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Abstract: In this paper, we describe for
the first time the synthesis of new
chiral nanosized metal oxide surfaces
based on chiral self-assembled mono-
layers (SAMs) coated with metal oxide

TiO, films was characterized by variety
of unique techniques, such as second-
harmonic generation circular dichroism
(SHG-CD), quartz crystal microba-
lance, and chiral adsorption measure-

ments with circular dichroism spectro-
scopy. The chiral resolution abilities of
the SAMs coated with metal oxide
(TiO,) nanolayers were investigated in
the crystallization of a racemic mixture

(TiO,) nanolayers. In this new type of
nanosize chiral surface, the metal oxide
nanolayers enable the protection of the
chiral self-assembled monolayers while
preserving  their enantioselective
nature. The chiral nature of the SAM/

Introduction

In recent years, chirality!* and chiral surfaces®¥ have
been found to play an important role in nanotechnology, for
example, in chiral nanoscale surfaces and nanoparticles.
Generally, chiral solid surfaces can be derived from chiral
bulk structures that expose chiral, enantioselective surfaces,
such as quartz and other crystalline materials (typically co-
valent inorganic oxides).'"! Another category of chiral solid
surfaces is composed of crystalline solids produced from ma-
terials with achiral bulk structures. Such chiral surfaces are
based on single crystals of metals (with bcc or hep crystal
structures)!” that expose high Miller indices with periodic
arrays of steps, terraces, and kinks. Finally, the most
common method for the preparation of chiral surfaces is the
adsorption of chiral molecules, typically onto metallic surfa-
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of threonine and glutamic acid. Our
proposed methodology for the prepara-
tion of nanoscale chiral surfaces descri-
bed in this article could open up oppor-
tunities in other fields of chemistry,
such as chiral catalysis.

ces. The resulting surface is chiral if the adsorbed molecules
retain their chirality.

Although chiral surfaces based on SAMs or other organic
(or polymeric) surfaces exhibit highly enantiospecific prop-
erties, they still suffer from many restrictions, such as low
thermal stability and poor chemical and mechanical charac-
teristics, which limit their usefulness for chemical applica-
tions, particularly for enantioselective catalysis and chiral
separation. In this paper, we propose a new innovative type
of stable, chiral nanosized metal oxide surface. The structure
and chirality of this type of chiral surface is based on chiral
self-assembled monolayers (SAMs) coated with nanosized
films of metal oxide materials. The idea underlying this new
design of nanochiral surfaces is that the ceramic nanolayers
coating the chiral SAMs protect the chiral SAMs that would
otherwise be destroyed under the reactions conditions,
thereby preserving their enantioselective nature. In Figure 1,
the overall structure of the new nanoscale hybrid chiral sur-
faces based on chiral SAMs and ceramic nanolayers is
shown.

Our working hypothesis that it is feasible to design chiral
surfaces based on a chiral SAM/metal oxide nanolayer
hybrid system is supported by our previous research™ and
that of other research groups!"®'”l who showed that chirality
can be templated in metal oxides to form chiral materials
such as nanoporous alumina nanofilms and mesoporous
silica chiral structures. The first demonstration of the prepa-
ration of chiral metal oxide surfaces was reported by the
group of Jay A. Switzer.'¥! In a series of articles!'®2" they
showed that chiral surfaces of CuO can be electrodeposited
onto achiral substrates (e.g., gold) using solution-templating
agents, such as tartaric acid and amino acids, to direct the
chiral growth of metal oxide surfaces.
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Figure 1. Illustration of the design and the synthesis paths for the new
chiral SAM/ceramic nanolayer surfaces.

Generally, many inorganic metal oxides, such as silica,
zeolite, alumina, zirconia, ZnO, clay, and others, can be used
as supports for chiral SAMs. In this study, we decided to use
TiO, to form protective nanolayers for the chiral SAMs,
since its synthesis does not demand high temperatures that
could harm the chiral SAMs. Various growth techniques can
be applied to synthesize ceramic nanolayers on chiral SAMs
such as vacuum-based methods (CVD and MOCVD) or
chemical solution methods including sol-gel, electrochemi-
cal deposition, and hydrothermal synthesis. However, in this
work we utilize the atomic layer deposition (ALD) techni-
que since it provides excellent thickness control and pro-
duces very dense and uniform layers.

