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ABSTRACT 
The use of dynamically bonding 
molecules designed to reversibly 
link solvent-dispersed 
nanocrystals (NCs) is a promising 
strategy to form colloidal 
assemblies with controlled 
structure and macroscopic 
properties. In this work, tin-doped 
indium oxide NCs are 
functionalized with ligands that 
form reversible covalent bonds 
with linking molecules to drive assembly of NC gels. We monitor gelation using small 
angle X-ray scattering and characterize how changes in the gel structure affect 
infrared optical properties arising from the localized surface plasmon resonance of 
the NCs. The assembly is reversible because of the designed linking chemistry, and 
we disassemble the gels using two strategies: addition of excess NCs to change the 
ratio of linking molecules to NCs and addition of a capping molecule that displaces 
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the linking molecules. The assembly behavior is rationalized using a thermodynamic 
perturbation theory to compute the phase diagram of the NC–linking molecule 
mixture. Coarse-grained molecular dynamics simulations reveal the competition 
between loop and bridge linking motifs essential for understanding NC gelation. This 
combined experimental, computational, and theroretical work provides a platform for 
controlling and designing the properties of reversible colloidal assemblies that 
incoporate NC and solvent compositions beyond those compatible with other 
contemporary (e.g, DNA-based) linking strategies. 
 
 
 
INTRODUCTION 
Colloidal inorganic nanocrystals (NCs) are solvent-dispersible particles often 
exhibiting distinctive optical properties that depend on their synthetically tunable 
sizes and compositions.1- 5 Assemblies of NCs such as superlattices or gels reflect 
the properties of their constituent NCs, modified by interactions between NCs that 
are absent or negligible in the dispersion, resulting in broad tunability based on the 
assembled structure.6- 15 These interactions are strongest between NCs that are 
close together in the assembly,4,10,11,13,16,17 so the material’s properties are sensitive 
to the number of nearest neighbors per NC (valence). Low NC density, porous gel 
assemblies have limited valence and promise tunability of valence-dependent 
material properties that is not typically possible in denser assemblies such as 
superlattices.7-9,18 
Several strategies have been developed to produce NC gels, including ligand 
removal, direct chemical or physical bonding, and linking NCs with an intermediate. 
7-9,19- 25 By displacing surface-bound ligands that stabilize NCs, a dispersion can 
become unstable with respect to aggregation and arrest in a gel network;8,26, 27 
however, this process is typically irreversible, difficult to control, and offers limited 
rational tuning of the network structure. Alternatively, assembly can be driven by 
direct bonding between surface-bound ligands on different NCs, e.g., through 
hybridization between NCs functionalized with complementary single-stranded DNA, 
though such direct bonding makes it difficult to control valence and dense 
aggregates typically form in preference to gels.25,28,29 The valence can be controlled 
microscopically by limiting bonding to small numbers of “patches” on each particle,30-

32 but synthetic techniques for making patchy colloidal particles (~1 𝜇𝜇m diameter) do 
not easily translate to small NCs (~10 nm diameter). Better control over NC valence 
can be achieved using a bifunctional linking molecule (linker) that mediates bonding 
between surface-bound ligands.19,20,33- 35 With a linker, the NC assembly can be 
manipulated not only microscopically by design of the linker but also macroscopically 
by adjusting the linker concentration,36 all without synthetically modifying the NCs 
themselves. Moreover, dynamically reconfigurable, or even reversible, NC gel 
assemblies can be made if reversible linking chemistries are used.20,21,37 Previous 
examples that explored related concepts experimentally include cation-linked gels 



