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ABSTRACT: Amphiphilicity is a surface property that has yet to be explored for
the noble metal nanoclusters (NCs). This article shows how amphiphilicity may
be added to sub-2-nm metal NCs by patching hydrophilic NCs (e.g,
Auys(MHA),; NCs where MHA is 6-mercaptohexanoic acid) with hydrophobic
cations (e.g., cetyltrimethylammonium ion, CTA*) to about half of a monolayer
coverage. Specifically we demonstrate the preparation of amphiphilic
Auys(MHA),;@xCTA NCs (x = 6—9 where x is the number of CTA" per
NC) by the phase-transfer (PT) driven ion-paring reaction between CTA* and
—COO~ (derived from the deprotonation of the terminal carboxyl group of
MHA). Due to the coexistence of flexible hydrophilic MHA and hydrophobic
MHA:--CTA ligands in comparable amounts on the NC surface, the
Auys(MHA),;@xCTA NCs (x = 6—9) exhibit good amphiphilicity, which
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enabled them to dissolve in solvents with distinctly different polarities and to self-

assemble like a molecular amphiphile. Consequently, the amphiphilic Au,s(MHA),;@xCTA NCs (x = 6—9) could self-organize
into stacked bilayers at the air—liquid interface, similar to the formation of lyotropic liquid crystalline phases by common
surfactants. The good solubility and molecular-amphiphile-like self-assembly properties can significantly increase the utility of

noble metal NCs in basic and applied research.

B INTRODUCTION

Thiolate-protected noble metal nanoclusters (NCs), or
M, (SR),, (where M and SR are the metal atom and the thiolate
ligands, respectively), are extremely small particles with a core
size smaller than 2 nm.'~* They exhibit strong size-dependent
properties such as a discrete electronic structure, intense
photoluminescence, and high catalytic activity.> '® These
properties can be additionally modified by surface engineering.
For example, the electronic and optical properties of NCs can be
varied by tailoring the ligand environment; and the critical role of
the NC surface on molecular recognition has been well-
documented.""'”~?® Amphiphilicity is a NC surface property
which has yet to be explored. Similar to amphiphilic nano-
particles,27_29 an amphiphilic surface may impart NCs with good
solubility in a wide range of solvents, thereby increasing their
utility in basic and applied research. It also introduces molecular-
amphiphile-like self-assembly properties (formation of spherical,
cylindrical, or disk-shaped micelles,>” 7> vesicles,*** and
bilayers®®) and packs the NCs into hierarchical structures with
the desired geometry, symmetry, and long-range order for NC
structural determination and further diversification of proper-
ties.***~* Amphiphilic NCs make it easier to study the
difference between discrete and assembled NCs.

In principle, a good NC amphiphile (or amphiphilic NC)
should possess a comparable number of hydrophilic and
hydrophobic moieties on its surface.*>*"* Such amphiphilic
NCs may be produced by two means: (1) ligand-exchange
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reaction****7% and (2) partial modification of a uniform

surface. However, in the first approach where the creation of
amphiphilicity relies on the exchange reaction between ligands
with markedly different polarities, the metal core is often
perturbed to result in random changes of the NC optical and
catalytic properties.***® A “soft” surface modification approach
without perturbation of the metal core is clearly the alternative.
This is best accomplished by partially patching the surface of
hydrophilic NCs with hydrophobic moieties because hydrophilic
ligands (e.g., carboxyl (—=COOH) and sulfonic
(=SO;H))***"~* are more amenable to surface modifications.
Hydrophobic NCs, on the contrary, lack similar surface
reactivity. Since most hydrophilic NCs deprotonate easily at or
above pH 7 to acquire a negative charge, electrostatic interaction
can be a means to drive the surface modification of hydrophilic
NCs 325051

Herein, we demonstrate the preparation of amphiphilic NCs
by coating hydrophilic NCs with hydrophobic cations to about
half of a monolayer coverage. This was made possible by a phase-
transfer (PT) driven ion-paring reaction between hydrophobic
cations (e.g, cetyltrimethylammonium, CTA") and the anionic
surface groups of hydrophilic NCs (e.g,, carboxylate, —COO™).
A moderately polar organic medium could then be used to
selectively extract these moderately polar NCs (i.e., amphiphilic
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Scheme 1. Schematic Illustration of the Synthesis of Amphiphilic Au,;(MHA),;@xCTA NCs by the Phase-Transfer (PT) Driven

Ion-Pairing Reaction
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NCs) from the aqueous phase to a lyophilic phase, driving the
ion-pairing reaction in the aqueous phase to continuously
regenerate these amphiphilic NCs. The amphiphilic NCs formed
as such were readily soluble in solvents spanning a wide range of
relative dielectric constants (¢, = 4.15—42.5). More interestingly,
the amphiphilic NCs could be self-assembled into a stacked
bilayer structure at the air—liquid interface, similar to the
formation of lamellar liquid crystals from common amphiphilic
molecules.’>>

B RESULTS AND DISCUSSION

Synthesis of Amphiphilic Au,5(MHA),;@xCTA NCs (x =
6—9). Au,(MHA),3 NCs (where MHA is 6-mercaptohexanoic
acid) and CTA" were the model hydrophilic NCs and
hydrophobic cations in this study, respectively. The binding of
CTA" to the surface of the Au,s(MHA),3 NCs was driven by the
following ion-pairing reaction:>>*!

