
Nanoparticle surfactants for kinetically-arrested photoac-
tive assemblies to track light-induced electron transfer

Kamil Sokołowski,1,2,† Junyang Huang,3,† Tamás Földes,4,6 Jade A. McCune,1 David D. Xu,1
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Nature controls the assembly of complex architectures through self-limiting processes, how-

ever few artificial strategies to mimic these processes have been reported to date. Here, we

demonstrate a system comprised of two types of nanocrystals (NCs), where the self-limiting

assembly of one NC component controls the aggregation of the other. Our strategy uses

semiconducting InP/ZnS core-shell NCs (3 nm) as effective assembly-modulators and func-

tional nanoparticle surfactants in cucurbit[n]uril-triggered aggregation of AuNCs (5-60 nm)
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allowing rapid formation (seconds) of colloidally-stable hybrid aggregates. The resultant

assemblies efficiently harvest light within the semiconductor substructures inducing out-of-

equilibrium electron transfer processes, which can now be simultaneously monitored through

the incorporated SERS–active plasmonic compartments. Spatial confinement of electron me-

diators (e.g. methyl viologen; MV2+) within the hybrids enables the direct observation of

photogenerated radical species as well as molecular recognition in real time, providing ex-

perimental evidence for the formation of elusive σ–(MV+)2 dimeric species for the first-time.

This approach paves the way for widespread use of analogous hybrids for long-term real-time

tracking of interfacial charge-transfer processes, such as light-driven generation of radicals

and catalysis with operando spectroscopies under irreversible conditions.

Colloidally-integrated hybrid nanostructures comprised of semiconductor and metal components

are of great interest in materials development and application in next generation (photo)catalysis,

optoelectronics, nanophotonics as well as drug-delivery, sensing and nanotheranostics.1–3 To date,

methods leading to assemblies based on nanocrystals (NCs) have relied on aggregation of con-

stituent particles by attractive van der Waals4 and anisotropic interactions,5, 6 electrostatic forces,7

multitopic ligands,8 biotin-streptavidin systems,9 or DNA-based junctions.10–13 These self-organisation

processes usually require time-consuming evaporation of solvent or use of an antisolvent,4, 7 el-

evated temperature4, 5, 7, 10–13 and/or NC surface modification.10–13 Moreover, once induced, self-

assembly usually continues until the nanoparticulate components are consumed yielding crystals,4, 7, 8, 12

complex solids,4, 11 or amorphous precipitates.4 Consequently, colloidal stabilisation of NC aggre-

gates remains challenging and, for aqueous systems, particularly rare.14–17
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A straightforward, yet unexplored, approach to control colloidal aggregates is through self-

limiting assembly processes, where NC components can also play an active role in stabilising the

resultant assemblies.5, 18 These processes consist of the assembly of NCs either solely5 or supported

by protein templates19 and require temperature and/or pH modulation to trigger self-organisation

(Figure 1a,b).5, 20, 21 The resulting structures are comprised of one type of NC aggregate, however

hybrids comprised of two or more types have not yet been achieved through self-limiting processes.

Only recently has this approach been utilised to precisely spatially organise NCs yielding discrete

clusters with molecule-like symmetry (Figure 1b).22, 23

Employing the self-limiting assembly of one NC component to inherently control unlim-

ited aggregation of another (Figure 1c) is conceptually different from currently reported systems.

It would unveil a convenient method for facile hybridisation of NC constituents as well as ki-

netic entrapment of elusive aggregate phases.24, 25 Here, we introduce a strategy for kinetic arrest

and stabilisation of metastable plasmonic assemblies within photo-active NC arrays through in-

terfacial self-limiting aggregation (ISLA). This new hybridisation strategy relies on molecular

glue mediated self-limiting assembly of semiconductor NCs at the interfaces of growing plas-

monic NC aggregates. Semiconductor InP/ZnS core-shell NCs rapidly (seconds) modulate cucur-

bit[n]uril (CB[n])-triggered assembly of AuNCs,26–28 passivating their interfaces and stabilising

their kinetically-arrested states. Our room temperature approach results in colloidally-stable hy-

brids formed either from two types of aggregates (Figure 2a; pathway (i)) or well-dispersed metal