Results and Discussion

The first step in the synthesis of this type of nanochiral sur-
face requires the preparation of chiral SAMs. Generally,
chiral SAMs can be produced by reacting gold substrates
with thiols that feature chiral groups at the tail terminus.
Gold films of 50 nm thickness were deposited on mica sub-
strates using a high-vacuum sputtering technique. AFM
measurements of the gold films show very smooth films with
an average root-mean-square (RMS) roughness of 5 A and
with typical gold grain sizes of 60 nm (see Figure S1 in the
Supporting Information). X-ray diffraction measurements of
the gold films indicate strong orientation of the gold films
along the (111) crystal plane (see Figure S2 in the Support-
ing Information).

For the chiral SAMs, we used enantiomers of cysteine and
glutathione. The chiral SAMs were formed on the gold sur-
faces by immersing the gold substrates in 10 mm solutions of
cysteine or glutathione in water overnight. The formation
and structure of the chiral SAMs on the gold surfaces were
verified using various techniques. X-ray photoelectron spec-
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troscopy (XPS) of the chiral SAMs on the gold surface
shows typical Au4f (81eV), N1s (398eV), and Cls
(282 eV) peaks (see Figure S3 in the Supporting Informa-
tion). In addition, the sulfur (S 2p) peak seen at 159 eV is at-
tributed to the S—Au bond. Finally, contact angle measure-
ments of the bare gold (contact angle of 67°) and of the p-
or L-cysteine SAMs (contact angle of 18° and full spread for
glutathione) indicate the formation of homogenous self-as-
sembled monolayers on the gold surfaces.

TiO, films were grown by ALD using [Ti{N(CHs),},] as
the precursor, following a process described previously.?*%!
Briefly, films were grown on 2.5x2.5 cm chiral SAM sub-
strates; the ALD reactor was operated at a pressure of
about 0.1 Torr, and Ar was used as a carrier gas and for
purging between precursor pulses. The TiO, precursor was
evaporated at 75°C and precursor pulse lengths of 0.2 and
0.06 s were used. In order to examine the properties of the
deposited metal oxide films, we employed several techni-
ques. First, after film deposition, we ran AFM measure-
ments that showed no increase in the surface roughness of
the surfaces, indicating the formation of uniform films. The
thickness of the TiO, film was measured by ellipsometry
and cross-sectional transmission electron microscopy (TEM)
and found to be (10£0.1) nm. The TEM cross-section
images shown in Figure 2 revealed that the TiO, films pre-
pared by ALD nucleated efficiently on the SAMs and
formed a very smooth and conformal film. Furthermore, se-
lected area electron diffraction of the TiO, film confirmed
the amorphous nature of the films. We have to emphasize
that the stability of the chiral SAM under ALD conditions
and during the deposition are very critical.” Furthermore,
it is known from the literature®! that metal deposition (e.g.,
Ti) on functionalized self-assembled alkane thiols by chemi-
cal vapor deposition (CVD) can lead to the formation of
metal clusters on the surface due to direct metal-carbon
bonds with the surface, without altering the structure of the
self-assembled monolayer. Therefore, we examined the sta-
bility of the chiral SAMs under low-pressure and high-tem-
perature (100°C) ALD conditions. The XPS measurements
revealed that the chiral SAMs are stable under these condi-
tions. Moreover, we performed two cycles of ALD to obtain
two layers of TiO, and ran XPS measurements on this
sample (see Figure S4 in the Supporting Information). The
XPS measurements show a peak at 457 eV, which corre-
sponds to the formation of Ti 2p, together with typical peaks
attributed to the SAMs. Additionally, we measured the
chemical composition of the 10 nm TiO, film by XPS to
eliminate the possibility that cysteine diffused to the outer
surface of the TiO,. These measurements show only the
presence of Ti and O, without S residues from the chiral
SAM. Finally, it is found from electron microscopy and X-
ray diffraction measurements that the TiO, film has an
amorphous structure. Thus, based on the above results, we
have shown that nanosized amorphous TiO, films of con-
trolled thicknesses can be grown on chiral SAMs by ALD.

