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a b s t r a c t
Au nanoparticles modiﬁed with enantiomerically pure D- or L-cysteine have been shown to serve as
enantioselective adsorbents of R- and S-propylene oxide. A simple adsorption model and accompanying experimental protocol have been developed to enable optical rotation measurements to be analyzed for quantitative
determination of the ratios of the enantiospeciﬁc adsorption equilibrium constants of chiral species on the
surfaces of chiral nanoparticles, KSL/KSD = KRD/KRL . This analysis is robust in the sense that it obviates the need to
measure the absolute surface area of the absorbent nanoparticles, a quantity that is somewhat difﬁcult to obtain
accurately. This analysis has been applied to optical rotation data obtained from solutions of R- and S-propylene
oxide, in varying concentration ratios, with D- and L-cysteine coated Au nanoparticles, in varying concentration
ratios.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Over the course of the past decade, the ﬁeld of nanoparticle (NP)
synthesis has advanced rapidly to the point that it is now possible to
control a wide variety of their physical, chemical and morphological
characteristics: size, shape, composition, phases, etc. [1]. It is even
possible to grow NPs with core–shell structures and other multiphase
morphologies. The interest in controlled NP synthesis stems from the
numerous important applications of NPs in catalysis, adsorption, pigments, and sensors. All of these applications can beneﬁt from increased
control of NP properties through control of their physical, chemical and
morphological characteristics.
Nanoparticle chirality is a characteristic that has potential application in enantioselective chemical processes such as catalysis, adsorption
and separations. Nanoparticle chirality has been known since the
determination of the atomic structure of a Au102 NP coated with 44
p-mercaptobenzoic acid moieties revealed a symmetric fcc core
surrounded by an asymmetric shell of Au atoms bound to the
mercaptobenzoic acid ligands [2]. Since then, a number of such chiral
NPs have been synthesized. For the most part, it is the chiro-optical
properties of these NPs that have been explored rather than their
enantiospeciﬁc interactions with chiral molecules [3–5]. However, it is
the enantiospeciﬁcity of the adsorption energies and reaction barriers
of chiral species on chiral surfaces that are the root origin of
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enantioselectivity in important chemical processes such as catalysis
and separations [6,7]. Quantifying these remains a challenge.
There are a number of possible means for preparing chiral NPs in
enantiomerically pure form [3,4,8–16]. The chiral NPs described above
are synthesized from achiral reagents and the result is a racemic mixture of the NPs that needs to be separated enantioselectively. However,
preparation of particles using enantiomerically pure chiral ligands will
yield NPs with chiral surfaces. Most of the early syntheses of shape controlled NPs resulted in NPs that expose high symmetry low Miller index
facets; however, in recent years there have been a number of examples
of NPs that expose facets with high Miller index orientations such as
(hhl). These have structures based on monoatomic steps separating
atomically ﬂat terraces. Although these are not naturally chiral planes
[6,17–19], there is evidence from studies on bulk surfaces with these
high Miller index orientations that they can be induced to reconstruct
into naturally chiral planes with kinked step edges simply by adsorption
of an appropriate chiral ligand [20–22]. Most recently, some NPs have
been prepared to expose facets that are naturally chiral, however, they
appear in equal distributions of both enantiomorphs around the NP.
Given these various routes to the preparation of chiral NPs, the next
step is to develop methods for detection, study and understanding of
their enantiospeciﬁc interactions with chiral probe molecules.
In prior work, we used optical polarimetry to demonstrate that Au
NPs coated with D- or L-cysteine (cys) adsorb chiral probes such as Ror S-propylene oxide (PO) enantioselectively [16]. During the addition
of racemic PO to a solution containing D-cys/Au NPs, there is an increasing optical rotation by the solution with increasing concentration of
rac-PO. With the addition of rac-PO to a solution containing L-cys/Au
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NPs, there is an increasing optical rotation but with opposite sign. Racemic PO itself does not rotate light in aqueous solution, nor does the
addition of rac-PO to a solution containing rac-cys/Au. Therefore, the
rotation of light by addition of rac-PO to a solution containing D-cys/
Au (or L-cys/Au) NPs must arise from the enantioselective adsorption
of one enantiomer of PO onto the chiral NPs and an enantioselective
partitioning between the solution phase and the adsorbed phase.
Furthermore, this is observable using optical polarimetry only because
the enantiomer adsorbed on the Au NPs exhibits a speciﬁc optical
rotation that is different from its speciﬁc optical rotation in solution
phase. If the enantiomers in solution and in the adsorbed phase had
identical intrinsic optical rotation constants, their enantiospeciﬁc
partitioning between adsorbed and solution phases would not cause
any change in the net optical rotation of the NP solution.
In addition to demonstrating the detection of enantioselective
adsorption on chiral Au NPs using optical polarimetry, a simple adsorption model was proposed to analyze the optical rotation measurements
to extract physical constants such as: the adsorption equilibrium
constants, KRD = KSL and KSD = KRL ; the molar surface area of the NPs in
solution, S0; and the intrinsic optical rotation constants for the probe
molecule in the adsorbed phase, α Rads and α Sads, and in the solution
phase, α Rsol and α Ssol [16]. In this work, our analysis of that initial model
shows that the equilibrium constants and the surface area are coupled
to one another and cannot be determined independently unless the
concentrations of PO are sufﬁciently high that the adsorption isotherms
are no longer linear in the PO concentration. Although the PO concentrations did extend into the non-linear regime for those measurements;
the uncertainty in the determination of each is probably higher than
originally reported because of the coupling of K and S0. One solution to
this problem would be to ﬁnd an independent means of determining
S0 that does not rely on the optical rotation data. However, the deﬁnition of S0 is the effective molar surface area or concentration of PO
adsorption sites on Au NP surfaces already modiﬁed by cysteine, not a
quantity that can be measured readily.
In this work we propose and apply an analysis of optical rotation
data that allows quantitative extraction of the enantiospeciﬁc ratios of
the adsorption equilibrium constants, KSL/KSD = KRD/KRL , without the
need to determine S0. As it is the ratios of the adsorption equilibrium
constants that determine the enantioselectivity of the adsorption process, they are as important as the absolute values of the equilibrium
constants themselves. Obviating the need to measure S0 is worth the
sacriﬁce of the absolute values of the adsorption equilibrium constants.