NCs entrapped within semiconductor NC arrays (Figure 2a; pathway (ii)). The resulting hybrid

assembly is permeable and able to efficiently absorb small molecules (such as electron mediators,
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Figure 1: Self-limiting assembly processes. a, b, Previous reports. c, Novel strategy described here.
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Figure 2: Schematic representation of ISLA–assisted self-assembly processes of semiconductor/metal hybrids. a,

Interfacial self-limiting aggregation leading to (i) kinetic arrest of metastable plasmonic NC assemblies with functional

colloidal surfactant and (ii) entrapment of single AuNCs within semiconductor NCs arrays. b, Building blocks used

in the studies here. c, Schematics of bifunctional colloidally stable hybrid aggregates emphasising their photocatalytic

and SERS-activity for real time tracking of interfacial electron transfer. These hybrids are: (i) chemically simple

(since only the functional NCs and the molecular junction are involved) and (ii) permeable towards additional species

in solution for subsequent chemistry (avoiding thick organic surfactant layers or inorganic silica shells).

Figure 2c) on account of the rigid CB[n] junction motifs that act as both a molecular glue and

sub-nanometer separators, providing readily accessible interstitial spaces. As the hybrids consist

of both photocatalytic and SERS-active components, they yield attractive opportunities for in-situ

tracking of light-driven electron transfer processes confined at NC interfaces.
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Molecular glue mediated self-limiting aggregation of InP/ZnS nanocrystals. InP/ZnS core-

shell NCs (1; Figure 2b) stabilised by negatively-charged 3-mercaptopropionate species (3–MPA)

were selected as a model chalcogenide to probe interactions with CB[n] macrocycles.29, 30 To ex-

plore kinetic entrapment of plasmonic aggregates, we employed AuNCs (2a and 2b; Figure 2b)

stabilised by citrate, which exhibit well-established optical properties and strong binding affinity

to CB[n]s.26–28, 31 The NCs were monodisperse with inorganic core diameters of 2.8±0.5 nm (1),

12.0±0.9 nm (2a), and 60±2.4 nm (2b) and average hydrodynamic diameters (Dh) of 3.3±0.7 (1),

13.3±3.1 (2a), and 62.3±22.9 nm (2b) (Figures S1-S3 in the Supporting Information; SI). All NCs

were water soluble, stable and did not aggregate when kept either in separate aqueous solutions or

when mixed together in various ratios.

To investigate if CB[7] exhibits affinity to the NCs 1 interfaces, aqueous solutions of 1 and

CB[7] are mixed together in various ratios (Figure 3a).32 A highly luminescent flocculent mate-

rial precipitates from solution in a few seconds when the ratio of CB[7]:1 (χ) is 100 (Figure S4).

The isolated solids, 1:CB[7], consist of NCs of 1 with CB[7] and 3-MPA in an approximate ratio

of 11:20CB[7]:403−MPA as estimated by NMR and IR spectroscopies alongside elemental analysis

(Figures S7-S9). Electron microscopy (TEM and STEM) reveals a loosely-packed open network

structure of 1:CB[7] precipitates (Figure S5).33, 34 Stable colloids of 1:CB[7] (several weeks) are

observed when the CB[7]:1 ratio NCB[7]/N1=χ<18 (Figure 3a). For 18<χ<25 the solid product

is only observed within a period of approximately 1 week (metastable suspension),35 while pre-

cipitation of the aggregates becomes very rapid (visible aggregates <10s) when χ>50. These

experiments indicate that CB[7] chemisorbs readily to InP/ZnS NC 1 surfaces acting as a ‘glue’ to
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efficiently bring together NCs forming an interconnected matrix.

