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DNA haslong been used as a template for the construction of helical assemblies of
inorganic nanoparticles'. For example, gold nanoparticles decorated with DNA
(orwith peptides) can create helical assemblies® . But without such biological
ligands, helices are difficult to achieve and their mechanism of formation is
challenging to understand'®". Atomically precise nanoclusters that are protected by
ligands such as thiolate'*** have demonstrated hierarchical structural complexity in
their assembly at the interparticle and intraparticle levels, similar to biomolecules
and their assemblies™. Furthermore, carrier dynamics can be controlled by
engineering the structure of the nanoclusters®. But these nanoclusters usually have
isotropic structures'®” and often assemble into commonly found supercrystals'®.
Here wereport the synthesis of homodimeric and heterodimeric gold nanoclusters
and their self-assembly into superstructures. While the homodimeric nanoclusters
form layer-by-layer superstructures, the heterodimeric nanoclusters self-assemble
into double- and quadruple-helical superstructures. These complex arrangements
are theresult of two different motif pairs, one pair per monomer, where each motif
bonds with its paired motif on a neighbouring heterodimer. This motif pairing is
reminiscent of the paired interactions of nucleobases in DNA helices. Meanwhile, the
surrounding ligands on the clusters show doubly or triply paired steric interactions.
The helical assembly is driven by van der Waals interactions through particle rotation
and conformational matching. Furthermore, the heterodimeric clusters have a carrier
lifetime that is roughly 65 times longer than that of the homodimeric clusters. Our
findings suggest new approaches for increasing complexity in the structural design

and engineering of precision in supercrystals.

Atomically precise, ultrasmall nanoparticles with sizes of 1-3 nm in
diameter—often called nanoclusters—hold promisein elucidating many
challenging issues regarding conventional nanoparticles and their
assemblies®*®?°, as the total structures of nanoclusters can be solved
by single-crystal X-ray diffraction (SCXRD). Anisotropic nanoparticles
(usuallylarger than3 nmin diameter), or specifically heterodimeric nan-
oparticles, canachieve superstructures and hierarchical architectures
with appreciable complexity and rich functionalities® . In previous
research on nanoclusters, however, isotropic structures were usually
obtained so as to reduce the surface energy of the nanoclusters™'¢?,
and none of the reported gold nanoclusters was heterodimeric. We aim
here for heterodimeric nanoclusters because their surface structures
vary at different surface regions and exhibit anisotropic affinities,
enabling new assembly behaviour. Crystallization of such heterodi-
meric nanoclusters canreveal the fundamental principles of multiscale
assembly, during which the rotation of each nanocluster can achieve
anisotropicinteractions with neighbouring nanoclusters: the details of
anisotropicinteractions can be effectively recorded by crystallization,
and new collective behaviour canresult. The information revealed by

this atomically precise approach can provide insights that extend to
conventional nanoparticles and beyond.

We obtain nanoclusters of Au,,(SAdm),;, and Au,,(SAdm) 5 (Where
SAdmis adamantanethiolate, SC,,H,s; see Methods and Extended Data
Fig.1a), with crystal structures solved by SCXRD (Extended Data Table 1
and Supplementary Information (Supporting CheckCIF1, CheckCIF2)).
Although the difference between the two nanoclustersis ‘one goldin,
onethiolate (SR) out™®, Au,(SAdm),, shows a heterodimeric structure,
whereas Au,,(SAdm),g is homodimeric, and these two nanoclusters
exhibit distinctly different assembly behaviour. Interestingly, the half
structure of Au,,(SAdm),, is identical to that of Au,,(SAdm) 4 (Fig. 1a),
while the other half is the same as that of Au,g(S-c-C¢Hyy), (ref. ).
Thus, Au,,(SAdm),, can be regarded as a heterodimeric nanocluster
inherited from two parent nanoclusters (Au,, and Au,g, Fig. 1a), and
is unique compared with the other nanoclusters reported so far. In
addition to its geometric structure relationship, Au,,(SAdm),, is also
heterodimericinterms ofits electronic structure. The numbers of free
valence electrons for the two parent nanoclusters are 12 for Au,;,(SR);g
(30 - 18 =12 electrons) and 8 for Au,5(SR),, (28 - 20 =8 electrons).
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Fig.1|Characterization of Au,,(SAdm),, and Au;,(SAdm),g nanoclusters.

