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Plasmonic circular dichroism of vesicle-like nanostructures by
template-less self-assembly of achiral Janus nanoparticles

Jia En Lu?, Chou-Hsun Yang®, Haobin Wang®, ChiYung Yam?¢, Zhi-Gang Yu®*, and Shaowei Chen®*

Chiral nanostructures have been attracting extensive interest in recent years primarily because of the unique materials
properties that can be exploited for diverse applications. In this study, gold Janus nanoparticles, with hexanethiolates and
3-mercapto-1,2-propanediol segregated on the two hemispheres of the metal cores (dia. 2.7 = 0.4 nm), self-assembled into
vesicle-like, hollow nanostructures in both water or organic media, and exhibited apparent plasmonic circular dichroism
(PCD) absorption in the visible range. This was in contrast to individual Janus nanoparticles, bulk-exchange nanoparticles
where the two ligands were homogeneously mixed on the nanoparticle surface, or nanoparticles capped with only one kind
of the ligands. The PCD signals were found to become intensified with increasing coverage of the 3-mercapto-1,2-
propanediol ligands on the nanoparticle surface. This was accounted for by the dipolar property of the structurally
asymmetrical Janus nanoparticles, and theoretical simulations based on first principles calculations showed that when the
nanoparticle dipoles self-assembled onto the surface of a hollow sphere, a vortex was formed which gave rise to the unique
chiral characteristics. The resulting chiral nanoparticle vesicles could be exploited for the separation of optical enantiomers,
as manifested in the selective identification and separation of D-alanine from the L-isomer

1. Introduction

In recent years, plasmonic metal nanoparticles have been
found to exhibit unique chiroptical properties, and the
nanoscale chirality may be exploited for enantiomeric sensing
and catalysis, as well as development of next-generation
optoelectronic devices.13 Unlike conventional chiral molecules
(e.g., peptides, proteins, and DNA) that typically exhibit circular
dichroism (CD) absorption in the far ultraviolet (UV, 140 — 250
nm) region,* > plasmonic circular dichroism (PCD) is generally
observed in the visible range and can be readily manipulated by
the chemical nature and morphology of the plasmonic
nanoparticles.2 This may be due to the formation of intrinsically
chiral nanoparticle cores, capping with chiral organic ligands, as
well as arrangements of achiral nanoparticles into chiral
organized ensembles. In the first strategy, chiral templates are
generally used to assist the growth of nanoparticles, where
chirality is imprinted onto the nanoparticle core during the
growth process, resulting in the formation of chiral
nanoparticles.® For instance, Shemer et al.” demonstrated that
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chirality could be inherited by silver nanoparticles using DNA as
templates during nanoparticle formation, whereas silver
nanoparticles that were prepared by NaBH,4 reduction and then
underwent ligand exchange reactions with the same DNA
ligands did not show any CD signal in the same wavelength
region. The intrinsic chirality of plasmonic nanoparticles can
also arise from a chiral core shape, such as helical/spiral
structures and/or the formation of chiral microfacets on the
nanoparticle surfaces.812 For achiral plasmonic nanoparticles,
PCD can also be produced by using chiral capping ligands, due
to strong dipole (and higher-order) interactions between the
ligand and nanoparticle core electrons. Upon interactions with
the chiral ligands, the symmetry of the electronic property on
the nanoparticle surface is distorted, leading to different
extinction coefficients between the left- and right-handed
circularly polarized light.13-15 For instance, L-glutathione-capped
gold nanoparticles!® and silver nanocubes!” have been found to
exhibit well-defined PCD signals that coincide with the surface
plasmon resonance (SPR) absorption of the nanoparticles. PCD
has also been observed with chiral molecules entrapped at the
core-shell interface of Au@Ag nanorods.18

