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Abstract: A versatile and robust chiral discrimination strategy
for small aromatic compounds is of significant importance in
multidisciplinary fields. However, most current methods lack
either the sufficient sensitivity for recognizing the chirality of
the target molecules or their molecular specificity information.
We have developed a versatile and chiral-label-free surface-
enhanced Raman scattering (SERS)-based chiral discrimina-
tion sensing system for small aromatic molecules, where the
molecular structural specificity and enantioselectivity can be
given synchronously in a single SERS spectrum. More than 10
types of chiral aromatic molecules were successfully identified
by using this system. This work has enormous potential for
recognizing chiral products effectively in sophisticated systems,
especially in the fields of chiral synthesis and chiral catalysis.

Introduction

Chirality is one of the remarkable features in nature
because a variety of molecular building blocks show intrinsic
chiral preference and strict chiral selectivity, which has been
the significant issue plaguing researchers exploring the origins
of life.[1–3] The enantiomers of a chiral molecule are stereo-
isomers that are non-superimposable mirror images of each
other.[4] Despite the similar physical and chemical properties
between them, they exhibit entirely different physiological
effects in terms of biological activities, toxicities, and phar-
macological actions. Chiral discrimination, the distinction

between left- and right-handed enantiomers, has aroused
considerable interest due to its pivotal importance not only in
chemistry, biology, and pharmacology, but also in daily life.[5]

Chiral aromatic molecules, such as some amino acids, are
important molecular units of numerous biological substances,
and are also commonly used as chiral auxiliaries in industrial
applications, such as natural product synthesis, chiral phar-
maceutical synthesis, and asymmetrical catalysis.[6,7] Thus,
developing a sensitive and accessible chiral recognition and
identification strategy, especially for chiral aromatic com-
pounds, is extremely intriguing and challenging.

Many developments in chiral discrimination have been
achieved through various techniques,[8–15] which can be
divided into two major categories based on different recog-
nition mechanisms. Methods within the first category rely on
the inherent optical activities of chiral molecules,[9, 10] where
circularly polarized light is the prerequisite to distinguish
between the two enantiomers. The other methods primarily
depend on traditional lock-and-key molecular recognition,
where specific chiral chemosensors are necessary to translate
the chirality information of a target molecule by identifying
stereostructure differences with the combination of a variety
of methodologies, including chromatography,[13] electrochem-
istry,[11] colorimetry, and spectroscopy[8, 12] methods. In these
discrimination systems, molecular chirality can be revealed by
the preferential response of one enantiomer towards the
other. Despite the establishment of diverse chiral discrim-
ination approaches, the essential issue of current strategies is
their strong dependency on chiral auxiliaries and circularly
polarized light. Additionally, most of these present methods
have left some crucial problem underlying chiral discrimina-
tion that is the poor recognition resolution and low sensitivity
for various chiral targets. Regarding chiroptical sensing
methodology, sufficient sensitivity and high recognition
performance are usually absent. In the other case, only
indirect recognition that is dependent on chiral chemosensors
signals can be afforded by lock-and-key recognition ap-
proaches, which generally lack molecular specificity informa-
tion of the chiral targets and are limited to only one or a few
kinds of chiral molecules. Therefore, developing a straightfor-
ward and versatile chiral discrimination strategy that is chiral-
label-free and possesses desirable identification capabilities
has been a challenge yet attractive goal.

Surface-enhanced Raman scattering (SERS) spectrosco-
py, as a powerful technique with single-molecule-level
sensitivity and high molecular fingerprint specificity, has been
extensively applied to surface analysis and chemical identifi-
cation in a wide range of fields, such as chemistry, biology,
physics, and materials science.[16, 17] At present, two commonly
accepted mechanisms are responsible for the tremendous
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SERS enahancement: the electromagnetic (EM) and the
charge transfer (CT) mechanisms. The EM mechanism is
derived from the dramatic local-field enhancement caused by
localized surface plasmon resonance on a nanoscale metal
substrate,[18, 19] and the CT mechanism is a short-range
resonance-like process that is associated with the energy
level structures between a substrate and the adsorbates.[20,21]