a, Geometricandelectronicstructural evolutions achieved by the ‘one gold in,
onethiolate out’approach, from Au,g(SR),, to Au,4(SR),o, then to Au,,(SR),g.

b, ¢, UV-visible spectrafor Au,,(SAdm),s and Au,,(SAdm),s nanoclusters, with
the corresponding total structures. d, ESI-MS spectra of Au,o(SAdm),gand
Au,o(SAdm),,. Colour codes: pink, dark pink, magenta and purple, Au; yellow, S;
grey, C; white, H.

Thus, asaheterodimeric nanocluster, Au,,(SR),, (29 -19 =10 electrons)
processes 6 electronsin one half of the structure and 4 electronsin the
other half (Fig.1a; note thateach Au, tetrahedron contains 2 electrons).

Owing to strong quantum-size effects, both Au,;,(SAdm),; and
Au,,(SAdm),, show multiple molecular-like single-electron transitions
intheir optical absorption spectra (Fig.1b, ¢), rather than the plasmons
seeninmetallic-state nanoparticles. We find the energy gaps between
the highest occupied and lowest unoccupied molecular orbitals (the
HOMO-LUMO energy gaps) to be 1.45 eV for Au,,(SAdm),,and1.25 eV
for Au,,(SAdm),s (Extended Data Fig. 1b). Electrospray ionization mass
spectrometry (ESI-MS) analyses show +2 and +1ion peaks for each of
the two nanoclusters (Fig.1d and Extended Data Fig. 1c). Note that the
charges are due toionization under ESI conditions; both nanoclusters
are charge neutral in their native states.

The Au,,(SAdm),gstructure has aface-centred-cubic (fcc) Au,, kernel,
which is protected by six bridging thiolates, two monomeric Au(SR),
staple motifs and two trimeric Au;(SR), staple motifs (Extended Data
Fig.2a, denoted L1 (monomeric) and L3 (trimeric), respectively). On
the other hand, the structure of Au,g(S-c-C¢H;,),, is composed of a fcc
Au,, kernel (the two missing Au atoms are marked by blue arrows in
Extended DataFig. 2a). This Au,, kernelis protected by eight bridging
thiolates (two additional S atoms of thiolates are marked by blue arrows
in Extended Data Fig. 2b), two monomeric Au(SR), staple motifs and
two trimeric Au,(SR), staple motifs (Extended Data Fig. 2b, denoted C1
(monomeric) and C3 (trimeric), respectively)”. As a result, when the
heterodimeric Au,o(SAdm),, nanocluster is obtained, aunique structure
isachieved in which afcc Au,, kernel (with one capping Au) iswrapped
by four types of staple motif, namely L1, L3, Cl1and C3 (Extended Data
Fig.2c).

The Au,,(SAdm),, nanoclusters are packed in orthorhombic space
group Pbcn. Interestingly, when extending the unit cell along the x axis,
the nanoclusters form double-helical patterns (Fig. 2a), with both left-
andright-handedness present (Supplementary Videos1, 2). Each pitch
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Fig.2|Double-helical assembly of Au,,(SAdm),, nanoclustersin
supercrystals. a, Self-assembly of Au,,(SAdm),, nanoclustersintoa
double-helical structure. Colour code: blue and cyan, Auin the different
strands; yellow, S; grey, C; white, H. b, Two enantiomers (E1 and E2) of Au,4(SR),o
inthe supercrystal; each enantiomer contains four different staple motifs,
denoted L1and L3 (inherited from the Au;,(SR),s parent nanocluster) and C1
and C3 (inherited from the Au,s(SR),, parent nanocluster). ¢, Four types of
motif matchingbetween neighbouring enantiomersinthe supercrystal:
E1C1-E2C3 (D type), EIC3-E2C1(Ctype), E1IL3-E2L1(Btype) and E1IL1-E2L3
(Atype). The E1IC1-E2C3 and EIC3-E2C1types of motif matching are
associated with triply paired ligand interactions (Extended Data Fig. 3a); the
E1L3-E2L1and EIL1-E2L3 types of motif matching are associated with doubly
pairedligandinteractions (Extended DataFig.3b). b, ¢, The four different
staple motifs of Au,,(SAdm),, are marked with larger spheres of different
colours.