L−cys=Au

xtot

Au

¼ ð1−γÞxtot

ð4Þ

where xAu
tot is the total concentration of cys/Au NPs in solution.
The physical phenomena occurring in the solutions and that dictate
the results of the polarimetry measurements are illustrated in Fig. 1.
The four equilibria between the R-PO and S-PO in the solution phase
and R-PO and S-PO adsorbed on the surfaces of the dissolved D-cys/Au
and L-cys/Au NPs are characterized by four equilibrium constants. The
quantity KRD is the equilibrium constant for adsorption of R-PO on
−1
D-cys/Au and has units of M
. The values of the four equilibrium constants are related by diastereomerism: KRD = KSL ≠ KRL = KSD. The quantity
S0 represents the concentration in solution of the PO adsorption sites on
the cys/Au NPs and has the units of M. In the context of a Langmuir
isotherm the fractional coverage of adsorbed PO would be θ = 1 when
the concentration of PO in the adsorbed phase is equal to S0; at that
point, the cys/Au NP surfaces would be saturated with adsorbed PO.
The quantities α are the speciﬁc optical rotation constants for PO in
the solution phase, αsol, and in the adsorbed phase, αads, and have the
units (°/M). The speciﬁc optical rotation constants are related as
follows: α Rads = − αSads ≠ − α Ssol = α Rsol. The key ﬁnding of our prior
work that underpins the use of optical rotation for detection of
enantiospeciﬁc adsorption in these systems is that αsol ≠ αads, thereby
differentiating the optical properties such that the net optical rotation
is dependent on the concentrations in the two phases [16].
We start with the Langmuir adsorption isotherm to describe the
relationship between the concentration of R-PO in solution, xR/D
sol , and
the concentration in the adsorbed phase, x R/D
ads , in the presence of
D-cys/Au NPs. The concentration in solution of PO adsorption sites on
the NPs is given by S0.
R=D