Nanoscale chirality can also be induced by controlled
assembly of nanoparticles into chiral superstructures.® For
instance, PCD has been observed with gold nanoparticle
networks formed by using (chiral) DNA or peptides as
interparticle linkers,2% 21 arrangements of gold nanoparticles
onto helical nanofiber templates,2224 and layer-by-layer
deposition of gold nanoparticles into twisted chains.?>
Plasmonic chiroptical properties have also been found with
heterodimers of two gold nanoparticles of different sizes (50
nm and 150 nm) due to the interference between the higher-
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order and dipolar modes in the heterodimer pair,26 as well as
three-dimensional oligomers of gold nanorods.27-29

In the present study, we demonstrated that gold Janus
nanoparticles (JNPs), with hydrophobic hexanethiolates (C6)
and hydrophilic 3-mercapto-1,2-propanediol (MPD) ligands
segregated on the two hemispheres of the metal cores, self-
assembled into vesicle-like, hollow nanostructures without the
assistance of any chiral templates/scaffolds, and exhibited
apparent PCD absorption in the visible range. This was
accounted for by the dipolar property of the structurally
asymmetrical JNPs arranged on a hollow sphere forming a
vortex, as manifested in theoretical simulations based on first
principles calculations, in sharp contrast with the achiral
response observed with individual JNPs, bulk-exchange
nanoparticles with the two ligands homogeneously mixed on
the nanoparticle surface, or nanoparticles capped with only one
kind of the ligands. The unique chiral characteristics of the JNP
vesicles can be exploited for selective binding and phase
transfer of optical enantiomers, as manifested in the effective
identification and separation of D-alanine from the L-isomer.

2. Results and discussion

As described previously (and detailed in the Experimental
Section),3%32 the JNPs were prepared by interfacial ligand
exchange reactions of hexanethiolate-capped gold (AuCé6, 2.7 +
0.4 nm in diameter, Figure S1) nanoparticles with (racemic)
MPD at the air|water interface, exhibiting hydrophobic C6
ligands on one face and hydrophilic MPD on the other (inset to
Figure 1A).33 The surface concentration of MPD was varied by
reaction time (1, 4, and 10 h), and quantitatively evaluated by
1H NMR measurements at 17.5 % for JNP1, 28.3 % for JNP4, and
61.4 % for JNP10, based on the integrated peak areas of the
terminal methyl protons of the C6 ligands and the methoxy
protons of the MPD ligands (Figure $2).30 For the control sample
where the ligand exchange reaction was carried out by simply
mixing AuC6 and MPD in THF (BE nanoparticles, inset to Figure
1C), the MPD surface coverage was estimated to be ca. 66.0%.
That is, the JNP10 and BE nanoparticles are akin to structural
isomers with a similar core-ligand composition but a different
surface distribution of the capping ligands. The incorporation of
MPD ligands onto the nanoparticle surfaces was also
manifested in FTIR measurements (Figure S3), where the O—H
stretch can be found at 3300 — 3200 cm- and the C—O vibration
at 1030 cm-1.30

JNPs have been known to behave analogously to
amphiphilic surfactant molecules, and can self-assemble into
organized vesicle-like superstructures both in water and apolar
organic solvents such as THF and CHCI5.32:34 In fact, in an earlier
study,3* the critical micelle concentration (CMC) of JNPs was
found to be at least three orders of magnitude lower than that
of Triton X-100. Such concentration dependence of the
formation of nanoparticle ensembles can be visually evidenced
in TEM measurements. From Figure 1A, one can see that at the
concentration of 0.01 mg/mL in water, JNP10 nanoparticles
were well dispersed as individual particles without apparent
agglomeration. Yet when the concentration was increased to
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0.15 mg/mL, the nanoparticles can be seen to form vesicle-like,
hollow organized assemblies with lateral dimensions in the
range of 50 to 200 nm (Figure 1B and inset, and Figure S1).32
The variation of the nanoparticle morphologies can also be
manifested in AFM topographic measurements (Figure S4). One
may notice that whereas BE nanoparticles also formed
ensemble structures of similar dimensions (Figure 1C and S1),
the nanoparticle superstructures are solid rather than hollow.
This may be due to the segregated distribution of the
(hydrophobic) C6 and (hydrophilic) MPD ligands on the JNP
surface that rendered it possible for the nanoparticles to
arrange into vesicle-like structures, whereas for the BE
nanoparticles, the random mix of the C6 and MPD ligands made
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it difficult for the nanoparticles to find an orientation with a

minimal surface energy.