ofthe double helix contains 16 nanoclusters (pitchlength 12.8 nm and
width 3.6 nm), and the 8 nanoclusters in each strand adopt different
rotationsinthe assembly. The atomically precise structure allows us to
identify two enantiomers of Au,,(SAdm),, in the supercrystal (Fig. 2b,
denoted E1 and E2). Our observation of a double-helical nanocluster
assembly is, to our knowledge, unprecedented. More importantly,
we can further identify the origin of this assembly. In the superlattice,
the two neighbouring enantiomers approach each other by matching
their C1and C3 staple motifs, or their L1and L3 staple motif's (Fig. 2c).
This is because the matched motifs come from the same parent nano-
cluster. Therefore, four types of interaction can be observed: E1C1-
E2C3 (denoted D), E1C3-E2C1 (denoted C), E1IL3-E2L1 (denoted B)
and E1L1-E2L3 (denoted A). Specifically, when the Cl1 and C3 staple
motifs pair up (Fig. 2c, D and C interactions), the ligands surround-
ingthem are triply paired (Extended Data Fig. 3a). These triply paired
ligands arrange themselves in a staggered conformation, resulting in
oppositely stacked triangles owing to the steric repulsion between
the bulky adamantanethiolates. When the L1and L3 staple motifs pair
up (Fig. 2c, B and A interactions), the ligands surrounding them are
doubly paired (Extended Data Fig. 3b), and the doubly paired ligands
interlock with each other.

The two enantiomers and four different surface motifs on the Au,,
nanocluster with their specific matching, as well as the doubly and
triply paired ligand interactions, all contribute to the formation of
the double-helical assembly of Au,,(SAdm),, nanoclusters. This is
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reminiscent of DNA, in which there are two strands, four nucleobases
(thymine, adenine, cytosine and guanine), and double or triple hydro-
genbondsbetween the two strands. lonic (repulsive) interactions, Tt
stacking and hydrogen (attractive) bonds—beingrelatively strong and
balanced against one another—are central to natural helical structures.
Inthe double-helical assembly of Au,,(SAdm),, nanoclusters with four
types of staple motif, the conformational matching (attractive) and
steric repulsions (repulsive) are weak but balanced as well. To reach
suchabalance, van der Waals forces drive the rotation of nanoclusters
insolution until their surface motifs create suitable anisotropicinter-
actions with those of neighbouring enantiomeric nanoclusters. The
‘motif pairs’ in the nanocluster assembly are equivalent to the ‘base
pairs’ in DNA structures. But as the four motifs are collected on one
nanocluster, pairing has to be achieved by particle rotation in solu-
tion; the collective behaviour of all nanoclusters is then fixed during
crystallizationand observed by crystallography. The L1-L3 and C1-C3
pairs show the same geometry, allowing for equal distances between
two strands and balanced ligand interactions; other pairs (for example,
L1-Clor L3-C3) would disturb the helix.

Theinformationrevealedin thisatomically precise assembly could
contribute to the fundamental understanding of protein folding and
funnelling, and of the assembly of conventional nanoparticles and
supramolecules. We deduce that anisotropic structures (or interac-
tions) can be created on the surface of conventional nanoparticles,
resulting in specific assemblies. Designing nanoparticles with
heterostructures and paired anisotropic interactions canresultin the
assembly of double helices with high programmability.

