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Introduction

The design and development of new functional molecular
architectures is a core motivation in coordination and supra-
molecular chemistry.[1] Multidentate Schiff bases have been
prominent in this regard,[2] and considerable efforts have
been made to utilize these diverse building blocks in the
construction of macrocycles[3] and metalated host mole-
cules,[4] and to study their ion binding and transport proper-
ties[5] as well as aggregation and self-assembly[6] into supra-
molecular entities and nanostructures.[7,8] In recent years,
the guest-binding abilities of multinuclear chiral hosts[9] and
new transformations mediated by cooperative and biomi-
metic catalysts[10, 11] have also been highlighted.

In the context of this work, the photophysical[12] and elec-
tronic[13] characteristics (and materials applications[14] and
catalytic role[15]) of bis(metal-Schiff base) complexes have
been investigated, and several of these systems have exploit-
ed the inherently rigid, planar nature of p-systems. More
generally, design strategies evolved from molecular phenom-
ena such as rigidification[16] and restricted rotation/confor-
mation[17] in crowded aromatic architectures have been ex-
plored in search of desirable electronic,[18] catalytic[19] and

recognition properties.[20] Although attention has been fo-
cused on organic hosts and fluorescent versions have been
developed,[21] it is evident that transition-metal-based sys-
tems can engender advantages such as tunable, well-defined
coordination geometries, and visible-light reporting. The re-
lated development of molecular tweezers,[22] clips, grippers,
and related p-stacked host systems exhibiting interesting
recognition, electronic and chiroptical characteristics have
been described.[23]

We initiated a program to develop phosphorescent molec-
ular hosts and assemblies, based on a modular design ap-
proach encompassing coordinatively unsaturated transition-
metal-(p-organic) phosphorescent units (thus enabling axial
substrate-binding interactions and signaling without interfer-
ence from organic/background fluorescence) and a rigid,
robust, and readily derivatizable supporting framework (that
would link components and maintain structural integrity),
with the aim of engendering molecular topologies with un-
usual photophysical and sensing properties. New classes of
shape-persistent mono-,[24] bi-[25] and polynuclear[26] PtII coor-
dination frameworks and materials, bearing integrated fea-
tures that allow the reporting of molecular-level perturba-
tions and events, have been developed. Our underlying ob-
jective is to devise new strategies to modulate, control, and
signal the molecular motion in these systems, paving the
way towards new functionalities and the realization of lumi-
nescent machines.

We are currently focused on creating congested molecular
scaffolds derived from platinum(II) luminophores supported
by aromatic Schiff bases. The incorporation of phosphores-
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cent metal-organic moieties such as Pt-salphen (H2-sal-
phen=N,N’-bis(salicylidene)-1,2-phenylenediamine) into su-
pramolecular architectures can confer beneficial properties:
1) compared with d6 octahedral RuACHTUNGTRENNUNG(bpy)3

2+ luminophores,
which exhibit sphere-like coordination, the “open” geometry
of square planar d8 PtII can afford excited states that are
sensitive to the micro-environment;[27] 2) diverse photophys-
ical characteristics and high quantum efficiencies under am-
bient conditions have been reported;[28,29] 3) modification
and functionalization of the ligand structure is well-estab-
lished. We recently described new phosphorescent (Pt-sal-
phen)2 frameworks and their colorimetric and luminescent
responses to metal ions.[30] The two Pt-salphen fragments are
tethered cofacially to a rigid backbone to create a potential
O4-binding cavity, whereas correlated axial rotation would
afford intramolecular interactions. Herein, we have elabo-
rated upon our previous work by employing different rigid
backbones (1–3), which would modulate the separation and
angle, and thus the extent of interaction, between the two
Pt-salphen moieties in these complexes, and probed the
impact of this upon photophysical properties and binding/
sensing behavior. Intriguingly, the occupation of the (Pt-sal-
phen)2 cavity could result in the disruption of p–p (and pos-
sibly Pt···Pt) interactions, which would be signaled by the in-
trinsically responsive PtII luminophores. The colorimetric
and phosphorescent responses of these host structures upon
addition of metal ions have
been investigated. Control
complexes (4 and 5) have been
studied in concert, and a varie-
ty of spectroscopic techniques
plus DFT calculations have
been employed, to rationalize
the photophysical changes and
provide insight into the binding
mechanism. These observa-
tions may be of relevance to
luminescent host complexes
displaying intramolecular inter-
actions that undergo photo-
physical changes in response to
external stimuli.

