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The hierarchical self-assembly (HSA) strategy widely utilized in biological systems has been applied in artificial systems to
orchestrate small building blocks into complex functional architectures. The non-interfering interactions glue various building
blocks together and produce new species with attractive properties. Herein, we functionalized NHC-based assemblies with
orthogonal host–guest interaction to fabricate metal-carbene based supramolecular polymer gel. A series of unique crown ether-
appended cylinder-like trinuclear AuI hexacarbene assemblies [Au3(L)2](PF6)3 (L=D1–D4, A1–A4) were synthesized from the
corresponding trisimidazolium salts H3-L(PF6)3 (L=D1–D4, A1–A4) in which the N-wingtip of the imidazole moieties were
substituted with three identical crown ether groups of different sizes (B15C5, B18C6, B21C7, DB24C8). The gold carbene
assembly is able to complex six ammonium salts without disrupting the underlying metal-carbene cylinders. In addition, the
supramolecular polymer metallogel featuring a multiple-responsiveness can be formed by using [Au3(A4)2](PF6)3 appended with
DB24C8 as the core and bisammonium salt as the cross-linker. The case of introducing orthogonal interaction to NHC moiety by
N-wingtip substitution demonstrates the feasibility and the power of such strategy to expand the NHC-based supramolecular
system and endow them with novel properties.
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1 Introduction

Crown ethers are a classical type of supramolecular macro-
cyclic hosts and have been utilized to fabricate supramole-
cular polymer materials featuring responsive and/or self-
healing properties [1]. Recently, it has been reported that a
pair of orthogonal noncovalent interactions, the metal–ligand
interaction and host–guest interaction of crown ether, has
exerted its superiority to glue the discrete supramolecular

coordination complexes together and produce stimuli-re-
sponsive structures with intriguing performances [2]. For
example, Stang and other groups [3] have employed co-
ordination-driven self-assembly methodology to construct
metallosupramolecular architectures including two-dimen-
sional (squares, rhomboids, triangles, hexagons, etc.) and
three-dimensional complexes (prism) with well-defined
shapes and sizes. Complexes functionalized with crown ether
units were subsequently used as the building block to build
hierarchical systems through host–guest complexation,
leading to supramolecular metallogel with multiple respon-
siveness [4], supramolecular polymer with tunable fluores-
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cence [5], rotaxane-branched dendrimers featuring enhanced
photosensitization [6], etc.
Supramolecular coordination complexes have shown its

capacity to further build complex functional assemblies [7].
However, Werner-type coordination complexes are domi-
nant, where nitrogen and/or oxygen donors of polydentate
ligands like pyridine, carboxylic acid, coordinate with the
metal centers to build metallosupramolecular architectures
[8]. In recent years, a new class of donors featuring metal–
CNHC (NHC, N-heterocyclic carbene) bonds started to
emerge and the discrete metallosupramolecular assemblies
constructed by poly-NHC ligands have been established [9].
We have been focusing on the design of ligands to develop
novel metallosupramolecular poly-NHC assemblies [10].
For example, C3-symmetric tris-NHC ligands were proved to
be a class of robust ligand to fabricate three-dimensional
organic cages [11]. Furthermore, the pre-organization of the
olefin or coumarin groups in such NHC-based assemblies
met the criteria of photochemical reaction perfectly, which
facilitated the powerful post-assembly modification (PAMs)
to generate novel structures not accessible by other routes
[12].
Apart from building new discrete poly-NHC assemblies,

utilizing such well-shaped assemblies may bring more
functionalities. The strategy mentioned above, the combi-
nation of metal–ligand interaction and orthogonal non-
covalent interactions [13], is a promising way to obtain
functionally diverse materials constructed by NHC-based
assemblies. A prerequisite for this approach is the metallo-
supramolecular structure must be retained when another
noncovalent interaction exists and does not interfere with the
metal–ligand coordination interaction [13]. There is a high
possibility that metal–carbon bonds can function in-
dependently with another noncovalent interaction. The di-
verse and controllable host–guest chemistry of crown ethers
drives us to combine it with metal-carbene assemblies, which
can expand the NHC-based metallosupramolecular system
and endow them with novel properties. Herein, we designed
a series of trigonal pre-ligands H3-L(PF6)3 (L=D1–D4, A1–
A4), where N-crown ethers connect next to trisimidazolium
salts. These precursors can be transformed into cylinder-like
trinuclear AgI hexacarbene assemblies [Ag3(L)2](PF6)3
(L=D1–D4, A1–A4) through the reaction with Ag2O, and
subsequently transmetallate with [AuCl(THT)] (THT=te-
trahydrothiophene) to form [Au3(L)2](PF6)3 (L= D1–D4,
A1–A4). Furthermore, we found that only trinuclear AuI