Togainfurtherinsights, we also crystallized the adamantanethiolate-
protected Au;,(SAdm),s parent nanocluster (see Supplementary
Information (Supporting CheckCIF2)), because different surface
motifs could substantially affect the self-assembly of nanoclusters.
The Au,,(SAdm),g nanocluster possesses two L1 and two L3 motifs.
Although two enantiomers are also found in the superlattice of such
nanoclusters, no helical assembly is obtained (monoclinic space
group P2,/n; Extended Data Fig. 4a). The two neighbouring nano-
clusters approach each other, with two L3 staple motifs matching
oppositely (Extended Data Fig. 4b; that is, L3-L3), completely differ-
ent from the L1-L3 or C1-C3 motif pairs in the spiral network of the
Au,o(SAdm),, assembly, although doubly and triply paired ligands
can also be identified in the Au;,(SAdm),s assembly. We also studied
aseries of adamantanethiolate-protected metal nanoclusters®, but
none shows a spiral pattern of assembly (Extended Data Fig. 5-8),
despite the existence of doubly paired (Extended DataFigs. 5, 7), triply
paired (Extended DataFigs. 6, 7) or even quadruply paired (Extended
Data Fig. 8) ligands. We conclude that steric repulsion between bulky
ligands (for example, doubly or triply paired ligands) is acommon
phenomenon in SAdm-protected nanoclusters', but is not the key
to helical assembly. Rather, the heterodimeric structure of the Au,,
nanocluster—inwhich four different surface motifs (L1,L3, Cland C3)
are half-inherited from the two parent nanoclusters—is essential for
helix formation. Au,,(SAdm),s possesses only two L1and two L3 motifs,
hence no helical assembly.

By analysing the superlattice in alarger dimension, we can identify
aquadruple helical structure, with pitch and diameter being roughly
12.8nmand5.3nm, respectively (Fig.3aand Supplementary Videos 3, 4).
Eachofthe four strandsillustrates the spiral feature in the assembly
(Fig. 3b). In the ABCD layer stacking, the A or D layer contains four
nanoclusters of the same chirality (E1) encircling one opposite enan-
tiomer (E2), and each of the four motifs of the central nanocluster
matches the corresponding motif of the neighbouring nanocluster
of opposite chirality (Fig. 3¢, left). In the B or C layer, two pairs of
enantiomers reside alternatively in the circle, matching motifs in
four corresponding ways (Fig. 3¢, right). The L1and L3 motifs match
upinthe same way asin the double helix, as do the C1and C3 motifs.
Fromthis perspective, evenlarger helical structures can be expected
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Fig.3|Quadruple-helical assembly of Au,,(SAdm),, nanoclustersin
supercrystals. a, Self-assembly of Au,,(SAdm),, nanoclusters into a
quadruple-helical structure. b, The spiral structures of two opposite strands
(purple/pink) and two neighbouring strands (purple/violetand magenta/pink)
inthe quadruple-helical assembly. Colour codesin a, b: purple/violet/
magenta/pink=Auin fourstrands, yellow=S, grey =C, white=H. ¢, Left, the
central nanocluster (E2) encircled by four nanoclusters (E1) of different
chirality, showing four types of interaction between two neighbouring
enantiomersinthesupercrystal-E2L3-E1L1, E2L1-E1L3,E2C3-E1Cland
E2C1-E1C3 (A or D layer). Right, four nanoclusters of alternative chirality,
showing four types of interaction between two neighbouring enantiomersin
thesupercrystal-E2C3-E1C1, E1C3-E2C1,E2L3-E1L1and EIL3-E2L1 (B or
Clayer). The atoms of the four different staple motifs are highlighted with
larger spheres of different colours.

throughout the superlattice, forming a network in which one enan-
tiomer coordinates with the four nearest enantiomers of opposite
chirality, forming four types of interparticle interaction by matching
the corresponding staple motifs, owing to the heterodimeric nature
of Au,(SAdm),,.

