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Abstract

Assembling many chemical components into a material in a controlled manner is one of the
biggest challenges in chemistry. Particularly porous materials with multivariate character
within their scaffolds are expected to demonstrate synergistic properties. In this study, we show
a synthetic strategy to construct porous networks with multiple chemical components. By taking
advantage of the hierarchical nature of a colloidal system based on metal-organic polyhedra
(MOPs), we developed a two-step assembly process to form colloidal networks; assembling of

MOPs with the organic linker to the formation of MOP network as a colloidal particle, followed



by further connecting colloids by additional crosslinkers, leading to colloidal networks. This
synthetic process allows not only for the use of different organic linkers for connecting MOPs
and colloidal particles, respectively, but for assembling different colloidal particles formed by
various MOPs. The proof-of-concept of this tuneable multivariate colloidal gel system offers

an alternative to developing functional porous soft materials with multifunction.

1. Introduction
Increasing the chemical complexity by assembling different functional components is key for
creating complex architectures with not only material properties beyond a single function but
also tailorable characters.'3] Such complex systems have attracted great interests particularly
for crystalline and ordered porous solids such as metal-organic frameworks (MOFs) and
covalent organic frameworks (COFs), in which more than two functional moieties (e.g., ligands
with different functional groups or various metal clusters) can be integrated within the same
structure.[*¢ The chemical complexity, together with the decorated pore surface of these
multivariate porous frameworks, showed significant benefits in developing functional materials
for catalysis’-'%, sensing!'!! and separation applications!!>!3], Yet, the lack of predictable
arrangement of mixed compositions in the structure makes it difficult to control the positioning
of the specific molecular components in the framework scaffold.[!4!3]

The multivariate character of these materials is not limited to a single motif at the
molecular level but can be integrated at longer length scales in order for the chemical

16.17] or the control

complexity to emerge, for instance, via epitaxial growth of two distinct MOF!(
of the size and shape of MOF particles resulting to different layout of mesostructures (colloidal
MOFs) and material behaviors (e.g., photonic or sensing property).l'3-21 Nevertheless, in the
first case, it remains challenging to increase the chemical complexity by integrating various

types of material due to the requirement for matching the lattice parameters at the crystal

interface, while for the second one, the mesostructures of these types of assembled colloidal
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MOFs are usually not stable due to weak interactions, and it is still challenging to assemble
several distinct nanocrystals into a single mesostructure.

To tackle these issues, one can consider using a colloidal gel system, in which
chemically different mesoscale colloidal particles can be interconnected?!) through electrostatic
interaction or chemical bonding!?2-?3! to form multicomponent colloidal networks. Interestingly,
depending on the interaction between particles, the assembled structures of two chemically
distinct colloids can either (i) be self-sorted into a network and form double interpenetrated
colloidal networks, or (ii) lead to the preferential interaction between two different colloids (for
instance, electrostatic interaction) yielding to the formation of a mixed colloidal network. [26-27]
In recent years, a number of MOF particle-based gels have been reported, proving the
possibility of creating new types of multicomponent colloidal gels with versatile

28-311 Metal-organic polyhedra (MOPs) with discrete cage structures present a

functionalities.!
good alternative to MOFs due to their processability in solution and lability. When used as
secondary building blocks, MOPs can be assembled with additional linkers into colloidal
particles or colloidal gel networks.32-381 However, all of these systems have been assembled

from a single MOP component. Therefore, integration of more than two distinct components

during the self-assembly process remains a major challenge due to the lack of methodology.
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Figure 1. Schematic representation of the step-by-step hierarchical assembly from
HRhMOP to colloidal gel via (i) HRhMOP solubilization in DMF by addition of diz
ligand; (ii) CPPs formation via replacing diz with the 1% addition of crosslinkers (bix, bibph
or bidod); and (iii) CPP-based gel formation via the 2" addition of crosslinkers (bix, bibph
or bidod).

Here, we show a coordination chemistry approach to form multicomponent hierarchical
structures from interconnected MOPs. Our methodology takes advantage of available
coordination sites exposed on the surface of the MOPs, where first a ditopic N-donor ligand
leads to the formation of MOP networks as colloidal particles, which can be further crosslinked
into a colloidal gel network by the addition of a secondary N-donor ligand. The transfer of
MOPs to complex colloidal gel networks using this two-steps assembly strategy will
demonstrate the feasibility to install selected functional moieties at the scales of the colloidal
particles or colloidal gel networks (Figure 1). This will allow the precise engineering of the

supramolecular structure and advance the multi-functionalities in a controlled manner.

