Observation of asymmetric oxidation catalysis with B20 chiral crystals
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ABSTRACT

Heterogeneous processes for enantiomeric processes based on inorganic crystals have been a topic
of resurgent interest. However, it remains a challenge to answer the question of what the driving forces
for the emergence of homochirality in nature and chemical reactions are. Here, we propose one possible
driver of enantioselectivity, namely orbital angular momentum (OAM) polarization. Enantioselective
recognition of 3,4-dihydroxyphenylalanine (DOPA) was achieved by using B20 group PdGa crystals
with different chiral lattices. Orbital textures of PdGa enantiomers (namely PdGa-A and PdGa-B)
suggest large OAM polarization for the bands near the Fermi level and carrying opposite signs. This
leads to the difference in adsorption energy between PdGa chiral crystals and DOPA molecules,
depending on the pairing ability between the O 2p and Pd 4d orbital. These results provide a new route
to achieving enantioselectivity with pure inorganic crystals and may hold an answer to the origin of
chirality in nature.
Introduction

When Louis Pasteur introduced the concept of molecular chirality in his groundbreaking work in
1848, he also questioned what might be the forces for the synthesis of the first asymmetric natural
products.! A variety of strategies have been introduced over the last eighty years for the controlled
synthesis and eventual separation of pure enantiomers, which provides a promising answer for the
arising of life in the prebiotic stage.> Unfortunately, still, no consensus has been reached to uncover the

most likely scenario of how the mirror symmetry is initially broken.



Inorganic solids such as minerals, metals, and semiconductors have invoked a popular research
interest because they can obtain chirality from surface modification or external fields, and thus endow
bioorganic molecules with homochirality.® Remarkably high activity and selectivity in enantiospecific
separation and asymmetric reactions were reported on various solid catalysts such as Au, Pd, and
Fe304.7 This can be explained by either electronic structure chirality or crystal structure chirality. The
former assumes that the spin-polarized electrons can be viewed as chiral particles longitudinally and
could interact with adsorbed molecules according to the chiral-induced spin selectivity (CISS)
mechanism.!? The latter represents the chirality of the crystal surfaces when their Miller indices (% & )
obey h # k# [ # kand h x k x [ # 0, for example, the (643) surface of cubic Pt.!'!> However, little is
known about the chemical effects of pure inorganic compounds with bulk chirality crystal structures.

Intermetallic compounds with the space group P23 such as PdGa, RhSi, and CoSi are promising
candidates for the probing of chirality due to their exotic chemical and physical properties.'*!> Taking
PdGa as an example, at least three catalogs of chirality can be found in this family of compounds as a
result of their noncentrosymmetric bulk structure. a) Bulk chirality. Pd and Ga atoms are helically
stacked along the [111] polar direction, suggesting the existence of two enantiomers with reversed
handedness of helices.!® b) Surface chirality. For the threefold symmetric (111) surface of the B20
compounds, although the topmost layer of Pd atoms is achiral, the Pd and Ga trimers in the 2™ and 3™
outmost surface layers could induce surface chirality and then influence the surface properties of the
outmost Pd layer.!” ¢) Electronic structures chirality. Chiral fermions and chiral Fermi-arc surface states
with reversal velocities are experimentally confirmed, which is closely related to the chirality of bulk
structures.'® Thus, it is not surprising that B20 compounds such as PdGa have been explored a long time
ago as heterogeneous catalysts.!” The chiral Fermi-arc surface states serve as catalytic active sites and
provide stable electron baths for redox reactions.?® More importantly, enantioselective adsorption and
elimination reaction towards prochiral molecules has been achieved on the (111) surface due to the
different surface termination and the surface chirality originating from the second outmost surface
layers.?!"?2 With these experimental facts in mind, it is interesting to ask the question of whether the
bulk crystal chirality initiates the enantioselective reactions.