Figure 3: Self-limiting self-assembly of InP/ZnS NCs and CB[7]. a, Formation and stability of 1:CB[7] assemblies

vs ratio between number of CB[7] and 1 NCs. Time refers to a point until formation of observable precipitates was

noted. b, Evolution of hydrodynamic diameter Dh in 1:CB[7] monitored by DLS. c, Dependence of electrokinetic ζ

potential on CB[7] to 1 NC ratio, χ (NCB[7]/N1), revealing the self-limiting character of aggregation for χ<20. d,

Schematic representation of self-limiting processes leading to colloidally stable 1:CB[7] assemblies. e, TEM micro-

graphs of 1:CB[7] aggregates for aliquots taken after 20 h of incubation.

To probe the assembly processes, the 1:CB[7] system is monitored continuously using in-

situ dynamic light scattering (DLS; Figures 3b, S11) and electrokinetic ζ potential measurements

(Figure 3c) alongside TEM for various χ values (Figures 3e, S12). The size of the resultant ag-

gregates can be tuned from bulk precipitates towards stable colloidal systems, as the concentration

of CB[7] is reduced (0<χ<20; Figures 3a-c). Controlling Dh of the 1:CB[7] assemblies over a

wide range (6–50 nm) is readily achieved through varying χ . Kinetic growth observed by DLS

reveals two distinct stages of assembly, with initial fast growth after adding CB[7]. For example,
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with χ=9 the Dh of 1:CB[7] increases quickly from 3.3±0.7 to 9.3±2.8 nm within the first 5 min.

After this initial stage, the growth slows by a factor of ≈100 leading to water-soluble assemblies

with Dh = 11.8±3.0 nm after 20 h (Figure 3b).36 The second stage of cluster growth fits the model

of Ostwald ripening (Figure S14).37 As χ approaches 20, assembly accelerates and systems with a

higher CB[7] concentration reach the maximum Dh quicker; for χ>30 the colloids become unsta-

ble within 20 h.

The electrokinetic ζ potential experiments reveal the self-limiting nature of this CB[n]-

mediated aggregation. The initial highly negative ζ potential of 1 (ζ =-45 mV) remains unchanged

after addition of CB[7] if χ<20 (Figure 3c) indicating colloidal stability of emerging 1:CB[7] as-

semblies as well as the self-limiting character of their growth.5, 38 For χ>20 a gradual increase in

the ζ potential is observed reaching a moderate level (-30<ζ<-20 mV) for 30<χ<40 (incipient

stability). Even less negative ζ potential values (ζ>–10 mV) are observed when χ>50 (unstable

colloids).

The stability of the ζ potential and the ultimate cessation of aggregate growth for χ<20 can

be rationalised by strong electrostatic repulsion both between emerging aggregates as well as ag-

gregates and NCs of 1 (Figure 3d). In such systems (χ<20), smaller aggregates and/or free NCs

take part in the stabilisation of larger assemblies, adhering to their ‘sticky’ interfaces saturated

with CB[7] (inset in Figure 3d), screening attractive interactions between the latter and acting as

dynamic particulate surfactants.7, 39–42 Saturation of the assembled interfaces with CB[7] macrocy-

cles (χ>20) increases the probability of effective collisions, in which smaller aggregates become
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glued to larger ones, decreasing the repulsive interactions and subsequently leading to flocculation

and precipitation. These observations suggest that the colloidally stable 1:CB[7] assemblies for

χ<20 are likely a result of complex processes and a balance between many different factors, i.e.

coordination and hydrogen bond-mediated attractive forces, van der Waals interactions, electro-

static repulsions as well as steric and entropic colloidal stabilisation.43 On the contrary, for χ>20

the assembly processes change, becoming dominated by attractive forces when χ>40.