Results and Discussion

Preparation of platinum(II)
Schiff base complexes : A mod-
ular approach was employed
for the synthesis of the binu-
clear platinum(II) Schiff base
complexes 1–3 (see the Sup-
porting Information for de-
tails). The important brominat-
ed salphen-PtII precursor L1
was obtained by treatment of
the corresponding Schiff base

(C1) with K2PtCl4 in the presence of K2CO3 in DMSO at
75 8C. Regarding the rigid backbones, the substituted xan-
thene and dibenzofuran precursors are commercially avail-ACHTUNGTRENNUNGable, but preparation of the biphenylene backbone required
several steps and modification of literature procedures. Bro-
mination of p-tert-butylaniline afforded the dibromoaniline
C2, which was subsequently diazotized in sulfuric and glacial
acetic acids with NaNO2, then treated with iodine, to form
C3. An Ullmann coupling reaction was employed in the syn-
thesis of the key intermediate C4 :[31] compound C3 was con-
verted into the desired arylithium intermediate by means of
halogen/metal permutation, followed by reaction with stoi-
chiometric amounts of copper(II) bromide and nitroben-
zene, then reductive elimination, to afford the biaryl com-
pound C4. Finally, a modified Ullmann cyclization by using
copper(II)-mediated oxidative coupling yielded the dibro-
mobiphenylene C5.[32]

Functionalization of the rigid backbones was achieved by
activation of two bromide atoms through halogen-lithium
exchange with nBuLi. The intermediate was subsequently
reacted with 2 equiv of B ACHTUNGTRENNUNG(OMe)3 and hydrolyzed into the
bisboronic acids B1–B3. Treatment of the respective bisbor-
onic acids with 2 equiv of L1 in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4]
and K2CO3 in degassed DMF solution at 75 8C afforded the
desired binuclear complexes 1–3 as dark-red solids
(Scheme 1). The control complexes 4 and 5 were prepared

Scheme 1. Synthesis of 1–3, and structures of control complexes 4 and 5.
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similarly or according to a literature method.[28a] All PtII

complexes were characterized by NMR spectroscopy, ESI-
MS, and elemental analysis. In the ESI mass spectra, parent
clusters with m/z values that closely match the respective
theoretical isotopic patterns were observed (Figures S1–S3
in the Supporting Information).

Crystal structures of (Pt-salphen)2 complexes : Single crystals
of 1 and 3 were obtained by slow evaporation of ethyl ace-
tate solutions, and structural determinations were performed
by X-ray crystallography (Figures 1 and 2, respectively, and
the Supporting Information).[33] For the xanthene-based
complex 1, the square planar geometry around the two plati-
num atoms are generally unremarkable, and each Pt-salphen
unit is planar with negligible deviation of the aryl rings. The
mean Pt�N and Pt�O distances in 1 are 1.963 and 1.997 �,
respectively, resembling those previously reported for PtII

Schiff base complexes.[14,28, 29] The two Pt-salphen moieties
are bridged by the xanthene backbone in a syn cofacial fash-
ion, with dihedral angles of around 43 8 to the xanthene
plane. The intramolecular Pt(1)···Pt(2) distance of
5.012(2) � (Figure S4 in the Supporting Information) signify

the absence of Pt···Pt interactions, although the shorter in-
termolecular Pt(2)···Pt(2*) separation of 3.431(2) � may be
interpreted as a weak interaction. Importantly, the intra-
and intermolecular interplanar separations (defined as mean
separation between Pt and adjacent N2O2 plane) of 3.22 and
3.25 �, respectively, indicate the existence of p–p interac-
tions between the coplanar Pt-salphen moieties (Figure 1).

The geometry of both platinum atoms in the biphenylene-
based 3 (Figure 2) are also square planar. Compared with 1,
distortion of the aryl rings from the Pt ACHTUNGTRENNUNG(N2O2) planes, espe-
cially for Pt(1), is more discernible but remains slight. The
mean Pt�N (1.962 �) and Pt�O (1.994 �) distances in 3 are
comparable to 1 and related complexes. In contrast to 1, the
two Pt-salphen moieties are linked to the biphenylene unit
in an anti cofacial manner, and the dihedral angles to the bi-
phenylene plane are smaller (ca. 36 8). This, together with
the narrower biphenylene spacer, gives rise to a shorter
Pt(1)···Pt(2) distance of 3.359(2) �, which constitutes a
weak intramolecular Pt···Pt interaction[14, 23b, 27a, 34] (Figure S5
in the Supporting Information). The intramolecular interpla-
nar separation of 3.36 � between the Pt-salphen moieties in

Figure 1. Perspective view (top; 50 % probability ellipsoids) and packing
diagram (bottom; showing intra- and intermolecular p–p separations) of
1. Selected bond lengths [�] and angles [8]: Pt(1)�N(1) 1.962(4), Pt(1)�
N(2) 1.967(3), Pt(1)�O(1) 1.997(3), Pt(1)�O(2) 1.991(3), Pt(2)�N(3)
1.963(4), Pt(2)�N(4) 1.960(4), Pt(2)�O(3) 2.000(3), Pt(2)�O(4) 1.998(3),
Pt(1)···Pt(2) 5.012(2), N(1)-Pt(1)-N(2) 83.8(1), N(1)-Pt(1)-O(1) 95.2(1),
N(1)-Pt(1)-O(2) 178.6(1), O(1)-Pt(1)-O(2) 85.5(1).