Figure 1. TEM images of JNP10 at a concentration of (A) 0.01 mg/mL and (B) 0.15
mg/mL in water. (C) BE nanoparticles at 0.15 mg/mL in water. Scale bars are 20
nm in panel (A), and 50 nm in panels (B) and (C). Insets are the schematic
illustrations of (A) JNP, (B) JNP assembly, and (C) BE nanoparticles.

The optical properties of the nanoparticles were then
examined by UV-vis absorption measurements. Figure 2A
depicts the UV-vis spectra of the series of JNP and BE
nanoparticles in water at the concentration of 0.15 mg/mL. One
can see that at this concentration, both JNP (black, red, and
green curves) and BE nanoparticles (yellow curve) showed a
broad absorption peak at ca. 610 nm, a marked red-shift of ca.
100 nm as compared to the SPR of the original AuC6
nanoparticles in CHCl; (Figure S5) and AuMPD nanoparticles
(blue curve) that were readily dispersed in water, due to strong
interparticle electronic interactions as a result of the formation
of nanoparticle ensembles (Figure 1B).35 36

0.5
(A) — NP1
3
o
c
©
Qo
2
o
7]
-]
<
0.0
(B) | —— e
—— NP4
15 1 INP10
BE
—— AuMPD
——— UNPTFit
5 ——— NP4 Fit
@ NP0 Fit
e}
E
[=]
o
-5

300 400 500 600 700 800

A (nm)
Figure 2. (A) UV-vis and (B) CD spectra of JNP, BE and AUMPD nanoEartjclgs ata
concentration of 0.15 mg/mL in water. Dashed curves in (B) are the fitting CD

spectra of a hollow sphere (dia. 50 nm) consisting of Janus nanoparticles (core dia.
1.6 nm) by eq. (17).

Interestingly, the three JNP ensembles all exhibited
apparent PCD signals at wavelength greater than 500 nm
(Figure 2B), with the intensity maxima matching the
corresponding SPR peaks (Figure 2A), and the PCD intensity
increased with increasing MPD coverage on the nanoparticle
surface, +2.6 mdeg for JNP1, +9.9 mdeg for JNP4 and +15.2
mdeg for JNP10. This indicates that increasing
dissymmetry of the distribution of surface capping ligands
facilitates the formation of vesicle-like, hollow nanostructures
that are PCD-active. By contrast, BE nanoparticles, exhibited
only a weak PCD signal (ca. —2.05 mdeg), despite a ligand

result

composition and SPR absorption similar to that of JNP10,
suggesting that solid ensembles of the nanoparticles were PCD-
inactive. This also suggests minimal contributions from the
(racemic) MPD ligands to the PCD signals of the JNPs, as control
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experiment with AUMPD nanoparticles exhibited virtually no
PCD signals.