TEM images of stable suspensions of 1:CB[7] provide structural insight into their morphol-

ogy (Figures 3e, S12). Lower CB[7] concentrations (i.e.χ=10 and χ=20) leads to quasi-spherical

loosely-packed clusters with mean diameters in good agreement with DLS. As the ratio of CB[7]

is increased (χ>20) elongated chain-like fractal structures can be observed which are the dom-

inant product when χ>30 (Figure 3e). This is likely explained by the assembly shifting from

reaction-limited to diffusion-limited aggregation, which ultimately influences the final topology.26

Kinetic arrest of plasmonic assemblies through interfacial self-limiting aggregation (ISLA).

The propensity of CB[7] to rapidly glue together NCs 1 was further exploited to kinetically arrest

transient states of AuNC aggregates through interfacial self-limiting aggregation processes (ISLA)

yielding hybrid semiconductor-metal nanoassemblies (Figure 4a).

In an initial experiment, CB[7] was added to a 1:1 v/v mixture of InP/ZnS NCs (10 µM;

χ=100) and AuNCs 2a (12 nm; 0.010 µM). This yielded red aggregates within seconds, which

precipitated quantitatively after ca. 30 min (2a:CB[7]:1-Red; Figure S14). Alternatively, when

CB[7] was first mixed with 2a, followed by addition of 1 (all in the same ratios), a dark blue pre-
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cipitate was observed (2a:CB[7]:1-Blue; Figure S16). TEM images of these two materials (Fig-

ures S15 and S17) highlight the structural differences. 2a:CB[7]:1-Red contains single AuNCs,

which are well dispersed throughout a loosely packed 1:CB[7] matrix, while 2a:CB[7]:1-Blue

consists of chain-like assemblies of AuNCs trapped within 1:CB[7] array. This set of experiments

confirms that InP/ZnS NCs can be used as an efficient modulator of CB[n]-mediated aggregation

of AuNCs.26

For direct monitoring of the ISLA-assisted assembly we employ larger AuNCs (2b; 60 nm)

which offer good separation between UV-Vis absorption bands characteristic for monomers (lo-

calised surface plasmon resonance band, LSPR, at 535 nm, Figure 4b), dimers (660 nm), and large

aggregates (680–900 nm).26, 44 The formation of colloidally-stable AuNC:CB[7]:InP/ZnSNC hy-

brids is comprehensively studied by UV-Vis spectroscopy, DLS, electrokinetic ζ potential, and

electron microscopy experiments. The self-assembly of 2b:CB[7]:1 hybrids is triggered by the

addition of CB[7] to a suspension of AuNCs (2b). The rate of aggregation is reflected in the pro-

gressive decrease of the LSPR band intensity of single AuNCs and subsequent appearance of dimer

and long-chain modes (Figure 4b). Injection of 1 NCs38 into the suspension during AuNC self-

assembly leads to efficient arrest of the growth, trapping the 2b:CB[7] aggregates within 1:CB[7]

arrays, visible by the stabilisation of the absorbance at 535 nm. Once 2b:CB[7] assemblies are ar-

rested, the resulting 2b:CB[7]:1 hybrids demonstrate extended stability of their optical properties

for weeks, with no further changes observed in UV-Vis spectra (Figure 4b, S18; inset in Figure 4e).

In contrast, in the absence of the InP/ZnS NCs, 2b:CB[7] aggregates continue to grow resulting

in precipitation after 30 – 60 min. The colloidal stability of the 2b:CB[7] aggregates is shown by
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Figure 4: Overview of kinetic arrest of plasmonic assemblies through interfacial self-limiting aggregation and

the formation of hybrid systems. a, Schematic representation of ISLA-mediated kinetic arrest of emerging AuNC

aggregates and stabilisation of semiconductor-plasmonic hybrids. b, Typical UV-Vis spectra of: single AuNCs 2b

(black), 2b:CB[7] aggregates after 10 min of CB[7]-mediated assembly (dashed orange), the same system just after

injecting 1 to form 2b:CB[7]:1 hybrid (orange; note that this UV-Vis characteristic is retained for several weeks),

and system of 2b and CB[7] (no 1 NCs) after 30 min incubation (grey). c, Time-evolution of absorbance at 535

nm and d, spectral position of coupled mode resonance peak during 2b:CB[7] aggregation with the addition of 1 at

various time points. e, Changes in the electrokinetic ζ potential of 2b:CB[7] aggregates upon addition of 1 (red); for