Although the EM mechanism is dominant in enhancing SERS
signals, the CT mechanism is quite meaningful in that it offers
information about electronic structure changes in a surface/
interface system at the molecular level. Recently, CT-based
SERS techniques have been demonstrated their superiority in
exploring the effects of interfacial interactions.[22, 23] In terms
of chiral discrimination, intermolecular interactions occur
between each target enantiomer and an achiral recognition
sensor, which alters the molecular electronic structures of the
adsorbed sensor. Such changes are expected to be measured
by CT-based SERS spectroscopy with evident differences in
the spectral patterns between the two enantiomeric discrim-
ination systems.[15, 24,25] As we previously reported, we first
proposed a chiral-label-free chiral discrimination approach
based on CT-SERS,[15] which exhibited prominent advance-
ment in its enantioselective discrimination response to several
chiral alcohols without using any chiral sensor or circularly
polarized light. Although we made progress in distinguishing
between enantiomers by the impressive changes in the SERS
spectra, the previous work has left much to be desired as
a high discrimination sensitivity for low concentrations of the
chiral targets was not achieved and that method did not work
for detecting a wider range of chiral compounds except
several chiral alcohols with low viscosity.[15,25] The realization
of chiral discrimination by SERS would satisfy the require-
ments for distinguishing between enantiomers and simulta-
neously identifying chiral molecules with higher sensitivity.
These poor detectability problems could be overcome by
a feasible SERS-based chiral discrimination approach with
high sensitivity for identifying chiral targets that are depen-
dent on EM mechanism and the specificity for reliable
enantioselectivity that are related to the CT mechanism in the
system. Thus, it is the key issue that we plan to solve by
realizing synchronous chiral discrimination and molecular
determination using the chiral-label-free discrimination sens-
ing system presented in this work.

In this regard, appropriate sensors with sufficient inter-
action sites for enantioselective discrimination and molecular
specificity should be the crucial component in this SERS-
based discrimination system. Self-assembled monolayers
(SAMs), especially thiol SAMs, are an essential system with
remarkable structural features that have been extensively
employed for modifying, protecting and functionalizing the
surface of a material.[26–28] Functionalized thiol SAMs on
metal nanomaterials offer an accessible and effective way to
tune the properties of the materials surface and be able to
anchor the target molecules by intermolecular interactions or
covalent bonding; therefore, they have widespread applica-
tions in many fields, such as catalysis, biosensing, corrosion
protection, and organic electronics.[29–31] Nevertheless, SAMs
with single type of thiol on the surface of nanomaterials can
merely implement rough control of the surface properties,

and the preferable tunability is limited.[32, 33] Modifying nano-
material surfaces with mixed-thiol SAMs of two or more
thiols has attracted more attentions, because the surface
properties can be precisely adjusted by integrating the
respective structural features of each type of thiol.[28,32, 33] It
should be possible to achieve enantioselective discrimination
and molecular fingerprint specificity detection by exploiting
a SERS-active substrate modified with mixed-thiol SAMs.
Well-controlled SERS-active substrates with remarkable
enhancement are another essential consideration for
a SERS-based discrimination method to improve the deter-
mination of chiral molecules. The self-assembled metal
nanoparticles in ordered arrays exhibit dramatically high
EM fields, affording SERS with enhanced optical signals.[34,35]

Vertically aligned Au nanorods (Au NRs) arrays, with great
stability and optical tunability and have attracted significant
attention since they possess remarkable collective plasmonic
properties and engender intense localized EM fields with
excellent spectral repeatability.[36,37] In view of this, a vertically
ordered Au NRs array as a SERS-active substrate in a chiral
discrimination system is desirable and expected to improve
spectral resolution for identifying molecular chirality and
specificity.