CTA" + Na*(TO0C-) 2 (CTA")(T00C-) + Na* (1)

where —COO™ was from the deprotonation of the —COOH
group (one —COOH group per MHA molecule), and Na* was
from the ionization of NaOH (pH adjuster) in water. In view of
the dynamics of reversible reactions, of which the above ion-
paring reaction in the aqueous phase is one (Scheme 1, Phase
(i), the CTA* bound Au,s(MHA) s NCs (hereafter referred to
as Auys(MHA),;@xCTA where « is the number of CTA* per
NC) should initially contain a range of x values. It is reasonable to
expect that Au,s(MHA),;@xCTA NCs with x exceeding certain
threshold values are sufficiently hydrophobic to be selectively
extracted from the aqueous phase to the organic phase (Scheme
1, Phase (ii));>** and the ion-pairing reaction would reform the
departed species in the aqueous phase in order to restore
equilibrium. We term such regenerative mechanism as “phase-
transfer (PT) driven ion-pairing” (Scheme 1). Since the PT is
driven by the affinity of Au,;(MHA),;@xCTA NCs for the
organic medium, it will be the most effective when there is a
match of polarities between the NCs and the medium.
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Consequently, a deliberate control of the organic medium
polarity should allow Au,(MHA),;@xCTA NCs with the
desired polarity (or specific x values) to be selectively extracted
from the aqueous phase. In particular, Au,(MHA);@xCTA
NCs with good amphiphilicity and moderate polarity imparted
by an intermediate x value (e.g, x = ~9) should be easily
extracted by a moderately polar organic medium to support the
volume production of NC amphiphiles by the PT driven ion-
pairing mechanism. The following is a detailed account of the
experimental demonstration of this hypothesis.

The synthesis of Au,s(MHA),; NCs was based on a previous
procedure with some minor changes.'” The raw Au,s(MHA),4
NC aqueous solution prepared as such was brown in color (inset
#1 in Figure 1a) and showed the absorption characteristics of
pure Au,5(SR),5 NCs at 440 and 672 nm (Figure 1a, black line).
The well-defined absorption spectrum is an indication of the high
quality of the Au,s(MHA),; NCs in the raw product. The quality
of Au,s(MHA),; NCs was confirmed by electrospray-ionization
mass spectrometry (ESI-MS). In the broad m/z range of 1000—
4000, two clusters of peaks were found at around m/z = 1280 and
1540 (Figure 1b) in good agreement with ionized NCs with 6—
and 5— charges, respectively. The detailed assignment of the ESI-
MS spectrum of ionized NCs with 5— charge is shown in the
insets of Figure 1b as an example.

Amphiphilic Au,s NCs were prepared by the PT driven ion-
paring reaction between CTA" and -COO™ on the surface of
Au,s(MHA) 4 NCs. A moderately polar ethanol/toluene mixture
was the organic medium used to extract amphiphilic Au,; NCs
selectively from the aqueous phase. Experimentally, calculated
amounts of cetyltrimethylammonium bromide (CTAB) and
Auys(MHA), NCs (in a CTAB:Au mole ratio of 100:1) were
mixed in a mixed solvent system consisting of an equal volume of
water, ethanol, and toluene. The partition of ethanol between
water and toluene led to the formation of an organic phase
containing ethanol and toluene. The mixture was stirred for S
min and then kept still for 10 min. The Au,; NCs were
completely transferred from the aqueous phase to the organic

DOI: 10.1021/jacs.5b00090
J. Am. Chem. Soc. 2015, 137, 2128-2136


http://dx.doi.org/10.1021/jacs.5b00090

Journal of the American Chemical Society

a b Au, (MHA) [Auzs(MHA)15 + yNa - (y + 5)H]s- ~ '«Peak Spacing = 0.2
_ 55 789 i + Charge = 5-
— Au,(MHA) 3 TS .
% 18 & W‘M}J‘J W »Jl«\h'wl‘u'\»\mrtwmww
— Au,(MHA), @xCTA 2 5- T1520 1540 1560 1580 1539 1540 1541 1542
= 2 Pdeisihan . | .
8
[] T T T T ]
Q 1000 2000 3000 4000
& c
3
Au_ (MHA CTA) + =Peak Spacing = 0.2
:6 - [ 25( )13@(Z ] . . Charge = 5-
@ F] 3-
2 < .
< - 4-
2 — 4
2 5- 3 1626 1627 1628 1629
s — 4 5
£ 2 2 3
153 { 5 l 6
T T T T L LL I Lol 1 A
400 600 800 1000 . . )
1000 2000 3000 4000
Wavelength (nm) m/z

Figure 1. (a) UV—vis absorption spectra of Au,s(MHA), 4 (black line) and phase-transferred Au,s(MHA),;@xCTA (red line) NCs; the insets in (a) are
the digital photos of freshly prepared Au,s(MHA),s NCs in aqueous solution (#1) and the phase-transferred Au,s(MHA);;@xCTA NCs in the organic
phase (#2). (b) ESI-MS spectrum of Au,s(MHA) 5 NCs in the negative-ion mode. The charges on the ionized NC species are shown above each set of
peaks; inset #1 in (b) is the zoomed-in spectrum of ionized Au,;(MHA) s NCs with S— charge, with the number of coordinated Na* shown above each
peak; inset #2 in (b) shows the experimental (black line) and simulated (red line) isotope patterns of [Au,s(MHA) s + 6Na — 11H]*". (c) Negative-ion
ESI-MS spectrum of phase-transferred Au,s(MHA),;@xCTA NCs, with the value of x* (the apparent number of CTA" in each NC with charge z)
shown in red above each peak; the inset in (c) is the experimental (black line) and simulated (red line) isotope patterns of [Au,s(MHA),;@2CTA —

7H]S.

phase (inset #2 in Figure 1a), indicating the successful binding of
CTA" ions to the surface of Au,s(MHA);3 NCs by this
procedure. UV—vis spectroscopy was first used to examine the
core size of the phase-transferred NCs (denoted as PT-NCs).
The resulting spectrum, which is reproduced in Figure la (red
line), was almost identical to the spectrum of the Au,s(MHA) 4
NCs before PT. Hence, the CTA" binding did not alter the core
structure of the original Au,s(MHA)5 NCs.