We compared the electronic properties of the heterodimeric
Au,,(SAdm),, and homodimeric Au,;,(SAdm);g nanoclusters and
associated structures by performing transient absorption spectro-
scopic analysis (pumped at 400 nm and probed between 460 nm and
820 nm) for both nanoclusters (Extended Data Fig. 9). Immediately
after photoexcitation (0.6 ps), we found three ground-state bleach-
ing (GSB) peaks at 485 nm, 580 nm and 720 nm for the heterodimeric
Au,,(SAdm),,, along with excited-state absorption (ESA) at 510 nm
and 640 nm (Extended Data Fig. 9a, b). These peaks remained rather
steady over the time period 10 ps to 7,000 ps (Extended Data Fig. 9c),
indicating no decay of the excited state. By contrast, for the homodi-
meric Au,,(SAdm);s, the ESA (530 nm and 720 nm) and GSB (630 nm)
decayed substantially after 4 ps, and the ESA found originally at 530 nm
disappeared at 7,000 ps (Extended Data Fig. 9d, e). Such a fast decay
is clearly shown in the transient absorption kinetic traces (Extended
DataFig. 9f), suggesting a substantially shorter excited-state lifetime
for the homodimer than for the heterodimer.

To obtain the complete excited-state lifetimes of the two nanoclus-
ters, we carried out nanosecond transient absorption measurements
(Ax =400 nm), giving single-exponential decay lifetimes (7) of 2 ps
for Au,,(SAdm),, and 30 ns for Au,,(SAdm),s (Fig. 4a-d). In previous
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Fig.4 | Comparisons of transient absorption dataand carrier dynamics for
Au,,(SAdm),, and Au,,(SAdm),snanoclusters. a, b, Map showing nanosecond
transient absorption data (a) and kinetic traces (b) for Au,,(SAdm),, (kinetic
traces probed at 500 nm (blue) and 580 nm (red) with correspondingfits).

7, Decay lifetime. ¢, d, Map showing nanosecond transient absorption data (c)
andkinetic traces (d) for Au;,(SAdm),¢ (kinetic traces probed at 690 nm

(blue) and 610 nm (red) with corresponding fits). A.,, 400 nm; AA, change in
absorbance (with units of milli-optical density, mOD). e, Spectraof absorbance
(blue), excitation (red, A.,=474 nm) and emission (green, A.,= 947 nm) for
Auy(SAdm),,.

work, we reported a three-orders-of-magnitude variation in carrier
lifetime between hexagonal close-packed (hcp) Au,,(SAdm),g (1 ns)
and body-centred cubic (bcc) AusgS,(SAdm),, (4.7 ps)®. The hep
Auso(SAdm),q (ref.?) and the fec Auso(SAdm) g herein are indeed a pair
of isomers, indicating that the carrier lifetime is very sensitive to the
structure for small-sized nanoclusters (of less than 50 Au atoms or
thereabouts)*®.

We further show here that fcc Au-SAdm nanoclusters with a mere
difference of ‘one gold in, one thiolate out’ can have a remarkable
65-fold difference in carrier lifetime. The heterodimeric Au,, and
homodimeric Au,, structures (both fcc) substantially affect the overlap
of excited-state and ground-state wavefunctions: the heterodimeric
structure resultsin muchless overlap, while the homodimeric structure
is symmetrical with more overlap. Owing to the long carrier lifetime of
Au,(SAdm),,, we also tested the photoluminescence of the nanoclus-
ter solution, and observed near-infrared emission centred at 947 nm
(Fig. 4e). The Au,;,(SAdm),g solution, by contrast, does not show any
near-infrared photoluminescence.

