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ABSTRACT: The structures and physicochemical properties of surface-stabilizing molecules play 

a critical role in defining the properties, interactions and functionality of hybrid nanomaterials such 

as monolayer-stabilized nanoparticles. Concurrently, the distinct surface-bound interfacial 

environment imposes very specific conditions on molecular reactivity and behavior in this setting. 

Our ability to probe hybrid nanoscale systems experimentally remains limited, yet, understanding 

the consequences of surface confinement on molecular reactivity is crucial for enabling predictive 

nanoparticle synthon approaches for post-synthesis engineering of nanoparticle surface chemistry, 

and construction of devices and materials from nanoparticle components. Here, we have 
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undertaken an integrated experimental and computational study of the reaction kinetics for 

nanoparticle-bound hydrazones, which provide a prototypical platform for understanding chemical 

reactivity in a nanoconfined setting. Systematic variation of just one molecular-scale structural 

parameter – the distance between reactive site and nanoparticle surface – showed that the surface-

bound reactivity is influenced by multiscale effects. Nanoparticle-bound reactions were tracked in 

situ using 19F NMR spectroscopy, allowing direct comparison to the reactions of analogous 

substrates in bulk solution. The surface-confined reactions proceed more slowly than their 

solution-phase counterparts, and kinetic inhibition becomes more significant for reactive sites 

positioned closer to the nanoparticle surface. Molecular dynamics simulations allowed us to 

identify distinct supramolecular architectures and unexpected dynamic features of the surface-

bound molecules that underpin the experimentally observed trends in reactivity. This study allows 

us to draw general conclusions regarding interlinked structural and dynamical features across 

several length scales that influence interfacial reactivity in monolayer-confined environments.  

KEYWORDS: self-assembled monolayers, reaction kinetics, dynamic covalent chemistry, gold 

nanoparticles, dissipative particle dynamics, nanoconfined chemistry, molecular dynamics 

 

For monolayer-stabilized nanoparticles, surface-bound molecular species play a fundamental role 

in tuning properties of the core material, defining interactions with the surrounding matrix, and 

providing a handle through which nanoparticles may be interfaced with any number of other 

components – be they molecular, macroscopic, or other nanomaterials.1-6 Reliable strategies for 

engineering molecular-level details at the nanoparticle surface are therefore critical for realizing 

the technological potential of nanoparticles in any number of applications.5, 7-10 Although chemical 
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functionality can be introduced into the monolayer directly during nanoparticle synthesis,6, 11 or 

by ‘ligand exchange’ to replace sacrificial surface-bound species,6, 11-15 post-synthesis chemical 

methods for modifying surface-bound species in situ are particularly attractive.7-10 We have 

developed dynamic covalent nanoparticle building blocks as a versatile category of colloidal 

nanoscale synthon, which we envisage can provide generalizable chemoselective approaches for 

reversible and adaptive modification of nanoparticle-bound molecular functionality.16-20 We and 

others have recently demonstrated that reversible covalent strategies can be used to template 

dynamic nanoparticle surface functionalization,16, 21-22 to tune nanoparticle physicochemical 

properties,19 to create adaptive nanoparticle assemblies,17, 20, 23-25 and to reversibly tether 

nanoparticles on solid substrates.26 For any synthetic strategy to become reliable and widely 

applicable, a predictive understanding of all parameters that affect reactivity must be developed. 

Such information will only be gradually revealed through systematic investigation of reactivity for 

nanoparticle-bound molecules, akin to the decades-long physical–organic understanding of bulk 

solution-phase reactivity that underpins molecular synthetic methods.27 

Chemical reactivity on planar self-assembled monolayers has been the subject of numerous 

investigations over several decades.28-29 However, the analytical challenge of quantifying 

vanishingly small concentrations of reactive species at extended surfaces with sufficient temporal 

resolution has proven to be a significant barrier to developing routine methods and consequently 

arriving at an in-depth understanding of reactivity for surface-confined species. A relatively small 

number of studies have revealed that reactivity can be significantly affected by surface 

immobilization, often resulting in kinetic behaviors that change as a reaction progresses,30-37 and 

reaction rates that are influenced by several parameters, including surface roughness,38-39 steric 

bulk of an incoming reactant,11a, 11b stereoelectronic demands of the reaction mechanism,31 
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monolayer density,30-31, 40 and, for mixed-ligand monolayers, the molecular structures and mole 

fractions of reactive and non-reactive components.32-34, 36, 41-43 

Monolayer-stabilized nanoparticles – which can be formulated as homogenous solutions or 

colloidal suspensions – offer a rare platform on which the behavior of surface-confined molecules 

can be investigated using ensemble analytical techniques capable of probing molecular-level 

structural details. Yet, for these nanoscale hybrid constructs there are several factors that may 

affect reactivity: from the size and shape distribution defining the population in each sample, to 

the heterogeneity of binding sites around any one nanoparticle; the influence of the underlying 

nanoparticle surface curvature on packing of the surface-bound species, to the potential for inter-

monolayer interactions between molecules on different nanoparticles. A number of investigators 

have sought to understand the thermodynamics of simple equilibria and dynamic binding events 