hexacarbene assemblies maintained the cylinder structure
when the host-guest interaction was present, and the host-
guest complexation was not interrupted by the trinuclear AuI

hexacarbene assemblies. Supramolecular polymeric material
was further achieved based on the host-guest interaction
between the DB24C8-decorated NHC-metal complex
([Au3(A4)2](PF6)3) and a secondary bisammonium salt.

2 Results and discussion

2.1 Ligand design and synthesis

For this new system, different crown ethers featuring dif-
ferent cavity sizes were systematically studied to build the
fundamental poly-NHC library. Firstly, according to the re-
ported procedure a series of benzyl chloride functionalized
crown ether moieties including B15C5, B18C6, B21C7 and
DB24C8 were prepared [14]. These benzyl chlorides reacted
with 2,4,6-tris[4-(1H-imidazol-1-yl)phenyl]-1,3,5-triazine or
2,4,6-tris[4-(1H-imidazol-1-yl)phenyl]-1,3,5-benzene, fol-
lowing anion exchange with tetrabutylammonium hexa-
fluorophosphate to obtain corresponding trisimidazolium
salts H3-L(PF6)3 (L=D1–D4, A1–A4) in 85%–89% yields
(Supporting Information online). Trisimidazolium salts
H3-L(PF6)3 (L=D1–D4, A1–A4) were fully characterized by
1H, 13C{1H} nuclear magnetic resonance (NMR) spectro-
scopy and high resolution-electrospray ionization (HR-ESI)
mass spectrometry (Figures S1‒S24, Supporting Information
online). Typical resonances for the imidazolium N–CH–N
protons around δ=9.00 ppm were observed in their 1H NMR
spectra (in CD3CN).

2.2 Construction of N-crown ether-appended
trinuclear hexacarbene assemblies

The reaction of the trisimidazolium salts H3-L(PF6)3 (L=D1–
D4, A1–A4) and Ag2O in acetonitrile at 70 °C under ex-
clusion of light yielded trinuclear AgI hexacarbene assem-
blies. Then, transmetallation of these trinuclear AgI

hexacarbene assemblies with [AuCl(THT)] in CH3CN at
ambient temperature resulted in the formation of the corre-
sponding trinuclear AuI hexacarbene assemblies [Au3(L)2]-
(PF6)3 (L=D1–D4, A1–A4), in which six crown ethers were
appended on the N-wingtip (Scheme 1). The overall yields of
complexes [Au3(L)2](PF6)3 (L=D1–D4, A1–A4) for two
steps were 69%–75%. NMR spectroscopy (1H, 13C{1H} and
2D NMR) and HR-ESI mass spectrometry were used to
characterize these complexes [Au3(L)2](PF6)3 (L=D1–D4,
A1–A4) (Figures S28‒S67). The 1H NMR spectrum of
[Au3(L)2](PF6)3 (L=D1–D4, A1–A4) showed no resonance
signals for imidazolium N–CH–N protons which suggested
the complete deprotonation of the imidazolium units and the
formation of Au–CNHC bonds. For instance, the typical CNHC

resonances of [Au3(D3)2](PF6)3 were observed at δ=
183.1 ppm that was consistent with previous reports [12].
Moreover, in the HR-ESI spectrum the corresponding peak
assigned to [Au3(D3)2](PF6)3 can be found m/z=1270.1699
(calcd. for [Au3(D3)2]

3+ 1270.1394) which was in good
agreement with its theoretical distribution. Single crystals of
trinuclear AuI hexacarbene assemblies suitable for X-ray
analysis cannot be obtained after many attempts. However,
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based on our previous work [12], these data unambiguously
supported that the structures of these trinuclear AuI hex-
acarbene assemblies are cylinder-like complexes, as depicted
in Scheme 1.

