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ABSTRACT: Monolayer thiol-protected noble metal nanoclusters

are attractive nanoscale building blocks for we#dieolloidal : UV : f‘ : P ‘.‘\ P
superstructures. However, achieving facile reversible self-ass = G- & w, 80—‘%‘*3
of nanoclusters using external stimuli is still in its infancy. Herejn, \ Visible @¢ :) 2 .S e :)
we report the synthesis and photon-assisted reversible tree!;-s Ay cis-Au dipole-dipole attraction
assembly of thiolated azobenzene-stapled nAnoclusters. * 2 lUV
Photoactivation of functionalized nanoclusters in dichloromethane

by irradiating ultraviolet light at 345 nm results in a visual chan?f; "
and formation of disc-like colloidal superstructiire4 (51000 &N ) &
nm). The superstructures readily disassemble into indivi % = ] ) S ()
nanoclusters upon irradiating with visible light at 435 nmi. 3 S8

Systematic changes in both the electronic absorption bands and disk-like superstructure assembly

nuclear magnetic resonance spectra of chromophores in solution

suggest that the photoisomerization of surface ligands drives the self-assembly. High-resolution transmission electron microsc
electron tomographic reconstruction, dynamic light scattering, and small-angle X-rayrpotiaersdow that the disc-like
superstructures contain densely packed nanoclusters. Long-range self-assembly and disassembly under ultraviolet and visible
respectively, demonstrate reversible photoswitching in nanoclusters.

KEYWORDS:photoisomerization, switchabieawoclusters, light-stimulated reversible assembly, electron tomography, superstruct

INTRODUCTION context, photoactive moleculesroa unique opportunity to

Atomically precise noble metal nanoclusters (NCs) shoﬁfh'eve _rever5|ble tm%ec_ﬁl]ar ?elf-as_?e_mblyland te\t/en for
diverse applications in marslds owing to their quantum plasmonic - nanoparticies.theretore, It 1s refevant 1o

con nement, nanometric dimensions, larger surface ar. vestigate whether this approach can be _implemgnted to
diverse functionalization, and stability toward chemicals a self-assembly by developing photoisomerizing fiand

light 1% NCs with a varying number of metal atoms in thel€ hered NCs. As the photostability of NCs and their

core and covalently bound functional ligands have be
reported in the literatut&>*® Among them, functional
thiolate-tethered NCs display important features, particula
Farster resonance energy trari$feptical chirality®® and
biocompatibility useful for the construction of bioconjugate
protein machinery for extracellular labeling and intracellula
delivery’® Smart molecular imprinting on NC surfaces can als
be extended to build self-assembled superstructures. S
novel materials camnd applications in advanced optical
materials due to their collective and enhanced optic
properties that arise from the periodic organization. Recent
NC self-assemblies have been repadeipole-induced van
der Waals attractioh,hydrogen bonding, CSH:- inter-
actions® metal chelatioff, and aurophilic interactiotts. ~ Received: January 7, 2020
Importantly, self-assembled gold NC superstructures hagecepted: March 4, 2020
been shown to alter the luminescence, catalytic activity, argP/ished:March 4, 2020
bioavailability’ Since NCs in such self-assembled structures

interact with one another with local forces, theieat

reversibility of such static assemblies will bruldli In this

teractions with photons are sigantly dierent from
ose of the corresponding plasmonic nanopatrticles, photon-
sisted reversible self-assembly of NCs in solution at room
temperature is still challenging. Furthermore, to achieve NC
aelf-assembly in solution, it is crucial to overcome the thermal
|,|ctuation of the surroundings, which is close to the inter-NC
teractiori® In the literature, Ay NCs functionalized with
R types of photoswitchable chromopharigs, azoben-
zéné” and spiropyralr, are known. However, the reported
udies are limited to their spectroscopic investigations. A
%}tailed understanding of the morphological changes and
otential colloidal-level self-assembly is still lacking. To address
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Figure 1.Synthesis and photophysical properties. (A) Schematic representation showing the synthesis, energy-minimized structures, al
photoisomerization of [AICs-AMT).4> NCs. (B) Absorption spectra of-@MT under (a) visible light and (b) UV light. Energy-minimized
structures of the two geometrical isomers-8fMT are shown in the inset (B1). (C) Absorption spectra of (G4@¢AMT);d°> and (c)