Furthermore, one can see that the PCD intensity of the JNP
samples varied with nanoparticle concentration. As noted
earlier, formation of nanoparticle ensembles occurs only when
the INP concentration reaches a minimum threshold (i.e.,
CMC).34 Figure 3 shows the CD spectra of the JNP10
nanoparticles at varied concentrations in water. It can be seen
that at concentrations below 0.025 mg/mL (yellow, blue and
magenta curves), the nanoparticles exhibited virtually no PCD
absorption, most likely because in these dilute solutions, no
nanoparticle ensembles were formed (Figure 1A), and
individual nanoparticles were largely PCD-inactive because of
plane symmetry. Yet at concentrations higher than 0.05 mg/mL,
apparent PCD signals started to emerge and the intensity
increased with nanoparticle concentration, indicating that the
nanoparticle concentration was sufficiently high for the
formation of organized assemblies and the ensembles were
optically chiral. For instance, JNP10 nanoparticles showed a
broad PCD absorption at 610 nm of +6.1 mdeg at 0.05 mg/mL
(green curve), +7.1 mdeg at 0.075 mg/mL (red curve), and +15.2
mdeg at 0.15 mg/mL (black curve).13 Notably, the PCD intensity
observed here with the JNP10 ensembles was ca. 20 times
stronger than that of simple nanoparticle dimers, trimers and
tetramers reported in earlier studies.3”. 38 This further confirms
that the PCD effects were primarily due to the formation of
vesicle-like nanostructures by JNP self-assembly. Furthermore,
based on the variation of the PCD intensity with nanoparticle
concentration, the CMC of the JNP10 nanoparticles can be
estimated to be ca. 0.05 mg/mL (0.86 uM), very close to that
determined previously by Raman measurements.34
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Figure 3. CD spectra of JINP10 nanoparticles at various concentrations in water.

To the best of our knowledge, this is the first ever
observation of PCD with hollow nanoparticle ensembles formed
by template-less self-assembly. To unravel the microscopic
origin of PCD, we carried out first principles calculations of a
gold JNP capped with C6 and MPD. Because of asymmetrical
distribution of the hydrophobic (C6) and hydrophilic (MPD)
ligands, the JNP is anticipated to exhibit a nonzero dipole. Linear
response time-dependent density functional theory (TD-DFT)
simulations of a Auy cluster capped with either one or two
ligands indeed show a clear ligand-to-metal cluster transition by
photoexcitations (Figures S7-S10), consistent with results
reported previously.3® This suggests that the segregated
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distribution of organic capping ligands introduces directionality
in the transition dipole moment of the cluster.

We then investigated a more realistic model of the
experimental JNPs, as illustrated in Scheme 1, where a Auisy
cluster (dia. 1.6 nm)*® was capped with 11 C6 and 11 MPD
ligands. Since many more ligands and excited states are
involved here, we are interested in a more averaged description
for the absorption process. Real time time-dependent density
functional tight-binding (TD-DFTB) simulations were carried
out. Fourier transforms of the linear response function give the
absorption spectra for all excitation transitions of interest. The
results (Figure S11) show that the absorbance along the x-axis
was an order of magnitude higher than those along the y- and
z-axes. This clearly indicates the average orientation of the
transition dipole moment in this range of the spectra (Scheme
1).

Scheme 1. Ground-state geometry of a JNP optimized by DFTB calculations, where
a Aujg; core is capped with 11 C6 and 11 MPD ligands on the two opposite
hemispheres.

Thus, the response of a JNP in the visible range can be
modelled by an electric (transition) dipole d,. For a hollow
sphere covered by JNPs, the interaction between any two JNP
dipoles is

Vim =

—— [ (dy - d) = 3 ) @~ d)] - (1)

where rnm is the displacement between particles n and m. The
Hamiltonian, H = ESmn + Vmn, can be readily diagonalized, and
the eigen states can be expressed in terms of linear combination
of i, for an isolated dipole,

W, = SN, Gty @
The CD strength (Ry) for the pth state can be calculated from

R, « Re (g|plu) - (u|r X p|g) 3)
where g and p represent the ground state and excited states.