R=D

xads
K RD xsol
R R=D
¼
≈ K D xsol
R=D
S0
1 þ K RD xsol

R=D

R=D

R=D

xtot ¼ xsol þ xads

ð5Þ

ð6Þ

2. Adsorption and optical rotation
The solutions on which we have made measurements of optical
rotation contain both D- and L-cys/Au NPs and both R- and S-PO. The
total concentrations of Au NPs and PO are ﬁxed but the ratio of enantiomorphs varies from 100% of one to 100% of the other. To describe the
enantiomeric excess of the PO in solution we deﬁne the quantity β =
0 → 1 which quantiﬁes the fractional concentration of R-PO in solutions
also containing S-PO,
R−PO

¼ β  xtot

S−PO

¼ ð1−βÞxtot

xtot

xtot

PO

ð1Þ

PO

ð2Þ

R − PO
includes both
where xPO
tot is the total PO concentration. Note that xtot
the R-PO in solution phase and adsorbed onto the Au NPs. To describe
the enantiomeric excess of the cys/Au NPs in solution we deﬁne the
quantity γ = 0 → 1 which quantiﬁes the fractional concentration of
D-cys/Au in solutions that also contain L-cys/Au NPs,

D−cys=Au

xtot

Au

¼ γ  xtot

ð3Þ

Fig. 1. Illustration of the physical phenomena and the physical constants that govern
the optical rotation of solutions containing R- and S-PO with D- and L-cys/Au NPs. The
equilibria between solution phase and adsorbed phase PO are determined by the
equilibrium constants, K. The quantity, S0, represents the concentration of PO adsorption
sites on the cysteine modiﬁed Au NPs. The quantities α are the speciﬁc optical rotation
constants for PO in the adsorbed and solution phases. Diastereomerism gives the following
relationships between quantities: KRD = KSL ≠ KRL = KSD, αRads = − α Sads and α Rsol = − α Ssol.
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The approximation in Eq. (5) holds at low concentrations when the
coverage in the adsorbed phase, x R/D
ads /S0, is linear in the solution phase
concentration. In fact, for the purposes of this work the isotherm need
not be Langmuirian; the only constraint on the isotherm is that it be
linear at low concentrations. The concentrations of R-PO in solution,
R/D
xR/D
sol , and R-PO adsorbed on the D-cys/Au NPs, x ads , are given in terms
of the total concentration of R-PO, x R/D
tot , by:
R=D

R=D
xads

The second experimental protocol is one in which the concentration
of either R-PO or S-PO is held constant at xtot. However, the fractional
concentration of the D-cys/Au and L-cys/Au NPs is varied while their
total concentration, represented by S0, is kept constant. The fractional
concentration of the D-cys/Au and L-cys/Au NPs as quantiﬁed by, γ, is
varied from 0 to 1. For the solution containing S-PO the dependence of
the optical rotation on γ is given by

R=D

xsol ¼

xtot
1 þ S0 K RD

R=D

0

α S ðγÞ ¼

ð8Þ

and for the solution containing R-PO the dependence of the optical
rotation on γ is given by
0

The rotation of polarized light by the addition of R-PO at a concentration
x R/D
tot to a solution containing D-cys/Au NPs is then given by


R
R=D
R R=D
R
R=D
α D xtot ¼ α sol xsol þ α ads xads
!
R
R
R
α sol þ α ads S0 K D R=D
¼
xtot :
1 þ S0 K RD