of anionically functionalized semiconductor NCs and DNA-functionalized gold 
nanoparticles assembled with complementary DNA linkers.19-23,28,29,38-40 
Dynamic covalent bonding (DCB) presents a particularly compelling opportunity to 
engineer reconfigurable gel assemblies of NCs. DCB is compatible with a variety of 
solvent environments and NC compositions through the extensive organic synthetic 
toolbox 41 - 45  for creating DCB-functionalized ligands that bind NC surfaces. In 
contrast, DNA-mediated assembly has only been demonstrated in aqueous 
environments over a narrow temperature range, and restricted mostly to gold and 
silver particles.28,29,38-40,46 The reversibility of DCB has been used to create self-
healing, responsive, and reconfigurable polymer networks, whose cross-links are 
dynamic.44,45,47,48 When used to mediate attractions between NCs, DCB is expected 
to  favor structures that tend toward equilibrium rather than becoming kinetically 
arrested, allowing thermodynamic principles to be leveraged to predict and design 
the phase behavior of NC assemblies. DCB has been incorporated in direct NC-to-
NC bonding strategies using metal NCs functionalized with ligands bearing 
complementary DCB pairs, and these assemblies were shown to be reversible with 
the introduction of a competing molecule.24 However, these studies produced only 
dense aggregates and did not report controlled assembly of percolated structures 
like gels.24,25 
Here, we exploit DCBing in a facile linking assembly strategy for gelation using an 
aldehyde/hydrazide bonding pair. Specifically, we use DCB linkers to induce 
controlled assembly of tin-doped indium oxide (ITO) NCs into gels, guided by 
theoretical predictions of phase behavior and rationalized by simulations. The 
percolated networks of NCs are visualized by electron microscopy and structurally 
analyzed by small angle X-ray scattering (SAXS). As in prior examples of gold 
nanoparticle assembly, 17, 49 - 51  ITO NCs exhibit a strong modulation of optical 
response upon assembly due to coupling of localized surface plasmon resonance 
(LSPR) between neighboring NCs. Unlike gold, ITO resists irreversible fusing upon 
assembly52, 53 so that the gels can be disassembled by leveraging the dynamic 
bonding equilibria linking neighboring NCs in the network.  
 
 



RESULTS AND DISCUSSION  
Ligand Design and 
Nanocrystal 
Functionalization. NC ligands 
bearing DCB groups were 
conveniently synthesized with 
a peptide synthesizer using 
established techniques for 
peptide synthesis and click 
chemistry (Figure 1a). 54 - 58 

The ligands were designed 
with terminal functional groups 
to facilitate NC assembly, 
tethered to a NC surface-
binding tricarboxylate domain 
by an ethylene glycol 
backbone (Figure 1b). The 
backbone confers solubility in 
the solvent we used,  
dimethylformamide (DMF), 
while the tridentate 
carboxylate binding domain is 
designed to have a high 
equilibrium constant for adsorption at the NC surface, avoiding ligand desorption by 
analogy with the stable complexation of metal ions by multidentate ligands.59-61 In 
this work, we chose to use an aldehyde–hydrazide pairing to form the DCBs, so an 
aldehyde monomer (p-azidobenzaldehyde) was “clicked” to the ligand terminus. This 
aldehyde can react with a hydrazide group on the linker to form a DCB, specifically 
a hydrazone.62 The versatility of this ligand synthesis approach allows substitution of 
the functional end group with other DCB groups, tuning of the backbone chemistry 
and length,33 and modification of the NC binding domain to match different NC 
compositions. The linker and capping molecule, oxalyldihydrazide (OD) and 1-
methyl-1-phenylhydrazine (MH), respectively (Figure 1c), are complementary to the 

 
Figure 1. Ligand design and synthesis a) Synthetic 
scheme for the functionalized ligands. b) Structure of the 
aldehyde-functionalized ligand used in this study (AL) 
with different colors used to highlight ligand domains: 
purple) attachment to NC, red) assists in NC 
dispersibility, and blue) functionalized domain for guided 
assembly. c) The linker oxalyldihydrazide (OD) and the 
capping molecule 1-methyl-1-phenyl hydrazide (MH). 
 