[Au,g(PET)4 > NCs. ESI-MS of both NCs are shown in the inset (C1). (D) Temporal absorption spect£QfAMIT),4> at 345 nm

illumination. A plot of OD (ca. 345 nwillumination time under ultraviolet and visible light is shown in the inset (D1).

this challenge, we demonstrate the synthesis and phot@empare the optical absorption features of the newly
induced reversible self-assembly of azobenzene-alkyl maymthesized [AYCz-AMT),d> NCs, a phenylethanethiol
thiol (C5-AMT)-tethered Ay NCs [AugC5-AMT) 4>, We (PET) analogue, [A{PET),d°, was also synthesized and
show that when a solution of RC;-AMT);d°> was characterized. Details are provided in the&xperimental
irradiated with ultraviolet light (345 nm) disc-like super-Section Figure € shows the absorption spectra of (d)
structures 10051000 nm) were formed. The stable [Au,{(C3-AMT),d°> and its comparison with that of (c)
structure obtained readily disassembled upon irradiating withu,(PET),J>. The peak ca. 680 nm (highest occupied
visible light (435 nm), demonstrating the light-triggerednolecular orbit8lowest unoccupiednolecular orbital
assembly and disassembly. The temporal evolution of ttl#OMOSLUMO)) in the absorption spectra of Cs-
self-assembled superstructures was studied extensively uSMd),J> suggests the presence of monodisperse NCs.
various spectroscopic and microscopic techniques followedHgwever, the peaks corresponding to HSkfD(ca. 450
their correlation with electron tomography reconstruction. nm) and &sp transitions (ca. 400 nm) were merged with
First, we discuss the synthesis and characterizatign of @ptical features of the azobenzene chromophore. The
AMT ligand and [As(C3-AMT),d° NCs. AMT with a G molecular composition of [MCs-AMT),d° was analyzed
spacer igure A) was synthesized according to a reportedusing electrospray ionization-mass spectrometry (ESI-MS;
literature procedufé’’ Details of reactions involved in the negative ion mode), and the spectral patterns were compared
preparation of SAMT and its characterizatioicheme S1  with those of the PET analogue. The peaks (inset @1} at
and Figures $B3in the Supporting Information (Sl)) are 7391 and 9808 represent JABET),d° and [Ayg(Cs-
provided in theExperimental SectioAbsorption spectra of AMT),g> NCs, respectively.
CsAMT in dichloromethane (DCM) illuminated under The appearance of a single peak/@@9808 in [Ayg(Cs
ultraviolet (345 nm) and visible (435 nm) light are shown inAMT),¢* in ESI-MS corrms the purity of the NCs. The
Figure B. The trans isomer of-BMT (a) has an absorption metal core of NCs and the nature of binding were evaluated
maximum in the UV region,(;,= 345 nm), whereas its cis using X-ray photoelectron spectroscopy. Binding energies of
isomer (b) absorbs more in the visiblg,(= 435 nm) Au 4f levels in [Al(Cs-AMT),4° were in agreement with the
domain. Energy-minimized structures of the two geometricaported valués,with Au 4§, having ca. 84.06 eV and Au
isomers of GAMT optimized using density functional theory 4f;,, ca. 87.75 eVH{gure Sp A slight change in the BE of
(DFT) are shown in inset B1. The time-dependent absorptiothese clusters is attributed to theedént electron density of
spectra of GAMT illuminated separately at 345 and 435 nmligands. The S 2p binding energy was in accordance with
are given in the SF{gure S4A)BWhen illuminated at 345 thiolate binding.
nm, the absorption spectra of-ABMT show a gradual We then studied the photoisomerization gf N€s in
decrease in the optical density (OD) ca. 345 nm and aBCM. Temporal absorption spectra of ,[&s-AMT)q°>
increased OD ca. 435 nm, whereas the opposite trend We€s illuminated at 345 nm light (0.2 mW#grRigure D)
observed when illuminated at 435 nm wavelength (inset exhibits a gradual decrease in the OD ca. 345 nm and an

