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1. Introduction

Reversible coassembly of hybrid low-dimensional nanostructures offers a

route to tunable materials for sensing, separation, delivery, and catalysis.
However, many functional nanoscale building blocks are stabilized by
aromatic ligands and suffer from poor solubility, intermolecular z stacking,
and limited chemical stability. Here, a light-controlled platform is introduced
that couples photoisomerizable azobenzene ligands with polycyclic aromatic
hydrocarbon (PAH)-functionalized counterparts to switch the interparticle
coupling in heterogeneous mixtures. The strategy uses complementary
electron-rich and electron-deficient sites generated on different
nanocomponents, providing mild charge-transfer interactions that drive
reversible coassembly, while maintaining the balance between attractive and
repulsive forces. Using this mechanism, nanocomposites are prepared
including gold NPs with magnetite (Fe;O,) NPs and gold NPs with carbon
nanotubes. An external magnetic field can further direct Fe;O,-containing
hybrids and enables noninvasive separation. This system requires no chemical
additives, and produces on-demand transitions with photo-modulated optical
and magnetic responses, advancing stimuli-responsive assembly beyond

conventional electrostatic, thermal, solvent, or redox controls.
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Reversible coassembly of mixed low-
dimensional (low-D) colloidal building
blocks—defined as mnanoscale objects
with at least one confined dimension,
including 0D nanoparticles (NPs),l'™
1D nanotubes (NTs) or nanorods,®! and
2D nanosheets—allows the preparation
of functional materials with switchable
structures and properties. Such multiscale
hybrids can form nanocrystalline lattices,
hydrogels,[®!  porous networks,”8] and
other composites®) with tunable optical,
electronic, mechanical, and magnetic
characteristics.[1%1¥  Their dynamic as-
sembly states give rise to applications
in molecular sensing, supramolecular
separations,[*° storage and controlled
release,!'%17] and catalysis.[**2] In addition,
the formulation of these nanocomposites
can be tuned to merge the unique proper-
ties of different building blocks, enabling
selective coassembly with both molecular
species and other low-D components.
This enables capture and on-demand
release of chemical reactants and NPs, including catalyst car-
riers, drug-delivery vesicles, sorbents for targeted removal,
and composites integrating well-defined functions of specific
nanostructures.

Despite these advantages, reversible coassembly of dissimilar
nanostructures with tunable composition and morphology re-
mains challenging. A general strategy is to modulate, in situ,
the solvation and interparticle interactions imparted by surface-
anchored ligands.[?*) Interacting ligands, whether identical or
complementary, must provide chemically stable interfaces with
binding energies sufficient to compete with solvation, which
makes their design nontrivial. Electrostatic interactions, switch-
able ligand polarity, and hydrogen-bonded pairing, including
polymer- and DNA-inspired motifs, are among the most estab-
lished solutions (Table 1). However, the reactivity of these ligands
often complicates repeated cycling and chemical compatibility,
for instance, with catalysts. Ideally, cointeracting ligands would
form complementary pairs whose mutual affinity can be toggled
by a controllable conformational change. A promising direction
is the use of less reactive, purely noncovalent pairs that assemble
via mild charge-transfer interactions, creating electron-rich and
electron-deficient sites on different nanoscale components that
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Table 1. Reversible coassembly strategies in hybrid nanosystems driven by different stimuli.

System (nanocarriers + ligands) Dominant intercomponent

interactions

Primary trigger(s)

Reversibility/selectivity notes Refs.

Au NPs (azo ligands) + Fe;O, NPs
(catechol-PAH ligands); CNTs
(PAH ligands)

7 stacking (pyrene > naphthalene >
benzene); (Z)-azo lone-pair-r; vdW

Au NPs (azo, spiropyran, photoacid Ligand polarity; solvophobic shift; =

ligands; NPs same or stacking; reversible protonation;
complementary); SiO, short-range electrostatics
NPs; Fe;O, NPs
Azobenzene + graphene Ligand polarity; vdW attraction;
composites; NPs + graphenes; hydrogen bonding