ESI-MS (in the negative-ion mode) was then used to examine
the extent of CTA" binding on PT-NCs, ie., the x value in
Auys(MHA),;@xCTA NCs. The ESI-MS spectrum of PT-NCs
in Figure 1c shows three sets of intense peaks in the broad m/z
range of 1000—4000. They could be assigned to ionized
Auys(MHA),;@xCTA NCs with 5— (m/z = ~1627), 4— (m/z
= ~2105), and 3— (m/z = ~2902) charge, respectively. A
representative isotope analysis of [Au,i(MHA);;@2CTA —
7H]*" is shown in the inset of Figure 1c. The apparent number of
CTA" in each ionized NC species carrying a charge of z (referred
as &%) is also labeled in the ESI-MS spectrum (Figure 1c) for easy
identification. It can be seen that the species with 3— charge (the
cluster of peaks at m/z = ~2902) consisted of a distribution of
#° from 3 to 6 (with a population maximum at 4), while the
distributions of x*~ and x°~ contained mostly x*~ = 2§
(population maximum at 3) and x°~ = 1-3 (population
maximum at 2), respectively. Despite the variations in peak
intensity, the outlines enveloping the peaks of NC species with
3—, 4—, and S5— charge were visually similar, and the
corresponding peak intensities were found to follow the
approximate relation of ¥~ ~ «*” + 1 ~ »*~ + 2 (e.g, using
the x°~ values of the most prominent peaks for the 3—, 4—, and
5— species, x°~ (= 4) = x*” (= 3) +1 = &°~ (=2) + 2). This
suggests that the development of negative charge in these ionized
NCs was most likely based on the successive dissociation of
CTA" from the Au NCs. The observation of the dissociation of
bulky hydrophobic cations before smaller cations (e.g,, H") in
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ESI has previously been reported by Lee et al.** On this basis, the
total number of CTA" in the neutral form of Au,;(MHA),;@
xCTA NC (ie., x) may be calculated as follows:

)

Therefore, we inferred that there were 6—9 (with a population
maximum at 7) CTA* per Au,s(MHA),;3 NC in the charge-
neural PT-NCs. Given that each Au,(MHA) 3 NC contains 18
hydrophilic MHA ligands and the 1:1 pairing between MHA and
CTA", the 6—9 CTA" per NC would correspond to
approximately half of a monolayer coverage of hydrophobic
moieties on the Au,s(MHA),q NC surface. This implies that
Au,s(MHA);@xCTA NCs (x = 6—9) were protected by a
comparable number of hydrophilic MHA and hydrophobic
CTA*—MHA paired ligands (i.e, MHA--CTA where hydro-
phobicity is imparted by the hydrocarbon ends of CTA*). It also
shows that amphiphilic NCs could be formed in high yield by the
PT driven ion-pairing reaction using a moderately polar ethanol/
toluene mixture as the organic extractant.

Several control experiments were used to verify the formation
of Au,(MHA),;@xCTA NCs (x = 6—9) via the proposed
polarity-dependent PT driven ion-pairing mechanism. First, we
disabled the PT of Au,s NCs by tuning the polarity of the organic
phase to highly nonpolar (CTAB has low solubility in a nonpolar
solvent such as toluene). As shown in the inset of Figure 2a(i),
the Au,s(MHA),;@xCTA NCs could not migrate to the organic
phase from the aqueous phase when ethanol was eliminated from
the trisolvent system (volume fraction of ethanol, froy = 0).
Without the transfer of the NC species to the organic phases, the
ion-pairing reaction occurred to the full extent allowable by
thermodynamics in the aqueous solution. The non-phase-
transferred product formed as such was Au,s(MHA) ;@xCTA
NCs (x = 3-S5, referred to henceforth as non-PT-NCs). The x
value was calculated based on the x°~ species in Figure 2b(i)
according to eq 2. These non-PT-NCs (x = 3—5) were much

z
X=X —Z
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Figure 2. Comparison of the ESI-MS spectra (in negative-ion mode) of non-phase-transferred (i), intermediate-phase-transferred (ii), and phase-
transferred (iii) Au,s(MHA),s@xCTA NCs prepared with f 5,05 = 0, 0.20, and 0.33, respectively. (a) Spectra in the broad 1500—4000 m/z region; the
insets in (a) show corresponding digital photos of Au,;(MHA),;@xCTA NCs, where the blue arrow in (ii) indicates the intermediate-phase-transferred
Au,(MHA),;@xCTA NCs agglomerating at the aqueous—organic interface. (b) Zoomed-in spectra of NC species with 3— charge. (c) Zoomed-in

spectra of representative peaks in (b).

more hydrophilic than the PT-NCs (x = 6—9, obtained with
Sfron = 0.33, the ESI-MS spectra of which are also included in
Figure 2, panel (iii) for ease of comparison). The formation of
these more hydrophilic (ie., smaller x values) non-PT-NCs
could be attributed to the presence of excess Na* in the aqueous
phase, which shifted the ion-pairing equilibrium (eq 1)
significantly to the left and, consequently, a smaller extent of
CTA" binding on the Au,s(MHA),5 NC surface. This hypothesis
is supported by a series of peaks due to Na coordination in the
ESI-MS spectrum of non-PT-NCs (Figure 2¢c(i)). There was no
similar series of peaks in the ESI-MS spectrum of PT-NCs
(Figure 2c(iii)).