ð9Þ

Equivalent expressions describe the cases for the S/D, R/L and S/L combinations of PO and cys/Au NPs.
Two types of experimental protocols have been developed for
extraction of the physical parameters determining optical rotation by
R- and S-PO in solutions containing D- and L-cys/Au NPs. The ﬁrst is
one in which the concentration of D-cys/Au or L-cys/Au NPs is kept
constant; their concentration is represented by S0 in the formalism
above. The total concentration of R- and S-PO is also held constant but
the fraction of each as quantiﬁed by, β, is varied from 0 to 1. The optical
rotation of light, α(β), is measured as a function of the fractional
concentrations of R- and S-PO. Using the total concentration of PO, xtot,
and the independently measured value of the speciﬁc optical rotation
of light by PO in solution, αsol, the formalism above yields
0

α D ðβÞ ¼

α ðβÞ
¼
xtot α sol

1 þ αK L
1 þ KL

!

"
þ

1 þ αK L
1 þ KL

!
þ

1 þ αK D
1 þ KD

!#
β ð11aÞ

for optical rotation by the solution containing D-cys/Au NPs and
α ðβÞ
α L ðβÞ ¼
¼
xtot α sol
0

1 þ αK D
1 þ KD

!

"
þ

1 þ αK L
1 þ KL

!
þ

1 þ αK D
1 þ KD

!#
β ð11bÞ

for optical rotation by the solution containing L-cys/Au NPs. Here we
deﬁne the quantity α′ which is a scaled and dimensionless optical
rotation constant. The three unknown parameters in Eqs. (11a) and
(11b) are deﬁned as follows:
R

R

S

S

α ¼ α ads =α sol ¼ α ads =α sol

ð12Þ

K D ¼ S0 K D ¼ S0 K L

R

S

ð13aÞ

S

R

ð13bÞ

K L ¼ S0 K D ¼ S0 K L :



1 þ α γK L þ ð1−γ ÞK L


1 þ γK L þ ð1−γ ÞK L

ð7Þ

R

x S K
¼ tot 0 DR :
1 þ S0 K D

17

It is important to note that Eqs. (11a) and (11b) are linear in β and
thus, as noted above, one cannot independently determine all three
unknown parameters on the basis of measurements that vary only β,
the fractional concentrations of R- and S-PO. Also note that S0 and K are
coupled as S0K in Eqs. (11a) and (11b) and thus, cannot be determined
independently from these optical rotation measurements, when performed in a low coverage limit in which the isotherms are linear.

