
H-shaped Sn,Au, molecular clip that displays tuneable guest-
dependent optical and photoluminescent behaviour. The mo-
lecular packing of this bulky H-shaped molecular clip 2 cre-
ates guest-accessible voids in the solid state, which would en-
able the realization of guest-tuneable photophysical
behaviour previously unseen for discrete heterometallic sys-
tems. Its stimuli-responsive MR-rich solid 2 shows sensitivity
towards variations in the pH value and indicates these alter-
ations in environmental conditions by intense colorimetric
changes from red to yellow. Moreover, this heterometallic
solid 2 can be used as a luminescent sensory system to reli-
ably distinguish between different aniline derivatives. This
new strategy toward guest-responsive heterometallic mate-
rials shows that a single chromophoric host is sufficient for
multicolour optical and luminescence tuning by guest mole-
cules. The present study illustrates that the synthesis of bulky
H-shaped heterometallic complexes would open up a new
strategy to construct various stimuli-sensitive materials, serv-
ing as potential candidates in the development of a new class
of functional supramolecular materials with intriguing sens-
ing applications.

This journal is © The Royal Society of Chemistry 2018
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