An Au,,(SAdm),, film made by drop casting—in which nanoclusters
are randomly packed—led to moderately enhanced photolumines-
cence (Extended DataFig. 9g, blue line) owing to suppression of non-
radiative decays of the excited states. By contrast, the double-helical
assembly of nanoclusters in supercrystals showed further enhance-
ment of photoluminescence (Extended Data Fig. 9g, brown line),
arising from the collective properties of assembly and ordered

anisotropicinteractions. In DNA double helices, the -t stacking of
bases exerts electronic effects. By contrast, the adamantanthiolate
ligands of Au,,(SAdm),, are non-aromatic and thus result in no -1
stacking, but the helical assembly still exhibits distinct effectsin the
photoluminescence of supercrystals owing to long-range coherence,
opening new opportunities for tailoring the collective electronic
properties.

Our results show that double-helical or even quadruple-helical
structures can be achieved by self-assembly of heterodimeric gold
nanoclusters. The intrinsically heterodimeric structure—with four
surface motifs inherited from two parent nanoclusters—is respon-
sible for the specific assembly, which results from the motif pairs
formed between neighbouring nanocluster enantiomers. The pre-
cise structural matching seen in the helical assemblies stresses the
advantages of using atomically precise metal nanoclusters. The asym-
metric (or anisotropic) nanostructure is accompanied by different
interactionsin different directions on the particle surface, providing
opportunities for effective tailoring of collective properties upon
assembly.
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Methods

Chemicals

Tetrachloroauric (Ill) acid (HAuCl,-3H,0, 99.999% metal basis;
Aldrich), sodium borohydride (NaBH,, 99.99% metal basis; Aldrich),
1-adamantanethiol (HSAdm, HSC,,H,s, 95%; Aldrich), tetrahydrofuran
(THF, HPLC grade), ethanol (HPLC grade), methanol (HPLC grade),
dichloromethane (CH,Cl,, HPLC grade), acetone (HPLC grade), toluene
(HPLC grade), n-hexane (HPLC grade) and thin-layer chromatogra-
phy (TLC) plates (iChromatography, silica gel, 250 pm) were used as
received.

Synthesis of nanoclusters

Heterodimeric Au,o(SAdm),, and homodimeric Au,,(SAdm) s as well as
otheradamantanethiolate-protected Au nanoclusters were prepared
altogether in one batch, and then separated by TLC. We first mixed
100 mg HAuCl,-3H,0 and 120 mg HS-Adm in methanol. After 30 min,
the suspension was centrifuged and the dark orange precipitate was
dissolved thoroughly in10 mI THF for 30 min. Then, afreshly prepared
aqueoussolution of NaBH, (144 mgin Smlice-cold nanopure water) was
added. After 3 h, the crude product was washed thoroughly in methanol,
extracted by acetone, redissolvedintoluene, and stored as asolutionat
roomtemperature forincubation. Aweek later, the supernatant of the
solution was taken by centrifugation, and the solvent was evaporated.
The mixture of Aunanoclusters was extracted with CH,Cl, and concen-
trated for TLC separation. The mixture of nanoclusters was pipetted on
the TLC plate, and the separation was conducted in the developing tank
(developing solvent 1:1 (v/v) CH,Cl,:n-hexane) for 30 min (Extended
Data Fig. 1a), and the bands corresponding to different nanoclusters
were cut offand dissolved in CH,Cl, for characterization. Needle-shaped
supercrystals of Au,,(SAdm),, were obtained via solvent evaporation
of ethanolinto a CH,Cl, solution of the nanoclusters within two days;
plate-shaped supercrystals of Au,,(SAdm),s were obtained by solvent
evaporation of methanol into a CH,ClI, solution of the nanoclusters
within two days.

Characterization

UV-visible absorption spectra of the nanoclusters were measured
on a Hewlett-Packard Agilent 8453 diode array spectrophotometer
at room temperature. ESI mass spectrometry spectra were recorded
using a Waters quadrupole time-of-flight (QTOF) mass spectrometer
equipped with Z-Spray Source.