Figure 2. Perspective view (top; 50 % probability ellipsoids) and packing
diagram (bottom; showing intra- and intermolecular p–p separations) of
3. Selected bond lengths [�] and angles [8]: Pt(1)�N(1) 1.955(4), Pt(1)�
N(2) 1.967(3), Pt(1)�O(1) 1.996(3), Pt(1)�O(2) 1.989(3), Pt(2)�N(3)
1.972(3), Pt(2)�N(4) 1.955(4), Pt(2)�O(3) 1.995(3), Pt(2)�O(4) 1.995(3),
Pt(1)···Pt(2) 3.359(2), N(1)-Pt(1)-N(2) 83.5(1), N(1)-Pt(1)-O(1) 95.4(1),
N(1)-Pt(1)-O(2) 178.7(1), O(1)-Pt(1)-O(2) 85.4(1).
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3 is slightly larger than that in 1 (3.22 �), and the adjacent
N2O2 planes are not coplanar (angle=4.9 8). Although this
suggests less favorable p–p interaction in the solid state for
the anti cofacial Pt-salphen units in 3, crystal packing effects
should be considered. The intermolecular interplanar sepa-
ration (3.25 �) and Pt(2)···Pt(2*) distance (3.336(2) �) in 3
are comparable to those in 1, and indicate the possibility of
intermolecular p–p and Pt···Pt interactions in the solid state.
These structural features may be useful for rationalizing the
luminescent properties of these complexes, whereas the con-
trasting syn and anti (Pt-salphen)2 configurations in 1 and 3,
respectively, is envisaged to impact upon binding character-
istics. A detailed comparison of photophysical properties is
presented in the next section.

Absorption and emission spectroscopy: The photophysical
properties of complexes 1–4 have been examined by UV/Vis
absorption and emission spectroscopy (Table 1; the photo-
physical data for 5 was reported previously[28c]). The UV/Vis
absorption spectra of the binuclear complexes 1–3 in CH2Cl2

(Figure S6 in the Supporting Information) contain bands at
<390 nm (e>2.0 � 104 dm3 mol�1 cm�1) that closely resemble
the structured nature and extinction coefficients of the cor-
responding non-metalated ligands. In addition, less intense
absorptions are observed in the visible region at lmax 454–
552 nm (e= (6–10) � 103 dm3 mol�1 cm�1) that are absent from
the ligand precursors. As described in previous spectroscopic
studies of phenyl-substituted analogues,[28,35] the bands at
<390 nm are ascribed to intra ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand 1ACHTUNGTRENNUNG(pp*) transitions,
whereas the low-energy absorptions at lmax 454–552 nm are
assigned as O(p)/Pt(d)!p* ACHTUNGTRENNUNG(diimine) charge-transfer transi-
tions.

Complexes 1–3 display structureless red emission (lmax

630–640 nm) in CH2Cl2 at 298 K, with long emission life-
times indicating phosphorescence. The lower Fem values and
broader emission band-shape for 1 and 3 may be attributed
to greater intramolecular p–p interaction between the cofa-
cially tethered Pt-salphen moieties, which is known to cause

self-quenching.[17d, 25,36] To characterize the photophysical
nature of these binuclear complexes in detail, the time-re-
solved difference absorption spectra of 1 in degassed
CH3CN were recorded after 355 nm nanosecond laser exci-
tation (Figure S7 in the Supporting Information). The prom-
inent features in the transient absorption (TA) spectra are
photo-bleaching at around 650 nm and strong absorptions in
the 400–600 nm region. The TA lifetime (0.19 ms) is in good
agreement with the emission lifetime in CH3CN (0.17 ms),
which is in accordance with the absorption originating from
the emissive excited state.

To provide information and insight for sensing studies, a
comparison of the emission energies and band-shapes for
complexes 1–5 in CH2Cl2/CH3CN (1/1) is shown in Figure 3.
The fluid emissions are assigned to mixed triplet O(p)/
Pt(d)!p* ACHTUNGTRENNUNG(diimine) excited states, which are reported to un-
dergo blue-shifts in more polar solvents due to the polar
character of the electron-rich oxygen donor in the ground
state.[28, 35] This is indeed observed for 2 (from lmax 637 (in

Table 1. Photophysical data for 1–4.

Fluid: lmax [nm] (t [ms]); F Solid: lmax [nm] (t [ms])
Cpd lmax [nm] (e [dm3 mol�1 cm�1]) lex [nm] 298 K 77 K[c] 298 K 77 K

1 259 (53 730), 303 (27 590),
325 (31 370), 366 (36 570),
472 (8410), 535 (8970),
547 (8900)[a]

546 635 (0.20); 0.007[a]

645[b]
650 (max; 7.0),

617, 705
668 (0.040) 679 (0.37)

2 260 (35 510), 329 (26 620),
371 (30 120), 388 (29 500),
454 (5950), 475 (6960),
537 (7220), 552 (7370)[a]

555 635 (2.73); 0.080[a]

630[b]
613 (max; 8.2),

647, 748
659 (0.014) 665 (max; 1.06),

730 (0.75)

3 257 (54 180), 326 (30 250),
374 (32 480), 477 (7390),
534 (7750), 553 (7780)[a]

520 642 (0.16); 0.009[a]

647[b]
609 (max; 14.7),

648, 710
680 (0.064) 677 (max; 0.37),

742 (0.28)

4 255 (24 320), 293 (9860),
308 (10 510), 318 (10 780),
342 (11 240), 361 (17 900),
377 (18 690), 429 (1890),
457 (3870), 526 (4620)[d]

501 615 (max; 3.92), 667; 0.061[d]

617 (max), 670[b]
605 (max; 11.5),

663
660 (0.188) 657 (4.28)

[a] In CH2Cl2. [b] In CH2Cl2/CH3CN (1:1). [c] In 2-Me-THF. [d] In CH3CN.