Herein, we have proposed a versatile and chiral-label-free
SERS-based chiral discrimination sensing system for small
aromatic compounds, including chiral aromatic amines,
alcohols, and acids, with high molecular fingerprint specificity,
composed of mixed-thiol SAMs and vertically aligned Au
NRs arrays. Two achiral thiols, n-hexanethiol (HT) and p-
mercapto phenylboronic acid (MPBA), were selected to
generate the functionalized SAMs in the chiral discrimination
sensing system. The chiral aromatic targets are bound to the
modified HT molecules by hydrophobic effects and weak
intermolecular interactions, which place them in the vicinity
of the hot spot regions on the surface of the Au NRs arrays to
be facilely detected. In such a case, the trapped chiral
molecules can be further recognized by the adjacent MPBA
anchored to the Au NRs, where differences in the CT occur
due to the different intermolecular hydrogen bonds between
two enantiomeric systems. This leads to different SERS
spectra of the MPBA, amplifying the difference in chirality.
This work has provided a distinctive chiral-label-free SERS-
based strategy to identify small aromatic chiral compounds
with simplicity, feasibility and versatility. Our chiral sensing
strategy has exhibited excellent discrimination performance
for both enantioselectivity and chiral molecular fingerprint
specificity with no need for any chiral auxiliary or circularly
polarized light. Our strategy has tremendous potential for
application in more sophisticated systems to realize the
recognition among different chiral molecules.

Results and Discussion

The chiral discrimination sensing system was constituted
by the mixed-thiol-functionalized Au NRs arrays, which were
fabricated by an evaporation-induced assembly method (see
the Supporting Information for the detailed procedure and
characterization). Au NRs with different lengths and the
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aspect ratios possess different surface plasma resonance
(SPR) bands, especially the longitudinal SPR bands, which
produced different EM enhancements. Considering this
shape-dependent optical characteristics of Au NRs, we
synthesized three kinds of Au NRs with distinctive longitu-
dinal SPR bands from 715 to 780 and 835 nm (Supporting
Information, Figure S1) to construct different vertically
aligned Au NRs arrays. The prepared Au NRs arrays were
vertically aligned into a monolayer and possessed a high
degree of pattern regularity, as shown in the Supporting
Information, Figure S2. To evaluate the enhancement perfor-
mance of these prepared Au NRs arrays, SERS experiments
with a rhodamine 6G (R6G) molecule as the probe were
carried out. With the comparison of the SERS spectra of R6G
adsorbed on three different assembled Au NRs arrays
substrates, it was observed that the vertically aligned arrays
composed of Au NRs with the longitudinal SPR bands at
780 nm engendered the strongest EM field and the largest
SERS enhancement at the laser excitation wavelength of
785 nm, as shown in the Supporting Information, Figure S3.
Thus, the Au NRs with an aspect ratio of about 3.8 and the
longitudinal SPR bands at 780 nm to fabricate the Au NRs
arrays substrate were used in the subsequent SERS experi-
ments. Such Au NRs arrays displayed a good SERS enhance-
ment for improving the molecular specific determination, and
the remarkable uniformity and reproducibility to afford
reliable determination results (Supporting Information, Fig-
ures S4 and S5).

By modifying the surface of the assembled Au NRs arrays
with the mixed-thiol SAMs, composed of HT and MPBA,
a chiral discrimination sensing platform was established, as
illustrated in Figure 1. Considering the great influence that
the ordering of the thiol SAMs has on the non-specific
binding of the target molecules, SERS experiments were
conducted to investigate the correlation between the soak
time of HT and the molecular ordering. Aiming to obtain
ordered HT assembly and high capture capability for chiral
molecules, the soaking time of the vertically aligned Au NRs
arrays was optimized (see the Supporting Information for the
details and Figure S6). The immersion time was chosen to be
6 h for the subsequent SERS experiments, where the intensity