α R ðγ Þ ¼ −



1 þ α γK D þ ð1−γÞK L

 :
1 þ γK D þ ð1−γÞK L

ð14aÞ

ð14bÞ

These equations are non-linear in γ.
One can ﬁt optical rotation data collected as functions of β and γ to
Eqs. (11a), (11b), (14a) and (14b) to estimate the values of the three
parameters α, K D and K L . Given that the speciﬁc optical rotation of
light by R- and S-PO in solution phase can be measured easily and
independently of the measurements above, parameter estimation of α
ultimately yields the value of α Rads = − α Sads. More importantly,
parameter estimation of the values of K D and K L allows direct
estimation of the enantiospeciﬁc ratios of the adsorption equilibrium
constants, K RD =K RL ¼ K SL =K SD ¼ K D =K L without the need to determine
the value of S0. This is a key feature of the measurement protocol and
the analysis that allows robust estimation of the enantioselectivity of
adsorption on chiral NPs.
3. Experimental protocol
The synthesis of the chiral Au NPs was conducted as described
earlier [16]. The measurements of optical rotation were conducted
using a Rudolph Analytics optical polarimeter. Each optical rotation
value was determined from a set of ten optical rotation measurements
made automatically by the instrument and reported as an average
value and a standard deviation.
Prior to making measurements of optical rotation in solutions with
varying concentrations of D- and L-cys/Au NPs and R- and S-PO, a set
of measurements was conducted using a solution of L-cys/Au NPs and
increasing concentrations of R-PO. These were used to determine the
PO concentration range over which the optical rotation varied linearly,
in order to be sure that the basic approximation of Eq. (5) holds and
that the study was conducted within the linear regime of the PO/cys/
Au NP adsorption isotherm. The other quantity that was measured
independently was α Rsol = − α Ssol, obtained by measuring the optical
rotations of solutions with increasing concentrations of R- or S-PO and
determining the proportionality constant between optical rotation and
concentration.
The principal feature of the measurement protocol developed in the
course of this work was related to the preparation of the solutions. In
the case of the measurements that spanned β = 0 → 1, the fractional
concentrations of R- and S-PO, two 10 ml aqueous solutions were
prepared initially with identical concentrations of D-cys/Au NPs and
equal concentrations of R-PO and S-PO. In this case, xtot = 0.5 M. After
measuring the optical rotation by these two solutions having β = 0
and β = 1, aliquots of 1 ml were taken from each 10 ml solution and
then transferred to the other. Optical rotation measurements were
then made using these solutions now having β = 0.11 and β = 0.89.
Then 1 ml aliquots were transferred between the two and additional
optical rotation measurements were made. Repeating in this manner
the values of β for the two solutions were varied from β = 0 and β =
1 until both were arbitrarily close to β = 0.5, all the while holding the
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concentration of D-cys/Au NPs constant. Once complete, the protocol
was then repeated starting with two 10 ml solutions with identical
concentrations of L-cys/Au NPs.
A similar protocol was used for the measurements in which the
fractional concentration of D- and L-cys/Au NPs was varied from γ = 0
to 1. Note that in these measurements, the concentrations of the Au
NPs in solution are determined by the synthesis conditions and need
not be determined for the purposes of determining the ratio of the
enantiospeciﬁc adsorption equilibrium constants. Two 10 ml solutions
were initially prepared with equal concentrations of D-cys/Au and
L-cys/Au NPs and identical concentrations of 0.5 M R-PO. After initial
optical rotation measurements had been made on each solution, 1 ml
aliquots of each were transferred between the two and optical rotation
measurements were repeated on the solutions with their new values of
γ. This sequence was repeated until the two solutions approached γ =
0.5, all the while maintaining the concentration of R-PO at 0.5 M. The
protocol was then repeated using solutions starting with concentrations
of 0.5 M S-PO, rather than R-PO.

A)
0.8

S-PO

R-PO

0.6

D-cys / Au

0.4

α(ο)

0.2
0.0
-0.2
-0.4

L-cys / Au

-0.6
-0.8
0.0

0.2

0.4

0.6

0.8

1.0

β

B)
0.8

L-cys

D-cys

α(ο)