In this work, we proposed that the intrinsic OAM polarization induced by the bulk chirality can
drive the enantioselective reactions. We successfully obtained two PdGa bulk crystals with opposite
chiralities and then studied their response toward the oxidation of DOPA enantiomers. It is found that
the electro-oxidation of L-DOPA and D-DOPA is strongly dependent on the bulk chirality of PdGa
crystals. The difference in oxidation behaviors can be explained by the classical thermodynamic
adsorption theories, with the adsorption energies of L- and D-DOPA being different at the same crystal

surface of PdGa. To understand the origin of adsorption differences, we performed a theoretical



investigation on the PdGa crystals and found the existence of strong OAM polarizations, with their
signs being chiral-dependent. Considering the mirror-symmetric orbital polarization of O 2p orbital in
DOPA, we believed that the enantioselective adsorption of DOPA is driven by the polarization
mismatch between the DOPA adsorbates and PdGa substrate. Our work suggests that the
enantioselective reactions could happen on pure crystals without any surface modification, which

provides a potential strategy for asymmetric synthesis on pure inorganic crystals or minerals.
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Fig. 1. a. The Laue diffraction pattern for PdGa-A crystal, with Pd at x = 0.14220, and Ga at x =
0.84270. The inset shows the SEM image of the single crystal used in this work. b. The Laue diffraction
pattern for PdGa-B crystal, with Pd at x = 0.85780, and Ga at x = 0.15730. The handedness can also be
seen from the corresponding low-energy electron diffraction (LEED) patterns.'® ¢. Crystal structure of
PdGa enantiomer A using the deposition number of CSD-1999938. d. Crystal structure of PdGa
enantiomer B using the deposition number of CSD-1999942. The number 1 to 3 represent the Pd atoms

positioned in the first, second, and third layers along the [111] direction.

Results and Discussion

Single crystallinity of the as-grown PdGa crystals was first analyzed using a white beam
backscattering Laue X-ray diffraction at room temperature. Both the PdGa crystal batches show sharp
and well-defined Laue spots, which can be indexed with a single pattern (Fig. 1a and b). This illustrates
the excellent quality of the grown crystals. Then rigorous single-crystal X-ray diffraction was performed
to analyze the structural chirality, Flack’s parameter, etc. as explained in previous references '* '¥. The
identified enantiomers of form-A and form-B of the PdGa crystals are as defined in Ref.?}. Two of the

crystals obtained from the same batch were selected and served as the working electrode for DOPA



enantiomeric recognition. The scanning electron microscope (SEM) images recorded with secondary
and backscattered electrons suggest the high homogeneity of the two crystals (inset Fig.1a-b, Fig. S1-2).
The molar ratio of Pd and Ga is determined to be 1 according to the elemental analysis (Fig. S3). The
entire refined crystallographic information along with final results are compiled in standard .cif format
and can be retrieved from (https://www.ccdc.cam.ac.uk/structures/), using the deposition numbers CSD-
1999938 to CSD-1999942. The detailed crystal structures were displayed in Fig. 2c-d. Both PdGa-A
and PdGa-B crystals are crystallizing in the FeSi type of structure without the mirror and inversion
symmetries. In the same as other B20 chiral compounds,?* the intrinsic bulk chirality of PdGa is
determined by the arrangement of Pd and Ga chiral motifs along the [111] direction. For A-type
chirality PdGa crystal, Pd atoms are anti-clockwise stacked along the polar [111] direction, while Ga
atoms are clockwise arranged. For B-type chirality, Pd and Ga atoms are stacked with an inverse
sequence.'® Here we must point out that the definition of chirality for PdGa is different from the
previously reported method,?” ?°, where the surface chirality is derived from the different (111) and
(ITT) termination that cutting from a same crystal (Note: The chirality comes from the surface
termination, rather than bulk symmetry).