Note that as (g|p|Yn) «< d,, we can express the CD strength
as4l
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Ru & Zmn Cumcun(dn ) [rm X dm]) X Zmn(dn ' [rm X dm]) €3]
Based on the experimental data (Figure 1B), we consider a
hollow sphere with JNPs homogeneously distributed on the
surface (Scheme 2A). Each Janus particle is considered as a
dipole, and the location of the mt" dipole is

T = (5inB,,cos@,,, Sinb,,sing,,, cosd,)’ %)

At this point, the three orthogonal unit vectors (Scheme 2A) are

sin6,,cosQ., c0s0,,cosP,,
P = (sin@msin(pm> , 0,= (cosBmsin(pm> . P =
cosb,, —sin6,,
—sing,,
COSPy, (6)
0

and the dipole dn, can be expressed as a linear combination of
these vectors,

Ay = Qpfm + B + Vi ®@m (7

Since the dipoles are uniformly distributed, it is reasonable to
assume that dipoles exist at both rp, and its inversion site, —rm.
For —rn, its polar and azimuthal angles are © — 6, and @ + @m,
respectively. Therefore, at —rm, the local unit vectors are

?;n = _i‘mr 0;,[ = amr (,p\;n = _am ®)

Scheme 2. Schematic of (A) JNPs on a hollow sphere surface, and the
arrangements of JNP dipoles (represented by black thorns) along the (B) x, (C) y,
and (D) z directions.
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Now we examine the summation in eq. (4) and separate the
points on a half sphere from their inversions,

R[t X Z%m[rm ' (dm X dn) —Tm- (d;n X dn) + Ty (dm X
dy) — T (dip X dp)] = Lol X (d — d3)] - (dn+d3)}
(10)

where the summation over m and n is limited to the half sphere.
Using the relations,

@m' f'm X iﬁm =— em (11)

I

P X 0,

we have
Ry o Yol X (dp, — dip)] - (dptdp)} = 1, X[ (@

a;)?n + (ﬁn + :B‘rll)an + (Vn - Vrll)@n] ! [(Bm - Brln)am - (Vm +
(12)

From the above expression, it is clear that to have nonzero
chirality R,,, the dipoles cannot be all along 7,, and must have
components along 8,,, and @,,. If we set a,, = a}, = @, i.e.,
the dipoles tend to point either outward or inward, to have a
finite R,,, the simplest solutions are B,, = f;, = f and ¥, =
Vi =V, where 1 < pry< 27 and

R, x —4By ¥}m[cos6,,co56,,cos(@, — @r,) + sinby,sinby, ] =

—4By Y Sinb, sinb,, (13)

As sinB,, and sinB, are always positive, the dipoles along a
latitude circle form a vortex-like structure (Scheme 2B-D). The
fixed sign in B and vy is due to the slightly preferred dipolar
orientations between adjacent JNPs.

For monofunctionalized AuC6 and AuMPD nanoparticles,
the dipole moment associated with individual nanoparticles is
anticipated to be essentially zero; so is the BE nanoparticles.
Yet, for AuC6-MPD JNPs, non-zero nanoparticle dipole arises
due to the asymmetric segregation of the C6 and MPD ligands,
and increases with an increasing number of C6 ligands replaced
by MPD on the nanoparticle surface. That is, the dipole moment
increases in the order of JNP1 < JNP4 < JNP10. We will establish
a quantitative relation between the MPD coverage and the
nanoparticle dipole moment. If we arrange the ligands in such a
way that the MPD ligands are located in the range of 6 €[0, 0]
(Scheme 1), the MPD coverage fis then defined as

_ 2nR? foeosinﬂde

1
f ~ 2nR? f:sinﬂde T2 (1 — cost,)

(14)

where R is the radius of the nanoparticle. Thus, from the surface
coverage f, we can obtain 0,. Correspondingly, the C6 ligands
will be located in the range of 6 € [0,, 7).

Now if we denote the dipole densities in the MPD region and
inthe C6 regions are pm and pc, respectively, the effective dipole

This journal is © The Royal Society of Chemistry 20xx

moment of the nanoparticle, which is oriented along the z-axis,
is

d = 2nR%e, fonp(e)cosesinede (15)
where p(0) is dipole density as a function of 0, p(0) = pm for 0 e
[0, 65], and p(B) = pc for B € [6,, 7], with the ligands assumed
to be normal to the nanoparticle surface contributing the cos0
factor in eq. (15). Therefore, we have

d = 2nR?*(1 — c0s%6,)(py — pc) (16)
This expression indicates that at 6, = 0 or m, i.e. the
nanoparticle is fully covered by only one kind of ligands, d = 0.

