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Precisely constructing homochiral helical nanostructures from achiral mole-
cules by non-covalent interactions remains challenging owing to the
untraceable handedness control at different hierarchical levels. Here, we
present an aurophilicity-assisted orthogonal assembly strategy, enabling not
only the homochiral assembly of an achiral carbene-anchored trinuclear gold
cluster with chiral amines but also the inversion of circularly polarized lumi-
nescence (CPL). This gold cluster could spontaneously form random right- or
left-handed helices, while introduction of chiral amines effectively drives the
formation of hierarchically homochiral twists with |gi.m| of 1072, directed by
inherent aurophilicity of gold cluster and orthogonal intermolecular C-H--O/N
interactions. Furthermore, by fine-tuning the assembly conditions from DMF
to DMF/H,0 solvent, the morphology of assemblies can be specifically con-
trolled, resulting in inversion of CPL signals. This study highlights the potential
of aurophilicity-driven orthogonal assembly strategy in effectively controlling

hierarchical chirality and paves the way for advancing chiral metallo-

superstructures.

Constructing functional self-assembly through non-covalent interac-
tions is of great scientific value for mimicking biological systems to
build ordered nanostructures, and developing smart materials. A
variety of non-covalent interactions, such as hydro-/halogen bonds,
1Tt stacking interactions, metallophilic interactions, metal coordina-
tion bonds, have been used to join building elements to fabricate
supramolecular assemblies'”. Recently, researchers have exploited
supramolecular assembly strategy to establish helical structures based
on emitters to achieve circularly polarized luminescence (CPL)-active
materials with attractive performance, including high gj,m"’, tunable
luminescence®® and chirality inversion® . However, owing to its weak
intensity, it is difficult to build target structures with ideal properties
through only one type of non-covalent bond.

Orthogonal self-assembly™™ is a way to achieve synergistic effect
of two or more independent non-covalent supramolecular interac-
tions, which occur without crosstalk. The resulting assemblies can
exhibit more excellent properties than that obtained by using a single

force™®. As a typical metallophilic interactions, aurophilic
interactions”, also known as aurophilicity are van der Waals interac-
tions, but unusually strong ones because of relativistic effects. Aur-
ophilicity are fundamental to assembly structure and luminescent
properties of Au(l) complexes'®2°. In the absence of steric hindrance,
such unique aurophilic interactions” were found not to be easily dis-
turbed by other non-covalent interactions, thereby usually cause linear
mononuclear complexes or planar trinuclear Au(l) clusters to self-
organize in extended columnar stacking in one dimension (I1D)
direction”?* with an intermolecular equilibrium Au - --Au distances in
the range of ca. 2.50-3.50 A. Therefore, the aurophilic interactions can
be used as an ideal driving force to direct orthogonal assembly.
Therein, benefiting from aurophilic interactions, cyclic trinuclear
complexes (CTCs) of Au(l) generally adopt long columnar assemblies
with well-documented assemblies and luminescent properties**. Aida
and co-workers have reported that achiral pyrazole-anchored den-
dritic CTCs self-assembled into luminescent superhelical fibers with
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micrometer-scale via metal-metal interactions®. Recently, Li et al.
synthesized two achiral Aus(4-Clpyrazolate); and Auz(4-Brpyrazolate);
complexes showing high-efficiency near-infrared luminescence with
(+#) or (-)-CPL”. However, in the above works, both chirality of the
morphology and CPL properties could not be effectively regulated.
Although a large number of CTCs have been reported, CTCs emitting
controllable CPL properties were rarely reported and the formation
mechanism of helical structure remains unclear.

As a typical kind of CTCs, aromatic acyclic amino carbene-
anchored Auj cluster®® exhibit flexible propeller-like conformation,
where the peripheral aromatic rings can rotate freely in solution state.
While in solid state, the conformation will be rigidified by inter-
molecular interactions, which could lead to formation of either right-
handed (P)- or left-handed (M)-conformation. For example, Espinet
et al. designed a pyridine-modified Aus carbeniates®®, which simulta-
neously adopted P- or M-conformation in crystal controlled by the
aurophilic interactions, hydrogen bonding and steric hindrance. We
anticipated that under chiral condition, such achiral Auz carbeniates
could be easily induced to adopt homochiral conformation and further
form chiral 1D assemblies.

In this study, we report construction and morphological regula-
tion of homochiral assembly from an achiral Cs3-symmetric [Aus(p-
CNPhN=COMe);] cluster, donated as p-CN-Aus; (Fig. 1a), directed by

aurophilicity and orthogonal C-H - - - O/N interactions. Cooling a hot p-
CN-Aus solution resulted in mixtures of P- and M-helical fibers. Intro-
duction of R- or S-tetrahydrofurfurylamine(R- or S-THFA) enabled
separation of the racemic assemblies. The hierarchical homochiral
structure obtained by drop-casting their DMF solution exhibited
excellent CPL properties. In this case, intermolecular C-H---N and C-
H - - - O interactions successfully induced chirality transfer from R- or S-
THFA to p-CN-Aus. Then, aurophilic interactions drive asymmetric
growth of the chiral adducts (p-CN-Au; and R-/S-THFA) in 1D direction
to form chiral architectures. Moreover, with extra addition of poor-
solvents H,O molecules, chirality and chiroptical properties could be
easily inversed. Thus, an orthogonal assembly strategy directed by
aurophilicity and C-H - - - O/N interactions was proposed and verified to
enable the generation and inversion of homochirality. This study fur-
ther enhances the understanding of the chiral evolution process, from
the molecular structure to the hierarchical supramolecular scale.