(particularly involving biomolecules) on nanoscale surfaces,44-77 but very few studies have probed 

the kinetic consequences of surface confinement. The seminal work of Murray and co-workers 

examined product distributions to establish that, in contrast to the solution-phase reaction, 

nucleophilic substitution of nanoparticle-bound alkylbromides by primary amines yielded 

exclusively secondary amine products.78 Furthermore, shielding of the surface-bound reactive sites 

by longer unreactive ligands significantly retarded reaction progress and enhanced the influence 

of nucleophile steric demand on the nanoparticle-bound reaction.78 Workentin and co-workers 

have noted significantly reduced reactivity for nanoparticle-bound maleimides in Diels–Alder 

cycloadditions,79 and for methyl-2-(diphenylphosphino)benzoate-terminated monolayers in the 

Staudinger–Bertozzi ligation with azides;80 the latter being ascribed to inter-particle clustering of 

the starting nanoparticles. On the other hand, the same researchers observed no significant 
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difference between bulk solution and nanoparticle-bound kinetics for the strain-promoted 

cycloaddition of acetylenes, at least for a low surface density of reactive groups.81  

Clearly, a large and complex parameter space controls reactivity for nanoparticle-bound 

molecules. This presents a significant fundamental physical–organic challenge if surface-confined 

reactions are to be applied routinely for manipulating and assembling chemically reactive 

nanoparticle components. The high level of constitutional detail now available experimentally in 

turn informs accurate simulation of the nanoparticle-bound environment. Modelling can provide 

crucial insights that plug the gaps in experimentally accessible information, yet has not been 

applied to understanding covalent reactivity. Here we describe a combined experimental and 

computational study which begins to unravel this multi-parameter challenge for hydrazone-based 

dynamic covalent nanoparticles.16, 19-20 Specifically, we set out to isolate the effect of monolayer 

depth on the reaction kinetics for a hydrazone at the monolayer periphery by preparing a self-

consistent series of monolayer-stabilized gold nanoparticles (AuNPs). We were able to track 

reactions in real time using in situ 19F NMR, thereby establishing reaction profiles from which 

kinetic parameters could be extracted. Simulations of the nanoparticle-bound molecular 

monolayers in turn uncovered several parameters – on the molecular, supramolecular and 

nanoscale levels – that influence reactivity, even for this ostensibly simple reaction system. 

Results and Discussion 

Nanoparticle-confined hydrazone hydrolysis. With the aim of isolating the effect of just one 

parameter – monolayer depth – on nanoparticle-bound hydrazone reactivity, we designed 

nanoparticle-stabilizing ligands Cy-1H (Chart 1), in which an N-acylhydrazone reactive site is 

linked to a thiol surface anchor group by an alkyl chain of variable length (y carbon atoms). 
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Fluorobenzylidine hydrazones were employed so as to exploit the simplicity, sensitivity and wide 

chemical shift dispersity of 19F NMR spectra for in situ reaction monitoring.16, 19-20 In order to 

produce a self-consistent nanoparticle series, ligands Cy-1H were installed on gold cores by ligand 

exchange from hexanethiyl-stabilized nanoparticle precursors. Rigorous purification from all non-

surface-bound species was achieved by repeated cycles of nanoparticle precipitation, washing, and 

re-suspension, followed by purity assessment by 1H, 19F{1H} and T2-filtered 1H NMR 

spectroscopy. Imaging by transmission electron microscopy (TEM) before and after ligand 

exchange indicated only minimal changes to the nanoparticle size distribution during this process. 

Nanoparticle solutions in a mixture of 10% D2O/THF (v/v) were colloidally stable at sufficiently 

high concentrations of hydrazones ([AuNP-Cy-1]  4 mM) to allow real-time non-destructive 

reaction monitoring by 19F{1H} NMR spectroscopy. Concentrations of all fluorinated species were 

thereby quantified by signal area deconvolution relative to an internal standard of known 

concentration. Structurally analogous model compound 2 was also prepared to allow comparison 

of nanoparticle-bound reactivity with reaction in bulk solution. 

Chart 1. Molecular structures of hydrazone-terminated alkanethiol ligands Cy-1H, model 

compound 2 and hydrazone-functionalized nanoparticles AuNP-Cy-1. 

 

Nanoparticles such as AuNP-Cy-1 where the nucleophilic hydrazide unit is anchored to the 

monolayer are modified by dynamic covalent exchange of the electrophilic benzylidine unit with 
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an alternative carbonyl component.16 In the absence of excess nucleophile, a direct transamination 

pathway82-83 is not expected to be kinetically significant. Rather, attack by water leading to 

hydrazone hydrolysis is the key kinetic step for post-synthetic modifications of ‘nucleophilic’ 

dynamic covalent nanoparticles of this sort.20 We investigated the rate of acid-catalyzed hydrolysis 

for nanoparticle-bound and bulk solution hydrazones AuNP-Cy-1 and 2, respectively. Under the 

standard conditions, the extent of hydrolysis for model compound 2 reached only ca. 12%, 

consistent with the high hydrolytic stability of typical N-acylbenzylidine hydrazones.82 Generating 

only low concentrations of hydrazide gave us confidence that the nanoparticle-bound reactions 

could be studied in the absence of confounding effects such as nanoparticle cross-linking, or 

unforeseen kinetic pathways that might become significant at high concentrations of surface-bound 

hydrazides. 