As a proof-of-principle demonstration, DOPA molecules with different chirality are selected for the
electrochemical recognition measurements. The oxidation behavior of DOPA molecules has been well
documented at the surface of various solid electrodes, which makes the understanding of our data easier
and more consolidated.?®?® At first, cyclic voltammetry (CV) curves were recorded to confirm the
happening of DOPA oxidation with PdGa-A as the working electrode. In the absence of L-DOPA (Fig.
2a), the broad oxidation peak between 0.6 and 1 V vs. Ag/AgCl can be attributed to the formation of Pd-
O or Pd-OH bonding.?’ The strong reduction peak between 0 - 0.3 V can be indexed to the strong H
adsorption process at the surface of Pd-based compounds.’® When 4 mM of L-DOPA was introduced
into the solution, a strong oxidation peak is observed at around 0.78 V, suggesting the oxidation of L-
DOPA at the crystal surface.?® 3! Other investigated samples including PdGa-B and Pt films exhibit the
same behaviors towards DOPA oxidation (Fig. S4-5). As a comparison, 2H-MoS; single crystals can not
drive the oxidation reaction because the (001) basal planes are catalytically inert to electrochemical
reactions.?? As a result, no oxidation peaks are found under the same measurement condition in the

presence of DOPA (Fig. S6).

The limitation of the CV technique is the existence of a strong non-Faradic capacitive current,
which makes the distinction of DOPA oxidation currents difficult. To increase the sensitivity of the
chirality-dependent oxidation signal, the differential pulse voltammetry (DPV) technique is employed.
We first recorded the DPV curves with PdGa-A crystal in the electrolyte with and without L-DOPA
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Fig. 2. a. CV profiles of PdGa-A crystal in the electrolytes with and without L-DOPA. The
molecular structure of L-DOPA is shown inset. b. The corresponding DPV curves with and without L-
DOPA. The peak at around 0.72 V can be attributed to the oxidation of DOPA. ¢. DPVs of DOPA
enantioselective oxidation at the surface of PdGa-A (¢) and PdGa-B (d) crystals. The oxidation of L-
DOPA is more favorable than D-DOPA at the surface of PdGa-A, while the tendency is inversed with
PdGa-B crystal. e. DPV curves at the surface of archival Pt foil. There is no difference between the
oxidation of DOPA enantiomers. e. DPV curves at the surface of RhSi (111) thin films with a thickness

of 40 nm. The enantioselective oxidation is more pronounced if only the (111) surface is exposed.

(Fig. 2B). One can see clearly the strong and well-defined DOPA oxidation peak at around 0.72 V. On
the other hand, there are no significant changes for the peak corresponding to the formation of Pd-O and
Pd-OH bonding at the lower potential of about 0.51 V. These features are fully consistent with the CV
scanning results. The same results are found when the PdGa-B crystal was used (Fig. S7). This
uncourtly confirmed the oxidation of DOPA at the surface PdGa crystals. Next, we measured the
chirality-dependent oxidation of DOPA with PdGa-A and B crystals, respectively. As summarized in
Fig. 2c-d, the oxidation currents for L-DOPA and D-DOPA are inversed at the surface of PdGa-A and
PdGa-B crystals. In other words, the oxidation of L-DOPA at the surface of PdGa-A crystal is more
favorable than D-DOPA, while PdGa-B crystal prefers the oxidation of D-DOPA. These results suggest
that the oxidation of DOPA enantiomers is strongly dependent on the chirality of the PdGa crystals
because all the other experimental details are kept the same. As an additional testimony, DOPA

oxidation behaviors at the surface of archival Pt foil were recorded (Fig. 2e). There is no sign of



enantiomer selectivity from the identical oxidation currents, which is consistent with previous studies.?’
(Note: the potentials for DOPA oxidation are strongly dependent on the electrode properties and
measurement conditions. The theoretical standard electrode potential of DOPA oxidation is 0.75 V vs
RHE.?? The experimental values under acidic conditions are 0.76 V for Pt,?” 0.82V for glassy carbon,’’
0.85 V for Au electrode, 0.89 V for homocysteine modified Au electrode,®, and 1.01 V for 2,20-Bis[2-
(5,20-bithienyl)]-3,30-bithianaphthene oligomers coated glassy carbon’®)