Au NPs + Fe;O, NPs

Mixed NPs; graphene-coated NPs +
pyrene-NHC; Au NPs + liquid
crystals/polymers

7 stacking; vdW; hydrogen bonding

Metallic NPs + CNTs; CNTs-organic vdW forces; r stacking

hybrids; Fe;O,-CNTs composites

Mixed NPs 2D lattices; 3D Electrostatic forces; vdW; hydrogen
superstructures; Au NPs + DNA bonding
composites; organic—inorganic
supraparticles

redox (in situ deposition)

Temperature (phase transition,  Reversible; trapping and release of
breaking supramolecular
bonds); light (molecular

Light (E<Z isomerization); Reversible; aromaticity dictates This work
magnetic field selectivity; selective NPs
(superferromagnetism) decoration on CNT walls;
solvent-sensitive
Light (molecular Reversible in most cases; [4,22,31,44,53]
photoswitching); magnetic Irreversible for DASA,; high
field (superferromagnetism) reactivity of spiropyrans;
solvent-sensitive
Light (E<Z isomerization); Irreversible or reversible; trapping [55,56,62,64]

of polar NPs; light controls
graphene exfoliation and
binding; strong vdW stacking
[21,54,58,60,61]
catalysts; LC-controlled NPs
self-organization
photoswitching)

None (spontaneous); redox (in Irreversible [63,66,67]
situ deposition); magnetic
field
lonic strength; pH; temperature Irreversible (in most cases) [57,59,65,68]

reversibly attract each other while balancing attractive and repul-
sive forces.

The ligands capable of sufficiently strong noncovalent cobind-
ing can rely on polycyclic aromatic hydrocarbons (PAHs) and
their derivatives, however, inherent z stacking hampers their
solubility and hinders controllable assembly, even in aromatic
solvents.[2*?’] Such ligands are generally chemically stable un-
less they comprise reactive organic groups; certain PAHs, such as
extended acenes, are prone to oxidation and side reactions,!2*%3!
these stability issues can limit their broad-range deployment.
Prior stimuli such as temperature,[?!) solvent polarity,?®} ionic
strength, and redox bias!?*?"! can trigger assembly—disassembly
cycles but often at the cost of chemical additives, poor selectivity,
or compatibility issues. In contrast, light-controlled modulation
of weak noncovalent interactions offers spatial and temporal pre-
cision with minimal medium perturbation,?223! while avoiding
reactive functional groups, such as amines, imines, carboxylic
acids, phenols, or chinones, that may induce irreversible side re-
actions compromising ligand functionality and system stability.

Here, we introduce a light-controlled self-assembly platform in
which photoisomerizable azobenzene ligands are combined with
nonreactive PAH-functionalized components to toggle solubil-
ity and interparticle coupling within binary mixtures. Using this
strategy, we reversibly coassemble multicomponent mixtures of
low-D nanostructures: gold NPs with magnetite (Fe;O,) NPs and
gold NPs with carbon nanotubes (CNTs), wherein one nanocom-
ponent bears azobenzene ligands and the other distinct aromatic
ligands. An external magnetic field provides an orthogonal han-
dle to direct Fe;O,-containing assemblies and perform magnetic
separation of the resulting materials. The on-demand transi-
tions between dispersed and coassembled states enable photo-
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modulated optical and magnetic responses and a non-invasive
separation strategy, features directly relevant to the application
areas above.[+15-20]

This work advances stimuli-responsive coassembly by: i) en-
abling reversible, aromaticity-controlled coassembly across dis-
similar low-D building blocks, ii) employing an optical stimulus
to modulate solvation and interparticle coupling without chemi-
cal additives or reactive ligands, and iii) introducing orthogonal
magnetic control for directional assembly and post-assembly sep-
aration. For context, we provide a concise comparison to thermal-
, solvent-, and redox-controlled strategies (Table 1), highlighting
selectivity in mixed systems, compatibility with PAH ligands, and
common limitations.[21-3]