Results

Synthesis of p-CN-Au; and m-CN-Auj;

Two acyclic amino carbene (AAC)-anchored trinuclear gold clusters
[Auz(p-CNPhN=COMe);] and [Aus(m-CNPhN=COMe);], donated as p-
CN-Au; and m-CN-Au; (Fig. 1a,b), were synthesized from the reactions
of mononuclear AAC Au(l) complexes and (THT)AuCl (THT =
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Fig. 1| Structure and photophysical properties of p-CN-Au; and m-CN-Aus.
Chemical structures of a p-CN-Au; and b m-CN-Aus. ¢ UV-Vis absorption and d PL
spectra of p-CN-Ausz in DMF/H,0 solution under different f,,. f,, indicates the
volume fraction of water in the solvent mixture (excitation wavelength: 365 nm).
e, f, g Enantiomer molecular conformation, dimeric stacking patterns and packing
structures in p-CN-Aujs crystals. h PL spectra and i time-resolved luminescence
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decay curves of p-CN-Auz and m-CN-Auj crystals detected at different wavelength,
and the inserted images in (h) are the optical images of crystals under UV excitation
(excitation wavelength: 365 nm, scale bar: 300 pm). j HOMO and LUMO orbitals at
PBEO/def2-SVP level of p-CN-Aus. Transition from HOMO to LUMO +1 orbitals
contribute 90.8 % of the So > S, process, of which the oscillator strength (f)

is 0.0708.
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tetrahydrothiophene, see Supplementary Information for details,
Figs. S1-S12) in CH,Cl, in the presence of trimethylamine (TEA), which
induces N-H deprotonation to generate a monoanionic AAC ligand.
The purity and structure of charge-neutral p-CN-Au; and m-CN-Aus
were verified by 'H nuclear magnetic resonance (*H NMR) spectra
(Figs. S13 and S14), mass spectra (MS) (Figs. S15 and S16), element
analysis, Fourier transform infrared (FT-IR) spectroscopy
(Figs. S17 and S18). After recrystallization, blue-emitting microcrystals
were obtained. The crystalline phase purity was confirmed by powder
X-ray diffraction (PXRD) (Fig. S19).

Photophysical properties of p-CN-Au; and m-CN-Au;

UV-Vis absorption spectrum of the monomeric p-CN-Aus in dilute
dimethyl formamide (DMF) exhibited absorption maximum at 267 nm
(Fig. 1c), which was mainly originated from the transition based on
metal-to-ligand charge transfer (MLCT)*. No obvious emission was
observed from this dilute DMF solution. Adding small amounts of anti-
solvent H,O led to a new sharp absorption band at 264 nm, which were
continually enhanced and slowly blue-shifted to 261 nm when water
fractions (f,,) reached to 20%. This spectroscopic evolution indicates
that the p-CN-Au; have experienced a structural alteration in its
ground-state configuration driven by H,O molecules, resulting in a
modification of the electronic transition energy levels. Furthermore,
when f,, reached to 40%, the sharp absorption band happened to be
weakened, while novel low-energy (LE) absorption band at 325-350 nm
occurred. Transmission electron microscopy (TEM) results indicated
the generation of aggregates (Fig. S20). Furthermore, the particle size
of the formed aggregates increases progressively with rising water
content. At this point, the aggregates showed a turn-on cyan emission.
In mixture with f,, 95%, the emission peak intensity was 5 times larger
than that of f,, 40% (Figs. 1d and S21). Similarly, m-CN-Aus was also non-
emissive in dilute DMF solution, while its aggregate showed blue
emission band at 517 nm, indicating aggregate-induced emission (AIE)
properties (Fig. S22).

Crystal structure of p-CN-Au;

To achieve in-depth insights on the luminescent properties and
stacking structures, single-crystal X-ray crystallography (SCXRD)
technology was applied. High-quality single-crystals of p-CN-Au; were
grown from slow evaporation of CH,Cl, solution at 4 °C. Unfortu-
nately, the SCXRD data of m-CN-Au; were failed to be achieved. The
X-ray data of p-CN-Au; are summarized in Table S1, and X-ray mole-
cular structure of p-CN-Auj; is described in Fig. le-g and S23-S28. It
crystallizes in the centrosymmetric (achiral) P-1 space group, where
the individual planar molecules aggregate along the a-axis to form
extended stacks (Fig. 1f). There are one crystallographically indepen-
dent trinuclear Au' cluster and two CH,Cl, molecules in the asym-
metric unit (Fig. S24). As anticipated, the center geometry of p-CN-Auj
features a typical Aus(AAC); structure®, where the Au, triangular were
bridged by three C=N groups to form Aus;C3;N; nine-membered ring.
The distances of Au-C coordinate bonds are in the range of 1.984-
1.999 A (Table S2). The intramolecular Au--Au distances are 3.247,
3.258, and 3.331 A (Fig. 1e), which are less than 3.50 A, indicating the
presence of weak aurophilic interactions® within the Aus moiety.
Interestingly, all three peripheral p-cyanophenyl groups are tilted like
the blades of a propeller relative to the Au3C;N;3 ring, but making two
angled counterclockwise and one angled clockwise. The torsion angles
with the plane defined by three gold atoms are 45.72°, 34.02° and
48.91° (Fig. S25).