ratio of the HT bands at 628 and 698 cm@1, attributed to the
gauche (n(C-S)G) and trans (n(C-S)T) conformations of the S-C-C
chain, respectively, were used to judge the degree of ordering
of the thiol SAMs.[38,39] After modifying a layer of HT, the Au
NRs arrays were further soaked in the MPBA solution for
another 6 h to generate mixed-thiol SAMs consisting of HT
and MPBA. Unlike the aromatic MPBA, HT does not contain
conjugated p-electrons; therefore, the SERS signal intensity
of HT is lower than that of MPBA, even when the concen-
tration of HT is larger and its acquisition time is longer than
that of MPBA (Supporting Information, Figure S7).[30] Since
MPBA possessed the dominant SERS signal in the mixed-
thiol SAMs, its concentration is vital for maximizing the
enantioselective sensitivity and determining the chiral mo-
lecular fingerprint specificity without the interference of
MPBA molecules. After investigating SERS spectra of the
mixed thiols adsorbed onto the Au NRs arrays with varying
concentrations of MPBA of 10@5, 10@4, and 10@3m (Figure S8;
see the Supporting Information for detailed discussion), the
mixed-thiol SAMs prepared with 10@4m MPBA was chosen
for fabricating the chiral discrimination sensing platform.
With this concentration, both MPBA and HT exhibited
appropriate SERS signal intensities, which are necessary for
the chiral discrimination with excellent enantioselectivity and
high molecular fingerprint specificity. The enantioselectivity
would be observed from the changes in the SERS spectra of
MPBA, which originate from the intermolecular interactions
between MPBA and the chiral target molecules.[40, 41] On the
other hand, the high molecular fingerprint specificity is
dependent on the capture ability of HT. This involves HT
pulling the chiral targets into the hot spot regions of the
vertically aligned Au NRs arrays, which can engender
tremendous SERS signal enhancement that assists in deter-
mining the characteristic information about molecules. In
addition, the mixed-thiol-functionalized Au NRs arrays
prepared with such a method remained achiral (Supporting
Information, Figure S9).

The prepared chiral discrimination sensing platform was
then soaked in 10@3m enantiomeric solutions of L- and D-
mandelic acid (MA) for 12 h, separately. SERS spectra of the
chiral discrimination sensing systems with the different
enantiomeric targets were collected after rinsing and drying,
as shown in Figure 2A. Even though the MA enantiomers
were diluted to 10@3m, rather than pure liquid solution, the
SERS-based chiral discrimination method still demonstrated
a distinct enantioselective discrepancy and a fairly good
detection performance for the molecular specificity of MA.
For comparison, all the SERS spectra acquired were normal-
ized by the strongest band of MPBA at 1075 cm@1, in
consideration of its insensitivity to the surroundings.[30, 42] It
can be observed that obvious spectral changes occurred
between the SERS spectrum of the blank chiral discrimina-
tion sensing platform and those systems with different MA
enantiomers. Several bands appeared at 358, 473, 1168, and
1239 cm@1 after introducing the L- and D-MA enantiomers
into the system (Figure 2A, b and c),[43] which belong to
neither MPBA nor HT. These emerging bands coincide with
the extra bands in the SERS spectrum of the Au NRs arrays
substrate that was modified with only HT after immersion

Figure 1. Illustration of preparation of the chiral sensing recognition
system.
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with MA (Supporting Information, Figure S10, b and c), and
are attributed to MA as they also coincide with the character-
istic Raman bands of MA (Supporting Information, Fig-
ure S10, a).

An obvious difference in the relative intensity of the two
bands at 1574 and 1584 cm@1, attributed to the C=C stretching
vibration modes of MPBA, between the L- and D-MA
enantiomeric systems can be recognized, as shown in Fig-
ure 2B. When L-MA was involved in the chiral discrimination
system, the band at 1574 cm@1, arising from the B-C stretching
coupled with the non-totally symmetric stretching (nC-C, b2)
mode of MPBA, is much weaker than the band at 1584 cm@1