2. Mutual Coupling of Photoactive Ligands

Recently, gold NPs functionalized with azobenzene and spiropy-
rans of phototunable polarity have been used as a convenient
model for reversible self-assembly in organic media, such as
toluene and methanol.[*3!] As an example, NPs decorated with es-
sentially nonpolar (E)-azobenzene ligands tend to be well solvated
in toluene. Once the ligands are switched by ~365 nm ultraviolet
light to the more polar (Z)-azobenzene form, the ligands gain sig-
nificant dipolar moment. The photoinduced change of the ligand
polarity significantly hampers the solvation of these NPs due to
the spatial inability to accommodate solvating toluene molecules.
As a result, the functionalized NPs rapidly self-assemble into
spheroidal aggregates, while simultaneously being able to trap
other polar guest molecules dissolved in the system. An in-
verse tendency can be observed in highly polar protic solvents,
such as water.3?] For instance, NPs decorated with highly polar
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Figure 1. Light-driven coassembly of “aromatic” magnetite NPs and photoresponsive Au NPs in toluene. a) Azobenzene isomerization is accompanied
by a change of molecular dipole moment. b) Schematic representation of NPs coassembly and c) interparticle binding motif. d) Chemical formulas of
ligands immobilized on Fe;O4 NPs surface. TEM images of e) Au NPs and f) Fe;O, NPs employed in self-assembly.

merocyanine (MC) ligands remain well solvated in aqueous en-
vironments, while rapidly aggregating upon light-induced MC
photoisomerization to essentially nonpolar spiropyran. However,
it is unclear if NPs covered with such photoactive ligands could
coassemble with other nanostructures functionalized with in-
trinsically different aromatic ligands, based on mild noncovalent
interactions between nanoscale building blocks, contributing to
their controllable coassembly into larger superstructures.
Besides well-studied z-stacking, other supramolecular interac-
tions could contribute to the cobinding of aromatic molecules,
such as an electron transfer between lone pairs of (Z)-
azobenzene and electron-deficient centers within extended aro-
matic rings. The lone pair-z and anion-z (or, in general,
dipole-r) interactions were reported in numerous supramolec-
ular complexes.33341 However, such a lone pair-r attraction has
not been directly harnessed to prepare supramolecular nanos-
tructures, despite the evidence of a significant role played by
a lone pair-z stabilizing coordination complexes and various
macromolecules, like Z-DNA and proteins.!*>3¢ This can be ra-
tionalized by the general weakness of such bonding, typically be-
ing overcome by much stronger solvation effects. Nevertheless,
the lone pair—z interaction has been shown to drive the reactiv-
ity of small molecules!*’*] and their reversible trapping under
nanoconfinement,* further encouraging more detailed studies.
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We anticipated that NPs with surface-immobilized (Z)-
azobenzene, comprising two neighboring lone pairs on nitrogen
atoms, could interact with other nanostructure-supported poly-
cyclic aromatic units, thus providing the attractive force for their
coassembly. Hence, we conceived the idea of a system composed
of magnetite NPs functionalized with polycyclic aromatic ligands
and photoswitchable azobenzene-coated Au NPs, which upon ul-
traviolet irradiation could reversibly coassemble into metastable
superstructures. This coassembly could be enabled by the initial
(E)-to-(Z) isomerization of azobenzene and subsequent azoben-
zene polarity change,[*?}] followed by their attraction to polycyclic
aromatic ligands, inducing the coassembly of both types of NPs
and expelling solvent molecules from the confined spaces be-
tween both NPs. The photoswitched ligands attached to the Au
and Fe,;O, NPs surfaces would interact by multivalent z—z and
lone pair-z interactions, as shown in Figure 1a—d.

3. Light-Induced Coassembly of Aromatic
Nanoparticles

To test these ideas, we first synthesized gold NPs of three distinct
sizes (2 nm, 4 nm, and 6 nm Au-1) functionalized with azoben-
zene (Figure le; Figure S7, Supporting Information). Upon
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exposure to UV irradiation in nonpolar solvents, such as
toluene,*) these NPs exhibited reversible self-assembly, form-
ing spherical aggregates ranging from 200-400 nm in diame-
ter (see Figures S37 and S38, Supporting Information). Next, we
synthesized magnetite NPsl*)l of three sizes (6, 10 and 18 nm
F,0,, Figure 1f) decorated with aromatic ligands 2-4 compris-
ing pyrene, naphthalene, and benzene units, where the catechol
moiety was used as an anchor covalently binding to the mag-
netite surface.[*!] Anthracene was excluded from this library due
to rapid dimerization upon UV irradiation,[*?] particularly facili-
tated when immobilized on NPs surfaces.[**! At these sizes, mag-
netite NPs should be superparamagnetic at room temperature
(magnetic anisotropy barriers are smaller than the thermal k; T
energy). The magnetic dipole-dipole coupling energy (E;) be-
tween two NPs is quadratically dependent on the particle dipole
moment,[##]