Femtosecond transient absorption spectroscopic measurements
were carried out using acommercial Ti:sapphire laser system (Coher-
ent, Astrella). The pump pulsesinthe ultraviolet and near-infrared (NIR)
regions were generated by a1.2 mJ regenerative amplifier system and
optical parametricamplifier (TOPAS-Prime, Light Conversion). A small
portion of the laser fundamental was focused into a sapphire plate to
produce asupercontinuumin the visible range, which overlapped with
the pump in time and space. Multiwavelength transient spectra were
recorded at different pump-probe delay times (Helios Fire, Ultrafast
Systems). Dilute solutions of metal clusters in cuvettes withalmm
path length were excited by the tunable output of the OPA (pump).
The measurements were performed in toluene, and the optical den-
sity (OD) was adjusted to about 0.3 OD at the excitation wavelength.
Nanosecond transientabsorption measurements were conducted using
the same ultrafast pump pulses along with an electronically delayed

supercontinuum light source with a subnanosecond pulse duration
(EOS, Ultrafast Systems).

The NIR photoluminescence spectra of Au,,(SAdm),, toluene solu-
tion, film (drop casting from a concentrated solution) and supercrys-
talswererecorded onaFS5spectrofluorometer equipped with 500 W
CW ozone-free xenon arc lamp. The spectra were measured using an
excitation wavelength of 474 nm and 25 nmslits; the emission detector
was anR928P photomultiplier for the UV-visible range, and anInGaSn
solid-state detector for the NIR-infrared range.

X-ray crystallographic determination

A crystal of Au,,(SC,oH;5);0 was mounted onto a MiTeGen capillary
with fluorolube, and measured using a Bruker D8 Venture with GaKa
radiation (1=1.34139 A). Data were collected under liquid nitrogen
(170 K). An Au,((SCyoH;5),5 crystal was measured on a Bruker APEX-II
CCDdiffractometer with CuKa radiation (1=1.54186 A). The crystal was
keptat 293 K during data collection. Using Olex2 (ref. ), the structure
was solved with the olex2.solve (ref. *?) structure solution program
using ‘charge flipping’, and refined with the ShelXL* refinement pack-
age using least squares minimization. All Au and S atoms were found
directly, and the remaining non-hydrogen atoms were generated
through subsequent difference Fourier syntheses. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were set in
geometrically calculated positions and refined isotropically using a
riding model. The crystalinformation s listed in Extended Data Table 1.
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Extended DataFig.1|Separationby TLC and characterization of
Au,,(SAdm),, and Au;,(SAdm),s nanoclusters. a, Separation of multiple
Au-SAdm nanoclusters by TLC. b, Absorptionspectraof heterodimeric
Au,o(SAdm),, and homodimeric Au;,(SAdm),gsnanoclusters on aphoton energy
scale. The bandgaps are determined tobe 1.45eVand1.25eV, respectively.

¢, Isotope peaks corresponding to [Au,,(SAdm),s]** and [Au,o(SAdm) )"

(redlines), [Au,o(SAdm),,]%, [Aue(SAdm),,]", [Au,e(SAdm),Ag]? and
[Au,,(SAdm),,Ag]” (bluelines). The experimental isotopic patterns match well
with the calculated ones (blacklines). Note that the 2+ and 1+ charges are due to
theionizationin ESI, and are not the native charge states of the nanoclusters.
Inaddition, an Ag cation can be picked up by Au,,(SAdm),, during ESI-MS
analysis owingto the existence of Ag"intheionsource.
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Extended DataFig.2| Anatomy of the structure of gold nanoclusters.
a, Au;o(SR);5; b Aug(SR)0; €, AU,o(SR) 5.
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Extended DataFig. 3 |Ligandinteractions between two neighbouring
Au,,(SAdm),, enantiomers. a, The triply paired ligands associated with the
matching motif pairs on two neighbouring enantiomers—thatis, EIC1-E2C3
and E1IC3-E2Cl1-withinteractingligands’ carbons marked in orange (for C1)
andred (for C3).b, The doubly paired ligands associated with the matching
motif pairs ontwo neighbouring enantiomers—E1L3-E2L1and E1L1-E2L3—with
interactingligands’ carbons markedinlight blue (for L1) and green (for L3).In
other colours: blue/cyan, Auin different enantiomers; yellow, S; grey, C; white, H.