Figure S4B § increased OD ca. 435 nm (inset D1). Similar, but opposite,
The synthesis of [@.};@C;AMT)M]S NCs were achieved photoswitching behavior was seen at 435 nm (0.5 MW/cm
using a moded Brus$Schirin single-phase methHdTo excitation Figure Sp The change in absorption spectra under
14570 https://dx.doi.org/10.1021/acsami.0c00328
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UV and visible light is attributed to th&tians isomerization

nature of Ag NCs is evident from the TEM micrographs

of the surface azobenzene ligands, as shown using DFT ene(’%%@ure 2)). To monitor the light-induced self-assemi§0

minimized structures of [A{(Ze,—AMT)ls]é in Figure A.

Photoswitching aspects of-AMT and [Ays(Cs-
AMT),d°> NCs were further evaluated by analyzing thei

Uuv
(_

Visible

trans

*

solution of NC in DCM at room temperature was
illuminated at 345 nm light (0.2 mW/A)rfor 120 minutes in
a temperature-controlled bath. The solution was continuously

Istirred during the photoisomerization process to avoid the

possibility of thermally induced aggregation. The illuminated
NC solution was drop-casted onto TEM grid and dried in the
dark. Remarkably, TEM images of,{@4AMT);J°> NCs

show the formation of circular superstructUrasie B)

with an average diameter 005200 nm. The evolution of

the self-assembled superstructures was investigated in detail by
illuminating the same NC solution with 345 nm light for a
longer illumination time. Similar trends were observed in the
TEM analysis of samples illuminated for 240rnjnie €).
The overall diameter of the superstructures was increased from

20051000 nm. The increase in width and thickness suggests
extended self-assembly of,;ANCs. Large-area TEM
micrographs of the self-assembled NC superstructures
obtained by illuminating the NC solution for 120 and 240
min are shown iRigure S7High-resolution TEM (HRTEM)
images Kigure &,G) clearly show the presence of individual
NCs. The above results suggest that the superstructure
formation is facilitated by inter-NC interactions through the
surface ligands.

Attractive dipotedipole interactionSbetween nearby NCs
in the cis arrangement facilitate the self-assembly in NCs. A
cartoon representation of the dipole-induced attraction of NCs
(Figure F), self-assembly of NCs, and their possible
arrangements within the circular superstructure is shown in
the SI Scheme 32Based on the observations from the time-
dependent TEM micrographs, we found that the formation of
circular monolayer aggregates of NCs is the early stage of the
assembly. Accumulation of more cis NCs on such monolayer
aggregates under continuous UV illumination helps to enhance
the thickness and diameter of the superstructures. However,
(B) trans, (C) trans/cis, and (D) cis isomers gfAMT in CDCL. there is no regular order of NCs within the layer or between
(E, F)'H, NMR spectra of trans and cis isomers obs(By the layers. More interestingly, photoactivation of such self-
AMT),d® in acetonek, respectively. Resonance peaks are assignegssembled superstructures in solution at room temperature
and labeled above the traces. under 435 nm light (0.5 mW/ém300 min) shows the
formation of well-separated NCs by disasseRriplyd B).
Large-area TEM images representing the stepwise disassembly
of superstructures are given in the=8jufe SB A decrease
in the diameter of the superstructures with illumination time
and the presence of individual NCs suggest controlled
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%*

C

\‘ il . h
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Figure 2.(A) Geometrical isomers of-8MT. *H NMR spectra of