functional DCB aldehyde end group in the ligand (Figure 1b) and work as the 
molecular control for assembly and disassembly. 
ITO NCs were synthesized using a slow growth technique63 that produces a highly 
uniform size distribution of NCs capped with oleate ligands, which were then partially 
exchanged with aldehyde-functionalized ligands (AL). After isolating the NCs from 
the reaction byproducts and excess oleic acid, a solution of AL in DMF was 
introduced to the NC precipitate. The high binding affinity made direct 
functionalization by mass action effective and the previously cloudy suspension of 
NCs became clear following brief agitation (sonication for 30 mins). Following the 
functionalization by mass action, the NCs were then flocculated using a hexane 
ethanol mixture (1:1) and dispersed in neat DMF. The NCs were again isolated from 
excess ligand by repeated precipitation and redispersion. Scanning transmission 
electron microscopy (STEM) images of the NCs before and after functionalization 

show no change in NC size or morphology (Figure 2a,b).  NC size found by analysis 
of STEM and small angle X-ray scattering (SAXS) were in close agreement 
(diameter 12.2 ± 1.0 nm based on SAXS analysis (Figure S1). The presence of 

 
Figure 2. Characterization of AL-functionalized NCs. STEM images of (a) NCs capped 
with native oleate ligands and (b) with AL (scale bars are 100 nm). (c) 1H-NMR spectra 
of NCs before and after ligand exchange (blue and red, respectively) show broadened 
peaks (shaded) characteristic of oleate ligands (green) and AL (orange). (d) LSPR 
absorption spectra of NC dispersions before (in hexane, blue) and after AL 
functionalization (in DMF, red). The peak near 3400 cm-1 is due to adventitious water. 
 
 
 



bound AL together with native oleate ligands was apparent in the 1H-nuclear 
magnetic resonance (NMR) spectrum of a functionalized NC dispersion. The peaks 
at 8.98 ppm (amine) and 10.26 ppm (aldehyde) are clear signatures of AL, while the 
peak at 5.56 ppm is slightly shifted and weaker but still present and characteristic of 
oleate ligand (Figure 2c). These peaks are consistent with the bound state of the 
ligands, as they are significantly broadened and shifted slightly downfield compared 
to the free ligands.64- 68 
To further analyze the ligand functionalization of the NCs and assess their optical 
properties, Fourier transform infrared (FTIR) spectra were taken of NC solvent 
dispersions before and after functionalization with AL. The strong LSPR absorption 
at 4790 cm-1 was nearly unchanged from as-synthesized NCs capped only with oleic 
acid, suggesting the NCs were well-dispersed (Figure 2d). Aggregation would be 
expected to red-shift and broaden the spectrum.69,70,71 The fingerprint region of the 
FTIR was examined for evidence of AL functionalization. The AL-NCs exhibit a 
strong and broad carbonyl stretch (1670 cm-1), an aldehyde C-H bending mode 
(1380 cm-1), and a C-O stretch arising from the ethylene glycol backbone (1090 cm-

1) (Figure S2). To assess the average number of AL molecules bound to each NC, 
we saturated the aldehyde groups with a fluorine-tagged hydrazine to facilitate 
quantitative analysis by 19F-NMR spectroscopy (Figure S3). Specifically, 4-
fluorophenylhydrazine was introduced at about 500:1 number ratio with the NCs, in 
excess of the expected concentration of bound AL, and the NCs possessing the 
resulting fluorinated derivatized hydrazone ligands were washed multiple times 
using deuterated solvents. The fluorine peak for the free 4-fluorophenylhydrazine 



(127.4 ppm) shifts and broadens upon bonding with the surface-bound AL (125.3 
ppm). The average number of ligands bound to each NC was identified by comparing 
the concentration of NCs (determined by weight) to the calculated amount of AL 
found by 19F-NMR. The number of bound ligands was also independently assessed 
by thermogravimetric analysis (TGA) of NCs before and after AL functionalization 
(Figure S4). Similar methods were used in previously reported DCB–NC systems to 
characterize the ligand shell.24 Good agreement between ligand quantification by 
19F-NMR and TGA indicated a mixed ligand shell of oleate ligands and AL, with an 
average number of 152 ± 20 and 135 ± 33 AL per NC (determined by 19F-NMR and 
TGA, respectively). This large number of ligands would not limit valence in a direct 
NC-to-NC bonding scheme. However, as we now describe, the controlled addition 
of a limited amount of the complementary dihydrazide linker OD allows us to control 
NC valence and gelation.  
Nanocrystal Assembly. A bifunctional linker molecule was added to dispersions of 
the AL-functionalized NCs (volume fraction 0.004) to induce aggregation, assembly, 