Along a-axis (Fig. 1f), p-CN-Auz molecules stack in 1D molecular
chains with alternating intermolecular Au - --Au distances of 3.235 and
3.930 A. Every two neighboring molecules (A; and A,) with Au--Au
separations of 3.235 A form a dimer via dual aurophilic interactions. To
minimize steric hindrance, p-CN-Au; organize in staggered orienta-
tion, leading to a chair-like pattern of six gold atoms. Additionally, the

formation of chair-like pattern is also benefiting from the multiple
intermolecular forces (Fig. S26 and Table S3), including C-H---N
(2.912A),C-H---0(2.725 and 3.011 A), and C-H - ~Tt (2.677 and 2.624 A).
Notably, the A; and A, within a dimer are mirror-symmetric (Fig. le),
which possesses an inversion center (Fig. S27) and further renders the
crystal centrosymmetric and thus racemic. Additionally, dimers
interact via multiple C-H---O and C-H---N (Fig. S28 and Table S4)
interactions to form an extended chain arrangement. The dimeric
motifs show two Au--Au separations of 3.930A, which are con-
siderably longer than typical aurophilic interactions of 3.2 to 3.7 A.
CH,Cl, molecules are accommodated in the space created by the
molecular columns (Fig. 1g). Moreover, as observed in other reported
Auj clusters”, the rod-shape crystals (Fig. 1h, insets) indicate that p-CN-
Au; crystals might grow along the direction of Au; packing, driving by
multiple Au - -Au interactions.

Both p-CN-Aus; and m-CN-Au; crystals displayed similar blue
emission profiles (Fig. 1h), peaking at 460 and 440 nm with absolute
photoluminescence quantum yield (PLQY, @p,) of 5.74% and 4.88% at
room temperature (Table S5), respectively. The time-resolved lumi-
nescent decay curves of p-CN-Auz and m-CN-Au; revealed that their
emission showed a microsecond-scale excited-state lifetime of 7.85
and 1.86 ps, respectively, indicating phosphorescence properties
(Fig. 1i, Table S5). The PL spectra of their crystals were further recorded
under nitrogen and oxygen atmospheres (Fig. S29). The observed
enhancement in PL intensity under nitrogen atmosphere confirms that
oxygen could quench the excited states, thereby supporting the
assignment of the luminescence in the p-CN-Auz and m-CN-Auj crystal
to triplet-state phosphorescence emission. The TD-DFT calculation
(see Supplementary Information for detail) reveals that the transition
from HOMO to LUMO +1 makes a major contribution (90.8 %) to the
So~>S, process, of which the oscillator strength (f) is 0.0708
(Fig. 1j and S30, Table S6). The HOMO is mainly localized on the
intermolecular Au - -Au interactions within the dimer, while LUMO +1
is predominantly delocalized on the m-bonding orbital of AAC ligand,
correspondingly that the Sp > S, transitions is assigned as metal-metal
to ligand charge transfer CMMLCT).

Self-assembly behaviour of p-CN-Auz and m-CN-Auj;

In solution state, p-CN-Au; and m-CN-Au; are achiral, as the Cppe'N
bonds in the AAC moieties could rotate freely. It was reported that
pyridine-modified Au;(AAC);*® took fixed P- or M-conformations in
crystal (Fig. S31a). We anticipated that such fan-shaped p-CN-Aus; and
m-CN-Au; molecules could be able to adopt homochiral conformation
to form chiral assembly, when symmetry breaking occurred. The
above slowly thermodynamic crystallization process resulted in
racemes, but we speculated that whether the symmetry breaking
phenomenon can be achieved by the rapidly kinetic process. Thus,
rapid cooling of hot DMF or CH,Cl, solutions were utilized to prepare
precipitated aggregates of p-CN-Au; and m-CN-Aus. Morphologies of
aggregates were carefully analyzed by scanning electron microscopy
(SEM). SEM images of the aggregates from DMF clearly showed
extended and flexible helical structure with random P- or M-helicity
(Fig. 2a-c), although the p-CN-Aus and m-CN-Aus are devoid of any
chiral centers. The helices are not single-stranded but formed by
winding several thin fibers. In the case of CH,Cl, (Fig. 2d), discrete and
short P- or M-spiral rods were observed for p-CN-Aus, while m-CN-Aus;
showed a flower-like architecture composed of spiral rods (Fig. 2e,f).
Nevertheless, the aggregates exhibited silent circular dichroism (CD)
and CPL due to the simultaneous existence of P- or M-chiral assembly.
According to PL spectra and lifetime decay curves (Fig. S32 and
Table S7), the helical assemblies also showed blue phosphorescent
emission with microsecond lifetime, indicating that they are formed by
the supramolecular assembly of Au;(AAC); through Au--Au
interactions””. However, the handedness of the helices were not
controllable.
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Fig. 2 | Self-assembly morphology of p-CN-Au; and m-CN-Au;. SEM images of p-CN-Aus assemblies from (a) DMF and (d) DCM solutions. SEM images of m-CN-Au;

assemblies from (b, ¢) DMF and (e, f) DCM solutions.

Chiral co-assembly of p-CN-Au; with R-/S-THFA

It was reported that the chirality of emitters can be controlled effec-
tively by incorporating with chiral medium®**', We intended to prepare
chiral co-assembly of p-CN-Au; and m-CN-Aus by introducing small
chiral amine. R-/S-THFA were selected as the chiral inducer to co-
assembly with p-CN-Auj (Figs. 3a and S33), as the ~O- and -NH, groups
could act as hydrogen bond receptors and donors, respectively. The p-
CN-Auz and m-CN-Auj; are slightly soluble in DMF at room tempera-
ture, whereas R-/S-THFA are DMF soluble. In a typical experimental
protocol, for initializing the co-assembly, R-/S-THFA were added into p-
CN-Aus suspension in DMF, which turned into clear homogeneous
solution after slightly ultrasound (Fig. 3a and S34). The significant
solubilization effect demonstrated the strong interplay between p-CN-
Auz and R-/S-THFA. Thus, R-/S-THFA were expected to co-assembly
with p-CN-Aus; to induce supramolecular homochirality.