2. Results and discussion

2.1. Controlled synthesis of coordination polymer particle (CPP)

In this study, we chose the stable rhodium-based MOP, [Rha(bdc)2]i1> (HRhMOP), assembled
from 12 dirhodium acetate paddlewheels and 24 benzene-1,3-dicarboxylate (bdc) with
cuboctahedral geometry for the formation of colloidal particles.*®! By taking advantage of the
reactivity of the external axial site of the rhodium paddlewheel, we previously demonstrated
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the polymerization of MOPs with bisimidazole derivatives such as 1,4-bis[(1H-imidazol-1-
yl)methyl]benzene (bix) as linkers. On the one hand, the gradual addition of the ditopic N-
donor ligand bix to the MOP solution resulted in the formation of colloidal spheres (named as
coordination polymer particles, CPPs). On the other hand, the generation of kinetically-trapped
MOP as RhMOP(bix);2 by adding an excess amount of bix to the RhMOP solution produced
a colloidal gel network. Note that the latter strategy leads to the spontaneous formation of a
colloidal gel network once the MOP and bix are mixed, which does not allow for further control
of the assembly process, including its termination at the stage of colloidal formation. In order
to achieve a multicomponent colloidal structure, one needs to use colloidal particles as initial
building blocks. Here, we first optimized the reaction condition for the CPP formation based
on HRhMOP with different types of ditopic N-donor ligands and various stoichiometric ratios.
Then, we optimized the condition to connect these CPP with another bisimidazole crosslinker
to form the colloidal gel network. Finally, two chemically distinct but isostructural CPPs (one
with HRhMOP and the other with BrRhMOP) were mixed to yield multicomponent colloidal
gel networks (BrRhMOP, [Rhy(5-Br-bdc):]i2, 5-Br-bdc = 5-bromobenzene-1,3-
dicarboxylate).

A series of ditopic N-donor bisimidazole ligands, bix, 4,4'-bis(1H-imidazol-1-
ylmethyl)biphenyl (bibph), and 1,12-di(1H-imidazol-1-yl)dodecane (bidod) were selected as
bridging linkers to sequentially connect MOPs or CPPs. In order to process HRhMOP in
solution, the cage was solubilized according to a reported coordination solubilizer method,
which requires the coordination of monodentate N-dodecylimidazole (diz) to all of the 12 axial
sites of Rh paddlewheels exposed on the surface of the molecule to yield soluble
HRhMOP(diz);2.27

Formation of CPPs was then investigated via sequential addition of 0.5 molar
equivalents per step of three distinct bisimidazole linkers, bix, bibph, or bidod, into the DMF

solution of HRhMOP(diz)12.2") Replacement of diz by bisimidazole linkers (L) initiates the
5



linkage between HRhMOP(diz)x(L)y cages and leads to a MOP network in the form of CPPs.
The use of bix as a linker provided dispersible CPPs, while the bibph and bidod generated
undesired agglomerates of CPPs, which make it difficult to be further processed (Figure S5).
Therefore, a series of CPPs made with bix as linkers were selected for further investigation.

In the MOP network linked by bix, the HRhMOP acts as a node linked up, in principle,
to 12 other MOPs. The effective connectivity of MOP can be estimated from the chemical
composition of the CPP determined by proton nuclear magnetic resonance measurement ('H
NMR, Figure S8) and represented by the branch functionality, f, a parameter that indicates the
number of rhodium sites per MOP that are used to connect with neighboring MOPs (see

374281 In order to correlate the added bix quantity with the branch

Supplementary Information).!
functionality, the corresponding CPPs were synthesized with different molar equivalents of bix
linker (3, 4, 6 and 12 molar equivalents) added. The calculated fincreases up to 8 by the addition
of 6 molar equivalents of bix but decreases by the addition of an excess amount of bix, which
is most likely due to the coordination of bix as a mono-dentate fashion (Table 1). As further
addition of bridging ligands is required to allow connections between CPPs to form a colloidal
gel network, the obtained CPPs should have enough accessible coordinative sites at the

exohedral HRhMOP. Therefore, the CPPs formed with 3 molar equivalent addition of bix and

having a relatively low f value were selected for further studies.

Table 1. Molar equivalents of bix added versus CPP composition and branch functionality f

analyzed by '"H NMR measurements.

molar eq. of bix added (per MOP) molecular formula branch functionality, f
3 HRhMOP (bix)s2(diz)s.0 3.8
4 HRhMOP (bix)s 7(diz)2.9 6.9
6 HRhMOP (bix)s2(diz)1.s 8.0
12 HRhMOP (bix)73(diz)1.5 6.3
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Figure 2. The average diameter of CPPs formed by the addition of bix from 0 to 12 molar
equivalent measured by dynamic light scattering (DLS). 0.5 molar equivalents per step (black)
and 3 molar equivalents per step (red) were investigated. The MOP concentration is 0.93 mM.