 
Figure 3. DCB-linker assembly of ITO NCs. (a) Schematic of linking process creating a bond between 
aldehyde ligand (AL)-functionalized NCs with oxalyl dihydrazide (OD). (b) SEM of a linker-to-NC ratio 
Γ=200 gel (scale bar, 100 nm), pictured in the inset photo. (c) SAXS structure factor of samples 2 weeks 
after adding OD at varying Γ. (d) SAXS structure factor of Γ=100 samples over time after adding OD. (e) 
FTIR of the LSPR response of a discrete NC dispersion compared to the cluster (Γ = 50) and gel (Γ = 200) 
samples. 



and ultimately gelation (Figure 3a). Specifically, small amounts of oxalyl dihydrazide 
(OD) were added to dispersions of NCs in DMF to create mixtures with linker-to-NC 
ratios (Γ) between 1 and 200. For Γ = 0 up to Γ = 50, no visual changes were 
apparent, and all samples flowed easily in the vials when titled. Dynamic light 
scattering (DLS) on diluted aliquots revealed only minor aggregation with a 
systematic increase in hydrodynamic radius up to about twice the size of an 
individual NC for Γ = 50 (Figure S5). Higher concentrations of linker brought about 
more substantial changes in the dispersions, with the Γ = 100 and 200 samples 
forming two phase systems with a soft gel and free flowing clear solvent layer after 
one month or less (Figure S6). STEM imaging of a dried gel revealed branching 
chains of NCs forming an open porous network between denser NC clusters (Figure 
3b).  
NC assemblies across the full range of linker concentrations were monitored and 
their structures assessed by SAXS, which unlike DLS can be carried out without 
perturbing the mixtures by dilution. To isolate the structure factor S(q), which 
characterizes the mesoscale organization of the NCs, the scattering intensity I(q) 
was divided by the form factor extracted from a dilute NC dispersion (see discussion 
in the Supporting Information). No significant changes to S(q) are observed for 
samples below Γ = 50 when compared to the control sample without linker, 
suggesting little (if any) NC assembly or aggregation (Figure S7). Similarly, a control 
sample with Γ = 200 but with no AL bound to the NCs showed no signs of 
aggregation by eye or SAXS (Figure S8). For the AL-functionalized NCs, a peak at 
high q (q = 0.051 Å-1) appears for Γ ≥ 50 and becomes more pronounced with time, 
growing more rapidly for higher Γ. Based on the corresponding length scale (l ~ 2π/q 
= 12.3 nm) and consistent with the interpretation in previous reports, this high q peak 
is attributed to a contact peak arising from the local packing of NCs as they bond 
and form aggregates.43,72,73 The Γ = 100 sample showed signs of aggregation within 
2 days of the introduction of linker to the NC dispersion (Figure 3c). Cluster 
aggregation is expected to produce a peak in S(q) whose position corresponds to 
the characteristic size of the clusters, so a broad peak in the low q region indicates 
a heterogeneous distribution of cluster sizes.73,74 A broad peak at low q (starting at 
q ≤ 0.03 Å-1) was observed after 2 days, shifting to lower q over time consistent with 
formation of larger clusters and, ultimately, percolated networks spanning the entire 
macroscopic sample and inhibiting flow. The magnitude of S(q) at the lowest 
measured q increases over time, stabilizing by 4 weeks at a value comparable to 
previously reported for colloidal gels.75,76 
The functional form of S(q) in the low q region contains information regarding the 
mesoscale structure of the NC assembly, indicating that gels are formed by sample-
spanning networks of linked NCs. The Porod region of the S(q) data exhibits power-
law scaling, 𝐼𝐼(𝑞𝑞) ∝ 𝑞𝑞−𝐷𝐷𝑓𝑓 , for fractal networks such as colloidal gels7,77- 79 and for 
mass fractals, with fractal dimension (Df) at or above 1.8. The SAXS patterns for our 
gel samples all exhibit a single Porod region for q < 0.03 Å-1 with the Γ = 100 and 