The synergistic interactions between p-CN-Aus and R-/S-THFA
were probed by both UV-Vis absorption and CD spectra, as shown in
Fig. 3b-d. As comparison, no obvious absorption and CD band
(Fig. S35) at around 225-350 nm were observed for the R-THFA in DMF.
After addition of 1.0 equiv. of R-THFA, besides a weak decrease of the
absorption band of p-CN-Au; at 252nm, a nonnegligible
bathochromic-shift from 268 to 276 nm were observed. Furthermore,
when R-THFA increased to 2.0 equiv., the band further redshifted to
288 nm with slight reduction, suggesting that the co-assembly
between p-CN-Aus and R-THFA occurred. We found that with con-
centration increasing, the co-assembly binding force became stronger,
as the intensity of LE absorption peak (288 nm) gradually exceeded
that of the high-energy (HE) absorption peak (252 nm) and became the
maximum peak (Fig. 3c). Correspondingly, silent Cotton effects of p-
CN-Aus become active in the presence of chiral R-/S-THFA. The mirror-
imaged CD curves centered at 288 nm (Fig. 3d) were triggered by R-/S-
THFA, which were in accordance with the characteristic absorption
band of co-assembly. The occurrence of Cotton effects might be
attributed to the conformation chirality of p-CN-Au; induced by R-/
S-THFA.

The obtained DMF solution of p-CN-Aus/THFA were then imme-
diately transferred onto quartz or silicon wafer substrates by using a
micro pipette to consent their potential interfacial rearrangement on
ambient evaporation. Under UV light excitation, solution of co-
assembly was barely emissive, whereas drop-casting film emitted
green luminescence (Fig. 3e). We supposed that the chiral co-assembly
can endow the chromophore with CPL. Prior to the CPL properties, CD

spectra of the drop-casting films in different molar ratios
(Figs. 3f and S36) were conducted to confirm their successful chiral co-
assemblies. Positive Cotton effects ranging from 280-450 nm were
induced by R-THFA, while mirrored-imaged curves were presented in
case of S-THFA. As shown in Fig. 3g and S37, the films showed strong
mirror-imaged CPL, respectively. When THFA was at the critical value
of 3 equiv., luminescence asymmetry factor (|gjum |) reached its max-
imum value of 0.018 at the CPL peak around 530 nm. Uncommonly, we
found that |gj,m| were demonstrated larger than absorption asym-
metry factor (|gps|). In addition, for the R-co-assembly, CD curves
showed positive Cotton effect, while the corresponding CPL spectra
give rise to negative signals. With rotation of the samples, almost no
significant change in the CD and CPL spectra were observed, indicating
that the mirrored CD and CPL signals ascribed to the chiral structure
change of coassemblies (Figs. S38-41). CD and CPL represent the chiral
structural information of the ground and excited states of chiroptical
matter, respectively. Thus, such abnormal phenomenon may be
attributed to the intrinsic properties of the Au' complex, for which the
excited state generally undergo a large configurational deformation
under UV excitation®>**, compared with the ground state.

Using the dimeric structure of p-CN-Aus as a model system, we
optimized the excited-state geometry and compared it with the
ground-state configuration to elucidate the significant discrepancy
between the g.,s and gi,m values. Upon photoexcitation, notable
structural changes were observed in the excited state
(Figs. S42 and S43). Specifically, the torsion angles between the ben-
zene ring and the plane defined by the three gold atoms underwent
substantial alterations, with a maximum change of 13.69°. Conse-
quently, the two molecules within the dimer no longer maintain mirror
symmetry compared to the ground state (Figs. S27, S42 and S43).
Moreover, while the intramolecular Au--Au distances remained
essentially unchanged, the intermolecular Au - --Au distances exhibited
a pronounced reduction, decreasing from 3.235A to 3.221A and
2.880 A. This contraction aligns with previously reported observations
of shortened Au--Au distances in gold complexes®** under photo-
excitation. Based on these findings, we propose that both the torsional
distortions within the excited-state molecule and the changes in
intermolecular Au--Au distances contribute to the significant dis-
crepancy between the g,»s and gjum values.

Fluorescence microscope (FM) and SEM were employed to study
the morphological structures of co-assemblies. Under FM observa-
tion (Fig. 3e), p-CN-Ausz/THFA co-assembled into green-emitting
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Fig. 3 | Co-assembly of p-CN-Au; with R-/S-THFA. a Samples of p-CN-Au; and p-
CN-Auz/R-THFA (molar ratio, 1:3) assemblies under natural light. b Absorption
spectra of p-CN-Auz/R-THFA assemblies with different molar ratios of R-THFA.
¢ Absorption spectra of p-CN-Aus/R-THFA (molar ratio, 1:3) assemblies under dif-
ferent concentration. d CD spectra of R-THFA and p-CN-Auz/R-THFA (molar ratio,

1:3) in DMF. e Luminescent images of p-CN-Aus/R-THFA (molar ratio, 1:3) assem-
blies. f CD and g CPL spectra of p-CN-Aus/THFA assemblies with different molar
ratios. h-m SEM images of p-CN-Aus/THFA assemblies with different molar ratios
(1:1, 1:3 and 1:30).

fibrous nanostructures. As expected, homochiral helical microtwists
were directly detected by SEM (Fig. 3h-m and S44-56), indicating the
occurrence of supramolecular chirality induced by R-/S-THFA. In
addition, the handedness preference of these helical microtwists
followed the point chirality of THFA molecules, that is, S-THFA and R-
THFA enantiomers could successfully contribute to M-helical and P-
helical microtwists, respectively. It was further confirmed that their
mirrored CD and CPL signals were stem from the opposite supra-
molecular helical chirality. Moreover, the molar ratio of R-/S-THFA
were found to affect morphologies of the interfacial assemblies. SEM
images of R-/S-assembly clearly reveal clear morphological transition
by increasing the amount of chiral inducer from 1 to 30 equiv. As
shown in Fig. 3h, k, when THFA was 1 equiv., thin microtwists con-
sisting of multiple strands of nanowires were formed, since several
single flexible fibers were observed on the substrate simultaneously.