nuclear magnetic resonance (NMR) speEiraiie 2. The
H NMR spectrum of trans;@MT (Figure B) shows three
sets of peaks in the aromatic region, cS7HBY (dd, 4H),
7.547.4 (m, 3H), and 7.@5.96 ppm (d, 2H). The NMR
spectrum of the cis isomé&iqure D) shows an upeld shift disassembly.
due to a larger shielding eet compared to its trans Photographs of NC solutions used for reversible switching
counterpartFigure € represents the NMR spectrum of a are given in the SIF{gure SP Notably, there was no
mixture of cis and trans isomers, recorded in betwegprecipitation of NCs during assembly and disassembly. To
illumination. A similar photoisomerization was also observéddrther check the stability of the self-assembled NCs under
for the surface LAMT ligands in A4 NCs (Figure E,F). dark conditions, we have recorded and analyzed the time-
However, due to their dirent possible conformations as well dependent absorption spectra of superstructures stored in a
as the chemical and magnetic nonequivalent nature dérk room. Absorption spectféglire ST0of assembled NCs
ligands? the '*H NMR spectrum of SAMT in [Au,{(Cs- do not show any changes in their optical absorption features,
AMT),4° displays complex overlapping resonance peaks. suggesting the stability of the superstructures in the dark. In
Reversible photoswitching in NCs was further investigateddher words, disassembly of superstructures can be triggered
by transmission electron microscopy (TEM) imaging. Firspnly in the presence of visible (435 nm) light.
Au,s NCs were characterized using TEM by drop-casting and To check the importance of-&MT in_the light-induced
drying 100 M solution of [Agg{CsAMT),;4" in DCM on assembly, the PET analogue,JRET),d > NC solution was
a copper grid with a carbon suppdm. However, due to illuminated at 345 nm light for 240 min. TEM images of
electron beam damage,,ANCs underwent rapid coales- [Au,{PET);d> NCs before and after the illumination are
cence; therefore, h&h—resolution imaging of individual NGsamilar ¢igure S1)I which shows the inability of

remained a challerfgd?>* Nevertheless, the nonaggregated[Au,sPET);d°> NCs for light-induced self-assembly. Addi-
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v dipole-dipole attractions

Figure 3.TEM micrographs of (A) trans [A(Cs-AMT);4 > NCs and (B, C) cis [ACs-AMT),¢ > NC assembly captured during (B) 120 min

and (C) 240 min of light illumination (345 nm). The TEM image of self-assembig@AMT),J°> NC superstructures after 435 nm
illumination is shown in (D), clearly showing their disassembly. Zoom-in and focused HRTEM images taken from the edges are shown in (E) an
(G), respectively. A cartoon representation of dipole-induced self-assemi{E ipAMilN) ;> NCs is shown in (F).

tionally, we have analyzed the time-dependent absorpticomposition analysis of the self-assembled superstructures
spectra of trans [A4iCs-AMT);g° NC solution under dark  using energy-dispersive X-ray analysis (EDS) shows the
conditions. As there were no changes in the optical absorptipresence of gold, sulfur, nitrogen, oxygen, and carbon.
features of NCs, the possibility of NC self-assembly in the defkemental mapping and the corresponding spectrum are
was ruled outHigure SI2 These two control experiments shown inFigure S14
validate the role of @MT and light for the switchable  To further evaluate the light-induced assembly g{CAu
assembly and disassembly ind®¢-AMT);g° NCs. Apart ~ AMT),d>, time-dependent dynamic light scattering (DLS)
from the circular structures, dimers were also formed durirggpectra of NC solutions illuminated at 345 nm light were
self-assemblyFigure S13A Electron microscopic analysis at measured. DLS measurements showed an increase in the size
the interface of dimers shows well-organized Nigsre¢ of the superstructures with illumination time. The average
S13B. particle size within 120 min of illumination (345 nm) was
The morphology and thickness of the superstructures wer@50 nm, which was increased 50 nm upon continuous
further evaluated by atomic force microscopy (AFM). Allumination, andnallyto 1.5 m (Figure S158C). On the
solution of self-assembled NCs drop-casted and dried onother hand, a gradual decrease in the diameter of the
silicon substrate was used for AFM measurements. TBgperstructures was observed at 435 nm illuminaitiome(
tapping mode AFM image (topography) of a single selfS15D, Anincrease in the - size of superstructures at 345 nm
assembled superstructure (240 min illumination) shows dfiumination and a decrease in the size of the superstructures at
average thickness and diameter of 50 and 80GFigme( 435 nm illumination, respectively, con the switchable
4A,C), respectively. The morphology of the superstructur@ssembly in NCs. DLS data are in good agreement with TEM
shown in the AFM image is similar to that obtained from thénicrographs.
TEM analysis. The above results suggest that self-assembljransmission electron tomography (ET) reconstruction was
occurs in solution in the presence of light, which helps us garried out to gain information on the internal structural details
rule out the possibility of electron-beam-induced selff the self-assembled superstructures. Accordingly, the speci-