Using a solvent mixture with an intermediate fg,op value of
0.20, we were able to control the PT to the extent that
Au,s(MHA),;@xCTA NCs were agglomerated at the aqueous—
organic interface (inset of Figure 2a(ii)). These NCs may be
referred to as intermediate-PT-NCs. Since the intermediate-PT-
NCs were in contact with both aqueous and organic phases, they
acquired the surface features of non-PT-NCs and PT-NCs. This
is evidenced from the broad distribution of x values (x = 3—9) in
their EST spectrum. The x values were calculated based on the x*~
species in Figure 2b(ii) according to eq 2. Peaks due to some
slight Na* coordination were detected in the ESI-MS spectrum of
intermediate-PT-NCs (Figure 2c(ii)). All of these observations
are consistent with the proposed PT driven ion-pairing
mechanism, where polarity-dependent selective PT of certain
NC species (e.g, Au,s(MHA);;@xCTA NCs (x = 6-9),
obtained by using a moderately polar ethanol/toluene mixture)
could drive the ion-pairing reaction to sustain the formation of
the extracted NC species. Additional details about the ESI-MS
spectra (including the wide-scan spectra and representative
isotope analyses) of non-PT-NCs, intermediate-PT-NCs, and
PT-NCs can be found in Figure 2a and Figure S1 (in the
Supporting Information).

As an important corollary of the polarity-dependent PT driven
ion-pairing, Au NCs with a more hydrophobic surface should be
producible by the PT of NCs into a low polarity organic solvent.
We verified this corollary by carrying out the PT driven ion-
pairing reaction using pure toluene as the extraction medium. In
this case, a bulkier and more hydrophobic cation, tetraocty-
lammonium (TOAY), was used in lieu of CTA" to enable the PT.
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UV—vis analysis (Figure S2a) confirmed the conservation of the
Au,; core structure in these phase-transferred NCs (referred to as
Au,s(MHA);@xTOA NCs). ESI-MS analysis (Figure S2b-d)
suggested x = 8—11 in Au,s(MHA);;@xTOA NCs, higher than
that in the case of Au,s(MHA),;@xCTA NCs (x = 6-9). A
greater extent of hydrophobic cation binding, together with the
more hydrophobic nature of TOA", rendered the surface of the
NCs to be hydrophobic enough for selective extraction by a low
polarity solvent (toluene).

Amphiphilicity of Au,5(MHA),s@xCTA NCs (x = 6-9).
The coexistence of hydrophilic MHA and hydrophobic MHA- -
CTA ligands in comparable amounts on the NC surface, and the
flexible chain structure of these ligands, should make PT-NCs
(e, Au,s(MHA);@xCTA, where x = 6—9) a potential NC
amphiphile. Given that the sizes of the Au core, MHA ligands,
and CTA" cations are quite comparable (~1.0,*° 0.7, and 2.0
nm, respectively; see the illustration in Scheme 2), the polarity of

Scheme 2. Schematic Illustration of the Sizes of the Au Core,
MHA, and CTA"* Cations in Au,s(MHA),;@xCTA NCs (x =
6—9)°

MHA Anion CTA* Cation
¢ | ¥ ¢
Au ek b Ly BOU S Www
1.0 nm 0.7nm | 2.0 nm R

“The size of the Au, core is taken from the literature,”*® and the
lengths of MHA and CTA" are estimated by CS ChemOffice Ultra 4.5.

Au,s(MHA),;@xCTA (x = 6—9) NCs should depend on the
way MHA and MHA:--CTA ligands are arranged on the NC
surface. The flexible hydrocarbon chains of MHA (Cg4-chain) and
CTA" (C,4-chain) enable these ligands to easily organize into
different configurations on the Au,s(MHA),;;@xCTA NCs (x =
6—9) to adapt to the solvent polarity. For example, in a polar
environment, the hydrophobic MHA---CTA ligands could bunch
together at one end of the NC to leave the hydrophilic MHA
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Scheme 3. Schematic Illustration of the Self-Assembly Process of PT-NCs (Au,s(MHA);s@xCTA NCs where x = 6—9))

(b)

Non-Polar

Medium Induced
Polarity
Modulation

o

/\/\f\/\u%a

x
Au,s(MHA),;@xCTANC

(a)

(c)

ooty : Air
1 §e2
e W"s,:-f' ?:-‘ s --------------
Solvent aves 4 ﬁ’ . Liquid
Evaporation
_—>

s s .
el
b {11

Micelle

Vesicle

Assembly at Air-
Liquid Interface

d) .t p, 080 oty oty
( )‘m-"w"‘(w"’m—"a—f‘.w.