The next stage of this research focuses on evidence of the
chirality of the SAM/metal oxide nanosurfaces. Generally,
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Figure 2. Cross-sectional high resolution TEM image of ALD TiO, films
deposited on chiral SAMs of L-cysteine.

several techniques® can be used to study the chiral nature
of nanosized surfaces, such as chiral AFM, STM, second-
harmonic generation (SHG), and isothermal titration calo-
rimetry.””) However, due to the unique structure of our
nanosized chiral surfaces, we are rather limited in the tech-
niques that can be used to prove the chirality of these surfa-
ces. In this work, we have selected several techniques,
namely quartz crystal microbalance (QCM), second-har-
monic generation circular-dichroism (SHG-CD) spectrosco-
py, enantioselective crystallization, and chiral adsorption
measurements, as the methods to study the chirality of the
SAM/TiO, nanolayer surfaces.

The first indication of the chiral nature of the chiral
SAM/TiO, nanofilms comes from the second-harmonic gen-
eration-circular dichroism (SHG-CD) technique. SHG-CD
is a surface-sensitive nonlinear-optical-activity effect that re-
sults in a different SHG efficiency for left- and right-circu-
larly polarized fundamental excitation light.”®! The SHG-
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CD effect is then expressed as AI(2w) =12 )eq—1(20)yignis
with J(2);eq, rign being the SHG intensity with left- or right-
circularly polarized excitation. In our experiments, a funda-
mental beam at 800 nm was incident at 45° on the sample
and the s-polarized second-harmonic light was detected in a
reflection geometry. The ellipticity in the polarization of the
fundamental light was continuously modulated by a quarter
wave plate while simultaneously detecting the s-polarized
component of the second-harmonic light (400 nm). The
result is shown in Figure 3, in which the SHG intensity is
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Figure 3. SHG intensity versus quarter wave plate rotation angle. Top: D-
and L-cysteine on gold; bottom: p- and L-cysteine on gold covered with
TiO,. The solid lines are theoretical fits using the formalism described in
the Supporting Information.

plotted versus the rotation angle of the quarter wave plate
(QWP). At QWP angles of 45°, the fundamental light is
left-circularly polarized, and at 135° it is right-circularly po-
larized. The samples used were D-cysteine, L-cysteine, and
pL-cysteine SAMs on gold and on gold covered with TiO,.
It is clear from Figure 3 that for the enantiomerically pure
samples of cysteine on gold, there is a distinct difference in
SHG efficiency for left- and right-circularly polarized excita-
tion (45° and 135° QWP angle), clearly indicating the pres-
ence of chirality. Furthermore, the polarization curves for
the L- and p-samples are almost mirror images, as one
would expect for opposite enantiomers. Noteworthy is the
dramatic difference in the polarization curves from the sam-
ples on gold and those covered with TiO,. An analysis of
the polarization curves shows that chiral contributions to
the SHG response change upon addition of the TiO, layer,
while the achiral contributions do not change (see Support-
ing Information).

Assuming that addition of the TiO, does not significantly
change the packing of the cysteine SAM, this implies that
the TiO, is chiral. Note also that while the samples on gold
show a SHG-CD response that changes sign between the
enantiomers, this is not the case for the samples covered
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with TiO,. This can be attributed to the presence of several
chiral interfaces contributing to the nonlinear optical re-
sponse. In that case, a change in enantiomer of the SAM
does not necessarily imply a change in the SHG-CD sign of
the TiO, layer. The racemic samples all show a much small-
er chiral contribution to the SHG response (see Figure S5 in
the Supporting Information) that can be attributed to small
defects in the optical components used.