organization of NCs on the TEM grid. The elementalmen prepared from a solution of NCs after irradiating for 240
min was used to acquire a series of two-dimensional (2D)

projections betweehn6% with an increment angle of 2

(details are provided in tReperimental Sectjoifrigure RS

C shows the TEM images of a superstructure til&gba0,

and +60. Tilt series and corresponding three-dimensional

(3D) reconstruction Kigure ®SF) suggest that the super-

. , structures are disc-like colloidal particles. It is important to

200nm * note that the disc-like structures can also be partly due to the
deformation resulting from solvent evaporation upon drying.

Figure 4. (A, C) AFM images of ((A) topography and (C) However, these 3D superstructures are composed of densely

amplitude) acis [Au,(C;-AMT),4° self-assembled single super- Packed NCs\(ideo S). The results obtained from electron

structure captured after 240 min of illumination. The height fjso ~ tomography reconstruction are in agreement with the AFM

shown in (B). analysis results.
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Figure 5(ASC) TEM micrographs of a tilted seIf-assembleg.*j,((A;uAMT)lgé disc-like superstructure collectesist, 0, and +60(D) TEM
micrograph of a superstructure, (E) electron tomography reconstruction image, and (F) cross-sectional view of a self-assembled superstructt

Figure 6.(A) Small-angle powder X-rayrdction pattern of disc-like superstructures. (B) TEM micrograph of a disc-like superstructure. Zoom-in
and focused HRTEM images (C, D) from areas 1 and 2 from TEM micrograph in (B) and correspondites Ist®piag inter-NC distances
(E, F).

The self-assembled superstructures were further charachdé@s (Figure S17A However, no such scattering spots were
ized using small-angle powder X-rayaction (SAXRD).  observed in the control samgteg(ire S178
Dried self-assembled NC powders were used to measure
SAXRD Figure & shows the SAXRD pattern collected from CONCLUSIONS

the disc-like C°”°'d?" superstructures. The calcxdﬂsp)admg .In summary, we have successfully demonstrated reversible self-
value suggests an interparticle distance of 3.27 nm, which IS 8embly in atomically precisg;AICs. Using light as an
good agreement with the inter-NC distance measured frofyema| "stimulus, we introduced a simple strategy to self-
TEM micrographs (38 0.5 nm) shown iftigure BSF. The  555emble NCs. To achieve this goal, photoswitchable NCs
cross-sectional view of the 3D reconstructed disc-like structyjg,e designed and synthesized using a thiol derivative of the
also supports the above observatidgu(e S16 Finally,  azobenzene chromophore with a suitable spacer length.
dark-eld scattering microscopy was utilized to image the sefhotoisomerization of the chromophore-functionalized and
assembled structures in the solution state. Accordingly, RET analogue NCs under ultraviolet and visible light was
100 nM solution of self-assembled superstructures in DChtudied through systematic changes in the electronic
was drop-casted on a 1 mm thick glass slide and sandwickégorption bands and chemical shifts in NMR spectra.
with a 0.14 mm thick glass coverslip. Golden-yellow scatterikticroscopic techniques were employed to understand the
spots represent the individual self-assembled superstructurazwérsible photoswitching in NCs. The time-dependent

14573 https://dx.doi.org/10.1021/acsami.0c00328
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evolution of light-mediated self-assembly was monitored usinynersion darkeld condenser. Scattering light was focused through
DLS, AFM, TEM, and subsequent electron tomographg§ microscope objective 0 and signals were collected with a
reconstruction. Detailed investigations of self-assembled sujgélered CCD camera. SAXRD measurement was performed using a
structures have shown the long-range periodic organizationtjjfd-generation Empyrean Malvern PANalytical X-ragtdimeter.
individual NCs. The stacking of NCs in the self-assembly wiBe Xfay source was Cu K1.5418 A). Dried powders of NC