Mot
4rrd3

E (1)

where pis magnetic dipole moment (proportional to NP volume),
d is the average distance between two particles, and y, is the
permeability of free space. To keep such NPs freely soluble, E;
should be smaller than the thermal energy k;, T, which is typically
an order of magnitude larger than E; in NPs smaller than ~25 nm
at room temperature.[*>*¢] Since the magnetic dipole-dipole cou-
pling alone is not sufficient for the aggregation of smaller mag-
netite NPs, small 6 nm and 10 nm Fe;O, NPs covered by aro-
matic ligands 2—4, formed stable dispersions in toluene and did
not react to a permanent neodymium magnet in dark, ultravio-
let or visible light. In contrast, 18 nm magnetite NPs remained
assembled into ~200 nm clusters due to extensive magnetic dipo-
lar coupling and stronger interparticle z stacking between many
aromatic ligands. Such clusters of 18 nm NPs assemblies could
be magnetically separated from the dispersion due to oriented
frozen superspins of the whole aggregates. The stability of 6-
10 nm Fe,O, NPs dispersions could be explained by relatively
large surface area occupied by a single ligand on the NPs with
sufficiently high curvature (Table S1, Supporting Information;
0.495-0.590 nm? for 6-10 nm NPs). Compared to aliphatic lig-
ands with one-atom binding site (0.16 to 0.23 nm?),>?] this ex-
tra space between the ligands allowed toluene molecules to suf-
ficiently solvate the aromatic ligands to make the 6-10 nm NPs
well-soluble. Catechol unit used as anchor binding to Fe;O, sur-
face covalently binds to iron atoms making the ligand attach-
ment chemically stable.[*0#144] Lower NPs curvature in 18 nm
NPs expectedly resulted in higher ligand grafting density (0.34—
0.42 nm?) and their insolubility in any common organic solvent.

It was unknown whether the azobenzene-functionalized Au-1
NPs and any of the 6 nm or 10 nm Fe;O, NPs would coassem-
ble into binary conglomerates upon UV irradiation. One could
expect that Au NPs would self-assemble in the same manner
as they had been irradiated alone. However, if the aromatic lig-
ands 2-4 on Fe;O, NPs had sufficiently large mutual binding
energy to the photoisomerized (Z)-azobenzene moieties on Au
NPs, then these NPs would form metastable nanocomposites
with specific Au-to-Fe;O, ratios. The experiments have shown
that when a mixture of pyrene-coated 6 nm magnetite NPs
(Fe;0,-2) and 4 nm Au-1 NPs was exposed to a low intensity
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(~3.5 mW cm~2) ultraviolet lamp, these NPs indeed coassembled
and formed ferromagnetic aggregates (Figure 2a,c). The growth
of sub-micrometer assemblies was accompanied by the increased
absorption above ~600 nm due to the Rayleigh and Mie scat-
tering effects.[*’] The bathochromic shift of the localized surface
plasmon resonance (LSPR) peak from 525 to ~560 nm is typical
for the formation of spherical Au NP assemblies.[*¥] The aggre-
gates could be easily separated from the solution using a perma-
nent neodymium magnet (Figure 2a,b,d) due to the interlocked
magnetic spin within such Au- Fe;O, clusters, where Au NPs
worked as a “glue” between the trapped Fe;O, NPs. The process
was fully reversible: when exposed to visible light, all NPs redis-
persed even in the presence of magnetic field (Figure S41, Sup-
porting Information). The cycle could be repeated at least 8 times
without any trace of fatigue (Figure 2b; Figure S41, Supporting
Information). Similar results were obtained upon analogous ir-
radiation of a system composed of 6 nm and 10 nm Fe;O, NPs
functionalized with ligands 3 or 4, and 4 nm Au-1 NPs. Trans-
mission (TEM) and scanning (SEM) electron microscopy images
(Figure 2¢; Figure S42, Supporting Information) indicated that
the typical size of assemblies ranged between 90 and 200 nm.
Their finite spherical morphology suggested that the surface elec-
trostatics could be a self-limiting growth factor, as essentially po-
lar (Z)-azobenzene layer on the NPs surface can prevent from
an infinite superstructure elongation. However, we noticed that
the extended irradiation times (=15 min) and hampering the
NP solvation effects by adding hexane would result in the for-
mation of larger, branched aggregates (Figure S49, Supporting
Information).