(the totally symmetric stretching vibration, a1 mode), as
shown in Figure 2B, c. The intensity of the b2 mode at
1574 cm@1 is significantly lower than that of the corresponding
band of the blank chiral discrimination sensing platform
(Figure 2B, a). Unlike the L-MA discrimination sensing
system, the intensity of the b2 mode in the D-MA discrim-
ination system markedly increases and exhibits an obvious
shoulder peak with respect to the a1 mode of MPBA
(Figure 2B, b). It is of note that the difference in the relative
intensities of the b2 mode and the a1 mode are dependent on
the chiral environment of the system, as revealed from the
SERS spectra. Changes in the b2 modes in the SERS spectra
of molecules with C2v symmetry can be regarded as evidence
for the occurrence of CT processes;[44, 45] therefore, the
excellent enantioselectivity is closely associated with the
differentiated CT processes in different chiral discrimination
sensing systems.

A possible sensing mechanism of the SERS-based dis-
crimination sensing system toward the L-/D-MA enantiomers
is extremely important for understanding this discrimination
process. The results in Figure 2 reveal that the discrimination
sensing system possesses not only great enantioselectivity but
also high-resolution molecular fingerprint specificity. Regard-
ing the enantioselectivity, the distinction between the L- and
D-MA enantiomers manifests from the different relative
intensities of the MPBA bands in the SERS spectra. The
intermolecular hydrogen bonding between the L- or D-MA
enantiomers and MPBA accounts for the enantioselectivity of
the sensing system. As we previous reported,[46, 47] hydrogen

bonding interactions result in the rearrangement of the
electron density of a self-assembled system. They alter the
molecular electronic structure (as shown in the Supporting
Information, Figure S11) and further influence the CT
process between a metal substrate and its adsorbates, which
engenders the distinguishable SERS spectral patterns of the
adsorbed probes. Different hydrogen bonding interactions
should take place in the two enantiomeric systems, occurring
between the carboxyl group of MA and the hydroxyl group of
MPBA and leading to different CT processes in the system
that involve discrepant CT states.[46, 48] Since CT is one of the
main enhancers of SERS, any subtle change in the CT states
would cause a change in the SERS spectral patterns.[25, 49] The
intensities of b2 and a1 modes in the SERS spectra can be used
to evaluate the occurrence and degree of the CT process in
the discrimination sensing system.[50,51] When L-MA is
introduced into the discrimination sensing system, the b2

mode of MPBA decreases with respect to the blank system.
However, the b2 mode shows visible enhancement in the
presence of D-MA. Thus, it can be concluded that the
enantioselectivity of the system is strongly associated with the
CT process.[25] The CT-based SERS, in turn, amplifies the
subtle differences between the two enantiomeric sensing
systems caused by chirality in comparison to the discrim-
ination method with the use of circular dichroism (Supporting
Information, Figure S12).

The molecular specificity of MA of this sensing system
benefits from the advantages of Raman spectroscopy, which
can afford specific molecular fingerprint information to
identify and quantify analytes with high sensitivity.[16] In the
course of chiral discrimination sensing, determining molec-
ular fingerprint information was parallel to recognizing the
chirality. Therefore, MA was prone to determination despite
the relatively low molecular concentration used. This was
confirmed by the characteristic Raman bands of MA appear-
ing at 359, 473, 1168, and 1239 cm@1 (Figure 2). The sensitivity
is due to the huge enhancement of the SERS signal, which
primarily originates from the enormous plasmonic near-field
enhancement from the nanosized metal substrates.[19,52] The
vertically aligned Au NRs arrays that we fabricated as SERS
substrates for our chiral discrimination sensing system have
been shown to produce a strong SPR effect and generate
a strong and homogeneous EM field, especially in the hot spot
regions located between two adjacent rods.[34, 37] It can be
considered that the molecular specificity of MA is largely
determined by the EM mechanism of SERS and the trapping
ability of the achiral captor HT. Even though the Au NRs
arrays provide a huge enhancement, the low affinity between
the target molecule and the Au NRs array substrate still
severely restricts the detection sensitivity in SERS spectros-
copy. However, the HT component in the mixed-thiol SAMs
effectively addresses this issue by forming non-specific
intermolecular interactions between HT and the target chiral
molecules.