. . 2 "sUperstructures were used to measure thactithn. Energy-
evaluated using SAXRD. The calculhiracing value was in minimized structures of NCs were optimized using density functional

good agreement with TEM micrograph values. The develogya oy (DFT) as implemented in the grid-based projector-augmented

ment of such smart self-assembled architectures will create REWe (GPAW) software packdG@The following PAW setups were
materials for electrochemistry, biology, photocatalysis, agghsidered for Au(3%<), S(323p), 0(22p%), N(22p),
light-harvesting technology owing to their collective angd(2€2p?), and H(1$), with scalar-relativistic exts included for
enhanced optical and electronic properties. In particulasu. The geometry optimizations were carried out using tA& PBE
switchable NCs with appropriate molecular functionalities wilinctional and DZP (double-zeta plus polarization) basis set in LCAO
be a potential cargo system to load and unload drug molecufeedé® with a grid spacing of 0.2 A and the convergence condition
by a light-triggered mechanism. Also, such self-assemmwthe_res'dum for_ce_s be 0.05 eV/A, Wlthou'_[ imposing any symmetry
superstructures will be a suitable probe for the fabrication gpnstraints. All optimized structures were visualized using the visual

; ; : molecular dynamics (VMD) softw@re.
electrochemical and photochemical devices. Di erent steps involved in the synthesis of molecs&sre

shown inScheme S(SI).
EXPERIMENTAL SECTION Synthesis of Molecule 1.Molecule 1 was synthesized using a

Reagents and Materials. All chemicals and solvents were of reported protocdf Aniline (4.6 mL; 50 mmol) was dissolved in 15
analytical grade and used without any furthercatioin. Phenol,  mL of conc. HCI and cooled t60. An aqueous solution (15 mL) of
aniline, potassium nitrite (KMO1,3-dibromopropane, hexamethyl- KNO, (4.4 g; 52 mmol) was added dropwise to the above solution
disilathiane (HMDST), tetrabutylammoniuraoride (TBAF), under constant stirring. A clear solution of freshly prepared diazonium
tetraoctylammonium bromide (TOAB), ammonium chloride salt was added dropwise into phenol (4.7 g; 50 mmol) dissolved in
(NH,CI), ammonia solution (25%), potassium carbona@Ogdx 400 mL of NHSNH,CI bu er solution (pH 9) at 0°C. The
potassium iodide (KI), 2-phenylethanethiol (PET), gold(lIl) chloride reaction was carried out at ice-cold temperature for another 3 h
trihydrate (HAUGE3H,0), and sodium borohydride (NaBhvere followed by addition of excess con. HCI. The precipitated product
purchased from Sigma-Aldrich. _ was washed and collected by vacitation. Washing was repeated

Characterization. ‘H and**C NMR measurements were carried multiple times to remove excess reagents and starting niaterials.
out using Bruker AVANCE Il HD 400/500 MHz spectrometers. N\vR (400 MHz, DMDOd); = 10.3 (s, 1H), 7.85-7.78 (broad-d,
UV/Vis absorbance spectra were recorded on a VARIAN Cary SQQ'D, 7.59-7.45 (m, 3H), and 65m93 (broad-d, 2H)**C NMR
Scan spectrometer. Fourier transform infrared (FT-IR) measuremenigo MHz, DMDOe,); = 161.4, 152.6, 145.7, 130.9, 129.8, 125.3,
(attenuated total rection (ATR) mode) were carried out Using @ 125 6 and 116.4; BMS (CH,N,0), m'z + 1 = 199; FT-IR

Bruker Tensor 27 spectromet Liquid _chromatograrﬁimass ( me) = 3117, 1587, 1580370, 1275, 1227, 1139, 831, and 762
spectrometry (LBMS) was performed using a Waters_ Xe_vo _TQD el H and3C NMR, LGSMS, and FT-IR spectra of molecule 1
triple quadrupole mass spectrometer. Electrospray ionization-mass <hown in SF{gure S|

spectrometric (ESI-MS) measurements were carried out on a Water: ynthesis of Molecule 2.A suspension of molecule 1 (1.98 g; 10
Synapt G2-Si high-detion mass spectrometer. Typical expenmentalmmol)’ 1,3-dibromopropane 0 mL; 100 mmol), }CO; (1.66 g: '

parameters of ESI-MS were as follows: capillary voltage: 3 kV, C(ﬁemmol), and a catalytic amount of K| wasxed in acetone (50
\éggz%gtiéﬁcie\r% Z?;;S?:?%ésfnc\i/a:ggls:aﬁiéﬁmF;ﬁt%ed mo mL) for 5 h at 80C*’ The reaction mixture was cooled dteted.
P : gasy: . Excess 1,3-dibromopropane was removed by pumping in a rotary