We quantified the composition of aggregates comprising
trapped “aromatic” magnetite NPs (¥ = M, nps/Pre304 nps) DY it
radiating equimolar Au/Fe;O, NPs mixtures and collecting the
self-assembled structures by centrifugation. The excess of su-
perparamagnetic iron oxide NPs remained in the supernatants.
After washing the assemblies with toluene in dark and de-
composing the NPs in diluted aqua regia, we analyzed the Au
and Fe content using inductively coupled plasma mass spec-
trometry (ICP-MS) and colorimetry based on the UV/Vis ab-
sorbance intensity (Section S11, Supporting Information). We
found the gold-to-magnetite ratio varying between 4.4 < y < 218,
depending on the NPs dimensions and aromatic ligand used.
In all cases the trend clearly indicated exponentially decreas-
ing magnetite content when the aromatic ring size decreased
from pyrene, naphthalene, and benzene, respectively (Table S1,
Supporting Information). The average values were y = 6.6 X
10°, 3.9 x 10', and 1.5 x 10* for NPs systems comprising lig-
ands 2, 3 and 4, respectively. Therefore, we assumed that the
extension of aromatic ring from benzene towards pyrene as-
sured significantly stronger attraction between polar (Z)-1 ligand
and aromatic groups of progressively increasing z conjugation
(Figure 2d,e).

4. Modeling of Coupling between Aromatic Ligands

To better understand the molecular interactions between azoben-
zene isomers and PAHs used in the experiments, we carried
out ab initio calculations of the conformations and coupling
energies of these moieties. Figure 3 reveals the conformations
of the coupled aromatic molecules and Table 2 shows their
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Figure 2. Reversibility and properties of the Au/Fe;O4 assemblies. a) UV/Vis absorption spectra accompanying the UV light-induced self-assembly and
subsequent magnetic separation of the aggregates. The inset pictures show the red NPs dispersion under visible light (left) and assemblies separated
by a magnet under UV light (right). b) Reversibility of the coassembly process monitored by UV/Vis. c) Top, TEM; and bottom, SEM images of different
Au/Fe;O, coassemblies after UV illumination show the trapping of magnetite NPs within aggregated Au NPs. d) Percentage of NPs removed from the
solutions after magnetic separation carried out under UV light. e) Composition of Au/Fe;O4 assemblies represented as Nge304 nps/Nau nps ratio.

interaction energies. Interestingly, the coupling energies be-
tween (Z)-azobenzene and pyrene, naphthalene, and benzene are
lower compared to (E)-azobenzene coupled with the same aro-
matics, indicating a lower stability of the latter. The lone pairs
adjacent to nitrogen atoms in (Z)-azobenzene are oriented to-
wards the electron-deficient ring centers (Figure S57, Support-
ing Information) within the heterodimers comprising naphtha-
lene and pyrene, while the benzene’s case was less clear. The ob-
tained conformations and binding energies reveal significantly
stronger coupling for Au-1 Fe;O, NPs modified by 2 and 3, com-
pared to ligand 4. This translates into an increasing magnetite
content along with the ring extension from benzene to pyrene
(Figure 2e), leading to more efficient NPs magnetic separation
(Figure 2d). By splitting the interaction energies into z—z and
dipole-7, the latter turned out to be significantly lower in the (E)-
than (Z)-enantiomers, while 7—z binding energies were compa-
rable in benzene and pyrene, and they varied in naphthalene.