200 samples having Df = 1.8 and 1.9, respectively (Figure S9). These values are at 
the low end of the gelation range of 1.8 ≤ Df ≤ 3 typically reported for colloidal gels, 
but indicate our samples are gels and not dense precipitates.77,79-81 The value of Df 
can reflect the kinetic mechanism underlying gelation, with diffusion-limited 
aggregation of colloids reported to produce networks with Df as low as 1.8.79,80 
Diffusion-limited aggregation tends to produce stringy networks, consistent with the 
appearance of our samples (Figure 3b).79 Reaction-limited aggregation produces 
more globular network structures with Df typically in the range of 2.1-2.2.79-81 These 
values are sufficiently close to those we observe that the underlying mechanism 
controlling gelation of DCB-linked NCs warrants further investigation. 
FTIR analysis before and after assembly indicates that aggregation is specifically 
induced by hydrazone bonds forming between AL and the OD linker. In the gels, an 
imine C=N stretch emerges (1690 cm-1), while the aldehyde C-H bending peak (1380 
cm-1) decreases in intensity and the amine C-N bending increases (1250 cm-1) 
(Figure S10). The infrared optical response of the NCs also changes substantially 
as the NCs are linked. The LSPR of a linked NC gel is broadened and the peak 
intensity diminished when compared to the discrete NC dispersion (Figure 3e). 
Broadening due to NC–NC LSPR coupling has been reported previously in gel and 
thin film assemblies of ITO NCs, though the extent of broadening is greater in this 
study.7,69,82 In samples that remain free-flowing but where SAXS suggests cluster 
formation, e.g. Γ = 50, the LSPR is slightly broadened, as expected for LSPR 
coupling between nearby NCs (Figure 3e).1,7,71 The much broader extinction 
spectrum for the gel may be a result of not only increased coupling of neighboring 
NCs, but also the increased contribution of optical scattering by large aggregates in 
the network. The optical extinction of individual nanocrystals is dominated by 
absorption, rather than scattering, because they are too small to scatter light at these 
large infrared wavelenghts.83 As aggregates grow, they form large clusters able to 
scatter infrared light more efficiently, which can contribute to peak broadening.63,64 
Futher, heterogeneity in cluster size within the network would also contribute to peak 
broadening. STEM of our gels reveals porous networks and portions of the assembly 
that are densely packed with NCs (Figures 3b, S11). Such extended, dense 
aggregates could support collective LSPR modes, similar to array modes in 
patterned or self-assembled arrays of plasmonic nanostructures.69,70 In gels, the 
heterogeneous nature of the aggregates would support a wide variation of coupled, 
delocalized modes with different peak energies and linewidths that broaden the 
observed far-field spectrum.51, 84, 85 The dramatic change in the optical spectrum 
upon assembly suggests that ITO NC gels hold promise as dynamic or responsive 
infrared optical materials. 



Thermodynamic Driving Force for Assembly. To rationalize our experimental 
observations, we developed a physical (bead–spring) model86- 89 for the NC–linker 
mixtures based on our previous theoretical efforts33,36 and recent studies of gel-
forming DNA nanostars90. We computed theoretical spinodal boundaries (model and 
theory details in Supporting Information) for the mixture with respect to the NC 
volume fraction 𝜂𝜂NC and the linker-to-NC ratio Γ  (Figure 4a) using first-order 
thermodynamic perturbation theory (TPT). 91 - 95  When Γ  increases above the 
spinodal boundary, the single-phase mixture becomes thermodynamically unstable 
to fluctuations in the concentration of NCs and phase separation becomes 
spontaneous. One phase is rich in NCs, and in experiments and simulations tends 
to arrest as a gel. Qualitatively, this transition from a single dispersed phase to a gel 
is also observed in our experiments, where the mixtures remained flowing 
dispersions for Γ < 50, but formed large aggregates or gels for Γ ≥ 50. However, this 
transition occurred at a much higher linker-to-NC ratio than predicted by TPT (Γ =
2.1). 
We hypothesized that this discrepancy might be due to the formation of cycles or 
“loops” in the NC–linker network in the experiments, in violation of one of TPT’s key 
simplifying assumptions.93 Loops can emerge, for example, when two ligands on the 

same NC are linked to each other via OD, or when multiple links form between the 
same two neighboring NCs. Based on our prior theoretical study33, these motifs tend 
to hinder gelation by “wasting” linkers that could otherwise form links that further 