The size of CPP is expected to affect the macroporosity and connectivity of the
corresponding colloidal gel networks. As reported previously, the CPP formation process can
be tuned by the molar equivalent of bix added at each step, in which the first addition would
generate nuclei and the following addition would contribute to particle growth.[**] Hence, the
effects of different concentrations of HRhMOP(diz):2 and stepwise amount of bix added on
the resulting CPP size were investigated by dynamic light scattering (DLS) titration
experiments (Figure 2). When the addition of bix changed from 0.5 molar equivalents to 3.0
molar equivalents for each step, the size of final CPPs was decreased from 98 + 14 nm to 55 +
10 nm as also confirmed by scanning electron microscopy (SEM) images (Figure 3). This size
reduction is attributed to the larger numbers of nuclei formed, yielding to smaller CPPs. In
addition, the increase in the concentration of HRhMOP(diz):2 from 0.93 mM to 1.86 mM raises
the collision probability of particles, leading to a larger size of CPP (189 + 30 nm). In contrast,

lowering the concentration to 0.46 mM led to a smaller CPP particle size (62 + 10 nm).



Figure 3. SEM images of CPPs formed under different synthetic conditions (a) 0.5 eq. bix/step,
0.93 mM HRhMOP(diz)12; (b) 3 eq. bix/step, 0.93 mM HRhMOP(diz)12; (c) 0.5 eq. bix/step,

1.86 mM HRhMOP(diz)12; (d) 0.5 eq. bix/step, 0.46 mM HRhMOP(diz):2.

2.2. Investigation of colloidal gel formation from CPPs

In order to demonstrate the possibility of forming colloidal gels with CPPs, two types of CPPs
with different sizes were produced by different addition rates of bix (CPP-large: 98 + 14 nm
and CPP-small: 55 = 10 nm) were selected for further investigations. We firstly attempted the

gelation with various concentrations of CPP-large (4 mg/mL, 8.5 mg/mL, 17 mg /mL, and 42
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mg/mL in DMF) by adding 12 molar equivalents bix and reacting at 80 °C for 2 h. Note that

the molar equivalence of added bix here was calculated as a relative molar ratio to HRhMOP
in the CPP, which was estimated from the weight and 'H NMR spectra. Only the high
concentration of CPP-large (42 mg/mL) formed corresponding gel, but the CPP with lower
concentrations gave suspensions (Figure S10).

To gain more insight into the gelation mechanism, the gelation process of 42 mg/mL
CPP-large and CPP-small, after the addition of 12 molar equivalents of bix, were monitored
by time-resolved dynamic light scattering (TRDLS) measurements at 50 °C.[36-3744] The time-
averaged scattering light intensity (/)7 was found to be almost constant at the early stage of the
reaction before fluctuating at 38 min for CPP-large (Figure 4a). This random fluctuation is a
clear indication of the sol to gel transition due to the loss of ergodicity during the percolation
of colloidal particles. Insight into the gelation mechanism can be extrapolated from the time-
evolution of the intensity correlation functions (ICFs), g®®(7)-1, which is a function measuring
the similarity between scattering light signal at different delay times (Figure 4b). Indeed, ICFs
were fitted by a single stretched exponential function and give access to the following

parameters:

20-1=at o (-] o

where 012 is the initial amplitude of the ICF, zris the relaxation time related to the diffusion rate
of particles, and f is the stretched exponent that reflects the distribution of zr. 7ris further related
to the correlation length &, which reflects the evolution of the density of the network during the

reaction time in the solution phase, through Equation 2:



_ qszT
$ = U 2)

where g, ks, T, n are the scattering vector, the Boltzmann constant, the absolute temperature,
and the viscosity of media, respectively (see the Supplementary Information for the derivation
of Equation 2). In the first 10 min of the reaction, 77 and the corresponding correlation length ¢
were almost constant, indicating that the CPPs were individually diffusing and not aggregating
with each other (Figures 4c and S13h). This was also proven by the values of S close to unity
(= 0.9), which reflects the relatively narrow size distribution of the CPP as observed by the
SEM measurements. After this induction period, 7y increased while f decreased toward the
gelation point. This simultaneous change of 7rand f indicates that the average particle size and
size distribution are no anymore uniform, which is most likely explained by the stochastic
aggregation of colloidal particles and the formation of a gel network. This agrees with the
drastic increase of the correlation length &, (Figure S13h). The TRDLS experiment on CPP-