In-line with our experience with similar but structurally more complicated systems,16, 20 the rate 

of the nanoparticle-bound reactions was found to be slower than the reaction in bulk solution, 

although the extent of inhibition is relatively modest. The reaction profiles were satisfactorily fitted 

by a reversible kinetic model that is pseudo-first order in the hydrolysis direction (rate constant 

khydr) and second order in the condensation direction (rate constant kcond) (Figures 1, S10 and Tables 

1, S1–S4). Comparison of kcond to the apparent second-order rate constant for hydrolysis (kapp–hydr) 

reveals that the hydrolysis process is approximately 5 orders of magnitude slower than 

condensation, confirming that hydrolysis is the kinetically significant step during exchange of the 

electrophilic benzylidine unit. A clear trend was observed in the rate constant for the hydrolysis 

reaction with monolayer depth (khydr, Figure 1, Table 1): the reaction becoming increasingly slower 

as the hydrazone reactive site is moved closer to the nanoparticle surface (inhibition factors relative 

to bulk solution of 0.6, 0.4, 0.2 for C11, C8, C4 methylene chains respectively). 
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Figure 1. Pseudo-first-order rate constants (khydr) and second-order rate constants (kcond) for the 

forward and reverse reaction, respectively, under hydrazone hydrolysis conditions for 

nanoparticle-bound reactions (bars) compared to reaction in bulk solution (horizontal line). 

Surface-inhibition factors (= k(NP) / k(bulk solution)) are given for each nanoparticle-bound 

reaction. Error bars (dotted lines for reaction of 2) represent one standard deviation from the mean 

of triplicate measurements or better. Rate constants for all individual replicates can be found in the 

Supporting Information. Conditions: [AuNP-Cy-1]0 or [2]0  4 mM, [CF3CO2H] = 20 mM, 

D2O/THF (1:9 v/v), 294 K.  

Table 1. Kinetic data for hydrazone hydrolysis.a 

substrate khydr / 

 10–3 h–1 

kapp–hydr / 

mM–1 h–1 

kcond /  

mM–1 h–1 

K /  

mM 

2 39  5 7.0  10–6 0.6  0.1 0.07 

AuNP-C11-1 22  2 4.0  10–6 0.2  0.1 0.1 

AuNP-C8-1 16  2 2.8  10–6 0.2  0.1 0.07 

AuNP-C4-1 8  2 1.4  10–6 0.037  0.002 0.2 

a Values are given as mean  one standard deviation for triplicate measurements or better. 

Apparent second-order rate constants for hydrolysis (kapp–hyrd) calculated from the observed 

pseudo-first-order rate constant (khydr) assuming a water concentration of 5530 mM. Conditions: 

[AuNP-Cy-1]0 or [2]0  4 mM, D2O/THF (1:9 v/v), [CF3CO2H] = 20 mM, 294 K. Kinetic data for 

each replicate are given in Tables S1–S4. 
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In contrast to the consistent values measured for khydr, no clear trend was observed for the 

condensation rate constant (kcond, Figure 1, Table 1). In fact, significant variability in the value of 

kcond was observed between replicates. In most experiments, the condensation process was retarded 

more strongly than the hydrolysis step, corresponding to a reaction endpoint that favors more 

hydrolysis on the nanoparticle surface compared to bulk solution. However, the extent of this effect 

was quite different across individual repeats. For AuNP-C11-1 and AuNP-C8-1, at least one 

replicate yielded an anomalously small value of kcond, corresponding to a reaction profile that did 

not reach equilibrium within the timescale of the experiment (25 h). Only AuNP-C4-1 exhibited a 

consistent behavior, with every experiment showing continued reaction well beyond the expected 

equilibrium endpoint based on the reactivity in bulk solution. The experiments exhibiting very 

slow condensation rates also tend to produce larger fitting uncertainties for the kcond parameter, 

suggesting that the simple kinetic model is not properly describing the reaction progress in these 

cases. 

Preparing further batches of each nanoparticle gratifyingly confirmed the same conclusions 

regarding khydr values, but failed to produce a more consistent picture for the condensation rate – 

in fact revealing the same significant variability in kcond values for AuNP-C4-1 as had been 

observed for the other monolayer depths in the earlier experiments (Figure S11, Tables S1–S4). 

Several features demanded consideration as the source of this variability. The molecular-level 

structural integrity of the ligand shell on each nanoparticle batch was examined by oxidative 

desorption using iodine, allowing analysis of all previously surface-bound species in bulk solution 

(Figure S9). These experiments verified that each hydrazone was present and structurally intact. 

However, in each case, a small proportion (6–24%) of residual hexanethiyl ligands was also 

detected. Additionally, there were minor variations in nanoparticle core size for substrates not 
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prepared from the same starting nanoparticle batch (for sample details for each experiment, see 

Tables S2–S4). Yet, neither the proportion of unreactive ligand, nor nanoparticle core size, could 

be correlated with the variation in kcond. We therefore ascribe the slower values observed in a subset 

of replicates to stochastic processes that occur as the reaction proceeds, such as nucleation-driven 

aggregation or surface binding of released hydrazides at defects in the monolayer. 

Simplifying the picture: Nanoparticle-confined hydrazone exchange. In order to circumvent 

unanticipated reaction pathways that become kinetically significant as increasing concentrations 

of surface-bound hydrazides are exposed, we further simplified the system by performing 

hydrazone exchange in the presence of a large excess of 4-nitrobenzaldehyde (3, 50 equivalents). 