Although the discrimination between two DOPA enantiomers is available with the bulk PdGa
single crystals, the differences are not that so pronounced. This may be caused by two reasons. First,
side reactions such as PdGa oxidation and radical adsorption happen in the potential window of DOPA
oxidation (0.6-1 V vs RHE), which will influence the resolution. Second, besides the main surface of
(111), other crystal surfaces and edges are inevitable for the investigated PdGa bulk crystals. This will
make the determination of the DOPA oxidation currents more challenging. Wo notice that for the cubic
B20 binary crystals with space group 198, the threefold rotation symmetry is along the [111] direction,
endowing the (111) surface with exotic electronic properties such as the circular photo-galvanic
effect.!® 3435 Thus, it is expected that (111) surface polar surface should have the maximum response
towards chiral molecules' adsorption and reaction.?! With this in mind, one may expect enhanced
enantioselectivity by only exposing the (111) chiral surface area. High-quality single-crystalline RhSi
(111) thin films with a thickness of 40 nm were synthesized (Fig. S8). CV investigation confirmed the
oxidation of both L- and D-DOPA (Fig. S9). As expected, DPV curves exhibited well-defined DOPA
oxidation peaks at around 0.6 V, suggesting the high enantioselective recognition ability at the polar
(111) surface (Fig. 2f).

Enantiomeric oxidation at the surface of solid crystal surfaces is a typical homogenous reaction
process. Thus, the differences in oxidation selectivity should be reflected in the adsorption energies.
To answer this question, we investigated the adsorption behaviors of DOPA enantiomers at the (111)
crystal surface by taking the PdGa-A crystal as a model. The three-dimensional structures of L-DOPA
and D-DOPA are displayed in Fig. 3a. Under acidic conditions, both enantiomers have a hydrophobic
catechol group, a positively charged amine group, NH3", and a negatively charged carboxyl group,
COO'. In the presence of a solid surface, the preferred adsorption sites are the highly charged cationic
metals due to the cation-m interactions according to previous studies.’® This is further confirmed by
the optimized adsorption geometry of the PdGa-A (111)-DOPA pairs using density functional theory
(DFT) in this work. Both L-DOPA and D-DOPA are firmly adsorbed onto the Pd sites via the O atoms
from the carboxyl group (Fig. 3b-d, Fig. S10). Such an adsorption geometry is consistent with the
surface electronic structure of PdGa (111), where the Pd site is positively charged with higher valence

states than Pd metal.>” The bonding lengths of Pd-O are 2.24 and 2.29 A for L-DOPA and D-DOPA,
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Fig. 3. a. The molecular structures of L- and D-DOPA (CoH11NO4). The mirror plane is shown as
the dashed line. The carbon connected with the amino and carboxylic acid group is the chiral center.
Black, yellow, blue, and red spheres are C, H, N, and O atoms, respectively. b. Top view of the
energetically favorable configuration for L-DOPA adsorbed on PdGa-A (111) surface. Brown spheres
represent Pd atoms and grey for Ga atoms. DOPA prefer to stand on the surface and form bond with the
top Pd atoms. Only the Pd atoms at the first layer and Ga atoms at the second layer are highlighted for a
clear view of adsorption. Side view of the adsorption configuration of L-DOPA (c¢) and D-DOPA (d) at
the surface of PdGa-A (111). In both cases, the bonds (highlighted in the black circle) are formed
between the O atoms in the carboxylic acid (negatively charged ) and the Pd atoms (positively charged)
in the PdGa crystal. e. Adsorption energies (meV) of L- and D-DOPA adsorbed at the surface of PdGa-
A (111). The energy difference is 48 meV, which is higher than the thermal energy at room-temperature
(~25 meV). f. Charge transfer analysis at the interface of PdGa-A/DOPA pairs. Electrons are transferred
from PdGa to DOPA, which is 0.137 e~ for L-DOPA and 0.006 e~ for D-DOPA.