For a given dipole distribution, the Hamiltonian H = Edmn +
Vmn can then be diagonalized and the CD spectrum can be
computed, according to eq. (4). Due to the weak interactions
between JNPs, we consider a largely random distribution for the
dipole vectors in hollow nanoparticle ensembles, which,
however, contains a small portion of a vortex pattern, as
depicted above in Scheme 2B-D. To satisfactorily model the
experimentally observed CD spectra, we consider a three-level
system (two resonant energies). Since the resonant energy E
appears only in the diagonal terms in the Hamiltonian, for a
given dipole distribution, the eigen values 8E, and functions ¥,
can be obtained by setting £ = 0. Then the eigen values of the
system are E. = E + 8Ey and E, = E’ + 6E,,, where E and E' are
the two resonant energies of an isolated nanoparticle. In
addition, we include the level broadening y and y' for the levels
associated with E and E'. Finally, the CD signal at frequency w is
calculated from

CD(@) = ~ 3y Ryl s + ]

(ho-Ep)2+y%  (hw-E})2+y'? a7

Experimentally, in the self-assembly into vesicle-like, hollow
nanostructures, the JNP dipoles are most likely pointed either
inward or outward, akin to conventional vesicles formed by
surfactant molecules (Figure 1B inset). Therefore, based on eq.
(13), this leads to an effective vortex arrangement of the JNP
dipoles on the surface of a hollow sphere (Scheme 2) and hence
the appearance of PCD signals. In fact, the CD profiles of the
three JNP samples can be quantitatively fitted by using eq. (17)
at E=1.25eV, E'=175¢eV,y=0.4¢eV,and y' = 0.58 eV, as
manifested by the dashed curves in Figure 2B. Furthermore,
from the MPD coverage fin JNP1, JNP4, and JNP10 (Figure S2),
the nanoparticle dipole moment d can also be quantified,
according to eq. (14), at 0.578, 0.812, and 0.948 D,,
respectively, where D, is the dipole moment of a perfect NP
(i.e., exactly 50% each of C6 and MPD). This is consistent with
the enhanced asymmetry (dipole) of the JNPs with an increasing

number of polar MPD ligands incorporated onto the
nanoparticle surface.
With such remarkable chirality of the vesicle-like

nanostructures of JNPs, the hollow interiors can be exploited as
a nanoscale vehicle for enantioselective phase transfer of chiral
molecules,?? leading to ready separation of optical isomers.42
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We used alanine as the illustrating example. Experimentally,
JNP10 nanoparticles were dispersed at a concentration of 0.15
mg/mL in CHCl; and mixed with aqueous solutions of alanine
enantiomers, and the organic nanoparticle layer was monitored
by CD measurements. From Figure 4, it can be seen that JNP10
nanoparticles exhibited a PCD profile in CHCI3 similar to that in
H,0 before mixing with alanine (Figures 2 and 3) with a positive
peak of +13.9 mdeg at 606 nm, suggesting that both vesicle- and
reverse vesicle-like structures of the JNPs followed the same
patterns of nanoparticle organization (black curve, Scheme 2).
After mixing with L-Ala in water, CD measurements of the CHCl3
layer showed virtually no change (red curve), indicating a lack of
interactions between the JNP10 nanoparticles and L-Ala (peak
intensity decreased only slightly to +12.9 mdeg). However,
mixing with D-Ala led to a drastic change of the nanoparticle
PCD response (green curve), where the CD peak actually
became negative (—8.3 mdeg). It has been known that a chiral
structure is more likely to interact with molecules of opposite
chirality because it provides a better “groove” for the
adsorption.#2 This implies that the chirality of the JNP10
nanoparticle ensembles was equivalent to that of an L
enantiomer. In addition, the change of sign of the PCD signals
upon interaction with D-Ala is likely due to the physical
confinement of the D-Ala molecules within the nanoscale
hollow interior of the JNP vesicles, such that they behaved
analogously to D-Ala crystals where negative CD absorption is
generally observed and may be enhanced by nanoparticle
SPR.%3