5. Aromaticity Influence on NPs Coassembly

We conducted the additional experiments to assess the bind-
ing capacity of “non-aromatic” NPs, specifically those functional-
ized with short aliphatic chains (Fe;O,-5), and pristine oleic acid-
stabilized magnetite NPs (Fe,0,-OA), with the self-assembling
Au-1 NPs. Unfortunately, Fe,O,-5 dispersions in either toluene
or toluene/hexane mixtures were rather unstable and sponta-
neously aggregated in this environment due to hampered solva-
tion of the short ligand; this excluded Fe;O,-5 NPs from repro-
ducible experiments. Therefore, we used stable and well-soluble
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Fe,0,-OA NPs as a control system. As expected, such NPs did
not coassemble in the presence of Au-1 NPs when exposed to
UV light (Figure S53, Supporting Information) and the pro-
duced Au NP-aggregates could not be magnetically separated.
Hence, the coupling between azobenzene ligands and aliphatic
chains in OA were relatively weak, in contrast to the aromatic
ligands 2—4.

Although pure Au NPs assemblies could not be magnetically
separated from dispersions, here, the magnetite NPs content in
the self-assembled structures as low as ~1% allowed for their par-
tial magnetic separation from the solution (Figure 2d; Figures
S39 and S40, Supporting Information). This could be explained
by the weakly paramagnetic character of gold NPs,[*5° which,
besides their role as a “glue” merging Fe,O, NPs, could increase
the overall magnetization of the assemblies comprising certain
amount of Fe;O,. Moreover, it was possible to perform magnet-
ically driven NPs self-assembly to obtain nanowire-like nanos-
tructures primarily composed of Au NPs of 150-450 nm in di-
ameter and 0.5-2 pm in length (Figure 4c,d,g; Figure S44, Sup-
porting Information). However, elongated superstructures were
not observed when magnetite NPs decorated with ligands 3 and
4 were employed, possibly due to insufficient magnetite content,
i.e., #2.5% versus ~#16% for 2 and 3, respectively. The absence of
significant magnetite contribution in pure Au NPs assemblies re-
sulted in their unresponsiveness to a permanent magnetic field.
Consequently, it could be inferred that the paramagnetic proper-
ties of Au NPs alone are insufficient to produce assemblies with a
magnetization level high enough to influence their morphology
using relatively weak magnetic fields.
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Figure 3. Ab initio optimized structures of E-/Z-azobenzene + aromatics
heterodimers; a) with benzene, b) naphthalene, and c) pyrene. Extended
aromatic networks in naphthalene and pyrene emphasize the possible
dipole-z coupling between nitrogen’s lone pairs and electron-deficient
centers of polycyclic rings.

6. Magnetite Content in Self-Assembled Clusters

To demonstrate the dependence of the trapping ability on the NP-
confinement, we examined the role of different sizes of Au/Fe,0,
NPs on the y values. Due to the larger differences in NPs di-
ameter, in most cases, 2 nm Au NPs could trap more Fe;O,
As an example, y = 4.4, 21.0, and 99.4 for 2 nm Au + 6 nm
Fe,O, system, versus y = 8.6, 28.8 and 96.4 for 4 nm Au + 6 nm
Fe,O, NPs modified by 2, 3 and 4, respectively (Figure 2e). The
distribution of gold and iron in the assemblies was verified us-
ing high-angle annular dark-field scanning transmission electron

Table 2. Interaction energies (in kcal/mol) between Z-/E-azobenzene iso-
mers and differently conjugated aromatic rings: benzene, naphthalene,
and pyrene.

Heterodimer E(interaction) E(lone pair-r) E(n—r)
(Z)-azobenzene + benzene —3.683 —1.394 —2.289
(E)-azobenzene + benzene —3.387 —0.848 —2.539
(2)-azobenzene + naphthalene —6.105 —1.959 —4.146
(E)-azobenzene + naphthalene —2.998 —0.471 —2.527
(2)-azobenzene + pyrene —-8.689 —-2.020 —6.669
(E)-azobenzene + pyrene —6.520 —0.471 —6.049
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microscopy (HAADF-STEM) imaging due to the electronic con-
trast differences between gold and magnetite (Figure 4e), as well
as energy dispersive spectroscopy (EDS) mapping (Figure 4f,g).
In the case of ligand 4, the results were comparable, indicating
rather a stochastic trapping of small amounts of magnetite NPs
by a large excess of Au NPs. The importance of the assembly con-
finement can be exemplified in the behavior of 6 nm Fe;0,-4, in
which only a single aromatic ring resulted in 7z interaction much
weaker than in 2 or 3. While 2 nm Au NPs still coassembled with
6 nm Fe;0,-4 to produce magnetic aggregates (Figure S39¢c, Sup-
porting Information), 6 nm Au NPs did not yield any magnetic
assemblies with Fe;0,-4 of the same size, and formed separate
Au “islands” from which magnetite might be removed by wash-
ing (Figure S45, Supporting Information). The phenomenon can
Dbe elucidated through two main factors: i) a greater disparity in
the curvature of NPs leads to more effective interlocking between
the surfaces of (Z)-azobenzene and aromatic rings; ii) smaller
gold NPs are better suited to occupy the gaps between enclosed
Fe,0, NPs, a configuration that is entropically favored over the
entrapment of solvent molecules.