Additional evidence for the chiral nature of the chiral
SAM/TiO, nanofilms comes from quartz crystal microba-
lance (QCM) measurements. Previous studies showed that
QCM can be used to demonstrate chiral discrimination of
enantiomers on thin chiral films.”**" QCM with dissipation
monitoring kineticl®!! adsorption measurements were per-
formed on the TiO, chiral films by flowing an undersaturat-
ed solution of valine enantiomers (0.7 g/10 mL in deionized
water) over the surface of the chiral TiO, thin films.
Figure 4 shows the adsorption/desorption profile of L- and
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Figure 4. Quartz microbalance (QCM) adsorption/desorption profile of L-
and p-valine onto TiO, L- and D-cysteine nanofilms.

p-valine on TiO, L- and Dp-cysteine chiral films. Due to the
unique and new structure of our chiral SAM/TiO, nanofilms,
the interpretation of the QCM results using commonly used
models, such as the Voigt model, for calculations of the
thickness of adsorption are not applicable. Therefore, we
simply used the Saurbrey equation® to calculate the mass
of the valine enantiomers adsorbed onto the chiral SAM/
TiO, nanofilms. Results of the QCM measurements are
shown in Figure 4. These measurements show a difference
of about 50 ng between the adsorption of L- and D-valine
onto the TiO,/L-cysteine surface, which indicates there is
preferential adsorption of bp-valine onto the vL-imprinted
TiO, SAMs of L-cysteine and is proof of enantioselective ad-
sorption. Similar results were observed in the adsorption of
valine enantiomers onto a TiO,/D-cysteine surface. The race-
mic solution (prL) of valine showed the same behavior on
the SAM of L- and p-cysteine TiO, surfaces.

Finally, we employ enantioselective crystallization experi-
ments to prove the chirality of the SAM/TiO, films. Our
reason for employing crystallization is based on the idea
that if these surfaces are indeed chiral, crystallization of
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chiral systems on them will result in enantioselectivity. The
basic assumption is that enantiospecific chiral surfaces act as
selective chiral centers for the crystallization of the enan-
tiomer with a chirality equivalent to that of the surface. In
order to examine the chirality of the SAMs/TiO, surfaces
we studied the crystallization of prL-glutamic acid (racemic
system) and DL-threonine (conglomerate). All crystallization
experiments were conducted from supersaturated solutions
of the amino acids in deionized water at room temperature.
The surfaces were placed vertically in the crystallization sol-
utions and macrosized crystals were crystallized at the surfa-
ces. The crystals were gently removed from the surfaces; the
enantiomeric excess (ee) in crystals both on the surface and
from bulk solutions were measured separately, in order to
determine the amount of chiral separation. In the first set of
experiments, we studied the crystallization of DL-threonine
onto L- or D-cysteine SAM/TiO, surfaces and L-glutathione
SAM/TiO,, and the results of those experiments are shown
in Figure 5.
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Figure 5. Enantiomeric excess in DL-threonine crystallization experiments
on the chiral SAM/TiO, surfaces.

As can be seen from Figure 5, in a controlled crystalliza-
tion experiment of DL-threonine in solution and on Au-TiO,
(10 nm) surfaces, no enantioselective crystallization is ob-
served and the ee is negligible (ca. 1.3% ee). Furthermore,
in an additional series of controlled crystallization experi-
ments performed on the SAMs on gold alone, no enantiose-
lective crystallization is observed. In contrast to the control
crystallization, optical measurements of crystals that were
collected from L-cysteine and L-glutathione SAM/TiO, sur-
faces show ee of 38.3 and 19 %, respectively, of the L enan-
tiomer. In a similar pL-threonine crystallization experiment
done on D-cysteine, enantioselective crystallization is ob-
served with an ee of 13.2% for the D enantiomers. These ex-
periments clearly demonstrate the chiral nature and the
chiral recognition of the cysteine SAM/TiO, surfaces.

In the next set of experiments, we studied the crystalliza-
tion of a racemic system of DL-glutamic acid. It is known