N1:N2b:CB[7] >20 the ζ potential values are characteristic for 1:CB[7] aggregates from a self-limiting aggregation

regime (black). f, Representative STEM images of 2b:CB[7] aggregates entrapped within 1:CB[7] arrays at different

stages of aggregation; insets visualise 1:CB[7] arrays by contrast colour-scaling. g, Schematics representing interfaces

of the 2b:CB[7]:1 aggregates emphasising role of interfacial self-limited layer of 1:CB[7] arrays. h, Evolution of

coupled mode absorbance at 785 nm, 15 min after addition of 1 to 2b:CB[7] (black) and normalised PL at 526 nm

from 377 nm excitation (red) against number ratio between 1 and 2b (N1/N2b). i, Spectral peak shift in the coupled

mode resonance vs N1/N2b. 11



changes in ζ potential upon addition of 1NCs (Figure 4e). Colloids of AuNCs 2b are inherently

stable with a ζ potential of -45 mV. The addition of relatively small quantities of CB[7] (i.e. 103

molecules per one 2bNC; surface coverage ≈10%) destabilises the system leading to aggregation

of the plasmonic NCs and an increase in ζ potential to -17 mV. The colloidal stability of the re-

sultant system is restored by addition of 1NCs (>20 per one 2bNC), followed by changes in ζ

potential to values characteristic of the starting materials, ca. -45 mV.

The size of these stable hybrids can be controlled by adding 1 at a specific time, once a

desired level of 2b:CB[7] aggregation is reached (Figures 4c, d). The typical morphology of the

resulting 2b:CB[7]:1 hybrids is visualised using electron microscopy (Figure 4f, S19), revealing

individual AuNC aggregates decorated with 1NCs. For example, dimeric species are observed as

the main fraction of the system when aggregation is stopped after 60 s (Figure 4f, top). Larger

assemblies, typically incorporating 4-8 or 20-40 NCs of 2b, are found for systems in which growth

was terminated after 4 and 20 min, respectively.45 This is on account of the rapid formation of a

CB[7]:1 layer through self-limiting processes at interfaces of 2b:CB[7] aggregates (Figure 4g, 4f),

preventing attractive interactions between 2b:CB[7] cores. In these systems the InP/ZnS NCs can

be regarded as stabilising surfactants,7, 39–42 which absorb excess CB[7] molecules and passivate

the interfaces of AuNC:CB[7] assemblies, halting further aggregation.

Evolution of the refractive index (RI) and the optical properties of the AuNC aggregates

upon addition of 1 provides further insight into the interfacial composition of the 2b:CB[7]:1 hy-

brids (Figure 4c-d, h-i and S20-21). The redshift of the coupled mode resonance (ca. 785 nm) of
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2b:CB[7] assemblies (Figure 4c,i) reflects an increase of their surrounding RI and is a direct indi-

cation of the decoration of the AuNC surfaces with high RI semiconductor NCs (RIInP = 2.4).46, 47

Moreover, monitoring the evolution of the coupled mode absorbance at 785 nm for the sys-

tems with different 1:2b ratios (N1/N2b) shows that stabilisation of the optical properties of the

2b:CB[7] aggregates is achieved for N1/N2b>10 (Figure 4h); in line with electrokinetic ζ poten-

tial measurements, which indicate recovery of colloidal stability for N1/N2b>20 (Figure 4e).

Tracking light-driven out of equilibrium redox chemistry at nanoparticle interfaces. Spa-

tial confinement of the photocatalytically-active InP/ZnS NCs 1 with plasmonic AuNC antennae

2b (Figure 5a) was explored as a multifunctional colloidal substrate for real-time observation of

photogenerated radical species via operando surface enhanced Raman spectroscopy (SERS).