Implementing analogous self-assembly strategy for 18 nm
magnetite NPs modified by 2, 3 and 4, we found them insoluble
in any common solvent, and, therefore, they formed metastable
suspensions from which they could have been easily collected
with the aid of a permanent magnet. The addition of Au-1 did not
interfere with Fe;O, aggregates; hence 18 nm Fe;O, NPs could
still be magnetically separated, while well-solvate Au NPs entirely
remained dispersed in toluene. However, under UV light irradia-
tion, we observed rapid Au NPs trapping within confined spaces
of magnetite (Figures S51 and S52, Supporting Information).
The morphology of these assemblies was rather inhomogeneous
due to the kinetically unfavorable penetration of already aggre-
gated magnetite NPs by Au NPs, simultaneously to the competi-
tive agglomeration of Au NPs into distinct phases (Figure 4a,b).

7. Coassembly of Au NPs with Carbon Nanotubes

To exclude the influence of the magnetic character of iron ox-
ide on the self-assembly, and to verify the role of the support
curvature on interparticle interactions, we conceived the idea
of reversible self-assembly of Au NPs onto double- and multi-
walled CNTs. However, 7 stacking and van der Waals forces be-
tween NPs ligands and “naked” CNTs caused spontaneous, ir-
reversible NPs adsorption on the CNTs surface. Moreover, the
process was not significantly dependent on the CNTs thick-
ness (we have tested CNTs of the diameter ranging from 2 to
20 nm), NPs diameter (from 2 to 10 nm), nor even the NPs sur-
face functionalization (Figure 5a,b). Hence, we covalently func-
tionalized multi-walled CNTs (~12 nm diameter) using diazo-
nium chemistryl?!l to yield CNTs modified with pyrene units
(Figure 5c and Section S14, Supporting Information). This strat-
egy assured a better CNTs dispersibility in organic solvents (e.g.,
N-methylpyrrolidone-toluene mixtures). Most importantly, the
dispersions of modified CNTs in toluene did not adsorb Au-1 NPs
neither under visible light nor in dark. In contrast, the illumina-
tion of the samples with UV light allowed to selectively deposit
the NPs on the CNTs walls, without the competitive formation
of separate NPs aggregates (Figure 5d,e). Some nanotube frag-
ments stacked to Au-1 NPs strongly enough to produce ~300 nm

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Influence of external magnetic field on the Au/Fe;O4 coassembly. a) Schematic representation of light-controlled intercalation of Au NPs
within ferromagnetic 18 nm Fe;O, aggregates. b) TEM images of heterogeneous 4 nm Au-1/18 nm Fe;O,4-3 mixture before (left) and after (right) UV
irradiation. ¢,d) Simplified models and TEM image of linear assemblies obtained by UV illumination of 4 nm Au-1/6 nm Fe;O,-2 mixture under external
magnetic field applied. e) HAADF-STEM images of the coassemblies at the initial stages of photoinduced aggregation of 2 nm and 4 nm Au-1/6 nm
Fe;0,-2. f,g) EDS maps at different magnifications showing the elemental distribution within f) spherical, and g) linear coassemblies of 4 nm Au-1 and

6 nm Fe;O0,4-2.

densely packed NPs/CNTs agglomerates. Finally, the addition of a
highly polar solvent, N-methylpyrrolidone (NMP) resulted in no
self-assembly of Au NPs on the CNTs surface regardless of the
UV light irradiation applied (Figure S64, Supporting Informa-
tion). This indicates the strong solvation of polar (Z)-azobenzene
units, which was much more competitive to the lone pair-z at-
traction between the surfaces.