 
Figure 4. Theory and simulation of NC–linker phase behavior. (a) Theoretically predicted 
spinodal boundary compared with experimentally characterized flowing dispersions (open 
circles), aggregates (half-filled circle), and gels (filled circles). The single-phase dispersion is 
thermodynamically unstable for Γ between the branches. Photographs of experiments and 
simulation snapshots are shown for linker-to-NC ratios (b) Γ = 10, (c) 50, (d) 100, and (e) 200. 



extend the NC network, and seem to cause TPT to underestimate the amount of 
linker required for phase separation. We suspected that a large fraction of linkers 
form loop motifs in the NC–linker samples and that this might cause substantial 
deviations from TPT predictions. To test this hypothesis, we performed molecular 
simulations96 that used the same model interactions as TPT but allowed for the 
formation of loop structures (simulation details in Supporting Information). We 
monitored the formation of NC clusters at Γ = 10, 50, 100, and 200 (Figures 5a,d). 
In agreement with the experiments, the NCs formed a single large aggregate 
indicative of a tendency to phase separate for Γ ≥ 50, but remained dispersed for 
Γ = 10, forming a few dimers at most. The aggregates were visually apparent in 
snapshots of the simulations (Figures 4b,e) and tended to be larger for higher Γ 
(Figure 5a). 
We quantified the different linking motifs occurring in simulations (Figures 5b,c,e,f) 
to rationalize the disagreement between the experiments and the theoretical phase 

boundaries. The linker almost instantaneously bonds with the NC-bound ligands 
(Figure 5b), and an overwhelming fraction of these form self-links between ligands 
on the same NC (Figure 5e), particularly for the mixtures with larger Γ . Rapid 
formation of self-links is consistent with the studies of kinetics of hydrazone 
formation.58,62,97,98 The system is energetically driven toward bond formation so that 
both ends of each linker quickly attach to any nearby available ligands. As the 
simulations progress, the number of unique (or “effective”) links between NCs 

 
Figure 5. Analysis of simulated NC–linker structures. (a) Largest NC cluster size and (d) total 
number of NCs in clusters as a function of simulation time for varied linker-to-NC ratios Γ. 
Number of linkers (per NC) forming (b) a link between any two ligands, (c) an effective (unique) 
link between two NCs, (e) a self-link between two ligands on the same NC, and (f) a redundant 
link between two NCs. The total number of NCs is 100. 
 