Methyl viologen, MV2+, was selected as a model electron acceptor on account of its well-

studied redox chemistry (Figure 5b) and Raman activity.48, 49 The one-electron reduction of MV2+

to a radical cation, MV+·, makes it an efficient electron mediator (EM), attracting enormous at-

tention for photocatalysis, electrochromic devices, solar energy conversion systems, batteries, and

molecular machines.48–52 However, despite their widespread application and extensive reports on

their redox properties, the assembly of MV+· radicals and structures of the resultant dimeric species

remain poorly understood. Geraskina et al. recently reported that MV sigma dimers (4,4’, 2,2’,

and 2,4; Figure 5b) could not be formed under thermodynamic conditions on account of extremely

high calculated free energies of binding.53 Herein we report, to the best of our knowledge, the first

direct observation of the formation of MV sigma dimers under out-of-equilibrium conditions at
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Figure 5: Tracking light-driven out of equilibrium redox chemistry within the hybrid aggregates. (Continued on

the next page.)
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Figure 5: a, Schematic representation of the hybrid aggregates emphasising role of their compartmentalisation and

sorption capabilities. b, Redox chemistry of methyl viologen as molecular electron mediator (EM). c, Out of equi-

librium electron transfer within the hybrids with free energies of binding for all of the observed products depicting

significance of molecular recognition for controlling of these processes. InP/ZnS NCs 1 - mediated light-induced

electron reduction of MV2+ (state S1) leads to the formation of MV+· radicals, which undergo further fast association

processes to form elusive σ -(MV+)2 and [MV2+:MV0] species (state S2) and classical π-(MV+·)2 dimers (state S3).

Dissociation of the dimeric species is promoted by encapsulation of MV+· within CB[7] macrocycles. The MV+· can

further slowly relax by oxidation reactions to regenerate MV2+ species. d, A photochemical cycle within the hybrids

and its division to bright and dark phases. e, Real-time SERS monitoring of MV2+ photochemistry (PC) within the

hybrid aggregates, with UV irradiation time period marked with a blue bar. f, Selected spectra from the photochem-

istry SERS time scan showing the distinct spectra for the three different states. Triangles mark the diagnostic peak

positions representative for each species used for fitting; respective time stamps are displayed on the right axis. g, Pho-

tochemical kinetics of each species (S1 , black: MV2+ 1643 cm−1; S2, red: σ -(MV+)2/[MV2+:MV0] 1600 cm−1; and

S3, blue: MV+·/π-(MV+·)2 1660 cm−1) extracted through multi-Gaussian fitting. h, Comparison of spectra obtained

from photochemistry (PC), chemical reduction (CR), and DFT calculations for different MV species.

room temperature using 2b:CB[7]:1 assemblies.

The hybrid aggregates incorporating MV2+ were prepared by simple addition of the EM

(MV2+) to a deoxygenated aqueous suspension of 2b:CB[7]:1 (CMV2+ = 1.6 µM; MV2+:CB[n]

molar ratio 1:1). MV2+ adsorbs to the 2b:CB[7]:1 interfaces (Figure S43) with an estimated sur-

face density of one MV2+ molecule per 5 nm2 to form a 2b:CB[7]:1⊂MV2+ supramolecular sys-

tem. The resultant stable suspension was uniformly illuminated with excitation at λ = 302 nm

(pump light, generating excited electrons within NC 1), while operando SERS was probed using a

785 nm laser (probe light; Figure S42).

An overview of the photo-induced interfacial transformations are shown in Figure 5c and 5d.
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Photo-irradiation of the 2b:CB[7]:1⊂MV2+ system generates high energy electrons within NC

1, which are immediately transferred to chemisorbed MV2+ (state 1; S1), undergoing reduction

to form MV+· monoradical cations. The initial high local concentration and spatial confinement

of the photo-generated products promote their fast (below temporal resolution of the instrument)

association leading to the formation of elusive σ–(MV+)2 dimeric species and [MV2+:MV0] het-

erobinary complexes (state 2; S2) as well as classical π–(MV+·)2 dimers and monoradical MV+·

cations (state 3; S3).53 Both of the dimeric species undergo further dissociation to form MV+·

which, in the case of 2b:CB[7]:1, is promoted by their encapsulation within the CB[7] cavity to

form thermodynamically stable 1:1 complexes.54 Before ultimately returning to their ground state,

the photogenerated radicals can relax through donating an electron to the Fermi level in AuNCs