2.3 Hexakis[2]pseudorotaxanes

Since crown ether-based recognition motifs have been
widely employed to fabricate supramolecular assemblies
with interesting properties [2], we set to explore their host-
guest chemistry in this new system. It is of great importance
to ensure that the co-existence of these two interactions does
not interfere with each other. The structure of the NHC-
assembly should be retained and the host-guest interaction
between crown ethers and ammonium salts should be un-
affected.
Based on our previous work [11], trinuclear AgI hex-

acarbene assemblies are quite stable and can undergo social
self-sorting via donor-acceptor π···π stacking interaction
between the electron-rich and electron-poor ligands. Hence,
at the beginning we planned to introduce host-guest inter-
action to trinuclear AgI hexacarbene assembly [Ag3(D3)2]-
(PF6)3 bearing B21C7, which was reported by Huang and co-
workers [15] that dialkylammonium salt could thread into its
cavity to form a (pseudo)rotaxane. Complex [Ag3(D3)2]-
(PF6)3 was isolated and purified (Figures S25–S27). After the
addition of N-benzylbutan-1-ammonium salt G1 to a solu-
tion of [Ag3(D3)2](PF6)3 (CD3CN:CD2Cl2=1:1), though new
peaks assigned to the host-guest complex was found in the
NMR spectrum, an unexpected peak at 9.02 ppm which was
the typical resonances of the imidazolium N–CH–N protons
also emerged (Figure S77). This indicated that the AgI car-
bene assembly partially collapsed in the presence of am-
monium guest. Hence, we synthesized corresponding
trinuclear AuI hexacarbene assemblies [Au3(L)2](PF6)3
(L=D3, D4, A3, A4) by transmetallation reaction. The
complexation experiments were conducted again. Taking

[Au3(A3)2](PF6)3 as an example, by employing
1H-1H COSY

experiment (Figure S78) and the comparison of the spectra of
B21C7 and ammonium salt (Figure 1), the signals of the
resulting complex were assigned (vide infra). Most im-
portantly, the trinuclear AuI hexacarbene assembly main-
tained intact, without the free imidazolium N–CH–N proton.
Based on this result, we prepared a series of crown ether
appended AuI hexacarbene assemblies to enlarge the library.
The size of the crown ether decisively affects the host-

guest chemistry. For the smaller crown ethers, the cavity of
them can accommodate alkali metals or form three-point
binding mode with a primary ammonium ion (RNH3

+). The
host-guest interaction between B15C5, B18C6 functiona-
lized trinuclear AuI hexacarbene assemblies [Au3(L)2](PF6)3
(L=D1, D2, A1, A2) and alkali metal ions such as KPF6,
NaPF6 was investigated. Though no collapsed signals were
found, no obvious changes were observed in the 1H NMR,
ultraviolet-visible spectra and fluorescence emission spectra,
which hindered further investigations. We focused on the
larger crown ethers later on, as the signal changes can be
observed and followed. For the larger crown ethers, B21C7
and DB24C8, we could prepare a series of hexakis[2]pseu-
dorotaxanes 5–16 based on the host-guest recognition be-
tween trinuclear AuI hexacarbene assemblies [Au3(L)2]-
(PF6)3 (L=D3, D4, A3, A4) and the ammonium salts G1–G6
(Scheme 2). For example, after the addition of 6.0 equivalent
ammonium salt G1 into a mixed solution (CD3CN:
CD2Cl2=1:1) of complex [Au3(A3)2](PF6)3 (6.0 mM), the 1H
NMR spectrum exhibited three sets of signals belonging to
uncomplexed [Au3(A3)2](PF6)3, uncomplexed G1 and the
hexakis[2]pseudorotaxane 5, suggesting slow exchange on
the NMR time scale. Characteristic shifts caused by the
complexation of G1 and [Au3(A3)2](PF6)3 were observed,
where both Ha and Hc protons on G1 experienced significant
downfield shifts (Figure 1). Aromatic protons HAr shifted
upfield due to the shielding effect of the aromatic rings as-
sociated with the other units in the complex. For the other