Under these ‘trapping’ conditions AuNP-Cy-1 are converted quantitatively into AuNP-Cy-4, via a 

two-step hydrolysis–condensation mechanism (Figure 2). The kinetic model can therefore be 

reduced to an irreversible process defined by a pseudo-first-order rate constant ktrap.
16, 20 We 

furthermore endeavored to maintain consistency across all experiments by scaling up our synthetic 

procedures to ensure that all repeats could be performed from single batches of nanoparticles with 

similar size distributions (<d> = 3.8–4.2 nm) and proportions of residual hexanethiyl ligand (12–

14%). Taking these precautions led to very reproducible quantitative results (Figure 2). All four 

reaction systems (AuNP-Cy-1 for y = 4, 8, 11 and model compound 2) exhibited a first-order 

reaction profile (Figure S12), from which ktrap was extracted by nonlinear fitting (Tables 2, S5–

S8). 

Noting that under hydrolysis conditions the apparent second-order rate constants for hydrolysis 

(kapp-hydr, Table 1) are approximately 5 orders of magnitude smaller than the observed rates for 

condensation (kcond), we expected the hydrolysis step for exchange to be rate determining. Indeed, 

under trapping conditions no intermediate free hydrazide was observed in any experiment, and the 
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pseudo-first-order rate constants ktrap (Table 2) are similar in magnitude to the pseudo-first-order 

rate constant for hydrolysis khydr (Table 1), confirming that these conditions probe the kinetically 

significant step for hydrazone exchange on ‘nucleophilic’ dynamic covalent nanoparticles.16, 20 

Pleasingly, ktrap also exhibits a very similar dependency on the monolayer depth to that observed 

for khydr: once again, the nanoparticle-bound reaction is slower compared to the same process in 

bulk solution, with more significant inhibition observed the closer the reactive site is to the surface 

(inhibition factors of 0.4, 0.3, 0.1 for C11, C8, C4 alkyl chain lengths respectively, Figure 2). 

Examining the absolute values of the rate constants reveals further subtle details. In bulk 

solution, the value of ktrap is slightly larger than khydr, likely as a result of the increased solvent 

polarity when high concentrations of 4-nitorbenzaldehyde (ca. 0.2 M) are introduced (a further 

small increase in rate was observed for trapping experiments carried out in the presence of 100 

molar equivalents 4-nitrobenzaldehyde). Conversely, for the nanoparticle-bound reactions, the 

values of ktrap are almost identical to those for khydr, suggesting that the monolayer environment is 

less susceptible to changes in properties of the bulk matrix.  
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Figure 2. Pseudo-first-order rate constants (ktrap) for exhaustive hydrazone exchange in the 

presence of an excess of 4-nitrobenzaldehyde, 3, for nanoparticle-bound reactions (bars) compared 

to reaction of model compound 2 in bulk solution (horizontal line). Surface-inhibition factors are 

given for each nanoparticle-bound reaction. Error bars (dotted lines for reaction of 2) represent 

one standard deviation from the mean of triplicate measurements or better. Rate constants for 

individual replicates can be found in the Supporting Information, Tables S5–S8. Conditions: 

[AuNP-Cy-1]0 or [2]0  4 mM, [3]0 = 0.2 M, [CF3CO2H] = 20 mM, D2O/THF (1:9 v/v), 294 K. 

Table 2. Pseudo-first-order rate constants ktrap for hydrazone exchange in the presence of excess 

4-nitrobenzaldehyde.a 

substrate ktrap / 10–3 h–1 

2 48  3 

AuNP-C11-1 19  1 

AuNP-C8-1 13  2 

AuNP-C4-1 7.0  0.4 
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a Values are given as mean  one standard deviation for triplicate measurements or better. 

Conditions: [AuNP-Cy-1]0 or [2]0  4 mM, [3]0 = 0.2 M, [CF3CO2H] = 20 mM, D2O/THF (1:9 

v/v), 294 K. Kinetic data for each replicate are given in Tables S5–S8. 

The trapping experiments revealed one further unanticipated observation. In reactions of AuNP-

C11-1, it was observed that the starting concentrations of nanoparticle-bound hydrazones measured 

by quantitative 19F{1H} NMR spectroscopy were consistently lower than the final concentration 

of 4-fluorobenzaldehyde released by the end of the experiment. This was contrary to our previous 

experience with similar systems,16, 20 and the same phenomenon was not observed for either AuNP-

C8-1 nor AuNP-C4-1. For AuNP-C8-1, good agreement was always observed between the 

concentration of starting hydrazone estimated by quantitative 19F{1H} NMR spectroscopy on the 

surface-bound species before addition of the acid catalyst, and the concentration of released 4-

fluorobenzaldehyde at the end of the reaction. The significantly slower reaction of AuNP-C4-1 

meant that the reaction did not reach completion within the experiment timescale (25 h), however 

the starting hydrazone concentration was verified by comparing quantitative 19F{1H} NMR 

spectroscopy measurement of the surface-bound species, with measurement of the surface-released 

species in bulk solution following oxidative ligand desorption (Figure S14). For analyzing the 

reactions of AuNP-C11-1, correcting the starting hydrazone concentration based on the 

concentration of 4-fluorobenzaldehyde released under exhaustive exchange conditions 

significantly improved the goodness of fit when estimating the pseudo-first-order rate constant. 