small also showed a similar trend to the CPP-large as shown in Figure S13.
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Figure 4. Gelation process of CPP-large at 50 °C monitored by TRDLS measurement. (a)
Time-averaged scattering light intensity as a function of the reaction time. (b) ICFs as a function
of the delay time for different reaction times. Corresponding fitting curves are shown only for
data points before the gelation point. (c) Evolution of fitting parameters 7rand f as a function
of the reaction time. The gray region highlights the effect of the frozen mobility of particles on

the DLS response due to gel formation.
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Differences in gelation time as a function of temperatures were also observed by
TRDLS measurements. At 50 °C, the sol-gel transition for CPP-small occurs at 107 min after
the addition of bix. In contrast, the gel was formed in 19 min for the same system heated at 80
°C (Figure S12). This is most likely caused by the increase in the diffusion rate of particles and
the kinetics of ligand exchange reaction accompanying the colloidal aggregation when
increasing the temperature. In addition, the gelation time is dependent on the CPP size as seen
from the gelation thresholds of 107 min and 38 min measured for CPP-small and CPP-large,
respectively at 50 °C (Figure S13). This can be explained by the difference of van der Waals
interaction between colloidal particles, which is estimated to be proportional to the particle
diameter from Hamaker’s theory.[*3] These examples illustrate the possibility of controlling
gelation time by changing reaction temperature and CPP size, while retaining the chemical
composition of the resulting colloidal gel network. Moreover, the reduction of the number of
bix added from 12 to 6 eq. led to an increase in the gelation time (Figure S14), which is most
likely attributed to the reduced coordinative interactions between CPPs that hindered the
gelation process. For the purpose of accumulating more data points during the gelation process,
the gelation reaction at 50 °C is used for the following investigation. To further confirm that the
CPP gelation is induced by the second addition bix, a control experiment was performed using
TRDLS to follow the reaction of CPP-large without the addition of bix (Figure S14). CPP-
large suspension showed almost constant 77 and f during the 6 h of heating at 50 °C. This
indicates that CPP is stable itself in DMF and gelation is indeed driven by crosslinking of CPPs
mediated by bix molecules.

This successful assembly via two-step addition of bix to form CPP-based gel envisaged
incorporating different crosslinkers (bibph and bidod) in a second step. However, only the
addition of bidod to more than 42 mg/mL CPP-large was able to form a gel under the synthetic
condition of 80 °C for 2 h. In contrast, the addition of bibph gave a suspension after the 2 h

reaction at 80 °C (Figure S15). We attributed this difference in gelation to the variation in
11



crosslinking reactivity of the linkers as: bidod > bix > bibph, which was proven by the
difference of gelation time observed by TRDLS (Figure S16). Therefore, to investigate the
multivariate colloidal gel, the system with CPP-large as cores and bidod as secondary linkers
was selected and its gelation condition was optimized to obtain more mechanically durable

colloidal gel.
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Figure 5. Investigation of the different equivalent of bidod for colloidal gel formation. (a)
composition of linkers (diz, bix and bidod) per cage measured by 'H NMR. (b) Angular
frequency dependence of linear dynamic shear moduli for CPP-large/bidod gels with 6 and 12

equivalents of bidod conducted under 25 °C with a strain amplitude of 0.2%.
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Figure 6. SEM images of the corresponding aerogels and photographs of obtained wet gels
(a,b) CPP-large/6 eq. bidod gel. (c,d) CPP-small/6 eq. bidod gel. The corresponding aerogels

were obtained from the wet gels via supercritical CO» treatment (see Supporting Information).

It is expected that the strength of the gels is predominantly affected by the addition of
bidod due to the cross-linkage, interaction between CPPs, and the chemical environment. To
clarify the effect of crosslinker amount on the strength of the gels, a series of CPP-large/bidod
gels with addition of 3, 6, 9, 12 molar equivalents bidod have been synthesized (Figure S18)
from which the compositions were determined by '"H NMR spectroscopy (Figure S19). The
average number of diz, bix, and bidod per HRhMOP was estimated using the average
integration of selected representative signals (Figure 5a). Interestingly, the relative number of
bix molecules to HRhMOP remained almost the same compared to the original CPP itself
regardless of the quantity of bidod added. In contrast, the relative number of diz linearly
decreased and that of bidod linearly increased as a function of the amount of bidod added. This
clearly indicates that bix and HRhMOP molecules are forming a stable coordination network