Scheme 1 Synthesis of the eight trinuclear AuI hexacarbene assemblies [Au(L)2](PF6)3 (L=D1–D4, A1–A4) (color online).
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pair of binding moieties, DB24C8 prefers dibenzylammo-
nium salt G2. Complex [Au3(A4)2](PF6)3 with DB24C8 was
mixed with dibenzylammonium salt G2. In the mixture
spectrum, it became complicated in CD3CN:CD2Cl2 (v/v,
1:1) (Figure S82(b)). A downfield shift of the benzylic me-
thylene protons and the splitting and boarding of protons Hα,
Hβ and Hγ on crown ether were observed. This phenomenon
is consistent with the previous reports about the interaction
of crown ether and secondary ammonium salts [16]. Ad-
ditionally, the host-guest interaction between complex

[Au3(D3)2](PF6)3 andG1, [Au3(D4)2](PF6)3 and G2 was also
studied. The complexation was found to be similar with that
between complex [Au3(L)2](PF6)3 (L=A3, A4) and second-
ary ammonium salts G1–G2 (Figures S80, S84). Further-
more, tetraphenylethylene (TPE)-decorated alkylammonium
saltsG3/G4 and pyrene-decorated alkylammonium saltsG5/
G6 were prepared according to the reported procedures
[13a]. These fluorescent functional groups were introduced
to this new NHC-based metallosupramolecular system to
expand the library. The host-guest complexations of [Au3-
(L)2](PF6)3 (L=D3, D4, A3, A4) and corresponding guests
were all performed and characterized by NMR and fluores-
cence titration experiments, where similar trend could be
observed.

2.4 Supramolecular gel

Supramolecular cross-linked polymer networks prepared by
orthogonal coordination-driven self-assembly and non-
covalent interactions have received much attention in recent
years [2]. Various discrete metallocycles and metallocages
coded with different kinds and numbers of secondary re-
cognition moieties interact with their corresponding com-
plementary cross-linkers to form intriguing supramolecular
polymer networks [4,5]. The essential metal coordination
part is dominated by pyridyl binding motifs. None of the
cross-linked supramolecular polymers has been prepared

Figure 1 Partial 1H NMR spectra (400 MHz, CD3CN/CD2Cl2 1:1, 298 K)
of (a) 36.0 mM secondary dialkylammonium G1, (b) 6.0 mM [Au3(A3)2]-
(PF6)3 and 36.0 mMG1, and (c) 6.0 mM [Au3(A3)2](PF6)3. Complexed and
uncomplexed species are represented by “c” and “uc”, respectively. Solvent
peaks are marked with an asterisk (color online).

Scheme 2 Formation of hexakis[2]pseudorotaxanes 5–16 (color online).

1180 Zhang et al. Sci China Chem July (2021) Vol.64 No.7



through the hierarchical self-assembly (HSA) involving both
metal–carbene coordination and orthogonal crown ether
based non-covalent interactions. As the interaction between
the secondary ammonium salts and trinuclear AuI hex-
acarbene assemblies appended with crown ethers is estab-
lished, our strategy is to apply this multiple-functionalized
core serving as the building block to undergo hierarchical
assembly to form a new supramolecular cross-linked poly-
mer networks, as shown in Figure 2 [4,5]. An investigation of
the host-guest complexation with the bisammonium salt G7
with a long alkyl chain spacer in dilute solution with crown
ether based trinuclear AuI hexacarbene assembly [Au3(A4)2]
(PF6)3 was first carried out. At 20 mM, obvious chemical
shift changes were observed by the comparison of the NMR
spectra of G7 and the mixture (Figure S106). We next stu-
died the concentration-dependent 1H NMR spectra of the
two-component system from 2.5 to 100 mM (based on the
DB24C8/ammonium salt units). From the obtained 1H NMR
spectra we found that the formation of supramolecular
polymer was favored at higher concentration. In addition, the
higher the concentration was, the broader the proton signals
became, further indicating the formation of high molecular
weight polymeric species (Figure 3(a)). Further increasing
the concentration of [Au3(A4)2](PF6)3 to 30 mM, metallogel
17 was constructed, where the critical gelation concentration
of the supramolecular gel was determined to be 180 mM in
crown ether/ammonium salts by repeating the heating and
cooling operations until the gel was no longer regenerate.
The results of diffusion-ordered NMR spectroscopy (DOSY)
further confirmed the formation of cross-linked supramole-
cular polymer networks (Figure 3(b)). As the concentration
of DB24C8/ammonium salt units increased from 10 to
100 mM (based on crown ether units), the measured weight
average diffusion coefficient (D) decreased from 2.09×10−9