When THFA was up to 3 equiv., the twist-shaped superstructure is
braided by a plenty of short fiber-like units, which are clockwise- or
counter-clockwise-oriented to construct M- or P-helicity super-
structure (Fig. 3i, ). When THFA contents were further increased to
10 equiv., as well as 30 equiv., the twisted superstructure gradually
tended to be more loosely structures with larger size (Fig. S53-56, 3j,
m). These results established that the nanoscale co-assemblies
experienced morphological evolution and hierarchical self-
assembly as the molar ratios of THFA rose.

Photophysical analysis were conducted to attain insights into
assembly mechanism, including aggregation structure and driving
forces. We measured the optical properties of p-CN-Auz/THFA (3
equiv.) co-assemblies. In comparison with the individual p-CN-Aus, p-
CN-Auz/THFA co-assemblies afforded red-shifted emission band
peaked at 522 nm, with shorter phosphorescent lifetime of around 4.10
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ps (Fig. S57). And the PLQY of the co-assemblies exhibited more than a
two-fold increase from 5.7% to 14.1%. As shown in Table S8, the radia-
tive deactivation rate (k;) and non-radiative deactivation rate (k) were
estimated according to @ =17 x k; and 7=1/(k; + ky,). The p-CN-Aus/
THFA co-assemblies displayed significant increasing k, (3.45 x 10*s™)
and slightly increasing k,,; (2.09 x 10°s™) compared to the individual p-
CN-Aus. The enhanced red-shift phosphorescence and increasing k;
indicated that stronger aurophilicity effect'®******% existed in the
spiral co-assembly, which acted as the principal assembly driving for-
ces to induce the metallic supramolecular polymerization and forming
1D aggregates.

Raman spectroscopy can serve as direct evidence for the presence
of aurophilic interactions. Previous studies have reported that the
stretching vibrations associated with Au--Au interactions typically
occur within the range of 30 to 200 cm~1**"*°, To validate the occur-
rence of such interactions in p-CN-Aus/THFA assemblies, we measured
the Raman spectra of p-CN-Aus; crystals and p-CN-Au;/THFA assem-
blies. As shown in Fig. S58, the p-CN-Auj crystals exhibit a distinct peak
at 65 cm! and a shoulder peak at 91 cm™1. These spectral features align
well with the wavenumbers previously assigned to multiple Au---Au
stretching vibrations and can be attributed to intramolecular (3.247-
3.331A) and intermolecular (3.235 A) Au--Au interactions within the
crystal structure. For the p-CN-Aus/THFA assemblies, in addition to the
peak at around 64 cm™1, new Raman bands emerged at 108-114 cm™1.
Given that va,.ay values are closely correlated with Au--Au
interactions®, the appearance of these higher-wavenumber peaks
suggests the presence of enhanced aurophilic interactions within the
assemblies.

To further elucidate the Au---Au interactions in the p-CN-Au;
crystal and p-CN-Aus/S-THFA assembly, a systematic synchrotron-
based Fourier transform extended X-ray absorption fine-structure (FT-
XAFS) scattering analysis was performed*. In the Au L;-edge FT-EXAFS
spectra (Fig. S59), the spectral regions corresponding to Au--Au
interactions are shaded in pink. The peaks centered at 3.34 A in p-CN-
Aus crystal and 3.27 A in p-CN-Aus/S-THFA assembly, respectively, are
attributed to Au - --Au interactions, providing strong evidence for their
presence. After coassembly, the observed spectral shift toward shorter
distances indicates an enhancement of the Au--Au interactions in p-
CN-Aus/S-THFA assembly. These results support the proposed
assembly mechanism driven by aurophilic interactions.

Co-assembly mechanism of p-CN-Au; with R-/S-THFA

In addition to aurophilic interactions, intermolecular Van der Waals
interactions between THFA and p-CN-Au; molecules might be existent
to facilitate chiral transfer and helical co-assembly during the solution-
interface-directed assembly process. To figure out this, '"H NMR titra-
tion studies of p-CN-Auz with THFA of different equivalents were
performed in DMF solution (Fig. 4a, b). The addition of THFA (0.5
equiv.) led to distinct upfield shifts for large portion of H,, H, and H. of
p-CN-Aus, accompanied by the fact that remaining fraction of H were
not chemically shifted yet, indicating that strong non-covalent binding
most likely occurred between p-CN-Au; and THFA. When THFA
reached to 3 equiv. of p-CN-Aus, all the 'H NMR signals of p-CN-Aus
upfield shifted, suggesting that the recognition interactions reached
equilibrium. The phenomenon is consistent with that p-CN-Au; pos-
sesses C3 symmetry, each of which could bind three THFA molecules
via multiple interactions.

To achieve further details to understand the binding modes
between p-CN-Aus and THFA, drop-casting samples were deposited to
FT-IR tests. The FT-IR spectroscopy (Fig. 4c) of p-CN-Auz/THFA co-
assemblies are the combination of THFA and p-CN-Aus;, where almost
all peaks only presented the original characteristic band of each indi-
vidual component. Concretely, the FT-IR peaks of C-O-C (1052cm™)
and N-H (3378 cm™) groups of THFA are significantly moved to
1040cm™ and 3393cm™? in the co-assembly, respectively.