Figure 3. Normalized emission spectra of 1–5 (10�5
m) in CH2Cl2/CH3CN

(1:1) at 298 K.
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toluene) to 635 (CH2Cl2) and 626 nm (CH3CN)) and 5 (from
lmax 629 (in toluene) to 617 (CH2Cl2) and 612 nm (CH3CN)),
but not 1 (from lmax 661 (in toluene) to 635 (CH2Cl2) and
639 nm (CH3CN)) and 3 (from lmax 672 (in toluene) to 642
(CH2Cl2) and 648 nm (CH3CN); Figure S8 in the Supporting
Information). Furthermore, the conventional negative solva-
tochromic emissions of 2 and 5 are more structured than the
broader emissions of 1 and 3. It is therefore postulated that
intramolecular p–p interactions between Pt-salphen moiet-
ies in 1 and 3 may be enhanced in CH3CN as well as tol-
uene, giving rise to the red-shifted emissions. In CH2Cl2/
CH3CN (1/1), the uncharacteristic red-shifted emissions for
1 and 3, which are concentration-independent down to
10�7

m (thus discounting aggregation), are attributed to intra-
molecular p–p interactions as observed in the crystal struc-
tures (i.e., offset interplanar p-contacts within the (Pt-sal-
phen)2 moiety). Such p-stacked interactions are prevalent in
1 and 3, resulting in broad, unstructured emissions at lmax

648 nm, weaker in dibenzofuran-linked 2 to give a blue-
shifted emission with narrower band-shape at lmax 628 nm
(resulting in a higher Fem for 2 (due to decreased self-
quenching) compared with 1 and 3), and absent in control
complexes 4 and 5 to afford further blue-shifted and struc-
tured emissions at around lmax 610 nm, which is typical for
non-aggregated Pt-salphen monomer species.

The solid-state (298 and 77 K) and glassy (77 K) emissions
of 1–5 have also been examined (Figure S9 and S10 in the
Supporting Information). In the solid state, compounds 1–3
display structureless low-energy emissions (lmax>658 nm) at
298 K. The binuclear complex 3 displays the most red-shift-
ed solid emission at lmax 680 nm, which is tentatively attrib-
uted to intra- as well as intermolecular p–p and Pt···Pt inter-
actions, corresponding to those observed in the crystal struc-
ture. Whereas the parent mononuclear complex 5 displays a
structured solid-state emission at lmax 620 nm at 298 K, the
control derivative 4 exhibits a structureless red-shifted emis-
sion at lmax 660 nm, resembling that of 2. Evidently, the in-
termolecular p-stacking interactions and packing effects for
1–5 in the solid state are different. The solid-state emissions
at 77 K are slightly more structured, but similar results are
observed. The 77 K glassy emission for 1 is red-shifted (lmax

650 nm), but the remaining complexes display highly struc-
tured emissions at lmax 600–613 nm with vibronic progres-
sions of around 1300 cm�1. Such vibronic structure is em-
blematic of 3pp* excited states, but the solid-state and glassy
emissions in this work are excessively red-shifted for this as-
signment and thus ascribed to mixed triplet O(p)/Pt(d)!p*-ACHTUNGTRENNUNG(diimine) excited states.

Photophysical responses to metal ions: perturbation of p-
stacked interactions : The binding characteristics of 1 has
been investigated by using UV/Vis and emission spectrosco-
py with various mono- and divalent metal ions (as perchlo-
rate salts) in CH3CN. With 1.0 equiv of Mn+ ions, the
639 nm emission was converted into a structured band at
lmax 605 nm for the Pb2+ ion only, and further addition
yielded no change. For Cu2+ and Hg2+ ions, the emission

was steadily quenched, whereas for Mg2+ , Ca2+ , Zn2+ , Cd2+,
and all monovalent metals ions, there were minimal or no
responses (Figure S11 in the Supporting Information). Com-
petition experiments signifying a ratiometric phosphorescent
response and selectivity for Pb2+ have been conducted
(Figure 4), in which the emission intensity of 1 (3.5 � 10�5

m

in CH3CN) were monitored at both 639 and 605 nm in the
presence of the metal ions (1.0 equiv). A clear colorimetric
response was also detected for 1 with 1.0 equiv of Pb2+ , and
to some extent Cu2+ and Hg2+ , corresponding to the incre-
mental decrease of the 535 nm absorption with increasing
[M2+] (Figure S11 in the Supporting Information). Analo-
gous experiments for complex 3 with various metal ions
were performed (Figure S12 in the Supporting Information).
Like 1, there were minimal or no responses for Mg2+ , Ca2+ ,
Zn2+ , Cd2+ , and all monovalent metals ions, whereas
quenching was observed for Cu2+ and Hg2+ ions. In contrast
to 1, a quenched emission that was nevertheless blue-shifted
was recorded for 3 upon addition of Pb2+ ions.