We further tested whether fullerenes could interact with Au-1
NPs under UV light. Although seemingly similar in chem-
ical structure, fullerenes are essentially non-aromatic, unlike
graphene and CNTs.’!l We thus UV-irradiated the mixtures of
6 nm Au-1 NPs with C, and C,, fullerenes in toluene, followed
by centrifugation of as-obtained aggregates. After comparing the
UV/Vis absorption spectra of supernatants with C, and C,, so-
lutions of concentration identical to the initial ones (Figure S58,
Supporting Information), we did not observe the trapping of any
amounts of both fullerenes. Due to a possible nanoconfinement
mismatch, which would prevent fullerene occlusion if the NPs
size was either too small or too large compared to the effective
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vdW diameter (e.g., #1.1 nm for C,), we carried out analogous
experiments with 2, 4, 6, 9, and 11 nm Au NPs and analyzed
the supernatants by high-performance liquid chromatography
(HPLC). However, in the supernatants, the amounts of both C,
and C,, were nearly identical to the initial ones before trapping,
regardless of the Au NPs diameter (Figure S59, Supporting In-
formation).

The ab initio molecular dynamics (AIMD) and computed bind-
ing energies of (Z)- and (E)-azobenzene with C, at the local
energy minima for different conformations (Figure S60, Sup-
porting Information) helped to explain the experimental lack
of fullerene trapping by the self-assembling Au NPs. The het-
erodimer orientations at the lowest energies were -1.9 and
-1.2 kcal mol™! for (Z)- and (E)-azobenzene, respectively
(=1.65 kcal mol~! vs -0.75 kcal mol~! of Coulombic contribution,
and -0.25 vs —-0.45 kcal mol~! of vdW attraction, respectively).
Therefore, such small conformer difference (AE|;_ = ~0.7 kcal
mol ™) could easily be compensated by the solvation effects and,
in fact, was significantly smaller than the corresponding energies
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Figure 5. Coassembly of Au NPs with substrates of varying aromaticity. a,c) Simplified models of carbon nanotubes before and after functionalization.
b) TEM images of 2 and 4 nm Au NPs irreversibly self-assembled (under visible light) on multiwalled CNTs and double-walled CNTs. d) UV/Vis absorption
spectra and e) TEM images of reversible Au NPs assemblies on pyrene-functionalized MWCNTs, taken before and after UV illumination.

of azobenzene-pyrene or azobenzene-naphthalene heterodimers:
—-8.7 and —6.1 kcal mol~}; AE(E_Z) = -2.2 and -3.1 kcal mol™!,
respectively. This emphasizes the importance of extended aro-
maticity, in particular, the presence of local electron deficiency in
the flat, 7—conjugated molecules—to assure the desired mutual
coupling with (Z)-azobenzene electron pairs.

8. Conclusions

In summary, we demonstrated a light-controlled strategy for
the reversible coassembly of binary low-dimensional nanostruc-
tures stabilized by aromatic ligands. By varying ligand aromatic-
ity and photoactivity with tunable nanocarrier curvature and com-
position, we identified how z stacking, lone pair-z, and other
weak interactions cooperate and compete to form supramolecu-
lar bonds that stabilize hybrid nanostructures. This insight en-
abled the light-driven formation of metastable magnetic assem-
blies with defined compositions and the controllable integration
of nanoparticles with carbon nanotubes. The resulting coassem-
bled nanostructures act as dynamic, magnetically addressable
building blocks: they can serve as beads for magnetic separa-
tion, tunable catalyst supports, and adaptive platforms for molec-

Adv. Funct. Mater. 2025, e04830 €04830 (8 of 10)

ular sensing, storage, and separation. More broadly, this work
shows how orthogonal external stimuli: light and magnetic fields,
can drive the assembly and disassembly of hybrid nanomaterials,
opening pathways toward multifunctional architectures where
reversibility, chemical selectivity, and physicochemical property
modulation are essential for nanomaterial performance.
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the author.
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