These observations led us to consider whether the concentration discrepancy for AuNP-C11-1 

could be a result of colloidally stable aggregates, for which the 19F NMR resonances of surface-

bound hydrazones may be significantly broadened to the extent that a proportion of the signal is 

lost in the spectral baseline noise. The mean solvodynamic diameters measured by dynamic light 

scattering (DLS) in 10% H2O/THF for all three samples (AuNP-C4-1: 7.6  0.4 nm, AuNP-C8-1: 
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9.8  0.4 nm, AuNP-C11-1: 9.7  2.2 nm, Table S9) were in good agreement with the expected 

values based on the known dimensions of the core and molecular monolayer and with the results 

of nanoparticle modelling discussed in the following section. Only at higher solvent polarities were 

colloidally stable aggregates observed (Figure S15). In order to probe for aggregation at higher 

concentrations representative of those used for studying reaction kinetics, diffusion ordered 

(DOSY) NMR spectroscopy experiments were performed to establish a diffusion coefficient for 

each nanoparticle at ca. 4 mM concentration (in terms of surface-bound ligand) in 10% D2O/THF. 

These values were then used to estimate the hydrodynamic size (see Supporting Information, 

Section 6). Using this method, the hydrodynamic diameter for AuNP-C4-1 was estimated to be 7.6 

nm, in excellent agreement with the known nanoparticle dimensions and the results from DLS 

(Table S9). DOSY NMR analysis of AuNP-C8-1 and AuNP-C11-1 gave solvodynamic sizes (11.2 

nm and 15.4 nm respectively) that are, only to a very small extent, larger than the expected 

dimensions. These results therefore suggest that all three nanoparticle samples are relatively well 

dispersed in 10% H2O/THF. However, the greater than expected increases in size with alkyl chain 

length observed by DOSY analysis may indicate formation of small aggregates, perhaps in 

equilibrium with well-dispersed nanoparticles, for systems stabilized by longer alkyl chain 

monolayers at higher concentrations. Noncovalent nanoparticle aggregation might conceivably be 

yet another factor that influences reaction kinetics. Nevertheless, AuNP-C11-1 still exhibit the 

fastest reaction kinetics. It would be instructive to design future studies that deconvolute the effect 

of hierarchical nanoparticle interactions on reaction kinetics for surface bound molecules. 

Molecular modelling of the nanoparticle-confined reaction environment. The kinetic 

significance of the hydrolysis process suggests that surface-confined reactivity and the 

experimentally observed trends in reaction rate according to differences in ligand structure can be 
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understood through their influence on the rate-determining nucleophilic attack of water at the 

nanoparticle-bound hydrazone. Molecular models of the nanoparticle-bound monolayer 

morphology (Figure 3) revealed distinct differences in the ligand-shell packing, dependent on the 

length of alkyl chain spacer. The shortest C4 ligands adopt an overall disordered monolayer 

morphology. Thus, the incoming water nucleophile must diffuse between ligands to reach the 

reactive hydrazone site. Attack at the benzylidine carbon along the reactive Bürgi–Dunitz 

trajectory will correspondingly be significantly hindered. By inspecting the average water 

distribution close to the benzylidine carbon for AuNP-C4-1 (Figure 4a), we see that the density of 

water molecules is significantly decreased with respect to bulk as an effect of local solvent 

confinement induced by the monolayer. At the other extreme, the C11 ligands adopt a ‘bundled’ 

structure, driven by favorable van der Waals interactions between the longer methylene chains and 

– stacking of the aromatic headgroups. In this arrangement, a high proportion of the reactive 

sites (on average 54% of C11 ligands, Figure 5a) are solvent-exposed and water nucleophiles can 

more readily attack at the benzylidine carbon along the reactive trajectory. Indeed, the water 

density distribution for AuNP-C11-1 (Figure 4c) shows that the concentration of water molecules 

at bundle interfaces (here bundles correspond to red areas) is close to, but still lower than, the bulk 

value. It is important to note that the experimental evidence indicated no effect of ligand length on 

reaction endpoint, and that the hydrolysis kinetics for AuNP-C11-1 exhibit a normal first-order 

behavior. Thus, ligand bundling does not appear to result in two populations of ligands with 

differing reactivity. Surface confinement significantly restricts molecular conformational 

flexibility and this effect is felt more strongly by ligands in the bundle interiors compared to 

solvent-exposed ligands. This can be seen by comparing the ensemble average standard deviation 

of individual chain end-to-end distance, <ee>, for ligands in the solvent-exposed and bundle 
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interior surface environments with the same molecules in bulk solution (Figure 5b). Larger values 

of <ee> indicate chains that can fluctuate more over time (see Computation Studies section for 

the definition of <ee>). Likewise, the standard deviation of the individual chain standard 

deviations of end-to-end distance, <σ>, quantifies the heterogeneity in chain motions for the 

different surface-confined environments (Figure 5c). Across all nanoparticle-bound environments, 

the outer ligands in AuNP-C11-1 are the most exposed to water-rich solvent, have the highest 

conformational mobility and greatest diversity of motions available, all of which increase the 

chance of a water–hydrazone encounter along the reactive trajectory. Nonetheless, the significant 

surface-associated kinetic inhibition is explained by the fact that almost half the ligands on Au-

C11-1 are shielded from the solvent – reducing the effective concentration of the reaction substrate 

– while even ligands on the bundle peripheries are significantly less conformationally mobile than 

in bulk solution (Figure 5b) – reducing the probability of a reactive water–substrate encounter. As 

the reaction progresses, increased conformational freedom allows inner ligands to become solvent 

accessible, explaining the absence of two distinct ligand populations. By contrast, the disordered 

ligand shell of AuNP-C4-1 is characterized by uniformly low conformational mobility and poor 

penetration by the water-rich solvent, with a correspondingly even lower probability of water–

hydrazone encounters along the reactive trajectory, and hence, slower reaction kinetics. 
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Figure 3. The effect of alkyl spacer length on ligand monolayer morphology determined by 

atomistic simulation for AuNP-Cy-1. For the longest alkyl spacer (AuNP-C11-1) a bundled ligand 

shell is formed, resulting in a high proportion of reactive sites easily accessible to attack from 

external nucleophiles. The shortest spacer (AuNP-C4-1) exhibits a disordered ligand shell, which 

hinders attack of external nucleophiles along the appropriate reactive trajectories, and the 

intermediate ligand length (AuNP-C8-1) likewise exhibits an intermediate semi-ordered ligand 

monolayer. In orange are depicted the unreactive hexanethiyl ligands that remain after ligand 

exchange. 