Quantitative titrations have been performed to probe the
photophysical responses in CH3CN. The UV/Vis spectral
changes for 1 became saturated after addition of 1.0 equiv
of Pb2+ ions and revealed a well-defined isosbestic point at
501 nm (Figure S13 in the Supporting Information), which
was used as the emission lex. In the emission titration, incre-
mental changes were detected for up to 1.0 equiv of Pb2+

ions, and saturation occurred thereafter (Figure 5, top). The
broad red emission at lmax 639 nm was blue-shifted and
transformed into a structured emission at lmax 605 nm
(termed “monomer-like” since it closely resembles the
energy and band-shape of the respective emission for 4 and
5). In addition, the aerated emission lifetime (l639 =0.07 ms)
became noticeably longer after the addition of Pb2+ ions
(l605 = 0.33 ms). It is of interest to note that literature reports
of phosphorescent hosts that are capable of sensing Pb2+

ions remain sparse.[37] The reversibility of the photophysical
response of 1 to Pb2+ ions was demonstrated (Figure S14 in

Figure 4. Competition experiments showing ratiometric phosphorescent
response and selectivity by 1 for Pb2+ ions. Pb ACHTUNGTRENNUNG(ClO4)2 (1.0 equiv) was
added after solutions of 1 in CH3CN (3.5 � 10�5 mol L�1) had been incu-
bated with 1.0 equiv of metal ions (lex 501 nm).
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the Supporting Information).[38] Quantitative emission titra-
tions have also been performed for 3 in CH3CN (Figure 5,
bottom). Incremental changes were detected upon addition
of up to 1.0 equiv of Pb2+ ions, after which saturation occur-
red. In stark contrast to 1, the broad red emission at lmax

648 nm was gradually quenched and blue-shifted to lmax

616 nm.
1H NMR studies have been conducted for 1 in the pres-

ence of Pb2+ ions (Figure S15 in the Supporting Informa-
tion). The 1H NMR shift differences between each side of
the non-symmetric salphen fragment became greater, indica-
tive of increased rigidity. The binding process for 1 was in-
vestigated by using ESI mass spectrometry (Figure S16 in
the Supporting Information). The major signal in the ESI
mass spectrum of 1 with 1.0 equiv of Pb2+ in CH3CN, using
zero declustering potential, is a cluster at m/z 1643.2, which
displays excellent agreement with the calculated isotopic
pattern for the [1+ Pb+ ClO4]

+ species with 1 amu separa-
tion between peaks. In the analogous ESI-MS of 3 with Pb2+

(1.0 equiv), the dominant signal is a cluster at m/z 1584.5
(1 amu separations) corresponding closely to [3+ Pb+

ClO4]
+ (Figure 6).[39] These results imply that when bound

by 1 or 3, the Pb2+ ion can remain coordinated by perchlo-
rate, possibly in a bidentate mode like that reported by Car-
bonaro et al.[40] in the crystal structure of [{NiACHTUNGTRENNUNG(salen)}2·Ba-ACHTUNGTRENNUNG(ClO4)2ACHTUNGTRENNUNG(thf)], featuring two chelating perchlorate groups at
Ba2+ (plus O4-coordination by two mononuclear Ni-salen
moieties), and by Lalinde et al.[41] in the crystal structure of
(NBu4)[{Pt ACHTUNGTRENNUNG(bzq)(C�CC6H4-4-CF3)2}2·PbACHTUNGTRENNUNG(ClO4)] (bzq= 7,8-
benzoquinoline), in which the Pb2+ ion is coordinated by a
bidentate perchlorate group, as well as four acetylide moiet-
ies of two [Pt ACHTUNGTRENNUNG(bzq) ACHTUNGTRENNUNG(C�CAr)2] units in a [h1ACHTUNGTRENNUNG(C�CAr)]4 bind-
ing mode.

To elucidate the mechanism for Pb2+-binding by 1 and 3,
exhaustive attempts have been made to grow crystals suit-ACHTUNGTRENNUNGable for structural determination by using a wide variety of
solvents and mixtures thereof, numerous recrystallization
methods, and different ratios of complex-to-Pb2 +, but these
efforts have not succeeded. DFT calculations have been un-
dertaken to investigate the structures of the [1 + Pb+ ClO4]

+

and [3 + Pb +ClO4]
+ species observed by ESI-MS (Figure 7).

Generally, the two energy-minimized calculated structures
(each confirmed to be a minimum from vibrational frequen-
cy calculations) display many similarities: the Pb2+ ion re-
sides close to the center of the O4 cavity and is bound by a
bidentate perchlorate group, the mean Pb�OACHTUNGTRENNUNG(salphen)
(1: 2.478 �; 3 : 2.488 �) and Pb�O(perchlorate) (1: 2.520;
3 : 2.516 �) distances are comparable, and the Pb···Pt distan-
ces (1: 3.260, 3.377; 3 : 3.289, 3.311 �) are not dissimilar.
However, while noting the contrasting syn and anti (Pt-sal-
phen)2 configurations in 1 and 3, respectively, the mean sep-
aration between Pt and the adjacent N2O2 plane is signifi-

Figure 5. Quantitative emission titrations (lex 501 nm) for 1 (top; 5�
10�5

m) and 3 (bottom; 2.5� 10�5
m) in CH3CN upon addition of Pb2+

ions.