Furthermore, the 1227, 1172 and 1133 cm™ bands, which are ascribed to
C-H on benzene rings in p-CN-Aus, shifted to 1238, 1181 and 1145 cm™
in co-assemblies. However, the FT-IR signals peaked at 2225 cm™ of -CN
group did not change (Fig. S60), demonstrating that there was no
direct interaction between -CN group and THFA. Subsequently, elec-
trostatic potential (ESP) distribution analysis were employed to reveal
their binding sites (Fig. 4d). THFA show negative charges on the O
atom of furan group and N atom of amino group, respectively. For p-
CN-Au;, its negative charges are mainly located at cyano groups, while
C-H in benzene rings and methyl moieties display obvious positive
areas, which can interact with THFA molecules by C-H---O and C-
H---Ninteractions (Fig. 4e). Crucially, introducing chiral R- or S-THFA
molecules enables stereoselective control of p-CN-Aus through direc-
tional C-H - -- O/N non-covalent interactions, and the chiral additives
selectively stabilize one P- or M-conformational isomer (Fig. S31b),
thereby templating the formation of enantiopure helical assemblies
with handedness dictated by the chirality of R- or S-THFA (Fig. 4e). We
found that the position of the -CN substituent group of the Aus
molecules played key roles in directing the interfacial assembled
structures. Achiral slender tubular microstructure was formed for co-
assembly of meta-substituted m-CN-Auz with THFA (Fig. S61), which
did not show any CD and CPL signals. The molecular structure of chiral
inducer is another important factor to control the supramolecular
morphology and chiroptical properties. Both (R)-(+)-tetrahydro-2-
furoic acid and (S)-1-(2-pyridyl)ethylamine failed to yield homochiral
assembly structures from p-CN-Aus (Fig. S62). The above findings
demonstrate the requisite and cooperative roles of chromophore and
chiral inducer structures.

PXRD patterns would provide molecular packing information
within the assemblies. In comparison with individual p-CN-Auj; crystal,
p-CN-Aus/THFA co-assemblies showed new diffraction peaks at around
4.1° (Fig. 4f), indicating their distinct aggregate structures. The single-
crystal XRD data of p-CN-Auj; revealed lamellar packing mode. How-
ever, PXRD pattern of co-assemblies (3 equiv.) displayed ordered dif-
fraction peaks at 26 values of 4.06°, 6.94°, 7.96°,10.48° and 11.84° with
a ratio of 1:v3:v4:v7:W9, supporting a hexagonal columnar packing
mode along the direction perpendicular to the growth orientation of
the 1D nanowires. According to Bragg’s equation, the calculated results
from diffraction peaks gave d-spacing values of 2.17 nm, which was
slightly larger than the size of Au; molecule (around 1.88 nm), due the
insertion of THFA molecules.

Based on above analysis results of morphology, interactions and
packing mode from the asymmetric assembly of p-CN-Au; induced by
R-/S-THFA, we proposed a possible hierarchical assembly mechanism
for the formation of helical structures (Fig. 4g). The p-CN-Au; mole-
cules in a supernatant solution firstly interact with THFA, followed by
the occurrence of chirality transfer through synergistic C-H--- O and
C-H---N interactions, as supported by CD, '"H NMR and FT-IR spec-
troscopic data. After the obtained transparent solution are transferred
to substrates, slow solvent evaporation then induce the co-assembly
units to aggregate along 1D direction through aurophilic interactions
and allow the formation of elementary twisted fibril-like structures.
Finally, the chiral control between the fibers drives their intertwining
and weaving, resulting in the formation of a helical rope with homo-
chirality. In addition to serving as a chiral inducer, THFA is proposed to
exert kinetic control over the assembly process due to its solubilizing
effect on p-CN-Auz molecules. Given the relatively low solubility of p-
CN-Aus and the enhancing effect of THFA on its solubility in DMF,
increasing the molar amount of THFA effectively reduces both the
precipitation and assembly rates of p-CN-Auz during solvent eva-
poration. Consequently, the supersaturation threshold required for p-
CN-Au; precipitation is delayed, resulting in a significantly decreased
nucleation rate. This slower kinetics of assembly allows more time for
pre-assembled units (p-CN-Au; and THFA molecules) to undergo pre-
ferential growth, ultimately leading to larger and stable morphologies.
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Solvent-induced helicity inversion

Solvent-solute interactions can significantly affect the conformation,
electronic structure, and secondary assembly structure of flexible
molecules, potentially altering their self-assembly behavior and overall
optical properties. With the above solvation effect of H,O on p-CN-Aus;
molecules, we initiated exploring the feasibility of using
H,0-chromophore interactions to regulate chiroptical properties of p-
CN-Aus/THFA assemblies. We hypothesis that strong hydrogen-
bonding solvents, H,O molecules, would disturb C-H---O or C-H---
N interactions in the above co-assembly to induce conformational
transformations of p-CN-Aus. As anticipated, with fyy increasing, the CD
spectra of p-CN-Ausz/R-THFA in H,O-DMF mixed-solvent system
showed gradually decreased positive Cotton effect signals, which
finally turned into a negative Cotton effect when fiy reached to 6/7
(Fig. 5a). The red-shift absorption and DLS results suggested that
aggregate occurred under f 6/7 condition (Fig. S63). The p-CN-Au,/S-
THFA exhibited exactly identical behavior, showing negative-to-
positive signal alteration in Cotton effects along with the increasing

of fw. It is supposed that the introduction of H,O molecules could
change the configuration of p-CN-Aus, causing them to exhibit con-
trollable chiroptical properties.