HRTEM images were recorded on a JEOL 3010 (300 kV) -
e ; : - vaporator. The crude product was chromatographed over silica gel
transmission electron microscope. Scanning transmission eIectFo@ eluted with a 2% ethyl acetate/hexane mMLNMR (400

microscopy (STEM) images with EDS and elemental mapping we L = “ 5
; P z, CDCl); =7.9%7.85(m, 4H), 7.537.4 (m, 3H), 7.086.99
recorded using a FEI Talos F200S (200 kV) transmission electr ToH), 48417 (t, 2H), 3.653.60 (t, 2H), and 282.32 (m.

microscope. Transmission electron tomographic reconstruction agg,’ 7 o
tilt series of 2D projections were acquired with the Serial EM-softw. ); *C NMR (100 MHz, CDG); = 161.1, 152.7, 147.1, 130.4,
9.0, 124.8, 122.6, 114.7, 65.6, 32.2, and 2938y13.C

53 . . . X no
packagé”®® The specimen was tilted betwess® with 253 (CohN,OBY). Mz + 1 = 319 ‘and 321: FT-IR fy) = 29605

i t steps in low-dose md@he acquired raw stack of T r !
e asrer subiectod T B e K 2870, 1588, 1580370, 1237, 1160020, 916, 8260, and 678

images wasrst subjected to a series of preprocessing, coar 81 i3 >
alignment, andnal alignment and was further aligned using theS™ - H and=C NMR, LGSMS, and FT-IR spectra of molecule 2

IMOD software packageThe nal alignedle was then utilized for &€ shown in SF{gure Sp i ,

3D reconstruction with a custom-made maximum entropy method Synthe3|s.of Moleculg 3..A stirred solution of molecule 2 (0.319
(MEM) program with a regularization parameter value df0x g; 1 mmol) in freshly distilled tetrahydrofuran (THF) (4 mL) was
10°% on MacPré®’ The 3D isosurface and solid-colored imagescooled ta510°C followed by addition of a mixture of HMDST (255
were produced using UCSF Chimera. High-resolution tapping modé: 1.2 mmol) and TBAF (0.35 g; 1.1 mmol) dissolved in THF (1
(AC mode) AFM measurements were performed on an OxfordL)."" The mixture was warmed to room temperature while being
Instruments Asylum Cypher ES. X-ray photoelectron spectra wesdred. After 1 h, the reaction mixture was diluted with dichloro-
recorded using a Thermo ScientESCALAB 250Xi. Photo- mMmethane and washed with saturatedONiolution. The crude
isomerization of chromophores and NCs was performed usingpgoduct was chromatographed over silica gel and eluted with a 2%
Newport Mercu§Xenon light source (500 W) equipped with a €thyl acetate/hexane mixtulid. NMR (500 MHz, CDG)); =
monochromator (Oriel). DLS measurements were performed using/ed%7.85 (m, 4H), 7.537.4 (m, 3H), 7.086.99 (dd, 2H), 42
Nanotrac Ultra NPA 253 from Microtrac. Particle size and4.15 (t, 2H), 2.82.73 (q, 2H), 2.132.08 (m, 2H), and 1.44..39
distribution of self-assembled NC colloid solutions were obtaing# 1H); *C NMR (125 MHz, CDG); = 161.3, 152.8, 147.1,
using the Microtrac Flex software. Daldt-scatting imaging was 130.4, 129, 124.8, 122.6, 114.7, 66, 33.2, and 2BMSLC
performed on a Cytoviva hyperspectral imaging system (HS(CisH1N2OS),m/z + 1 = 273; FT-IR () = 29352875, 2563,
equipped with a Cytoviva high-resolution deltk-condenser (oil 1589, 14951380, 1298, 1237, 1137, 1044, 949, and 827 %m
immersion). Here, a sample slide kept in an optical path wand*C NMR, LGSMS, and FT-IR spectra of molecule 3 are shown
illuminated using a halogen lamp after passing through an oiit SI (Figure SB
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Synthesis of [Aus(PET}g]®. [Aus(PET);d° NCs were Academy of Scierdind Innovative Research (AcSIR)-CSIR,
synthesized using a reported profScbb a solution of HAUG! Ghaziabad 201002, Uttar Pradesh,¢rliag.org/0000-
3H,0 (20 mg/2 mL THF), TOAB (33 mg/1.75 mL THF) was 0003-3057-419Bmail:shibues@cecri.resibuchem@