Figure 6. ESI-MS of [3+Pb+ ClO4]
+ in CH3CN using zero declustering

potential (top: calculated isotopic distribution).

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&6&

M. C. W. Chan et al.

www.chemeurj.org


cantly greater in 1 (3.60 �, c.f. 3.39 � in 3). Furthermore,
the angle between the N2O2 planes is larger in 1 (18.2, c.f. ,
7.4 8 in 3). By comparing these calculated structural parame-
ters with the interplanar p–p separations in the crystal struc-
tures of 1 (3.22 �; parallel) and 3 (3.36 �; 4.9 8 between
N2O2 planes), it is proposed that upon binding of Pb2 +, com-
plex 1 may undergo conformational changes that separate
the Pt-salphen moieties and disrupt the p–p interaction. In
contrast, the structural impact of Pb2 + coordination upon
the (Pt-salphen)2 unit in 3 may be relatively small, and intra-
molecular p–p interactions would remain feasible. Notwith-
standing the absence of solvent effects in the calculated
structures, these differences may be helpful for explaining
the contrasting emission responses to Pb2 + ions (see below).

Comparisons and general remarks : Further studies on the
binuclear as well as control complexes have been undertak-
en to rationalize the observed spectral changes and possible
binding mechanism. Quantitative experiments have been
performed to investigate the emission quenching responses
of 1 to Cu2+ and Hg2+ ions in CH3CN (Figure S17 in the
Supporting Information). For both Cu2+ and Hg2+ , the
639 nm emission of 1 was rapidly quenched but not shifted,

and the resultant lifetime of 1 was observed to be independ-
ent of [Cu2+] or [Hg2+] (to/t=1, to = 0.07 ms), indicating
static quenching processes. Furthermore, the absence of a
blue-shift (or transformation to a “monomer-like” emission)
signifies that the p-stacking within the (Pt-salphen)2 unit in
1 is not disrupted by the Cu2+ (or Hg2+) ions, and therefore
suggests that the quenching (through metallophilic[42] or
spin-orbit interactions) occurs outside the (Pt-salphen)2

cavity. Upon addition of Pb2+ ions, the structured emissions
of 4 and 5 in CH3CN at around lmax 610 nm was quenched
but not shifted; this demonstrates that emission quenching
is evidently the normal response of mononuclear Pt-salphen
to Pb2+ ions, and tentatively implies that the binding of
Pb2+ by 1 occurs inside the (Pt-salphen)2 cavity.

The different backbones in 1–3 would modulate the
nature and geometry of the (Pt-salphen)2 cavity with regards
to guest-binding, and hence their comparative emission re-
sponses to Pb2+ ions (1.0 equiv) have been investigated
(Figure 8; CH2Cl2/CH3CN (1:1) is used because 2 displays
limited solubility in CH3CN). For 2, although a blue-shift to
lmax 605 nm was detected like 1, the emission intensity was
quenched to 80 % of the original intensity (by peak area),
which is in clear contrast to 1 (99 % of original intensity;

Figure 7. Energy-minimized calculated structures of [1+ Pb+ClO4]
+ (top) and [3+Pb +ClO4]

+ (bottom): perspective view (left) and angle between
N2O2 planes (right).
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this blue-shifted emission band at lmax 607 nm is also more
structured) but comparable to 4 and 5 (86 and 90 % of the
respective original intensity). For 3, the corresponding blue-
shift to lmax 616 nm is smaller than for 1, and substantial
emission quenching (9% of original intensity) was observed.
The stoichiometry of Pb2+-binding by 1 was indicated to be
1:1 using a Job�s plot. The logK for Pb2+-binding by 1–3
were determined in CH3CN/CH2Cl2 (1:1) to be 6.63�0.06,
6.20�0.15, and 6.47�0.44, respectively (Figure S18 in the
Supporting Information), indicating that the binding is
weakest for 2.

It is pertinent to consider the following to rationalize the
emission responses upon addition of Pb2+ in Figure 8: a) A
blue-shifted emission may be ascribed to 1) disruption of p–
p interactions within the (Pt-salphen)2 unit (this would be
accompanied by a “monomer-like” structured emission), or/
and 2) stabilization of salphen O(p) orbitals, and hence de-
stabilization of O(p)!p* ACHTUNGTRENNUNG(diimine) transition, upon Pb2+

-binding (this is entirely consistent with the observed blue-
shift for the lowest-energy absorption band of the binuclear
complexes with Pb2+). b) Upon Pb2+-binding, emission en-
hancement may be afforded by 1) a reduction in intramolec-
ular self-quenching due to weakened or disrupted p–p inter-
actions, or/and 2) rigidification of the molecular framework.
c) Pb2+ ions can interact with the Pt-salphen luminophore
and invariably causes emission quenching.