Assembled
Auys(MHA),; @xCTA Film
! . 8 ' < .
(a-, !rwf ’(;v:‘(a'-a
H
\N’ -w» w—’ S !
-_; ;to): ;n'; ;-o‘_

ligands exposed at the opposite end to maximize the NC polarity
(the polar configuration illustrated in Scheme 3b). On the
contrary, the hydrophobic MHA:--CTA ligands could also fold
over on top of the hydrophilic MHA ligands to minimize the
polarity of NCs in a nonpolar environment (the nonpolar
configuration illustrated in Scheme 3b). Such a medium-induced
polarity modulation mechanism could maximize amphiphilicity
by adapting the surface of Au,s(MHA),;@xCTA NCs (x = 6—9)
to the environment (a “smart” surface of sorts).

The amphiphilic character of Au,s(MHA),;;@xCTA NCs (x =
6—9) was first demonstrated by their good solubility in solvents
with very different polarities. The polarity of a solvent is usually
measured by its relative dielectric constant, €, The purified
Auys(MHA),;;@xCTA NCs (x = 6—9) could form homoge-
neous solutions in mixed solvents covering a wide range of €,
values from 4.15 (ethanol/hexane =10/90 v/v) to 41.2§
(ethanol/water =70/30 v/v). These NC solutions (with NC
concentration [NC] = 0.02 mM) were clear (insets of Figure 3a)
and stable to mechanical disturbance. Centrifugation at 10,000
rpm for 10 min did not result in any precipitation, as shown by
the superimposable UV—vis absorption spectra of the NC
solution before and after centrifugation (Figure 3a). Trans-
mission electron microscopy (TEM) images (Figure 3b—f) of
Au,s(MHA),;@xCTA NCs (x = 6—9) confirm their good
dispersibility in the solution. No nanoparticles or aggregates
larger than 3 nm were found in the TEM images. The high
resolution TEM (HR-TEM) images (Figure 3b—f insets) also
confirm the smallness (<2 nm) and the discreteness of the
Auys(MHA),;@xCTA NCs (x = 6—9) in these media. To the
best of our knowledge, the Au,s(MHA) ;;@xCTANC (x=6—9)
in this study could be the NC family with the broadest medium
polarity window where homogeneous NC solutions may form. A
e, outside of the aforementioned window would render the
Au,s(MHA),;@xCTA NC (x = 6—9) difficult or unable to
dissolve. For example, dimethyl sulfoxide (DMSO, &, = 46.70)
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and hexane (¢, = 1.88) were respectively the nonsolvent and the
poor solvent for Au,s(MHA),;@xCTA NCs (x = 6—9).

Self-Assembly of Amphiphilic Au,5(MHA),;@xCTA NCs
(x = 6—9). A remarkable feature of molecular amphiphiles is the
formation of bilayers and lamellar structures (e.g., lyotropic
liquid crystals) by self-assembly.>>*” Likewise our NC analog of
molecular amphiphiles also exhibited self-assembly properties.
The investigation of the self-assembly characteristics of
Auys(MHA),;@xCTA NCs (x = 6—9) was carried out in a
DMSO/ethanol mixture (50/50 v/v), where volatile ethanol is a
good solvent for Au,s(MHA),;@xCTA NCs (x = 6—9) and
nonvolatile DMSO is a poor solvent. The preferential
evaporation of ethanol could therefore induce the self-assembly
of Au,s(MHA),;;@xCTA NCs (x = 6—9) at the air—liquid
interface. Experimentally, purified Au,s(MHA),;@xCTA NCs
(x = 6—9) were redissolved in a DMSO/ethanol mixture (50/50
v/v) to a [NC] of 0.53 mM. Solvent evaporation was carried out
at ambient conditions (298 K and 1 atm) over a period of 2—3
days. A brownish-black film (inset #2 in Figure 4a) was formed at
the air—liquid interface by the end of the procedure.

The brownish-black film was first characterized by UV—vis
absorption spectroscopy. The film was redissolvable in ethanol
and the ethanol solution of the film was indistinguishable from
the ethanol solution of Au,s(MHA),;@xCTA NCs (x = 6—9)
(Figure 1a, red line) by UV—vis absorption spectroscopy (Figure
4a). This is possible if the brownish-black film was an organized
aggregate of the Auys(MHA),;@xCTA NCs (x = 6—9). The
morphology of these film-like Au,s(MHA);;@xCTA NCs (x =
6—9) was then examined by field-emission scanning electron
microscopy (FESEM). The FESEM images (Figure 4b and c)
show a deformable (evidenced by the presence of creases in
Figure 4b) flexible sheet-like structure with a typical thickness of
~15 nm (see high resolution FESEM image in Figure 4c). The X-
ray diffraction (XRD) pattern of the film (Figure 4d) contains
two distinctive diffraction peaks at 26 = 4.02° and 7.08°. The
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Figure 3. (a) UV—vis absorption spectra and (b—f) TEM images of
Auys(MHA),;@xCTA NCs (x = 6—9) in different media: (a(i), b)
ethanol/hexane = 10/90 v/v, &, = 4.15; (a(ii), c¢) ethanol/hexane = 40/
60 v/v, £, = 10.97; (a(iii), d) ethanol/hexane = 70/30 v/v, &, = 17.78;
(a(iv), e) ethanol, &, = 24.60; and (a(v), f) ethanol/water = 70/30v/v, &,
=41.25. The superimposed black and red lines in (a) are respectively the
UV—vis absorption spectra of freshly prepared and centrifuged (at
10,000 rpm for 10 min) NC solutions. The insets in (a) are the digital
images of freshly prepared NC solutions. The insets in (b—f) are
corresponding high resolution TEM images of the NCs, where the scale
bars are 20 nm. All measurements were taken at [NC] = 0.02 mM.

bimodal XRD pattern is typical of the formation of regularly
stacked bilayer structures where there are two characteristic
interlayer distances (d) corresponding to the hydrophilic and
hydrophobic zones respectively (see schematic illustration in the
inset of Figure 4d and Scheme 3d). Hence the sheet-like
structure in the FESEM images (Figure 4b and c) most probably
consisted of ordered stacking of bilayers of Au,s(MHA);@
xCTA NCs (x = 6—9). Since the thickness of the sheet-like
structure (~15 nm) was much larger than the size of a
Auys(MHA),;@xCTA NC (x = 6—9) (see Scheme 2 for a
schematic illustration), the thin film was Au,(MHA),;@xCTA
NCs (x = 6—9) stacked to resemble a lamellar bilayer structure
formed by molecular amphiphiles.