In comparison with DMF processed films, the R-assemblies pre-
pared by drying drop-casting films of p-CN-Aus/R-THFA mixture from
DMF/H,O0 solution also exhibited opposite Cotton effect with negative
peaks at around 403 nm (Fig. S64). The mirrored CD signals are
assigned to the absorption band of molecular aggregate induced by
Au - -Au interactions. Concurrently, in the presence of H,O molecules,
S- and R-assemblies emitted inversed CPL properties. In fiy 2/7 system,
the R-assemblies showed a positive CPL with a g, of 0.011 (Fig. 5b).
With increasing fw, gum increased to 0.018, demonstrating that
aggregation could strengthen this chiral reversal process. With fiy
increasing, FT-IR peak of C-O-C stretching band in R-assemblies
exhibited significant blue-shift from 1042 to 1054 cm™ (Fig. 5¢), indi-
cating weakening of the C-H-- - O interaction. H,O can interfere with
the assembly process, leading to changes in the chirality of the
assembled structure. SEM micrographs (Figs. 5d,e and S65) of R-/S-
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assemblies revealed that H,O induced 2D-nanoflower structure com-
posed of nanosheets rather than 1D fibers. We found that the PLQY of
R-assembly (fy 4/7) is further increased to 19.5% and k,, is reduced to
1.75x10%, indicating a more compact stacks (Fig. S66 and Table S9).
PXRD patterns showed diffraction peaks at 260 values of 7.03 and
13.89°, which are close to the (01-1) and (02-2) diffractions of simulated
XRD patterns from single-crystal data of p-CN-Aus, supporting a multi-
lamellar packing mode in R-/S-assemblies (Fig. 5f).

Based on this, we proposed a possible water-mediated assembly
mechanism, where H,O molecules play a crucial role in the chirality of
assemblies. This phenomenon might originate from the dynamic
conformational equilibrium of p-CN-Aus. As previously mentioned, p-
CN-Aus is an achiral molecule. In solution, the benzene rings are cap-
able of free rotation, and due to its propeller-like conformation, the p-
CN-Aus can adopt both M- and P-conformers (Fig. S31b). Upon intro-
ducing enantiopure R- or S-THFA, directional C-H--- O/N interactions
selectively stabilize one homochiral conformer, inducing homo-
chirality evidenced by intense CD signals (Fig. 3d). Crucially, incre-
mental water addition progressively might disrupt such THFA-cluster
binding through competitive hydrogen-bonding, destabilizing the
initially locked conformer. In this system, further addition of water
molecules led to gradual decrease in the CD signals (Fig. 5a), which
eventually inverted with increasing water content. As water content
increases, the system undergoes reequilibration toward the mirror-
image conformer, evidenced by CD signal attenuation. Chirality

inversion indicates that water molecules induce a conformational
transition of p-CN-Auz from one enantiomeric conformation to its
mirror-image counterpart. By weakening the intermolecular C-H--- O
interactions, water molecules induce a helical chirality in the assembly
that is opposite to the intrinsic chirality of the THFA. Mediated by
water molecules (Fig. 5g), p-CN-Aus/R-THFA form a 1D M-helical
molecular chains driven by aurophilic interactions, which then
undergo layer-by-layer stacking to form flexible ribbon-like nanosh-
eets, further assembling into nanoflower structures.

Discussion

In summary, we proposed and employed an aurophilicity-assisted
orthogonal assembly strategy to fabricate homochiral architectures
based on an achiral p-CN-Au; molecule. Benefiting from its C;-sym-
metrical structure and potential Au--Au interactions, p-CN-Au; can
spontaneously assemble into random P- and M-helical nanowire
through symmetry breaking. The introduction of R/S-THFA have suc-
cessfully induced preferred homochiral twists of p-CN-Ausz assembly.
Two types of independent interactions, including aurophilicity and C-
H--- X interactions together lead to orthogonal assembly. In this case,
intermolecular C-H---O and C-H---N interactions assure strong
binding effect and chirality transfer process between R/S-THFA and p-
CN-Aus in DMF solution. While, aurophilicity driven p-CN-Aus/THFA
units to spiral align along 1D direction forming nanoscale rod-like
structures, which further assembled into hierarchical helical twists. We
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found that the addition of H,0 could mediate the co-assembly process,
which eventually result in chirality inversion and morphological
transformation, accompanied by switching CPL signs. These results
elaborate the chirality transfer and evolution in the hierarchical
assemblies of achiral Au(l) cluster and allow the precise control of
chirality through the aurophilicity-assisted orthogonal assembly
methodology.

Methods

Synthesis of p-CN-Au;

Complex p-AuCSA (15.00mg, 0.02mmol), (THT)AuCl (6.40 mg,
0.02 mmol) and 2.0 pL of NEt; (0.44 mmol) were added in 3 mL CH,Cl,
and stirred for 2 h at room temperature in the dark. Finally, a white
turbid solution was obtained. The solvent is removed by filtration, and
the precipitate was washed three times with a small amount of DCM to
obtain a white product p-CN-Au; (5.20 mg, 0.0048 mmol). Yield: 24%
(based on Au). 'H NMR (600 MHz, d6-DMSO) 7.80 (d, /=8.6 Hz, 6H),
7.43 (d, J=8.4Hz, 6H), 3.90 (s, 9H). Elemental analysis calcd (%): C
30.35; H 1.98; N 7.87; found: C 29.01; H 1.85; N 7.13. m/z: [M + CI]
Ca7H2,AusN¢O;CI. Caled 1103.0360, found 1103.0274.