Such a unique property can be exploited for the separation of
the D and L enantiomers. In fact, after mixing with a mixture of
D- and L-Ala (yellow curve), the PCD profile of the nanoparticle
layer resembles that with D-Ala alone, displaying a peak
intensity of —4.8 mdeg. This suggests selective interactions of
the JNP ensembles with the D enantiomer but not the L
counterpart.

20
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Figure 4. CD spectra of JNP10 nanoparticles in CHCl; before and after mixing with

L-alanine, D-alanine, or D,L-alanine in water. Nanoparticle concentration 0.15
mg/mL and alanine concentration 0.1 M.

3. Conclusion

In summary, AuC6-MPD JNPs were prepared by interfacial
ligand exchange reactions of AuC6 nanoparticles with MPD
ligands. The resulting JNPs formed (reverse) vesicle-like
organized ensembles in water and apolar organic media at
sufficiently high concentrations, which exhibited apparent PCD

6 | J. Name., 2012, 00, 1-3

absorption. The PCD intensity was found to increase with
increasing nanoparticle concentration. This was accounted for
by the template-less self-assembly of NP dipoles into a vesicle-
like, hollow structure, where a dipole vortex was formed, as
manifested in theoretical simulations based on first principles
calculations. By contrast, no PCD signals were observed with
individual nanoparticles or solid ensembles produced with the
bulk-exchange  counterparts. Remarkably, the
nanoparticle ensembles showed high enantioselectivity
towards D-alanine, rather than the L enantiomer, a unique
property that may be exploited for nanoparticle-based
separation of optical isomers and biosensing.**

Janus

4. Experimental Section

Chemicals. Hydrogen tetrachloroauric acid trihydrate
(HAuCl4:3H,0, Fisher Scientific, 99%), tetra-n-octylammonium
bromide (TOABr, Alfa Aesar, 98%), 1-hexanethiol (C6SH, Acros,
96%), sodium borohydride (NaBH,4, Acros, 99%), racemic 3-
mercapto-1, 2-propanediol (MPD, Aldrich, 95%), L-alanine (L-
Ala, Acros, 99%), D-alanine (D-Ala, Acros, +99%), and D,L-
alanine (D,L-Ala, Acros, 99%) were used as received. All solvents
were purchased from commercial sources at their highest
purities and used without further treatment. Water was
supplied by a Barnstead Nanopure water system (18.3 MQ:-cm).
Preparation of gold nanoparticles protected by C6SH (AuCé6)
and MPD (AuMPD) ligands. AuC6 nanoparticles were
synthesized by using the Brust method.*> In a typical reaction,
30 mL of an aqueous HAuCl, solution (0.03 M) was mixed with
20 mL of TOABr in toluene (0.20 M) under vigorous stirring for
1 h. The orange organic phase was then collected, into which
was injected 150 pL (1.05 mmol) of C6SH with a micropipette
(Accumax Pro) under magnetic stirring, and the solution
became colorless. The addition of 24 mL of a chilled aqueous
NaBH, solution (0.43 M) into the solution led to the rapid
appearance of a dark brown color, indicating the formation of
gold nanoparticles. The reaction mixture was stirred for 4 h
before the organic phase was collected, dried by rotary
evaporation, and washed five times with methanol to remove
excess C6SH, phase-transfer catalysts, and reaction byproducts.
The resulting AuC6 nanoparticles exhibited an average core
diameter of 2.7 £ 0.4 nm, as determined by TEM measurements
(Figure S1).