 

Figure 4. Averaged normalized water density distribution calculated on spherical surfaces close 

to the benzylidine carbon for AuNP-C4-1 (a), AuNP-C8-1 (b), and AuNP-C11-1 (c). The plots show 

the distribution as a two-dimensional projection of the sphere surface (x-axis, the azimuthal angle 

φ; y-axis, the cosine of the polar angle θ). Values are normalized to water density in bulk solvent. 
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Figure 5. (a) Snapshot of AuNP-C11-1 highlighting C11 solvent-exposed ligands in red. Residual 

hexanethiyl ligands are displayed in white. (b) and (c) Ensemble average of the time-series 

standard deviation of the individual chain end-to-end distance <σee> and standard deviation of the 

individual chain standard deviations of the chain end-to-end distance <σσ> for solvent-exposed 

(hatched bars), inner (filled bars) and isolated bulk (dotted bars) ligands. For AuNP-C4-1, values 

are averaged over all chains as no bundles are formed. 

Our detailed experimental constitutional characterization of the three nanoparticles (Figures S1–

S9) evidenced the presence of residual hexanethiyl ligands after ligand exchange, which were 

included in the molecular models. Mesoscale calculations revealed that these short chains form 

small isolated patches within the monolayer (see Figure 3 and Figure S17). Length mismatch and 

difference in bulkiness are known to promote microphase separation of mixtures of ligands through 

maximization of the conformational entropy gained by forming extended interfaces.5, 84-87 

Nonetheless, for these systems this has a limited influence on the overall monolayer organization 

(e.g. bundled vs. isotropic, see Figure S18) likely due to the low proportion of hexanethiyl ligands 

(12–14%). Only in AuNP-C11-1 and AuNP-C8-1 the presence of the additional interfaces endows 

more ligands with a higher configurational mobility, which leads to slightly higher values of <ee> 

for solvent-exposed chains (compare Figure S19a,b with Figure 5b,c). The protonation state of 

nanoparticle-bound hydrazones can be expected to influence the monolayer morphology and 

ligand dynamics. Although we were unable to experimentally measure directly the fraction of 

protonated hydrazones under the experimental conditions, measurements on model compounds in 

bulk solution allowed us to estimate 5 mol% as an upper limit for the fraction of protonated ligands. 

Nanoparticles including this fixed number of charged ligands in the simulation showed no 

qualitative differences in monolayer structure, solvation or ligand dynamics (compare Figures 
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S20–S22 with Figures 3–5). We therefore concluded that our molecular models can be considered 

appropriate for rationalizing the experimental results under the current experimental conditions. 

Combining experimental and computational insights to complete the picture of 

nanoparticle-confined reactivity. This systematic experimental and computational study aimed 

to isolate the effect of only one structural feature, yet has revealed several factors affecting reaction 

rate of nanoparticle-bound molecules that do not exist for analogous reactions taking place in bulk 

solution. The effects of surface confinement on reaction kinetics can be rationalized as resulting 

from the specific microenvironment at the interfacial reaction site, the influence of the surrounding 

matrix on meeting the stereoelectronic demands of the reaction mechanism, and the effect of 

noncovalent interactions between reaction sites and neighboring surface-confined species (or 

species on other nanoparticles that are in close proximity). Together, the structure of the 

nanoparticle core and the chemical constitution of the surface-stabilizing monolayer define the 

multiscale structural and dynamic features of the surface-bound reaction environment, 

representing a much wider and relationally complex parameter space than for conventional 

physical–organic analysis of reactions in bulk solution. 

Kinetic inhibition of reactions in the sterically crowded surface-bound setting compared to bulk 

solution was intuitively expected. Successful reaction requires nucleophilic attack at the 

benzylidine carbon atom along appropriate trajectories. Although the relatively diffuse * orbitals, 

symmetrically distributed either side of the planar benzylidine unit, remain reasonably accessible 

to incoming nucleophiles for some hydrazones,31 ligand bundling decreases the effective 

concentration of solvent-exposed ‘reactive’ substrates. In comparison to bulk solution, the 

interfacial environment and reduced conformational mobility lower the probability of reactive 

encounters. Surface inhibitions of several orders of magnitude – or even complete inhibition – 
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have been observed for mechanistically similar reactions at the termini of self-assembled 

monolayers on planar substrates.36-37, 40, 88 Ascribed to large negative entropies of activation on 

account of steric crowding at the monolayer periphery,89-91 the largest inhibitions occur for 

monolayers with a high density of reactive sites and low numbers of defects.32-33, 36, 39-40, 88 Our 

observation of only modest inhibition exemplifies a fundamental difference between planar-

surface and nanoparticle-bound monolayers, in that the latter are intrinsically defect rich. Our 

molecular dynamics simulations illustrate that disorder can be manifested through either formation 

of small locally ordered ligand bundles, leaving a large proportion of mobile solvent-exposed 

exterior ligands, or else entirely disordered ligand shell morphologies, which can correspond to 

less-reactive substrates. 