Synthesis of m-CN-Au;

Complex m-AuCSA (15.00 mg, 0.02 mmol), (THT)AuCl (6.40 mg,
0.02mmol) and 2.0 uL of NEt3 (0.44 mmol) were added in 3mL
CH,Cl, and stirred for 2 h at room temperature in the dark. Finally, it
becomes a white turbid liquid. The solvent is removed by filtration,
and the precipitate was washed three times with a small amount of
DCM to obtain a white solid of m-CN-Aus. Yield: 26% (based on Au).
'H NMR (600 MHz, d6-DMSO) 6 7.68 (s, 3H), 7.61 (d, J=7.5Hz, 3H),
7.57 (d,/=8.1Hz, 3H), 3.89 (s, 9H). Elemental analysis calcd: C 30.35;
H 1.98; N 7.87; found: C 29.62; H 1.96; N 7.23. m/z. [M + CI]
Cy7H2:Au3NgO5CI. Caled 1103.0360, found 1103.0330.

Preparation of p-CN-Au; crystals

Dissolve solid powder of p-CN-Au; in DCM under ultrasound condi-
tions, and then seal the vial and make two small holes. After evapor-
ating in a refrigerator at 4 °C for 2 days, the crystals of p-CN-Auz were
obtained.

Preparation of p-CN-Auz and m-CN-Auj; self-assembly

1.00 mg p-CN-Au; were added into 1.0 mL DMF (or CH,Cl,), then the
mixture were heated until the solid were completely dissolved. After
naturally cooling to room temperature, white flocculent precipitate
was obtained to be the self-assembly of p-CN-Aus. The m-CN-Auj; self-
assembly was obtained via the similar method.

Co-assembly protocol

p-CN-Au; (4.00 mg) was dissolved in DMF (4.0 mL) under heating to
prepare a 1.0 mg/mL solution. Two R-/S-tetrahydrofurfurylamine (R-/S-
THFA) stock solutions (a and b) were prepared by dissolving 3 pL of R-/
S-THFA in DMF (197 pL for solution a, 37 pL for solution b). Solution of
p-CN-Aus/THFA mixture with varied equivalents (1-30 eq) were
obtained by adding specific volumes of R-/S-THFA solutions (2, 4, 6,
14 pL of a; 4,12 pL of b) to 300 pL of the p-CN-Auj solution, followed by
sonication for 20 min.

50 pL of the above mixture was drop-cast onto a 2cm X 2cm
quartz slide and dried for 6 h in a fume hood, then the obtained film
were subject to chiroptical analysis. 2L of the same mixture
was drop-cast onto a 3mm x 3 mm silicon wafer and dried under
identical conditions, then the obtained films were subject to SEM
analysis.

Single crystal X-ray diffraction analysis
Crystallographic data collection and structural refinement. Single
crystal X-ray diffraction (SCXRD) analysis measurements of p-CN-Aus;

were performed at 200 K on a Rigaku XtaLAB Pro diffractometer with
Cu-Ka radiation (1=1.54184 A). Data collection and reduction were
performed using the program CrysAlisPro™. The structure was solved
with direct methods (SHELXS)™ and refined by full-matrix least squares
on F2 using OLEX2", which utilizes the SHELXL-2015 module®. All
atoms were refined anisotropically, and hydrogen atoms were placed
in their calculated positions with idealized geometries and assigned
fixed isotropic displacement parameters. Detailed information about
the X-ray crystallography data, intensity collection procedure, and
refinement results are summarized in Tables S1.

Photophysical measurements

UV-Vis absorption spectra were recorded using a Hitachi UH4150.
Steady-state photoluminescence (PL) spectra were obtained via a
HORIBA FluoroLog-3 fluorescence spectrometer. The luminescence
lifetime were measured on a HORIBA FluoroLog-3 fluorescence spec-
trometer operating in time-correlated single-photon counting
(TCSPC) mode. The photoluminescence quantum yields (PLQY, @)
were measured using an integrating sphere on a HORIBA Scientific
FluoroLog-3 spectrofluorometer. Luminescence microscopy images
were recorded on an Olympus BX53 microscope. Solvent used for
photophysical measurements is of analytical purity.

CD spectra

CD spectra were recorded using a JASCO J-1500 spectrophotometers.
Solid samples were prepared on quartz slides and measured in con-
ventional transmission mode at various orientations (0°, 90°,180°, and
270°) by rotating the quartz slide.

CPL spectra

CPL spectra were obtained using a JASCO CPL-300 spectro-
photometer. To minimize interference from linear birefringence (LB)
effects and potential artifacts arising from macroscopic anisotropy,
the sample was flipped and its orientation was varied (0°, 90°, 180°,
and 270°) along the direction of incident light propagation.

Quantum chemical calculations

The energies of frontier molecular orbitals were calculated based on
the structures of the crystal dimers, by performing a single point
energy calculation at PBEO/def2-SVP level™ 2 in vacuum. Time
dependent density functional theory (TD-DFT) calculation was further
carried out at TD-PBEO/def2-SVP level based on the structures of the
crystal dimers.

Data availability

All data are available from the corresponding author upon request.
The data generated in this study are provided in the Supplementary
Information file. Crystallographic data for the structures reported in
this Article have been deposited at the Cambridge Crystallographic
Data Centre, under deposition numbers CCDC 2361828 (p-CN-Aus).
Copies of the data can be obtained free of charge via https://www.ccdc.
cam.ac.uk/structures/. Source Data are provided with this manu-
script. Source data are provided with this paper.
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