The layered structure of these Au,s(MHA);;@xCTA NC
films (x = 6—9) was also confirmed by TEM analysis (Figure 4e
and f). We managed to exfoliate a film in DMSO through a brief
ultrasonication (37 kHz, S min). A droplet of the resultant
DMSO solution was drop-cast on a TEM copper grid and dried.
The TEM image shows a single-NC-thick sheet which was folded
in several places (Figure 4e). The HR-TEM image (Figure 4f)

2133

confirms the sheet was composed of small NCs (<2 nm). There
was however no indication of the intralayer structural order in
each NC layer (Figure 4f), verifying that the XRD peaks were
caused by diffraction from regular interlayer distances.

The stacked bilayer structure could be formed by the
aggregation and rearrangement of micelles or vesicles of
amphiphilic Au,s(MHA),;;@xCTA NCs (x = 6—9) at the air—
liquid interface. With the evaporation of ethanol, the polarity of
the DMSO/ethanol mixture gradually increased. In the early
stages of evaporation, the “smart” surface of Au,s(MHA) ;@
«CTA NCs (x = 6—9) was able to undergo rearrangement to
adapt to the changing polarity of the medium and kept them
soluble in the mixed solvent. However, continual evaporation of
ethanol would eventually increase the polarity of the DMSO/
ethanol mixture to exceed the upper polarity limit of the NCs,
resulting in the precipitation of Au,s(MHA),;@xCTA NCs (x =
6—9) in their most polar configuration (surfactant-like or polar
configuration in Scheme 3b).

The aggregation habit of these precipitated surfactant-like
NCs at the air—liquid interface was different from that in the bulk
of the liquid, due to the difference in surface (“interfacial”)
energies. As illustrated in Scheme 3¢, at the air—liquid interface,
the surfactant-like NCs self-assembled into a monolayer with the
hydrophobic end facing air, similar to the behavior of a molecular
surfactant at the air—liquid interface. In the bulk of the liquid
(DMSO-rich), the surfactant-like NCs aggregated into micelles
or vesicles with their hydrophilic ends facing the DMSO-rich
environment (Scheme 3c). The formation of these secondary
structures in the bulk liquid was confirmed by dynamic light
scattering (DLS) analysis, where a significant increase in
hydrodynamic diameter (from ~5.0 to 459.6 nm) was observed
after 1 day of evaporation (Figure S3). These NC micelles or
vesicles then migrated to the air—liquid interface and adhered to
the monolayer of surfactant-like NCs via hydrophilic—hydro-
philic interaction. As a result of the maximization of the
hydrophilic—hydrophilic interaction and minimization of surface
energy, these NC micelles or vesicles would rearrange into stacks
of bilayers on the previously formed monolayer of NCs, in order
to allow the hydrophilic ends to be in contact with the
hydrophilic ends of the NC monolayer and the bulk of the
liquid phase. A succession of these hydrophilic—hydrophilic
induced adhesions and rearrangements would stack the bilayers
into the ~15-nm-thick sheet-like structure (Scheme 3d).
However, it should be mentioned that this is only a hypothesis;
a molecular level understanding of the rearrangement mecha-
nism is not available at the current stage of research.

In the above self-assembly of bilayers, the d-spacing
corresponding to the hydrophobic—hydrophobic and hydro-
philic—hydrophilic zones could be estimated based on the size of
the Au core (~1.0 nm), the MHA ligands (~0.7 nm), and the
CTA" (~2.0 nm, see Scheme 2). In the fully extended forms of
the MHA ligands and CTA" (Au core is considered impenetrable
and undeformable), the d values corresponding to hydrophilic—
hydrophilic and hydrophobic—hydrophobic zones should be 2.4
(=1.0 + 2 X 0.7) and 64 (=1.0 + 2 X (2.0 + 0.7)) nm,
respectively. These estimated d values are in good agreement
with those measured by XRD (Figure 4d). If we consider 26 =
4.02° and 7.08° peaks as second order diffraction peaks (the first
order diffraction peaks were overshadowed by the high
background noise at 20 < 2.5°), the second order diffraction at
20 = 7.08° should correspond to a d value of 2.5 nm, close to the
value of the hydrophilic zone (estimated d = 2.4 nm) formed by
fully extended MHA ligands. The d value corresponding to the
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Figure 4. (a) UV—vis absorption spectrum, (b and c) FESEM images, (d) XRD pattern, and (e and f) TEM images of PT-NCs (Au,s(MHA),;@xCTA
NCs where x = 6—9) assembled at the air—liquid interface. The insets in (a) are the digital photos of Au,s(MHA),s@xCTA NCs before (#1) and after
(#2) self-assembly; the top view of the boxed area of #2 is also shown to the right of #2. The inset in (d) shows a schematic illustration of the sheet-like

assembly formed by the NC bilayers.

second order diffraction at 26 = 4.02° is 4.4 nm, smaller than the
estimated value (d = 6.4 nm) of the hydrophobic zone. This
could be due to some interdigitation of the hydrocarbon tails of
CTA". The interdigitation of the long alkyl-chain of CTA" in
bilayer formation is a rather common phenomenon.** ¢! Based
on the above XRD analysis, the number of bilayers in the ~15-
nm-thick sheet-like structure was ~2 (i.e.,, 15/(4.4 + 2.5) = 2.17).