A suggested chiral discrimination mechanism was pro-
posed and is illustrated in Figure 3. In the discrimination
process, we suggest that L- or D-MA enantiomers containing
hydrophobic aromatic ring are prone to be pulled into the
mixed-thiol SAMs by HT via van der Waals and hydrophobic

Figure 2. A) SERS spectra of a) the blank chiral discrimination sensing
platform, and the chiral discrimination sensing system with the
incorporation of b) D-MA and c) L-MA. B) Enlargements of the 1540–
1620 cm@1 region of the SERS spectra shown in (A). All the SERS
spectra were normalized by the intensity of the band at 1075 cm@1.
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interactions.[53] In such a case, the L- or D-MA enantiomers
are situated in the hot spot regions of the vertically aligned Au
NRs arrays, and are sensitively detected due to the tremen-
dous EM enhancement. On the other hand, the hydrophilic
carboxyl and hydroxyl groups of the MA enantiomers remain
outside of the alkane chain of HT and interact with the
hydroxyl group of the adjacent MPBA through hydrogen
bonding. This causes the differentiated electronic structures
of the Au-MPBA complexes and CT processes, giving the
distinctive SERS spectra of the two enantiomeric systems.
The b2 mode of MPBA decreases with L-MA present,
indicating unfavorable intermolecular hydrogen bonding
geometries form between L-MA and MPBA, which generate
CT-states that may not suitable for the CT from the Au NRs
to MPBA. As for the discrimination system with D-MA
present, the b2 mode of MPBA is visibly enhanced, manifest-
ing the formation of favorable hydrogen bonding geometries
that promote the CT processes in this system between D-MA
and MPBA.

As a conventional achiral chemical-capturing molecule,
MPBA undergoes pH-dependent structural changes,[54, 55]

which produces different SERS spectral patterns of MPBA
under different pH conditions (Supporting Information,
Figure S13A). It is necessary to investigate the SERS spectra
of the mixed-thiol SAMs on the Au NRs arrays in solution at
pH levels ranging from 1 to 13 to elucidate at which pH the
chiral discrimination sensing system displays optimal discrim-
ination performance. The SERS spectra presented in the
Supporting Information, Figure S13B show that the a1 mode
of MPBA at 1584 cm@1 is evidently stronger than the b2 mode
at 1574 cm@1 under acidic conditions (pH, 6). Gradually, as
pH increases, the b2 mode increases and the a1 mode
decreases until the intensities of the two modes are reversed
at alkaline pH values (pH+ 9). The variations in MPBA
SERS spectra can be attributed to its molecular configuration
in alkaline pH environments. When the surrounding pH is
acid, the B atom in MPBA is sp2-hybridized with a triangular
planar configuration, but is sp3-hybridized under alkaline pH
conditions by forming an (OH@)-MPBA anion with a tetrahe-
dral configuration.[55] These pH-determined configuration
changes prompt a symmetry-reduction-induced decrease in

the degeneracy of the energy levels in MPBA, accompanied
by charge redistributions of its benzene ring in the MPBA
molecule, which consequently affect the CT process between
the Fermi level of Au and the molecular orbital level of
MPBA. Therefore, the intensities of C=C stretching vibra-
tions of the benzene distinctly change.

The discrimination behavior of our sensing system was
subsequently investigated by SERS with pH conditions
ranging from 1 to 13 (Figure 4). The individual comparisons
of the chiral discrimination behavior under each pH condition
are presented in the Supporting Information, Figure S14.
Increasing the pH of the system enhances its discrimination
capability, and the discrepancies between the SERS spectra of
the L- and D-MA systems increase. We found the optimized
pH condition for this system to be an alkaline pH of 9. At this
pH, the spectral discrepancies in the relative intensities of the
b2 and a1 modes between the L- and D-MA sensing systems
are remarkable, and excellent enantioselectivity is exhibited,
although the maximum differentiation between the two
enantiomeric systems was not achieved. In addition, the
alkalinity is comparatively mild at pH 9, where the assembled
vertically aligned Au NRs arrays are stable. On this account,
the following SERS experiments were performed at a pH of 9
to obtain optimal spectral discriminability. To examine the
enantioselectivity of the system, MA enantiomeric solutions
with various enantiomeric excess (ee) values were investigat-
ed (Figure 5A). The relative intensity ratio of the b2 to a1

modes of MPBA (I1574/I1584), as an enantioselective indicator,
decreased with increasing ee % values of L-MA, which

Figure 3. A representation showing interactions of the sensing plat-
form with D- and L-MA enantiomers and the enantioselective discrim-
ination process.