gradually increases (Figure 5c) for the mixtures that aggregated. In contrast to the 
self-links, the effective links form slowly because they require at least two NCs or 
NC clusters to diffuse near each other and subsequently link. Making the link to a 
neighboring NC may also require one end of the linker to first release from a self-
link. A small number of redundant links (multiple links between the same NCs) also 
formed between NCs (Figure 5f), along with the effective links, constituting another 
potential waste of linker. However, the redundant links help stabilize the aggregates 
against bond breaking events due to avidity effects wherein multiple bonds between 
a pair of species provide stabilization even beyond their additive individual bond 
strengths. Overall, though, the number of redundant links was small compared to the 
number of self-links. Indeed, self-links accounted for roughly 95% of all links formed. 
This factor is similar to the discrepancy between the predicted and observed Γ 
required for phase separation and might be used to crudely renormalize Γ to account 
for the “wasted” linkers. Taken together, the simulations strongly suggest that self-
links play a significant role in determining the amount of linker required for gelation 
compared to theoretical predictions that do not account for them. 
One potential design strategy to make self-linking less likely is to reduce the number 
of functionalized ligands per NC. TPT predicts similar low-Γ spinodal branches when 
the number of functionalized ligands is modestly decreased (Figure S13). We 
performed additional simulations at constant linker-to-NC ratio Γ = 50 where now 
only 25%, 50%, or 75% of the ligands per NC were considered functionalized and 
able to form bonds with the linkers. We found that the numbers of clustered NCs 
(Figure S14), effective links, and redundant links were comparable in all cases, but 
the number of total links and self-links decreased with decreasing fractions of 
functionalized ligands. The largest aggregate size was comparable between the 
50%, 75%, and 100% functionalized cases, but was much smaller in the 25% case. 
However, even the 25% case may be slowly progressing towards a similar 
assembled structure considering that the total number of clustered NCs is 
comparable and that the largest cluster size continues to slowly increase throughout 
the time accessible to us in the simulations.  
These simulations agree with our expectations that the phase behavior should be 
controlled by an effective number of linkers in the mixture (excluding those lost to 
self-links), suggesting that reducing the number density of AL on the NCs may give 
a path to achieve the same assembly behavior using fewer OD linkers. Indeed, the 
fraction of unbound linkers in the simulations increases with decreasing number of 
functionalized ligands (Figure S15), so a lower linker concentration might achieve a 
comparable assembly. Importantly for this strategy, only the average number of 
functionalized ligands need be reduced, e.g., by mixing passive ligands and AL on 
the surface, while precise control over the number of aldehyde groups at the single-
NC level is unnecessary. Control over the average coverage is much more 
experimentally accessible than previous efforts to make patchy NCs with discrete, 
specific numbers of DNA ligands, for example.99 However, we note that there are 
other potential strategies that might similarly reduce self-linking, including modifying 



the ligand flexibility or using an asymmetric linker with differing DCB groups on either 
end. In the future, we intend to explore the advantages and disadvantages of these 
strategies for controlling assembly.  
Reversibility. Because the linkers form reversible covalent bonds and ITO NCs 
resist fusing, the calculated phase diagrams may provide guidance on conditions 
suitable for reversing the gelation process, e.g., through changes in OD to NC ratios, 
laying the foundation for the development of responsive NC assemblies. Gel 
disassembly is predicted when the macroscopic NC or linker concentration is 
changed to navigate outside the spinodal boundary. To realize this experimentally, 
the system needs to be able to reestablish equilibrium, which is possible using our 
linking strategy because of the dynamic nature of the bonds (Figure 6a). The 
introduction of an excess of a capping molecule, 1-methyl-1-phenylhydrazine (MH), 
reverses gelation within two days after its addition (Figure 6b). The monofunctional 
hydrazine competes with the linker for bonding with the aldehyde terminus of the 
ligands and can disrupt the NC network by breaking the linkages. Analogous 
breaking of DCB-crosslinked polymer networks43,45 has been demonstrated by 
introducing a small molecule that displaced the bonded functional groups on 
neighboring polymer chains.47,48,100,101  
In our linked NC gels, the capping molecule MH disrupted the network, recovering a 
free-flowing dispersion. SAXS revealed that the gel reversal process did not result 
in a dispersion of completely discrete NCs. Instead, the structure factor at low q < 
0.01 Å-1 retains a weak peak suggesting the presence of NC clusters, similar to S(q) 
for the Γ = 50 sample. The low q intensity continues to diminish from 2 days to 4 
weeks after addition of the molecular capping agent. The dispersion flows easily and 
is clear, with a slight yellow-orange tinge due to the addition of MH, which is yellow-
orange itself before addition. 



The second method for gel reversal that we tested was to introduce excess AL-
functionalized NCs to the gel sample. A volume of this NC dispersion was added, 
keeping the NC volume fraction fixed while changing from Γ = 200 to Γ = 30, which 
was below the threshold we observed above for gelation. Initial observation showed 
no apparent change to the gel after 2 weeks undisturbed, so the sample with excess 
NCs and a control gel sample were subjected to brief sonication (10 min) to break 
the gels apart and attempt to overcome any initial kinetic barriers to redispersion of 
the NCs. The gel control sample without MH or excess NCs, though initially broken 
apart by sonication was found to reform a cohesive gel over a few days. By contrast, 
the sample with excess NCs added remained dispersed. Over the course of a week, 
however, a small portion of that sample aggregated and precipitated. The structure 
factor of the dispersed portion showed no evidence of residual or renewed NC 
aggregation after one week (Figure 6c). For either gel reversal strategy, conditions 
that minimize self-linking (e.g., diluting AL with passive ligands) may allow more 
complete redispersion because gels could be formed with far less linker. 