added and stirred until the color turned dark red. Then, PET;(34
5 mol equivalents w.r.t. gold) was added and stirred at 400 rpm for
h. The Athiolate solution formed was further reduced by injectinga ythors

a freshly prepared ice-cold aqueous hsdittion (19 mg/1.25 mL; Jose V. Riv& Smart Materials Lab, Functional Materials
10 mol equ'\?alems Vr\]"ré@ghmd)' The |m'Xtut:e was S twreS at 10om "~ nyivision, Council of Soteatid Industrial Research (CSIR)-

temperature for anothe to complete the reaction. Using a i . . . .
separating funnel, the organic and aqueous layers were seloaratedCentraI Electrochemical Research Institute (CECRI), Karaikudi

(toluene was added for good separation), and the organic layer was 630003, Tamil Nadu, Inciagreid.org/0000-0001-8120-
washed several times with Millipore water. Excess thiol and other 4109
impurities were removed by precipitating NCs by adding methanol. NonappaS Department of Applied Physics, Aalto University

This washing step was repeated three times. Insol6Bledlymers School of Science, Espoo FI-02150, c-mtzaddyrg/
were removed from the crude mixture by extracting NCs in DCM.  0000-0002-6804-4128
Finally, NCs were re-dispersed in acetone to remove byproducts . . . .
(Auy, NCs). Dried [Au{PET),d° NCs were stored at %C for Complete contact information is available at:
further characterizations. ) https://pubs.acs.org/10.1021/acsami.0c00328
Synthesis of [Als(C;-AMT)g]®. A modied Brus$Schirin
single-phase procedure was used for the synthesis,f£.{Au  Author Contributions
AMT) 4" To a solution of HAUGBH,O (20 mg/2 mL THF), The project was designed and supervised by E.S.S. J.V.R.
TOAB (33 mg/1.75 mL THF) was added and stirred until the colorgynthesized the chromophore and nanoclusters. J.V.R. and
t“rl':jed darkdrgd(.j Th‘a”*’o‘t@MJ (IGZO’SQ' > ?“Olleﬂ“'%"j{ﬁﬁ‘t"”'t' E.S.S. conducted experiments. Nonappa performed electron
gold) was added and stirred a fpm for - . € &c&mography data acquisition and reconstruction. The manu-

lution f d furth duced by injecti freshl . X S
iscc::cloolg (;meeoﬂas,\l;é;ghﬁoﬁcilg yrrl]rglelczlr;g ;Lfejoy Irl?foeiparscrlpt was written through the contributions of all authors. All

equivalents w.r.t. gold). The mixture was stirred at room temperat@éithors have given approval to tmal version of the
for another 89 h to complete the reaction. Using a separating funnefnanuscript.
the organic and aqueous layers were separated (toluene was addegtigfding

good separation), and the organic layer was washed several times WHE work was supported by the Science and Engineering

Millipore water. Excess thiol and other impurities were removed :
precipitating NCs by adding methanol. This washing step W%st‘?ﬁzgo%?;(ﬁ?()SERB) under the Ramanujan Scheme (SB/

repeated three times. Insolubl&8upolymers were removed from
the crude mixture by extracting NCs in DCM. Finally, NCs were reNotes

dispersed in acetone to remove byproducts,,(NCs). Dried The authors declare no competingncial interest.
[Au,g(C5-AMT),; 4> NCs were stored at°€ for further character-
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