Therefore, we propose that for 1, binding of Pb2+ within
the (Pt-salphen)2 cavity results in blue-shifted “monomer-
like” emission, which arises from O(p) stabilization as well
as disruption of intramolecular p–p interactions (as indicat-
ed by DFT calculations). Consequently, the reduction in
self-quenching (and possibly increased host rigidification)
would counter-balance the expected Pb2+-mediated emis-
sion quenching to afford enhanced (or undiminished) struc-
tured emission at lmax 607 nm. Notwithstanding the different
coordination cavities formed by the syn and anti (Pt-sal-
phen)2 unit in 1 and 3 respectively, the DFT calculations re-

vealed comparable Pb2+ binding modes and Pb�OACHTUNGTRENNUNG(salphen)
distances. For 3 however, addition of Pb2+ produced a rela-
tively unstructured emission band and a smaller blue-shift
(to lmax 616 nm). This implies that intramolecular p–p inter-
actions may persist to some extent (the blue-shift may be
predominantly caused by O(p) stabilization upon Pb2+ ···O-ACHTUNGTRENNUNG(salphen) coordination), and is consistent with the close in-
terplanar separation of 3.39 � in the calculated structure of
[3+ Pb+ ClO4]

+ . Such a Pb2+-binding mode, in which p–p

interactions can prevail and self-quenching is accordingly
not reduced, could conceivably afford diminished emission
intensity due to Pb2+-mediated quenching, as is observed
for 3. We suggest that a similar rationale to that for 1 can
account for the blue-shifted, structured emission observed
for 2 with Pb2+ , although only a weak p–p interaction is dis-
rupted and the binding is evidently weaker.

To summarize, the evidence herein indicates that a (Pt-
salphen)2 cavity displaying intramolecular interactions is re-
quired to afford a blue-shifted emission response to Pb2+

ions. The following discussion focuses on complex 1, which
gives the strongest Pb2+-binding. Interaction with Pb2+

could occur by coordination within the (Pt-salphen)2 cavity,
but interaction and quenching with Cu2+ (or Hg2+) appa-
rently takes place outside the cavity. The plausibility for O4-
coordination of Pb2+ by the OACHTUNGTRENNUNG(salphen) groups is suggested
by the following: a) the dominant species in the ESI-MS
was identified as [1+Pb+ ClO4]

+ , which bears a striking re-
semblance to the X-ray crystal structure of [{Ni ACHTUNGTRENNUNG(salen)}2·Ba-ACHTUNGTRENNUNG(ClO4)2ACHTUNGTRENNUNG(thf)] featuring two mononuclear Ni ACHTUNGTRENNUNG(salen) acting as
bidentate moieties;[40] b) O-complexation by metal-Schiff
base assemblies,[3–5] including the supramolecular aggrega-
tion of Zn-salphen complexes to generate gels and nanofib-
ers through Zn···O ACHTUNGTRENNUNG(salphen) interactions,[7] is well-document-
ed; c) in the energy-minimized calculated structure of [1 +

Pb+ClO4]
+ , the Pb2+ ion is coordinated by four O ACHTUNGTRENNUNG(salphen)

donors plus a bidentate perchlorate group. Overall, the pho-
tophysical responses and contrasting results for control com-
plexes, together with the above discussion, are consistent
with the binding of a perchlorate-coordinated Pb2+ ion in
the cavity of 1, which causes conformational changes (in-
cluding axial rotation) and disrupts the p-stacked interac-
tions within the (Pt-salphen)2 moiety; the original low-
energy p-stacked emission is therefore transformed by the
Pb2+ ion into the blue-shifted “monomer-like” emission of
non-interacting Pt-salphen units and self-quenching becomes
minimized (although other binding mechanisms cannot be
disregarded).

Conclusion

The Mn+-binding abilities of rigidly-linked (Pt-salphen)2

hosts, which constitute a new class of axially rotating coordi-
nation architectures and may be considered as phosphores-
cent relatives of 12-crown-4, have been investigated. Differ-
ences between the photophysical properties and ion-selec-
tive responses of (Pt-salphen)2 complexes anchored to sub-

Figure 8. Emission spectra of 1–3 (normalized, 2� 10�5
m, lex 501 nm) in

CH2Cl2/CH3CN (1:1) showing relative changes upon addition of Pb2+

ions (1.0 equiv).
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stituted xanthene, dibenzofuran, and biphenylene backbones
have been examined and rationalized. It is apparent that the
nature of the backbone can dictate the relative topology of
the cofacial Pt-salphen moieties, the prevalence of intramo-
lecular p–p interactions, and the dimensions of the potential
binding cavity in these frameworks. A plausible mechanism
for Pb2+-binding is proposed based on the interplay between
O-chelation and perturbation of intramolecular p-contacts
within the environmentally responsive (Pt-salphen)2 lumino-
phore, which in turn affects the self-quenching and emission
characteristics. These results may carry important implica-
tions for luminescent complexes and sensory materials that
engage in intramolecular interactions, and which undergo
photophysical changes in response to external stimuli and
guest-binding. Considering their structural diversity, the de-
velopment of supramolecular O-coordination by multinu-
clear metal-Schiff base assemblies is appealing. Studies are
continuing to create shape-persistent phosphorescent coordi-
nation frameworks that exhibit novel supramolecular behav-
ior and applications.