2b.55 Notably, the photo-generation of the MV+· should be characterised by different reaction rates

in comparison to the AuNC mediated relaxation; therefore, two distinct phases of non-equilibrium

processes are anticipated (Figure 5d): (i) a photo-driven bright phase leading to accumulation of

photo-generated products, and (ii) a dark phase controlled by the relaxation processes.

The kinetics of these photochemical processes are directly revealed through real-time SERS

spectra (Figure 5e-h). The attribution of the observed sets of vibrational peaks is supported by

density functional theory (DFT) calculations and, where possible, by Raman spectroscopy experi-

ments for bulk aqueous MV2+ solutions in the absence and presence of a chemical reducing agent

(Figure 5h and S45, S46 in SI). In the absence of UV irradiation (from t=-40 to t=0 min; Figure 5e),

the SERS intensity of MV2+ (S1; assigned diagnostic peak at 1643 cm−1) is found to be stable

under exposure to the 785 nm probe laser. Introduction of the pump light (λ=302 nm) leads to the
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evolution of three specific states (S1–S3) with distinct spectral features (Figure 5e-g).56 An imme-

diate decrease in the SERS intensity of MV2+ is first observed, accompanied with corresponding

intensity increases from SERS bands attributed to a mixture of MV+· and π–(MV+·)2 (S3), de-

noted by diagnostic Raman resonance at 1660 cm−1. Interestingly, additional bands are observed

between 1600 cm−1 and 1640 cm−1 as well as at 1504 cm−1 and 1180 cm−1 (Figure 5f), which

have a different kinetic profile from states S1 and S3. These bands were attributed to the elusive

dimeric species connected by a sigma bond, σ–(MV+)2, as well as the [MV2+:MV0] pair57, 58

(S2), corroborated by DFT calculations (Figures 5h and S29, S46 in SI).56 Signals characteristic

for state S2 saturate after 4 min, which is followed by a decrease in their intensity, indicating the

dominance of dissociation of the σ–(MV+)2 dimer and comproportionation59 of the [MV2+:MV0]

species. Both these processes further contribute to the population of MV+· radical cations, increas-

ing their concentration before reaching saturation (t=35 min). In the described 2b:CB[7]:1 system,

decreasing concentrations of σ–(MV+)2 and [MV2+:MV0] result from efficient encapsulation of

MV+· radical cations within CB[7],54 which shifts the local equilibrium towards the monomeric

MV states as corroborated by free energy of binding calculations (∆G; Figures 5c and S24-S39).

Upon removal of the pump light, the system is switched from an out-of-equilibrium light-driven

phase (bright phase; Figure 5c) to an equilibrated state (dark phase). This is associated with a

decrease in intensity of the MV+· signal and a corresponding increase in intensity of the MV2+

signal, a result of the relaxation of the system. 55

Supramolecular control of light-induced redox-driven processes at colloidal interfaces. Vari-

ation of the CB[n] (n = 5-8) cavity size can control binding and complexation of analytes as a
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Figure 6: Real-time monitoring of light-induced redox-driven molecular recognition processes. Photochemical

kinetics of each species extracted through multi-Gaussian fitting for: a, 2b:CB[5]:1. b, 2b:CB[7]:1. c, 2b:CB[8]:1.