 
Figure 6. Disassembly of NC gels. (a) Schematic of disassembly from a gel (photo on left) to a 
free-flowing dispersion instigated by addition of a capping molecule (MH) or excess AL capped 
NCs. (b) SAXS structure factor tracking the disassembly of a gel using MH over 1 month. (c) 
SAXS structure factor for disassembly with excess AL-NCs; brief sonication was used to break 
up the gel. The gel did not reform and SAXS shows minimal evidence of aggregation after one 
week. (d) LSPR spectra of the AL-NC dispersion, NC gel, and both samples after gel reversal. 



The chemical and thermodynamic strategies demonstrated for gel reversal suggest 
opportunities to design responsive optical materials if the LSPR signature of discrete 
NCs can also be recovered. Indeed, the absorption spectra of samples induced to 
disassemble by either approach are similar to the spectrum of the AL-functionalized 
NCs before assembly. The peak is again found at 4800 cm-1 with only minimal 
broadening and red-shifting (Figure 6d), consistent with slight residual aggregation 
as suggested by the SAXS data. The recovery of the LSPR confirms that the NCs 
remain discrete within the gel assemblies and suggests opportunities for future 
development of switchable and chemically programmable optical materials based on 
the selectivity and the dynamic nature of DCBs42,44,62,102 when applied to dispersions 
containing different optically active NC building blocks.  
 
CONCLUSION 
Reversible covalent bonding provides a platform where dynamic molecular links 
between colloidal NCs can be designed to realize theoretically predicted colloidal 
assemblies including gels. We have demonstrated this platform with a system of 
aldehyde-functional ligands (AL), prepared by a scalable process via peptide 
synthesis, including a solubilizing tether and a multi-dentate carboxylate binding 
domain suitable for metal oxide surfaces, applied to infrared-plasmonic ITO NCs. 
When paired with a bifunctional hydrazide linker (OD), the assembly behavior of the 
AL-functionalized NCs is rationally controlled by the OD-to-NC ratio Γ, as anticipated 
from theory. Quantitative discrepancy between the gelation threshold observed 
experimentally and the theoretically predicted spinodal boundary is attributed, based 
on the results of coarse-grained simulations, to the large fraction of linker molecules 
“wasted” in forming links between two ligands on a single NC (i.e., self-links). 
Nonetheless, the gelation can be largely reversed either by displacing linker–ligand 
bonds with capping molecules or by navigating across the spinodal boundary via 
linker dilution. Assembly and disassembly are accompanied by substantial changes 
in the infrared optical properties due to LSPR coupling between NCs in the gel 
network.     
Because the aldehyde–hydrazide pair represents one among several tunable 
orthogonal reversible covalent (TORC) bonding pairs,41,42,62,102 these results set the 
stage for diverse opportunities in programmable and reconfigurable optical materials 
based on TORC-linked NC networks. In addition to the metal oxide NCs studied 
here, we can adapt this system to a range of other NCs with interesting optical 
properties. In fact, using two orthogonal TORC pairs, mixtures of two types of NCs 
can be made to assemble independently of one another in the same mixture, as has 
been previously demonstrated for direct NC-to-NC bonding.24 In our linker-mediated 
assembly approach, the NC networks can be tuned by modifying the properties (e.g., 
rigidity, solvent compatibility, response to stimuli) of the linker molecules, surpassing 
the level of control in DNA-based assembly.28,38,39,99, 103  TORC chemistry is a 
powerful and tunable platform for linker-based NC assembly applicable over a range 
of solvent environments and temperatures. It opens up an avenue for development 



of NC materials whose macroscopic properties are responsive and adaptive based 
on nanoscale structural changes.  
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