Experimental Section

General considerations : Solvents for syntheses (analytical grade) were
used without further purification and all metalation reactions were per-
formed under a nitrogen atmosphere. Solvents for photophysical meas-
urements were purified according to conventional methods. 1H NMR
spectra were obtained on Bruker DRX 300 and 400 FT-NMR spectrome-
ters (ppm) by using Me4Si as internal standard. ESI mass spectra were
measured on a Perkin–Elmer SCIEX API 365 mass spectrometer. IR
spectra were recorded on a Perkin–Elmer 1600 series FT-IR spectropho-
tometer. Elemental analyses were performed on a Vario EL elemental
analyzer (Elementar Analysensysteme GmbH). Full experimental and
characterization details are provided in the Supporting Information.
Complex 5 was synthesized by modification of a literature method.[28a]

UV/Vis absorption spectra were obtained on an Agilent 8453 diode array
spectrophotometer. Steady-state emission spectra were recorded on a
SPEX FluoroLog 3-TCSPC spectrophotometer equipped with a Hama-
matsu R928 PMT detector, and emission lifetime measurements were
conducted by using NanoLed sources in the fast MCS mode and checked
using the TCSPC mode. Sample and standard solutions were degassed
with at least three freeze-pump-thaw cycles. Low-temperature (77 K)
emission spectra for glasses and solid-state samples were recorded in
5 mm diameter quartz tubes that were placed in a liquid nitrogen Dewar
equipped with quartz windows. The emission quantum yield was meas-
ured by using [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 in degassed acetonitrile as the standard
(Fr =0.062) and calculated by: Fs =FrACHTUNGTRENNUNG(Br/Bs) ACHTUNGTRENNUNG(ns/nr)

2 ACHTUNGTRENNUNG(Ds/Dr), in which the
subscripts s and r refer to sample and reference standard solution, respec-
tively, n is the refractive index of the solvents, D is the integrated intensi-
ty, and F is the luminescence quantum yield. The quantity B is calculated
by the equation: B=1–10�AL ; in which A is the absorbance at the excita-
tion wavelength and L is the optical path length. Errors for l (�1 nm),
t (�10%), and F (�10 %) are estimated. Transient absorption spectra at
room temperature were recorded using the spectral mode on an Edin-
burgh Instruments LP920-KS equipped with an ICCD detector. The exci-
tation source for the transient absorption measurement was the third har-
monic output (355 nm; 6–8 ns full width at half-maximum (fwhm) pulse
width) of a Spectra-Physics Quanta-Ray Q-switched LAB-150 pulsed
Nd:YAG laser (10 Hz). Solutions of PtII complexes and metal perchlorate
salts were prepared in CH3CN (spectroscopic grade). Absorption and
emission titrations were carried out in a quartz cuvette by addition of
small volumes of metal ion solutions (5 � 10�3

m) to the PtII complex.

Crystal data were collected on an Oxford Diffraction Gemini S Ultra X-
ray single-crystal diffractometer using graphite-monochromated CuKa ra-
diation (l=1.54184 �). The structures were solved by direct methods
and refined using the SHELXL-97 program on a PC.[43] DFT calculations
on molecular structures were performed at the B3LYP level with the
CEP-31G basis set using the Gaussian 09 program package.[44] In each
case, the energy-minimized calculated structure was confirmed to be a
minimum from vibrational frequency calculations.

Synthesis of 3 : 3,6-Di-tert-butylbiphenylene-1,8-diyldiboronic acid B3
(66 mg, 0.19 mmol), L1 (220 mg, 0.38 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (44 mg,
0.04 mmol), and K2CO3 (78 mg, 0.56 mmol) were charged into a two-
necked flask under nitrogen. DMF (20 mL) was degassed by using three
freeze-pump-thaw cycles and added, and the mixture was stirred at 75 8C
for 7 days. The solvent was removed and the residue was dissolved in
CH2Cl2 (50 mL). After washing with water (3 � 30 mL), the organic
phase was dried over anhydrous Na2SO4 and concentrated in vacuo. The
crude product was purified by column chromatography (SiO2, ethyl ace-
tate/hexane=1:1) to afford a dark red solid (50 mg, 21 %). 1H NMR
(CD2Cl2, 400 MHz): d=7.80 (s, 2H), 7.61 (s, 2H), 7.60–7.51 (m, 6H),
7.32 (d, J =8.4 Hz, 2H), 7.26 (ddd, J= 14.0, 8.0, 1.2 Hz, 4H), 7.13 (d, J =

8.4 Hz, 2H), 7.04 (d, J =1.6 Hz, 2H), 7.00 (dd, J =6.4, 1.6 Hz, 4 H), 6.87
(d, J =8.4 Hz, 2H), 6.80–6.74 (m, 4H), 1.37 ppm (s, 18 H); ESI-MS (m/z):
1279.1 [M+H]+ ; elemental analysis calcd (%) for C60H48N4O4Pt2: C
56.34, H 3.78, N 4.38; found C 56.19, H 3.78, N 4.44.
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Shape-Persistent (Pt-salphen)2 Phos-
phorescent Coordination Frameworks:
Structural Insights and Selective
Perturbations

To p or not to p? The ratiometric
phosphorescent ion-selective responses
of axially rotating binuclear assemblies
have been investigated by using X-ray
crystallography, DFT calculations, and
various spectroscopic techniques to

provide an insight into the binding
mechanism (see figure). These results
may carry important implications for
stimuli-responsive luminescent host
complexes that engage in intramolecu-
lar interactions.
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