Chem. Eur. J. 2013, 19, 10295 -10301
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that pL-glutamic acid can crystallize in two forms: the con-
glomerate form, known as anhydrous pL-glutamic acid, and
the racemic compound, known as pL-glutamic acid monohy-
drate.’¥ The anhydrous and monohydrated forms of pL-glu-
tamic acid have different crystal habits, and therefore their
formation can also be studied using SEM and X-ray diffrac-
tion. In the Supporting Information, Figure S6 displays an
SEM image of crystals crystallized on the vL-glutathione
SAM/TiO, surface. The crystals grown on the L-glutathione
SAM/TiO, exhibit a platelike morphology, characteristic of
the conglomerate form of pL-glutamic acid. In addition, the
X-ray diffraction spectrum (see Figure S7 in the Supporting
Information) of the crystals grown on the vr-glutathione
SAM/TiO, surface displays peaks at 20=10.3, 13.6, 20.6,
21.4, 21.8, and 32.8°, which correspond to the (020), (011),
(040), (101), (111), and (042) planes of the conglomerate
pL-glutamic acid, as reported in the literature.’* However,
it should be mentioned here that we did not observe chiral
resolution on the chiral-SAM-coated TiO, nanofilms. Never-
theless, based on previous studies?®! it is know that stabiliza-
tion of the conglomerate form of chiral system is usually
due to selective chiral interactions between the surfaces and
the crystal interfaces of the conglomerate.

In the final stage of this research, we selected CD spectro-
scopy as a tool for exploring the chiral binding, selectivity,
and chiral recognition of enantiomers to the chiral SAM/
metal oxide surfaces. As a representative case to demon-
strate the chiral recognition ability, D- and L-threonine were
used to investigate the selective chiral interactions with the
surface chirality of the chiral SAM/metal oxide surfaces.
The chiral adsorption measurements were carried out by
taking an aqueous solution containing 10 mm of the L or D
enantiomer of threonine and 2.5x2.5 cm of L-cysteine SAM/
TiO, surfaces were added to these solutions. The optical ac-
tivities of the solution were measured with time at a wave-
length of =209 nm. The representative plots of adsorption
dynamics (Q) versus time of L- and D-threonine obtained
from optical CD experiments are shown in Figure 6. As can
be seen, the amount of adsorbed L-threonine Q (mmol) in-
creases rapidly as a function of time while the amount of
the adsorbed p-threonine remains almost constant. These
results clearly demonstrate the stereoselective uptake of the
L enantiomers by the chiral SAM/metal oxide surfaces and
display a significant difference in the adsorption kinetics of
the enantiomers.

Overall, the chiral nature of the chiral SAM/metal oxides
has been demonstrated by the above crystallization and op-
tical experiments. However, it is clear that further experi-
ments need to be carried out in order to understand the
chirality of these surfaces in detail and in particular the
chiral templating mechanism, which remains an important
open question. We assume that the origin of the chirality of
the TiO, films is due to the chiral sites of the SAM that
serve as templates for the nucleation of TiO,, leading to
chiral templating of the TiO, films. We suppose that the
chiral templating of the TiO, occurs through a similar mech-
anism to templating chirality in other materials, such as mo-
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Figure 6. CD measurements of D- and L-threonine solutions after L-cys-
teine SAM/TiO, surfaces were added. The CD was measured for the sol-
utions and used to calculate the amount of adsorbed threonine Q
(mmol).

lecularly imprinted polymersP®¥ and chiral mesoporous
materials.”>*®! The structure of self-assembled monolayers
of cysteine on gold has been studied and suggests that the
surface interaction involves the thiol-gold bonding and
leads to the direct exposure of the chiral molecules on the
surface, making it easily accessible for interactions with the
TiO, precursor. It should be noted that R. Schillinger et al.
reported® that L-cysteine has higher hydrogen affinity to
the Au (17 11 9) surface, as compared with D-cysteine, that
reflects the enantiospecific adsorption of cysteine molecules
on a chiral gold surface. However, in our work we use stand-
ard Au (111) surfaces, and we therefore assume that L- and
D-cysteine have identical adsorption structures on the gold
surface. We presume that the nucleation on the chiral sites
of the SAM induce a chiral arrangement of the whole TiO,
film, leading to chirality of the films. This also agrees with
our observations that films with thicknesses higher than
10 nm lose their chiral nature, probably because the chiral
induction is limited to a short range of about 10 nm.