0.6

S-PO

4. Results and discussion
The optical rotations of four sets of solutions containing R- and S-PO
and D- and L-cys/Au NPs have been obtained as described above. The
total concentration of PO in solution was held at 0.5 ML. This concentration was within the linear range of the optical rotation measurements
and, therefore, the linear range of the adsorption isotherms. Note also
that the optical rotations due just to the D-cys/Au and L-cys/Au NPs
were measured and then subtracted from the values resulting from
the addition of the R- and S-PO.
The ﬁrst set of measurements varied the quantity β, the fractional
concentration of R-PO while holding the concentrations of D-cys/Au or
L-cys/Au ﬁxed. The optical rotation angles for each of the two sets of
solutions, αD(β) and αL(β), are plotted in Fig. 2A. Note that as predicted
by Eqs. (11a) and (11b), the optical rotations are roughly linear in β. The
open circles plotted in Fig. 2A are the sums αL(β) + αD(1 − β), all of
which have magnitudes close to zero. The offset between αD(β) and
αL(β) and the diastereomeric relationship between the two demonstrates the enantiospeciﬁc adsorption of R- and S-PO on the D-cys/Au
or L-cys/Au NPs.
The second set of measurements varied the quantity γ, the fractional
concentration of D-cys/Au, while holding the concentrations of R-PO or
S-PO ﬁxed at 0.5 M. The optical rotation angles for each of the two sets of
solutions, αR(γ) and αS(γ), are plotted in Fig. 2B. The open circles
plotted in Fig. 2B are the sums αS(γ) + αR(1 − γ). As in Fig. 2A, these
are almost zero. The diastereomeric relationship between αR(γ) and
αS(γ) demonstrates the enantiospeciﬁc adsorption of R- and S-PO on
the D-cys/Au or L-cys/Au NPs.
Analysis of the data in Fig. 2 has been performed by scaling the
optical rotations by xtot = 0.5 M and by αsol = 0.72° as indicated in
Eqs. (11a) and (11b) to yield the dimensionless quantities α′D(β),
α′L(β), α′R(γ) and α′S(γ) which are plotted in Fig. 3. These have then
been ﬁt to Eqs. (11a), (11b), (14a), and (14b) to obtain estimates of
the parameters α ¼ 6:2, K D ¼ 0 and K L ¼ 0:18 deﬁned in Eqs. (12),
(13a) and (13b). The key result is that the enantiospeciﬁc adsorption
equilibrium constants have magnitudes such that KRL = KSD ≫ KRD = KSL.
The fact that K D ¼ 0 means that the adsorption of R-PO on D-cys/Au
NPs or of S-PO on L-cys/Au NPs is sufﬁciently low that it is not detectable
in these experiments.
The analysis methodology and the measurement protocol proposed
in this work should be more robust than those discussed in our original
observation of enantiospeciﬁc adsorption of R- and S-PO on D- and Lcys/Au NPs in that they obviate the need to use the optical rotation
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Fig. 2. A) Optical rotation angle versus β (fractional concentration of R-PO in solutions
containing a total R-PO + S-PO concentration of 0.5 M). The solutions also contain either
D-cys/Au (■) or L-cys/Au (♦). The open circles (○) are the sum of the optical rotations at β
in the presence of L-cys/Au and at 1 − β in the presence of D-cys/Au. B) Optical rotation
angle versus γ (fractional concentration of D-cys/Au NPs in solutions containing a ﬁxed
total D-cys/Au + L-cys/Au concentration). The solutions also contain either S-PO (▲) or
R-PO (▼) at concentrations of 0.5 ML. The open circles (○) are the sum of the optical rotations at γ in the presence of S-PO and at 1 − γ in the presence of R-PO. The fact that
the open circles (○) in both A) and B) have values of ~0 indicates that both data sets reveal
diastereomerism in their optical rotations.
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Fig. 3. Plot of the unitless optical rotation, α′, versus the fractional concentrations of R-PO,
β, or D-cys/Au, γ, in the four solutions for which optical rotation has been measured as
illustrated in Fig. 2. The symbols are the scaled and unitless values of α′ as measured,
while the dashed lines are the ﬁts of Eqs. (11a), (11b), (14a) and (14b) used to estimate
the parameters α, K D and K L .
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data to estimate the concentration of PO adsorption sites in solution, S0
[16]. Furthermore, it obtains estimates of K RD =K RL ¼ K SL =K SD ¼ K D =K L
across a range of coverages of adsorbed R- and S-PO rather than just
one coverage, as determined by one concentration of PO in solution.
The application of the method does require further investigation of
the sensitivity of the estimated parameters to experimental variables
such as PO concentration. In addition, it requires further study of some
of the underlying assumptions, such as the use of a simple linear isotherm in the low coverage limit. This assumption ignores the potential
for interactions between enantiomers that might result in the formation
of conglomerate (R–R, S–S) or racemate (R–S) phases of adsorbed PO
and might require description using more sophisticated isotherms.
5. Conclusions
The measurement of optical rotation by solutions containing various
relative concentrations of R- and S-PO mixed with D-cys/Au and L-cys/
Au NPs has been used to demonstrate the enantiospeciﬁc interactions
of the R- and S-PO with the chirally modiﬁed Au NPs. This has been
demonstrated across a wide range of enantiomeric excess of the PO in
solution. In addition, an initial attempt has used a simple adsorption
model to extract quantitative estimates of the ratios of the adsorption
equilibrium constants, KRD/KRL = KSL/KSD, from the optical rotation
measurements. The show that KRL = KSD ≫ KRD = KSL.
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