Increasing kinetic inhibition as the reactive site is moved closer to the nanoparticle surface is a 

surface-specific effect that has no analogue for reactions in bulk solution. Perhaps counter-

intuitively, it is the disordered monolayer formed by the shortest ligand that leads to the most 

significant kinetic inhibition. This is in direct contrast to 2D self-assembled monolayers, where 

less-ordered packing on account of weaker inter-chain dispersion interactions leads to increased 

reaction rates.36 Our simulations confirm that shorter alkyl spacers produce less-ordered 

monolayers, but also reveal that this morphology results in restricted conformational mobility and 

hindered penetration of the water nucleophile towards the reactive site. On curved nanoparticle 

substrates, the increasingly favorable intermolecular interactions between longer alkyl chains can 

only be accommodated by formation of closely packed bundles to give a spatially heterogeneous 

ligand shell. The anisotropic ligand organization results in interfaces where ligands are readily 

accessible to incoming water molecules. Moreover, molecules at bundle interfaces experience 

fewer favorable ligand–ligand interactions, so that they are highly conformationally dynamic. 
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Altogether, this results in faster reaction rates for the bundled monolayers formed by longer 

ligands. As the reaction proceeds, the significant conformational mobility of ligands on the bundle 

‘exteriors’ allows inner ligands to be attacked by the nucleophile, so that the bundled monolayers 

on AuNP-C8-1 and AuNP-C11-1 react significantly faster than the disordered ligand shell on 

AuNP-C4-1. 

This study aimed to isolate just one molecular-level structural parameter but revealed effects on 

both structure and dynamics across several length-scales that in-turn influence reactivity. There 

are several other distinctive traits of the nanoparticle-bound environment that will likewise require 

dedicated study to determine their impact on reactivity. The hydrophobic interfacial environment, 

which requires desolvation of incoming nucleophiles, might play a role in retarding reaction 

kinetics. It is interesting to note that, even for neutral water nucleophiles attacking electrophilic 

sites at the monolayer periphery, the trapping experiments suggest that the nanoparticle-bound 

reaction is less susceptible to differences in solvent polarity than the reaction in bulk solution. 

Finally, we cannot rule out the possibility that noncovalent interactions between neighboring 

ligands might influence the reactivity of nanoparticle-bound hydrazones through changes to pKa 

values,69 or otherwise affecting the stability of key intermediates.83, 92  

Even if a small proportion of AuNP-C11-1 are present as transient aggregates, this was 

nevertheless the fastest reacting nanoparticle substrate, suggesting that aggregation does not play 

a significant role under the conditions investigated here. Furthermore, the hydrolysis and exchange 

reactions of all three nanoparticle systems were well-described by simple kinetic models. This was 

corroborated by excellent agreement between the initial rate of reaction (kinit) in each case and the 

pseudo-first-order rate constants estimated over the full reaction time course (Tables S6, S7, S8), 

indicating that there is no significant change in kinetic behavior – and therefore no kinetically 
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important changes to aggregation state – as the reactions proceed. Under trapping conditions, the 

lack of kinetic dependency on reaction extent is consistent with the sterically isomorphous nature 

of the exchanging aldehyde units. Conversely, despite hydrazone hydrolysis proceeding to only 

modest conversions in the bulk-solution setting, significant variability in the extent of reaction was 

observed for the nanoparticle-bound scenario, which could not be correlated with structural 

features. These considerations serve as a reminder that intrinsically inhomogeneous nanoscale 

reaction substrates are susceptible to subtle effects of population diversity and to stochastic or 

defect-initiated events, posing unavoidable challenges to predicting ensemble chemical behavior. 

Conclusion 

In contrast to the indirect ex situ, surface-specific or single-molecule analytical methods that 

have been required to probe reactivity at planar surfaces,28-29, 93-94 the ‘pseudomolecular’ nature of 

well-defined monolayer-stabilized nanoparticles provides a readily accessible platform on which 

to study surface-bound reactivity at the ensemble level. The ability to track real-time 

concentrations of surface-bound and bulk-solution species simultaneously, using non-destructive 

analytical methods, allows the established approaches of physical–organic chemistry to be applied 

to nanoscale surface-confined systems, and consequently, comparisons made to directly analogous 

solution-phase reactions. A self-consistent series of gold nanoparticles stabilized by alkylthiyl 

monolayers differing only in one molecular parameter has allowed us to systematically study how 

molecular-level structure affects surface-bound reactivity, leading to conclusions that extend 

beyond the specific systems under investigation. Ostensibly small changes to molecular structure 

affect reactivity through interlinked factors on several length scales, including the consequences 

of mesoscale monolayer ordering on local microenvironment and ligand conformational mobility. 