Enhanced Stability of Au,;(MHA),3@xCTA NCs (x = 6—
9). In addition to imparting amphiphilicity, the CTA* coating
also contributed to improving the stability of Au,s NCs. This was
revealed by comparing the stability of Au,s(MHA);3 NCs and
Au,s(MHA),;@xCTA NCs (x = 6—9) at ambient conditions
(298 K, 1 atm and mildly oxidizing due to the oxygen in air) over
a period of 7 days. NC stability was inferred from the spectral
changes in UV—vis spectroscopy (Figure S). The UV—vis
absorption spectrum of Au,s(MHA) ¢ NCs after 3 days of aging
showed considerable changes indicating the deterioration in NC
quality (Figure Sa). In sharp contrast, the UV—vis absorption
spectrum of Au,s(MHA),;@xCTA NCs (x = 6—9) (Figure Sb)
underwent very little changes even over a much longer period of
time (7 days). Good stability was also observed for the stacked
Auys(MHA),;;@xCTA NC (x = 6—9) bilayers. The stability of
the latter was evaluated at elevated temperature (393 K) in air
and in vacuum for 3 days. The assembled film after the said
thermal treatment was redissolved in ethanol for the UV—vis
absorption analysis. The results in Figure S4 show that the
characteristic absorption features of Au,5(SR),s NCs at 440 and
672 nm were still present in both cases, and hence the assembled
Au,s(MHA),;@xCTA NCs (x = 6—9) were stable to high
temperature (373 K) even in air. These stability tests suggest that
the CTA" coating was an effective O, barrier to protect the Auy
core from oxidation (a common degradation pathway for Au,;
NCs).*>® It might also increase the thermal stability of the NCs
by dispersing the applied thermal energy through vibrations or
rotations of the C,¢-chains, without which thermal desorption of
the thiolate ligands would occur to cause the aggregation of the
Au cores.
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Figure 5. UV—vis spectra of (a) Au,s(MHA),; NCs and (b)
Au,(MHA),;@xCTA NCs (x = 6—9) over a period of 1 week at the
ambient conditions (298 K and 1 atm). The insets show the enlarged
spectra in the 550—800 nm spectral region. The absorption peak at
~672 nm of Au,s(MHA), NCs was significantly broadened after 3 days,
while the absorption peak of Au,s(MHA),;@xCTA NCs (x = 6—9) did
not show noteworthy broadening over 7 days, indicating better stability
of the latter. Au,(MHA)3 NCs were dissolved in ultrapure water, and
Auys(MHA),;@xCTA NCs (x = 6—9) were dissolved in ethanol.

H CONCLUSION

In summary, we have developed a simple surface modification
method enabling the preparation of amphiphilic noble metal
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NCs. The method is based on a PT driven ion-pairing reaction
between hydrophobic cations and the anionic surface function-
ality of the hydrophilic NCs. The reversibility of the ion-pairing
reaction combined with a polarity-dependent PT enables
amphiphilic NCs to be extracted selectively from the aqueous
phase to a moderately polar organic phase, thereby making the
preparation of amphiphilic NCs possible. Specifically, amphi-
philic Au,s(MHA),;;@xCTA NCs (x = 6—9) were formed by
patching the surface of hydrophilic Au,s(MHA),3 NCs partially
with CTA" leveraging on the hydrocarbon chain of the latter to
provide hydrophobicity. Due to the presence of a comparable
amount of flexible hydrophilic and hydrophobic moieties on the
NC surface, the resulting amphiphilic Au,(MHA),;@xCTA
NCs (x = 6—9) not only acquired good solubility in a wide range
of solvents with distinctly different polarities (¢, ranging from
4.15 to 41.25) but also mirrored the self-assembly characteristics
of molecular amphiphiles (e.g., formation of stacked bilayers with
regular interlayer packing at the air—liquid interface). The
products and the preparation method demonstrated in this study
indicate that amphiphilicity can now be imparted to sub-2-nm
particles to increase the versatility of NC-based materials and to
regulate the self-assembled structures of the latter.

B EXPERIMENTAL SECTION

Materials and Instruments. Hydrogen tetrachloroaurate(III)
trihydrate (HAuCl,-3H,0), 6-mercaptohexanoic acid (MHA), cetyl-
trimethylammonium bromide (CTAB), and sodium borohydride
(NaBH,) from Sigma-Aldrich; acetone, acetonitrile, dichloromethane
(CH,Cl,), and sodium hydroxide (NaOH) from Merck; tetraoctylam-
monium bromide (TOAB) from Alfa Aesar; ethanol (EtOH) and
hexane from Fisher; methanol (MeOH) from J. T. Baker and dimethyl
sulfoxide (DMSO) from Tedia; were all used as received. All aqueous
solutions were prepared in Ultrapure Millipore water (18.2 MQ). All
glassware were washed with aqua regia and rinsed with ethanol and
ultrapure water before use.