Figure 4. SERS discrimination performance of the chiral discrimination
system for A) D-MA and B) L-MA enantiomers under different pH
conditions ranging from 1 to 13 (from a to m). All the SERS spectra
were normalized by the intensity of the band at 1075 cm@1.

Figure 5. A) SERS spectra of the chiral discrimination system for the
discrimination of enantiomer with various ee value of L-MA. B) Corre-
lation between the differences in the relative intensity ratio of I1574/I1584

and the ee values (in %). All the SERS spectra were normalized by the
intensity of the band at 1075 cm@1.
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revealed a linear correlation with an R2 = 0.992 (Figure 5B).
It indicates that the chiral discrimination sensing system
exhibits the impressed enantioselectivity.

Other crucial factors that affect the chiral discrimination
performance are the component and structure of the achiral
mixed-thiol SAMs on the assembled Au NRs arrays. The HT
fraction of the mixed-thiol SAMs determines its ability to
provide molecular fingerprint specificity, as evidenced by the
control experiment where only MPBA was used to fabricate
a single-thiol SAMs. However, the characteristic SERS
signals of MA were negligible in the SERS spectra of the
system containing the MPBA-only SAMs, despite the spectral
differences and the good enantioselectivity obtained between
the L- and D-MA (Figure S15). This shows that the cooper-
ative effects of the mixed thiols, HTand MPBA, in the sensing
system afford the excellent chiral discrimination perfor-
mance. Since the molecular heights of the assembled HT
and MPBA are similar,[30] synergetic properties produce
owing to the exposure of the functional groups of each
modifier. As a consequence, the mixed-thiol SAMs make the
chiral targets to be captured by HT and recognized by the
adjacent MPBA with extremely high enantioselectivity and
molecular specificity. To further verify this, we fabricated
three other chiral discrimination sensing systems by replacing
HT with other alkylthiols: 1-octanethiol (OT), 1-decanethiol
(DT) and 1-octadecanethiol (ODT). We examined the chiral
discrimination performance of three mixed-thiol SAMs at
a pH of 9 (Supporting Information, Figure S16). All three
systems exhibited almost the same enantioselectiviy as the
original discrimination system for L- and D-MA, which is
because distinguishing between the two enantiomers relies
heavily on their interaction with MPBA. With respect to
molecular specificity, the distinct fingerprint characteristic
bands of MA, located at 359, 473, 1168, and 1239 cm@1, can be
detected only in the discrimination system with HT and
MPBA. In the discrimination sensing system fabricated with
OT and MPBA, only faint SERS signals of MA could be
identified (Supporting Information, Figure S16B), while the
characteristic bands of MA were negligible in the SERS
spectra of the other two discrimination systems (Supporting
Information, Figure S16C,D). A conclusion has been thus
drawn from these results that the similar height of the mixed
thiols is of great importance to trap the chiral targets into the
hot spot regions of the Au NRs arrays and offer the molecular
specificity.