function of the homologue. The cavity of CB[5], for example, is too small to accommodate any vi-

ologen derivative.27 Therefore, when CB[5] is employed as the gluing agent (2b:CB[5]:1⊂MV2+),

all of the light-induced chemical processes occur outside the cavity. We anticipated that in such

a system the lifetime of the photo-generated σ–(MV+)2 dimers and [MV2+:MV0] species will

be increased in comparison to the hybrids based on the larger CB[7] macrocycle. Indeed, for

the CB[5]-based system, a signal decrease for MV2+ is observed upon UV irradiation, which is

accompanied with a rise in the SERS intensity from σ–(MV+)2/[MV2+:MV0] (S2), and MV+·/

π–(MV+·)2 (S3) (Figure 6a and S44 in SI). Notably, signals from state S2 are found to be relatively

stable, saturating after ca. 25 min, highlighting that when out-of-equilibrium reaction conditions

are applied (bright phase) the thermodynamically unstable σ–(MV+)2 and [MV2+:MV0] species

can accumulate within the hybrid aggregates.

In contrast, the CB[7] spacer has a large enough cavity to encapsulate a single MV2+, MV+·

or MV0 species forming binary 1:1 host-guest complexes.54 Within CB[7]-bridged 2b:CB[7]:1⊂MV2+
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hybrid aggregates, formation of the dimeric species is suppressed, which is reflected by the early

saturation point of S2 (Figure 6b; t=4 min). In this system, CB[7] macrocycles promote dissoci-

ation of the σ–(MV+)2 dimers and the [MV2+:MV0] pair by sequestering MV+· radical cations

within their molecular cavities.

The larger CB[8] homologue not only accommodates MV2+ within a 1:1 host-guest com-

plex, but also enhances dimerisation of MV+· through encapsulation. Indeed, within a hybrid ag-

gregate held together with CB[8] (2b:CB[8]:1⊂MV2+), continuous generation of dimeric species

is observed from the onset of photoexcitation (Figure 6c and S44). Notably, the appearance of sig-

nals characteristic for MV+·/ π–(MV+·)2 (S3) is significantly delayed and occur after only 12 min.

This is likely a result of retaining stabilised σ–(MV+)2 dimers (Figure 5j) within CB[8] in the first

stage of the bright phase and thus subsequent suppression of MV+· population (Figure 6c).

Conclusions. We demonstrate a new assembly strategy leading to photoactive colloidally-stable

hybrid materials consisting of semiconductor and plasmonic NCs. Rapid hybridisation is accom-

plished through interfacial self-limiting aggregation (ISLA) of semiconductor NCs, which adsorb

at the surfaces of growing AuNC aggregates through sub-nanometer CB[n] (n = 5-8) molecular

bridges. As CB[n] is able to mediate the assembly of both semiconductor and plasmonic NCs, a

wide array of new hybrid systems can be readily prepared with implicit control over morphology

and optical properties. These systems harvest light efficiently within the semiconductor substruc-

tures, inducing out-of-equilibrium electron transfer processes, the products of which can be simul-

taneously detected through the incorporated SERS-active AuNC antennae. This functional com-

partmentalisation alongside spatial confinement of an electron mediator, methyl viologen (MV2+),
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within the interstitial spaces of the hybrids enables direct observation of various out-of-equilibrium

photochemical transformations in real time. The light-controlled generation of MV radical species

and their subsequent assembly directed by molecular recognition driven intermolecular electron

transfer reveals the formation of the long overlooked elusive σ–(MV+)2 dimeric species. The

impressive colloidal stability, dynamic character, and permeability of the CB[n]-bridged hybrid

constructs enabled, for the first time, in situ tracking of complex chemistries of open shell radicals

strictly controlled by host-guest interactions. As our strategy reveals exclusively chemical species

confined within the aggregates and located in close proximity to AuNC surfaces (<2 nm), the re-

ported hybrid systems can also be regarded as a prototypical colloidal nano(photo)electrode, serv-

ing as a powerful platform for the direct and precise visualisation of redox chemistry at metal/water

and semiconductor/water interfaces. These findings pave the way for widespread use of such hy-

brids for long-term, real-time tracking of interfacial charge-transfer processes, i.e. light-driven

generation of radicals and catalysis with operando spectroscopies under out of equilibrium condi-

tions.
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