to 8.81×10−11 m2 s−1 (D10 mM/D100 mM=23.72). Generally, su-
pramolecular polymers are considered to be formed when the
diffusion coefficient is decreased more than 10-fold [17]. In
the supramolecular polymer network, six crown ethers ap-
pended in each double-decker structure provide six binding
sites and each end of the ditopic bisammonium salt anchors
the guest in the cavity of crown ether (Figure 2). However, it
is noteworthy that the corresponding trisimidazolium pre-
ligand H3-A4(PF6)3 was not capable to form supramolecular
gel with the cross-linkerG7 at the same concentration (based
on crown ether units). The participation of rigid metallcages
as a linker can even lead to the formation of the gel.
Rheological experiments were also carried out to char-

acterize the obtained gel 17. Strain scanning test results of
the gel showed that as the shear strain increased, the stiffness
of the gel increased (Figure 3(d)). When more than 4% of the
strain was applied, the storage modulus G′ and the loss
modulus G″ values dropped rapidly. This can be ascribed to
the breakdown of the network. The frequency sweep rheo-

logical experiment (Figure 3(e)) showed that G′ was larger
than G″ at high frequency, where the dynamic cross-links
cannot dissociate within such a short time, exhibiting elastic-
like behavior; at low frequency, it shows that G″ was larger
thanG′, which suggested the viscous property of the gel [18].
By means of SEM (scanning electron microscopy), the
morphology of the supramolecular polymers was also stu-
died. The results of SEM showed a three-dimensional porous
network, which further indicated the formation of supra-
molecular polymer networks (Figure 3(c)).
Due to the reversibility of the host-guest interaction be-

tween crown ethers and organic ammonium salts, stimuli-
responsiveness of 17 was further explored. Adding and re-
moving K+, heating and cooling, or adjusting the pH can
trigger the reversible sol-gel transition (Figure 4). The qua-
litative characterization of the thermal reversibility of the gel
was confirmed by the inverted vial experiment. The gel
collapsed at a high temperature of 55 °C as the decrease of
host-guest binding strength and recovered after returning to
room temperature due to the recovery of host-guest inter-
action at low temperature. Upon adding six equivalent
amounts of KPF6, the host-guest interaction between
DB24C8 and ammonium was blocked by potassium, thus
causing disassembly of the supramolecular network and the
formation of sol. Due to the higher affinity of 18-crown-6

Figure 2 Formation of cross-linked supramolecular polymer network 17
from trinuclear AuI hexacarbene assembly [Au3(A4)2](PF6)3 and bi-
sammonium salt G7 (color online).
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(18C6) to K+, an excess of 18C6 was added to extract K+

from DB24C8, leaving the cavity available for the bi-
sammonium guest, which resulted in the recovery of the gel.

Since the ammonium salt is highly sensitive to acid/base, the
host-guest interaction can be controlled by adjusting the pH
of the solution, which further leads to the reversible gel-sol
transition. As the result, by adding triethylamine (Et3N), the
secondary ammonium salt was deprotonated, causing the
disassemble of the gel 17; the addition of trifluoroacetic acid
(TFA) protonated the amine again and restored the me-
tallogel [4,5,17].

3 Conclusions

In summary, we developed a series of AuI trinuclear hex-
acarbene assemblies featuring crown ether at each N-wing-
tip. By introducing complementary ammonium guests into
these gold carbene assemblies, the host-guest complexation
formed in an orthogonal fashion which is essential for further
applications. Based on that, a big library of trinuclear AuI

hexacarbene assemblies [Au3(L)2](PF6)3 (L=A1–A4, D1–
D4) and metal and organic ammonium guests G1–G6 was
established. Furthermore, [Au3(A4)2](PF6)3 appended with
DB24C8 served as the core and bisammonium salt G7 acted
as the cross-linker, leading to metal-carbene based supra-
molecular gel with multiple responsiveness. This provides
sufficient proof to demonstrate the feasibility and the power
of introducing non-interfering orthogonal interaction to
NHC-based assemblies. The NHC donors, non-Werner-type
ligands, have been applied to build discrete well-shaped
supramolecular complexes, while the combination of the
host-guest chemistry of crown ether can further trigger such
complexes undergoing hierarchical assembly, obtaining
functionally diverse poly-NHC materials. We thus believe
this work paves the way for the use of such strategy in the
NHC-based supramolecular systems to bring more versatile
smart NHC materials.
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