It can be expected that both of these factors similarly influence any number of reactions involving 



 23 

attack of an external nucleophile at surface-confined reactive sites. Such surface-specific traits 

have no parallel in bulk solution-phase settings, and established structure–reactivity trends for 

extended 2D monolayers should also not be relied upon to predict the behavior of defect-rich 

highly curved nanoparticle-stabilizing monolayers. Distinct from both small-molecule studies in 

bulk solution and highly uniform 2D monolayers, structural heterogeneity and susceptibility to 

stochastic events are inescapable intrinsic characteristics of nanoscale reaction substrates, posing 

a significant challenge to predictive understanding of chemical behavior. Nevertheless, detailed 

experimental constitutional characterization facilitates accurate computational modelling of the 

nanoparticle-bound monolayer at both mesoscale and atomic levels, granting insight on structural 

and dynamical features that are not revealed by experimental methods alone. Far from opening a 

Pandora’s box of interconnected parameters that we may not wish to have to consider, developing 

a complete understanding of this complex picture is an exciting experimental and computational 

challenge at the intersection of physical–organic chemistry, supramolecular chemistry, 

nanochemistry and surface science. This endeavor will be critical if we aspire to reach the same 

level of predictive structure–reactivity understanding of chemical behavior and reactivity across a 

range of emerging nanoconfined systems95 as we currently have for small-molecules in solution. 

 

METHODS 

Nanoparticle synthesis and structural characterization. Detailed synthetic procedures and 

characterization data for all organic molecules and nanoparticles can be found in the Supporting 

Information. Hydrazone-functionalized gold nanoparticles were prepared by ligand exchange from 

hexanethiyl-stabilized precursor nanoparticles, followed by purification by multiple rounds of 

precipitation, centrifugation, decanting and resuspension, as previously described.19 Purity from 
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all unbound molecular contaminants was determined by 1H and 19F{1H} NMR spectroscopy 

(Figures S3, S6). 

Size distributions for each batch of nanoparticles (Figures S1, S4, S7) were determined by 

deposition of one drop of nanoparticle suspension on holey carbon films supported on a 300 mesh 

Cu grid, followed by imaging using a JEM 2011 TEM. Image analysis was carried out using the 

software ImageJ. 

The molecular composition of each monolayer was determined quantitatively by oxidative 

ligand desorption. A solution of AuNP in CDCl3 or THF-d8 (chosen depending on the known 

solubility of each hydrazone ligand) was prepared, and to which a small quantity of iodine was 

added. Quantitative 1H NMR spectra (relaxation delay time: 30 s) were acquired at several time 

intervals until no further change was observed. The sharp signals for all desorbed species could be 

assigned by reference to authentic samples (e.g. Figure S9). Relative concentrations were 

established by area deconvolution of appropriate signals. 

Thermogravimetic analysis (Figures S2, S5, S8) was used to determine the organic content of 

the sample. The density of the nanoparticle-stabilizing monolayers was then estimated by 

assuming isotropic gold cores of size equal to the mean size determined by TEM, and an effective 

molecular weight for surface-bound ligands determined from oxidative ligand desorption. 

Determination of reaction kinetics. Reactions were performed in THF/D2O (9:1 v/v) at a 

starting hydrazone concentration of ca. 4.0 mM in the presence of CF3CO2H (20 mM) and internal 

standard 4-fluorotoluene (4.0 mM). Stock solutions of 4-fluorotoluene and CF3CO2H were 

prepared volumetrically. Concentrations of all fluorine-containing species were monitored by 

quantitative 19F{1H} NMR against the known concentration of internal standard. A solution of 

AuNP-Cy-1 (or model compound 2) was prepared in THF/D2O to which was added an aliquot of 
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4-fluorotoluene. The concentration of hydrazone 1 (or 2) was determined by NMR against the 

known concentration of internal standard. The reaction was started by addition of an aliquot of 

CF3CO2H stock to give a final concentration of 20 mM. The sample was kept at a room temperature 

(measured as 21 °C) and reaction progress monitored at various time intervals over 24 h. A pseudo-

first-order hydrolysis rate constant (khydr) and second-order condensation rate constant (kcond) were 

estimated by nonlinear fitting of the experimental data using the software package COPASI. 

Representative kinetic profiles are shown in Figure S10 and the results for each experimental 

replicate can be found in Tables S1–S4. 

Reaction kinetics under irreversible exhaustive exchange conditions were determined in a 

similar manner with the addition of 50 equivalents (with respect to starting hydrazone) of 4-

nitrobenzaldehyde. In this case, the data was fitted to an irreversible kinetic model to give a single 

pseudo-first-order rate constant (ktrap). Representative kinetic profiles are shown in Figure S12 and 

the results for each experimental replicate can be found in Tables S5–S8. 

Computational Studies. The self-organization of each AuNP-Cy-1 monolayer was first 

retrieved at coarse-grained level by dissipative particle dynamics calculations following a 

computational procedure developed by the group and already successfully used to study several 

chemically different ligand combinations on gold nanoparticles.84-87 These nanoparticle structures 

were then mapped back to all-atom configurations to gain molecular-level details. The monolayers 

were equilibrated in explicit THF/water solvent mixture at room temperature for solvent analysis 

and structural characterization. Coarse-grained simulations were carried out in LAMMPS,96-97 

while atomistic calculations were performed using AMBER 18.98 Details on the parameterization 

and simulations can be found in the Supporting Information. 
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Average of standard deviation of individual chain end-to-end distance, <σee>, is calculated as 

〈𝜎𝑒𝑒(𝑖)〉𝐸, where σee (i) is the mean standard deviation (over simulation time) of the individual 

chain i end-to-end distance and 〈 〉𝐸  denotes ensemble average over all ligand chains. Standard 

deviation of the individual chain standard deviation of end-to-end distance, <σσ>, is derived as 

[〈𝜎𝑒𝑒(𝑖)2〉𝐸 − 〈𝜎𝑒𝑒 (𝑖)〉𝐸
2 ]1/2.99 
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