inside CPPs and newly added bidod can only replace diz molecules in CPP. Unlike the CPP
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formation, branch functionality fis no longer suitable to reflect the connectivity between CPPs
since bidod can crosslink MOPs within the same CPP as well as with the neighboring CPPs.
Therefore, the relation between the quantity of bidod addition and the stiffness of the gels was
further investigated by rheology measurements (Figures 5b and S20). The CPP-large/bidod
gels were prepared in situ in the rheometer by heating the mixture of CPP-large suspension
and 6 or 12 equivalents bidod at 80 °C for 20 min, followed by determination of the storage
(G”) and loss (G’’) modulus at 25 °C. The G’ was always higher than G’ and they were almost
constant independently of the shearing frequency and strain, which demonstrate their linear
elastic property. It was found that the G” and G** of CPP-large/12 eq. bidod gel are greater
than those of the CPP-large/6 eq. bidod gel, which agrees with the increased number of bidod
present in the gel network. This result further confirms that the addition of bidod enhances the
crosslinking between CPPs and forms a more robust gel. Furthermore, the successful formation
of gels from CPP-small with either bix or bidod was confirmed (Figures 6 and S13), which

illustrates the possibility of altering the network structures.

2.3. Multivariate colloidal assembly

In order to demonstrate the versatility of material composition, isostructural MOPs, with a
substitution at 5" position of benzene-1,3-dicarboxylate with hydrophilic functionality (-OH),
OHRhMOP, and with an electron-rich functionality (-Br), BrRhMOP are studied. The
corresponding CPP-OH and CPP-Br are synthesized following the CPP-large protocol
(addition of totally 3 molar equivalents bix; 0.5 molar equivalents per step at 25 °C), to yield
spherical colloids (CPP-OH and CPP-Br) from both 0.93 mM DMF solution of
OHRhMOP(diz)12 and BrRhMOP(diz)i2 with particle sizes of 115 = 5 nm and 47 = 7 nm,
respectively (Figure S 21a). Second step addition of 6 molar equivalents of bidod into 42

mg/mL. CPP-OH and CPP-Br suspended in DMF also led to the formation of the
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corresponding colloidal gels (Figure S21b), proving the feasibility to vary the functional group
in the step of CPPs.

To demonstrate the possibility to create a multivariate colloidal gel network formed
from the mixing of CPP-Br with ‘pristine’ CPP based on HRhMOP, the presence of Br
component in the colloidal aerogel network was mapped via energy dispersive X-ray analysis
(EDX) in transmission electron microscope (TEM) due to its electron-rich property (Figure 7).
The EDX image in Figure 7a shows a homogeneous distribution of Br (green) and Rh (red)
atoms in the system, which is also confirmed by a 1:1 ratio of Br and Rh from the elemental
composition analysis (Figure S22c¢). Then the possibility to increase the complexity of this
sequential assembly system was illustrated by mixing CPP-large and CPP-Br. For proof-of-
concept, a hybrid CPP gel was synthesized by mixing CPP-large and CPP-Br with a 1 to 1.2
ratio (estimated Br:Rh = 0.45:1) and the addition of 6 molar equivalents of bidod. A relatively
weak gel was formed after heating the mixture at 80 °C for 2 h. Its corresponding aerogel was
prepared via supercritical CO; drying and analyzed by TEM and EDX. Figures 7e-h clearly
show that the Br element is segregated from the Rh one, thus demonstrating a non-
homogeneous distribution of CPP-large and CPP-Br in the system. The elemental composition
of Br and Rh analyzed by EDX was almost identical to the expected molar ratio of the mixtures
of CPP-large and CPP-Br (Br:Rh = 0.45:1) (Figure S22d). This result further demonstrates
the possibility of incorporating different CPPs during the stepwise formation of the colloidal

gel network.
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Figure 7. TEM images and the corresponding EDX of the as-made (a-d) CPP-Br gel and (e-h)

CPP-Br/CPP-large (selected elements: Br (green), Rh (red)).

3. Conclusion

The two-step hierarchical construction strategy developed here has allowed us to fine-tune the
properties of the colloidal gel network via the control of the CPP size, gel composition (CPP
core and its connectivity of gel network) and crosslinking degree as demonstrated by the
combination of TRDLS, 'H NMR and rheology techniques. In addition, the possibility to i)
have control over the colloidal size without altering the core components, ii) modify the
mesoscale connectivity with different crosslinkers and 1iii) install functional moieties via
alteration of RhMOPs and CPPs open up a new alternative to develop multivariate colloidal gel
via hierarchical assembly to form multi-functional materials for potential applications such as
sensing and separation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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