AuMPD nanoparticles were prepared in a similar fashion
except that an equivalent amount of MPD was used instead of
C6SH.

Preparation of AuC6-MPD Janus nanoparticles (JNPs). The
synthesis of AuC6-MPD Janus nanoparticles has been detailed
previously.39-32 Briefly, the AuC6 nanoparticles prepared above
were dispersed in toluene and deposited onto the water surface
of a Langmuir-Blodgett trough (NIMA 611D). After evaporation
of the organic solvent, the nanoparticle monolayer was
compressed to a desired surface pressure such that the
interparticle spacing was less than twice the fully extended
chain length of the C6SH ligands. A calculated amount of MPD
was then injected into the water subphase using a micropipette
to initiate interfacial ligand exchange reactions. The resulting

This journal is © The Royal Society of Chemistry 20xx



particles were collected after various reaction times (i.e., 1, 4,
or 10 h) so as to vary the concentration of the MPD ligands onto
the nanoparticle surface. The nanoparticles were then collected
from the water surface and washed by methanol. The resulting
Janus nanoparticles were referred to as JNP1, JNP4 and JNP10,
respectively.

As a control experiment, ligand exchange reactions were
also carried out by simply mixing both the AuC6 nanoparticles
and MPD in THF for 10 h, and the resulting sample was denoted
as bulk exchange (BE) nanoparticles.

Phase transfer of alanine by JNPs. In a typical experiment,
JNP10 was dispersed in chloroform at a concentration of 0.15
mg/mL, and alanine (L-Ala, D-Ala, or D,L-Ala) was dissolved in
water at a concentration of 10 mM. The two solutions were
mixed under gentle magnetic stirring for 30 min before an
aliquot of the CHCI; phase was pipetted for CD measurements.
Characterization. Transmission electron microscopy (TEM)
studies were carried out with a Philips CM300 microscope
operated at 300 kV, and atomic force microscopic (AFM) studies
were performed with a Molecular Imaging PicoLE SPM
instrument. UV-vis absorption spectra were acquired using a
PerkinElmer Lambda 35 UV/Vis Spectrometer with a 1 cm
quartz cuvette. FTIR measurements were carried out with a
PerkinElmer Spectrum One spectrometer. Proton nuclear
magnetic resonance (*H NMR) measurements were conducted
with a Varian Unity 500 MHz spectrometer with the samples
dissolved in deuterated chloroform (CDCIs). Circular dichroism
(CD) measurements were carried out with a JASCO J1500 CD
spectrometer using a 1 cm quartz cuvette.

Computational methods. Two models were used in the
calculations, one for a small cluster where a more accurate
theory was applied, and a large cluster to model the realistic
Janus nanoparticle. The small cluster model contained a Auxo
core and two ligands, i.e., one C6 and one MPD. The larger
cluster model contained a Aui47 core capped with eleven C6 and
eleven MPD ligands. This model has approximately the size of
the Janus particle used in the experiment.

We performed density function theory (DFT) calculations for
the small cluster. The ground state geometry optimization was
performed using the hybrid B3LYP functional and the 6-31G*
basis set for all elements except for gold atoms where an
effective core potential LANL2DZ was used (denoted as
B3LYP/6-31G*-LANL2DZ). To investigate the excited electronic
state, we applied linear response time-dependent DFT (TD-DFT)
method at the CAM-B3LYP/6-31G*-LANL2DZ level of theory.
The calculations were carried out using the Q-Chem 5.0
program package.

For the larger model system, the ground state geometry
optimization was carried out employing the density functional
tight-binding (DFTB) approach and the SK parameters were
used as aurog-1-1 in the DFTB+ program. To investigate
electronic excited states, we performed real time TD-DFTB
method using the lodestar program package. Fourier transform
was then used to obtain the absorption spectra.
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