UV—vis absorption spectra were recorded by a Shimadzu UV-1800
spectrometer. The molecular formulas of Au,; NCs were deduced by
electrospray ionization mass spectrometry (ESI-MS) on a Bruker
microTOF-Q_system operating in a negative-ion mode. The ESI-MS
samples of Au,s(MHA)g and non-phase-transferred Au,s(MHA)s@
xCTA NCs were prepared in ultrapure water, while those of
intermediate-phase-transferred and phase-transferred Au,s(MHA) ;@
xCTA and Au,s(MHA),;@xTOA NCs were prepared in an
acetonitrile/methanol mixture (75/25 v/v). The XRD pattern of
assembled Au,(MHA),;;@xCTA NCs (x = 6—9) was recorded by a
Bruker D8 advance X-ray diffractometer using a Cu K, source (1 =
1.5405 A). Transmission electron microscopy (TEM) and field-
emission scanning electron microscopy (FESEM) were performed on
a JEOL JEM 2010 microscope operating at 200 kV, and a JEOL JSM-
6700F microscope operating at S kV, respectively. TEM and FESEM
samples of the solution product were typically prepared by dispensing a
drop of the solution onto a copper grid, followed by overnight drying at
the ambient condition (298 K and 1 atm). The FESEM sample of the
assembled film was prepared by slicing a piece of film from the air—liquid
interface, followed by drying in a Binder VD-23 vacuum oven (333 K
and ~20 mbar) overnight.

Synthesis of Au,5(MHA);5 NCs. The synthesis of Au,s(MHA);g
followed a reported procedure with several minor modifications."”
Briefly, 29.7 mg MHA and 5 mL of 20 mM HAuCl, aqueous solution
were mixed in 100 mL of ultrapure water to form yellowish Au(I)-MHA
complexes. Four mL of 1 M NaOH aqueous solution was then added to
bring the pH of the solution to ~10, followed by the dropwise addition
of 2 mL of 112 mM NaBH, in 0.2 M NaOH aqueous solution. After
vigorously stirring (at 1,000 rpm) for 3 h, a brownish aqueous solution of
Auys(MHA), NCs was collected as the raw product.

Synthesis of Phase-Transferred Au,5(MHA),;@xCTA NCs. The
raw product (Au,s(MHA),3 NCs) was used for surface modification
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without further purification. 80 mL of the Au,(MHA),3 NC aqueous
solution was mixed with 80 mL of 100 mM CTAB solution in ethanol
under vigorous stirring (1,000 rpm), followed by the addition of 80 mL
of toluene. The mixture was stirred for another S min, and then kept still
for 10 min to allow the PT to complete. At the end of this procedure,
phase-transferred Au,s(MHA),;@xCTA NCs could be collected from
the organic phase.

The raw phase-transferred Au,s(MHA),;@xCTA NCs were
precipitated by centrifugation (8,000 rpm, S min) after mixing with 2
equiv volume of hexane (i.e., 200 mL of hexane for every 100 mL of NC
solution). The precipitate was recovered and washed by acetone-
dichloromethane-dichloromethane-acetone (in sequence) to remove
the residual CTAB and other impurities. The purified phase-transferred
Auys(MHA),;@xCTA NCs were then dissolved in 2 mL of ethanol and
kept for further use. ESI-MS analysis suggests x = 6—9 in the cleaned
phase-transferred Au,s(MHA),;@xCTA NCs (see Figure 1c and the
corresponding text for details of ESI-MS analysis).

Synthesis of Intermediate-Phase-Transferred and Non-
Phase-Transferred Au,5;(MHA),;@xCTA NCs. The intermediate-
phase-transferred and non-phase-transferred Au,s(MHA),;@xCTA
NCs were similarly prepared; but with some revision of the amount of
ethanol used in the synthesis. In the preparation of intermediate-phase-
transferred Au,s(MHA),;;@xCTA NCs, 80 mL of Au,s(MHA);3 NC
aqueous solution was added with 40 mL of 200 mM CTAB ethanol
solution (instead of 80 mL of 100 mM CTAB ethanol solution). In the
preparation of non-phase-transferred Au,s(MHA),;@xCTA NCs, 80
mL of Au,s(MHA),; NC aqueous solution was added in an amount
equal to that of solid CTAB (8 mmol). The raw products of
intermediate-phase-transferred and non-phase-transferred
Au,(MHA),;@xCTA NCs were collected at the aqueous—organic
interface and from the aqueous phase, respectively.

Synthesis of Au,5(MHA),s@xTOA NCs (x = 8-11). The
Au,(MHA),;@xTOA NCs were prepared via a procedure similar to
that of Au,s(MHA) ;@xCTA NCs, except using the solid TOAB (8
mmol) instead of CTAB ethanol solution as hydrophobic salt source in
the synthesis.

Self-Assembly of Au,;(MHA),;s@xCTA NCs (x = 6—9). The
phase-transferred Au,s(MHA),;@xCTA NCs (x = 6-9) after
purification were dissolved in a DMSO/ethanol mixture (50/50 v/v)
to a NC concentration ([NC]) of 0.53 mM. The solvent was then
evaporated at the ambient conditions (298 K and 1 atm). The self-
assembly was allowed to progress for 2—3 days. A brownish-black film
was collected at the air—liquid interface as the self-assembly product.

B ASSOCIATED CONTENT
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Figure S1, isotope patterns of Au,s(MHA);;@xCTA NCs;
Figure S2, UV—vis and ESI-MS spectra of Au,s(MHA);@
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Au,(MHA),;;@xCTA NCs assembled over different time
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