To summarize, in this article we described the develop-
ment of an entirely new class of chiral surfaces. The existing
methods to characterize chirality in our chiral surfaces are
very limited, however we used a variety of techniques, such
as SHG-CD, QMB, and CD spectroscopy, as tools for ex-
ploring the chiral recognition and chiral enantioselective
crystallization. All the above techniques clearly demonstrat-
ed that the chiral SAMs/TiO, films are chiral. Nevertheless,
it should be noted that the SHG-CD and QMB measure-
ments give a strong indication that the films are chiral, yet
those measurements did not show “reversed symmetry” be-
tween the two enantiomers. It is clear that further study and
model development are required to fully understand those
measurements. On the other hand, the crystallization and
the CD spectroscopy experiments clearly demonstrated
enantiospecific adsorption and crystallization on the chiral
nanosized metal oxides surfaces.
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Conclusion

In conclusion, in this paper we described the development
of an innovative type of chiral surface based on a nanoscale
hybrid system of chiral SAMs coated with metal oxide nano-
layers. We demonstrated the chiral nature of those hybrid
systems of chiral SAMs with metal oxides nanolayers by em-
ploying various analytical techniques, such as quartz crystal
microbalance, second-harmonic generation circular dichro-
ism (SHG-CD), circular dichroism spectroscopy, and chiral
crystallization. It should be emphasized that due to the
unique structure of nanoscale hybrid systems of chiral
SAMs coated with metal oxide nanolayers, the present tech-
niques for measuring the chirality of these systems with
nanoscale resolution are very limited. We utilized SHG-CD
and quartz crystal microbalance measurements that clearly
demonstrated that the SAM/TiO, surfaces are chiral.
Although the resulting enantiomeric excess in crystallization
on the SAM/metal oxide nanosurfaces is not yet very high,
the basic principles of chiral discrimination by these surfaces
has been demonstrated, so future studies with optimized
film architectures and chiral functions might result in signifi-
cant improvements of the chiral discrimination of those
hybrid systems. Experiments on chirality go back for many
years, but the knowledge in this field, particularly at the
nanoscale and of surfaces, is still rather limited. We believe
that the approach presented in this paper is highly signifi-
cant for the development of a new type of chiral surface for
enantioselective chemistry. Moreover, our results on chiral
nanosize metal oxide films may provide significant progress
in the understanding of the structure and nature of chiral
surfaces. Finally, our proposed methodology for the prepara-
tion of nanochiral surfaces can open up opportunities in
other fields of chemistry, such as chiral catalysis, analytical
chemistry, and surface science.

Experimental Section

Gold films were deposited on mica, KAL(AISi;O,,)(OH),. Typically, a
50 nm thick layer of gold (99.995%) was sputtered on freshly cleaved
mica sheets at a pressure of approximately 1x 10~ mbar with a deposi-
tion rate of (0.5 nms™').

Chiral SAMs were formed on the gold surfaces by immersing the gold
substrates overnight in 10 mm solutions of p-, L-cysteine or L-glutathione
in deionized water. After removal from the solutions, the chiral SAM sur-
faces were washed thoroughly with water and blown dry with nitrogen.
Atomic layer deposition (ALD): The samples were introduced into the
ALD system (Cambridge, Fiji F200). The TiO, thin films were deposited
onto chiral SAM surfaces using a [Ti{N(CH,),},] precursor and water. Ar
served as both the carrier and the purging gas. Thin films of TiO, were
grown on the chiral SAMs at 373 K under 1x 1072 Torr. The ALD cycle
consisted of 0.2 s exposure to [Ti{N(CHs),},] (evaporated at 348 K), 10's
Ar purge, and a 0.06 s exposure to water. A total of 125 ALD circles
were used to obtain TiO, films with a thickness of (1040.1) nm.

SHG-CD: The second-harmonic-generation experiment was carried out
using a Ti-Al,O; laser at the fixed fundamental wavelength of 800 nm
with an average power output of 70 mW. The pulse length and repetition
rate were 120 fs and 82 MHz, respectively. The polarization of the inci-
dent beam on the sample was controlled by a polarizer and half-wave
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plate. Subsequently, the beam passed through a quarter-wave plate,
which rotated over 360 degrees. This enabled a change in polarization
from linearly polarized light, through elliptical polarization, to circularly
polarized light. The incident beam was cleared of unwanted visible light
by a RG665 filter and then focused on the sample to a spot of approxi-
mately 40 um. The angle of optical incidence was 45° on the sample. The
generated photons of the half wavelength (400 nm) in reflection were
then filtered through two BG39 filters, which blocked the fundamental
beam. An analyzer was placed after the sample to vary the output
second-harmonic beam. This output beam was detected with a photomul-
tiplier tube and analyzed with a photon counter. The SHG polarization
curves were analyzed according to the procedure described in the Sup-
porting Information.