Extended DataFig.4|Supercrystal of Au,,(SAdm),gnanoclusters. a, Self-assembly of Au,,(SAdm),gnanoclustersin the superlattice. b, The neighbouring
enantiomers approach each other by matching their L3 staple motifs, with doubly paired and triply paired ligand interactions between the two enantiomers.
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Extended DataFig. 5|Supercrystal of Au,,(SAdm),;; nanoclusters. a, Self-assembly of Au,,(SAdm),s nanoclustersinthe superlattice. b, Ligand interactions

between two enantiomers. We made this figure using crystal data fromref. .




Extended DataFig. 6 | Supercrystal of Au,,Ag,(SAdm);; nanoclusters. a, Self-assembly of Au,,Ag,(SAdm);s nanoclustersin the superlattice. b, Ligand
interactions between two enantiomers. We made this figure using crystal data from ref. 2%,
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Extended DataFig.7|Supercrystal of Au,,Ag,(SAdm),;s nanoclusters. a, Self-assembly of Au,,Ag,(SAdm),s nanoclustersin the superlattice. b, Ligand
interactions between two enantiomers. We made this figure using crystal data from ref. 2%,
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Extended DataFig. 8| Supercrystal of Au,; ,Ag,(SAdm),;; nanoclusters (wherexis approximately 7). a, Self-assembly of Au,; ,Ag,(SAdm),s nanoclusters
(xisapproximately 7) in the superlattice. b, Ligand interactions between two enantiomers. We made this figure using crystal data from ref. 8,
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Extended DataFig. 9 |Maps of picosecond transient absorptiondataand
kinetic traces of Au,,(SAdm),, and Au;,(SAdm),s nanoclusters, with NIR
photoluminescence of Au,,(SAdm),s. a-¢, Au,,(SAdm),s (kinetic traces
probed at 500 nm (blue), 630 nm (red) and 700 nm (green)). d—f, Au;,(SAdm),g
(kinetic traces probed at 600 nm (blue), 700 nm (red) and 540 nm (green)).

Both nanoclusters were excited at 400 nm. g, Emission spectra (4.,=430 nm)
forasolution (red; toluene solvent), film (blue; drop casting froma
concentrated solution) and supercrystals (brown) of Au,,(SAdm),,. Inset,
photograph of Au,,(SAdm),, supercrystals under optical microscopy.



Extended Data Table 1| Crystal data and structure refinement of Au,4(SC,,H;5), and Au;,(SC,oH;5):s Nanoclusters

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

al®

BI°

v°

Volume/A3

z

Peacglcm?

H/mm-

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Datal/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (l)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Auzg(SC1oH15)19
Cig0H285AU9S 19

8890.33

170

orthorhombic

Pbcn

65.1449(18)

34.1089(10)

22.6250(6)

90

90

90

50273(2)

8

2.349

23.126

32160.0

0.1 x 0.02 x 0.01

GaKa (A = 1.34139)

6.12 to 109.96
-78<h<79,-36 <k<41,-17<1<27
283043

47786 [Riyt = 0.1779, Rgigma = 0.1434]
47786/2541/2143

1.019

R; =0.0713, wR, = 0.1479
Ry =0.1430, wR, = 0.1734
3.61/-2.23

Auszo(SC1oH15)18
CigoH270AU30S 15

8920.02

293(2)

monoclinic

P2,/n

22.0911(3)

34.5817(4)

28.8502(4)

90

100.2500(10)

90

21688.3(5)

4

2.732

38.967

16032.0

0.05 x 0.03 x 0.02

CuKa (A =1.54186)

8.134 to 124.998
-23<h<25,-39<k=<39, -33<1<15
251975

34324 [Riyy = 0.1176, Rgigma = 0.0706]
34324/2388/2053

0.929

R; =0.0522, wR, = 0.1307
R; =0.0724, wR, = 0.1380
4.01/-3.19
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