Since the microstructure of the two modifiers is vital in
determining the synergistic properties of the mixed-thiol
SAMs, alkylthiols with identical carbon chain lengths but
different terminal functional groups were chosen to demon-
strate the effect of the terminal groups on the determination
capability of the sensing system. The van der Waals and
hydrophobic interactions are the main driving forces for HT
to anchor the chiral target molecules onto the Au NRs
surface. Further evidence was presented using 6-mercapto-1-
hexanol (MCH) and 6-mercaptohexanoic acid (MHA), thiols
with hydrophilic hydroxyl and carboxyl terminal group,
respectively, to replace HT when forming the mixed-thiol
SAMs. The detection abilities of these sensing systems for
MA reduce as the hydrophobicity of the alkylthiols decrease,

as shown in the Supporting Information, Figure S17. The MA
molecules can be determined only in the chiral discrimination
system formed by HT and MPBA. The results from the SERS
detection in these three sensing systems indicate that the
hydrophobic interaction is crucial for the detection of chiral
molecules with high specificity.

The remarkable chiral discrimination capability of this
SERS-based sensing system encouraged us to attempt the
recognition of a variety of small aromatic molecules, most of
which are components of numerous chiral pharmaceuticals.
Under the optimized conditions, the discrimination sensing
system exhibited an amazing response to these chiral
aromatic molecules with pronounced spectral enantioselec-
tivity between the two enantiomers and significant molecular
specificity. As displayed in Figure 6, another ten chiral
aromatic molecules, including phenylalanine (Phe), phenyl-
alaninol (PhA), phenylglycinol (PGl), a-phenylglycine
(PGe), phenylethanol (PEt), 1-phenyl-1-propanol (PhP),
phenyllactic acid (PLA), a-phenethylamine (PEa), 1,2,3,4-
Tetrahydro-1-naphthylamine (THNA), and hydroxyphenyl-
glycine (HPG), were recognized with comparable or even
superior enantioselectivity and molecular specificity to that of
MA molecule. In these discrimination sensing systems, the b2

mode of MPBA was visibly enhanced when the system
underwent incubation with D (or R)-type enantiomers, but an
intense decrease in its intensity was observed when the system

Figure 6. SERS spectra of the chiral discrimination sensing system for
the discrimination of other ten kinds of chiral aromatic molecules
A) Phe, PhA, PGe, HPG, PGl, and B) PhP, PLA, PEa, Pet, and THNA.
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involved L (or S)-type enantiomers. Aside from the arresting
spectral discrepancies of the relative intensities of the b2 and
a1 modes of MPBA, the molecular structure information of
each chiral target was also effectively identified, which
enabled target chiral to be distinguished among diverse chiral
molecules. Consequently, this SERS-based chiral discrimina-
tion sensing system possesses versatility for recognizing
a variety of chiral aromatic molecules.

Conclusion

A chiral-label-free and versatile chiral discrimination
sensing system has been developed based on the vertically
aligned Au NRs arrays modified with the achiral mixed-thiol
SAMs using SERS spectroscopy to differentiate and identify
small aromatic molecules in solution. The key to success in
chiral discrimination for this strategy is attributed to the
synergy of the CT contribution and the EM enhancement of
SERS. The chiral discrepancy between L- and D-enantiomers
is identified from the distinct differences in the SERS spectral
intensities, which are dependent on the MPBA fraction of the
mixed-thiols SAMs. A suggested mechanism toward this
impressive enantioselective recognition was presented con-
sidering the relevance between the enantioselectivity and CT
enhancement of SERS on account of the differentiated SERS
relative intensities of MPBA. Additionally, a linear correla-
tion was obtained between the relative intensity ratio of the b2

and a1 modes of the SERS spectra of MPBA and ee % values
under the optimal conditions at pH 9. The unique fingerprint
characteristics of the target chiral molecules can be detected
with extremely high molecular specificity owing to the
capture ability of the HT fraction of the mixed-thiol SAMs,
which traps the chiral molecules in the hot spot regions of the
vertically aligned Au NRs arrays with non-specific intermo-
lecular interactions and exposes them to an enhanced EM
field. This SERS-based chiral discrimination sensing system
has demonstrated excellent versatility for various chiral
aromatic molecules, which could be promising for applica-
tions in identifying diverse chiral compounds in sophisticated
systems. We believe this work provides a robust and simple
strategy for the discrimination and detection of chiral
molecules in various fields, such as asymmetric synthesis,
chiral catalysis and enantiomeric separation.
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