Enantioselective crystallization: In all crystallization experiments analyti-
cal grade amino acids (>99.9%) were purchased from Sigma Aldrich
and used as received. For pL-threonine crystallization, experiments were
conducted with supersaturated solutions DL-threonine (7.5g) was sus-
pended in deionized water (25 mL). Thereafter, the solution was heated
to 75°C and stirred until it was completely dissolved and left to cool to
room temperature. Finally, the chiral surfaces were placed vertically in
the crystallization solutions. Macrosized crystals crystallized at the chiral
surfaces were considered and removed manually from the chiral surfaces;
the enantiomeric excess (ee) in both crystals crystallized on the surfaces
and from the bulk crystallization solutions were measured separately, in
order to determine the amount of chiral separation. Specific light rota-
tion was measured with a JASCO digital polarimeter (Model P-1010 A=
589 nm, +0.05° accuracy) using a cylindrical quartz cell (SmL, L=
50 mm) at room temperature by dissolving the crystals in water. For the
DL-glutamic acid crystallization, experiments were conducted as descri-
bed above form supersaturated solutions of pL-glutamic acid (1.25 g) in
deionized water (25 mL).

Scanning electron microscope (SEM) images were obtained with a FEI
instrument-Inspect S model at acceleration voltages of 5, 15, and 30 kV.

High-resolution transmission electron microscope (HR-TEM) images
were taken with a 2100 JEOL microscope working at a voltage of
200 kV; images were recorded on CCD 4 x4k camera (Gatan), and EDS
chemical analysis was performed with a Thermo electron group system.

XPS analysis: XPS analyses were performed in a Kratos AXIS-HS spec-
trometer, using a monochromatized Alg, source. Survey and high resolu-
tion spectra were acquired at 75 or 150 W, respectively. All data acquisi-
tions were performed at detection pass energies of 40-80 eV. All XPS
measurements were carried out at room temperature, under vacuum con-
ditions of (1.0-3.0) 10~° Torr. Spectra were acquired with a low electron
flood gun for charge neutralization. The spectrometer energy scale was
routinely calibrated according to the ISO TC/201 SC7 international pro-
cedure for binding energy (BE) with Au4f 7/2 83.98 and Cu2p 3/2
932.67. Spectra binding energy were not corrected for charging shifts.
Data processing was done with VISION software (Kratos).

Quartz crystal microbalance measurements with dissipation monitoring
(QCM-D) were performed with AT-cut quartz crystals mounted in an E1
system (Q-sense AB, Gothenburg, Sweden). Gold crystals (catalog
number QSX301) coated with L-cysteine SAM/TiO,, having a fundamen-
tal resonant frequency of about 5 MHz, were purchased from Q-Sense
AB. All QCM-D experiments were performed under flow-through condi-
tions using a digital peristaltic pump (IsmaTec, IDEX) operating in suck-
ing mode. The pump tubing was connected to a glass vial containing the
studied solutions that were injected into the sensor crystal chamber at
0.1 mLmin~". The normal Q-sense AB instrument mass sensitivity in
liquid is 1.8 ngem ™2

Circular dichroism spectra in the near UV or visible range were recorded
with a Jasco J-815 spectropolarimeter. For UV (190-260 nm) measure-
ments, 10 mm aqueous solutions of the L- or D-threonine after 2.5x2.5 cm
of L-cysteine SAM/TiO, surfaces were added to these solutions for 0, 10,
20, 40, 60, 90, or 120 min.

Powder X-ray diffraction patterns of pbL-glutamic acid were acquired with
a Bruker AXS D8 Advance diffractometer with Cuy, (A=1.5418 A) op-
erating at 40kV and 40 mA. Data were collected from 26= 10 to 40°
with a step size of 0.01°.
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