respectively, which fall in the range of hydrogen bonding,** but much longer than the bonds between
metals and oxygen intermediates in other catalysis reactions such as oxygen evolution.*! To give
another perspective on the bonding strength of Pd-O, the binding energies between PdGa and DOPA are
calculated (Fig. 3e). As expected, the binding energy between the PdGa-A/L-DOPA pair is 0.063 eV,
which is higher than that for the PdGa-A/L-DOPA pair (0.112 e¢V). The adsorption energy difference
between the two DOPA enantiomers is 48 mV, which is well above thermal energy at room-temperature
(~25 meV). Furthermore, we found more electrons are transferred from PdGa to L-DOPA (0.137e7)
than to D-DOPA (0.006¢e™) (Fig. 3f). These quantitative calculation results undoubtedly confirmed that
the adsorption of L-DOPA enantiomer is more favorable than the D-DOPA at the surface of PdGa-A
crystal, which leading to the observed higher oxidation current of L-DOPA.

Now we try to answer the question of why the bond formation is more favorable for L-DOPA at the
PdGa-A surface. One of the promising answers is that the spin polarization of the electrons from PdGa
may differ from the one from the adsorbates, which will induce differences in electron transfer
efficiencies and bonding energies.*? With this in mind, we calculated band dispersion and extracted the
spin polarization (Sz) of the spin-angular momentum from the phase-dependent atomic-orbital
projection of the Bloch wavefunction for both PdGa-A and PdGa-B (Fig. S11). We found six spin-
spitted non-degenerate bands along the symmetry line I'-R around the Fermi level, merging into three
two-fold degenerate bands at the time-reversal invariant point I. Although the spin-resolved data
confirm an opposite sign of Sz at +k,, and —k,, for the sub-spin splitting bands, all components of spin
polarization vanish when summed up, thus vanishing the spin angular polarization along the [111]
direction. Therefore, the role of spin polarization and spin-selected electron transfers can be neglected in
our case.

Finally, we examined the momentum-space texture of the orbital-angular momentum around the
Fermi level (Fig. 4a, b). It is surprised to see a global OAM (Lz) in the electronic wave functions.
Different from the SAM, the spin-split branches suggest a parallel OAM between orbital polarization
and the momentum, with the (Lz) always carrying opposite signs at the +k, and —k, points,
respectively. Although the OAM energy is generally much weaker than SAM,* it is enough to interact
with right or left circularly polarized light to give reasonable circular dichroism (CD) signals.**
Moreover, our calculations show that L-DOPA and D-DOPA carry opposite OAM along the same
momentum direction when projecting to the LUMO orbital (O 2p) indicating that the movements of
electrons along the [111] direction are following different helical wavefronts(Fig. 4c-d). This results in
the change of the lowest unoccupied molecular orbital (LUMO) when forming bonding with PdGa.*>
Most importantly, the energy shift of LUMO is closely related to the sign of OAM or the chirality of the



PdGa. This will change the energy gap between the highest occupied molecular orbital (HOMO) and
LUMO, resulting in the chirality-dependent binding energies of DOPA when forming antibonding states
with O 2p orbitals. This will finally result in the enantiomeric adsorption and oxidation depending on

the compatibility of the OAM with each other.
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Fig. 4. The calculated orbital textures of PdGa-A (a) and PdGa-B (b) are projected on the orbital
polarization (Lz) component. Lz exhibits opposite signs at +k,, and —k, when considering the SOC
effects, and are the OAM polarization is dependent on the chirality of PdGa. ¢. Orbital polarization of
the O sites in L-DOPA. The O atom is the one that forms a bond with the Pd atom from PdGa. There is
a strong polarization of the O 2py orbital at the LUMO level along the same momentum direction. d.

The orbital polarization of O 2py in D-DOPA is reversed.



Conclusion

To conclude, it is demonstrated that enantiomeric recognition can be initiated by
the intrinsic OAM polarization in the B20 family chiral compounds. This was
experimentally confirmed by the different oxidation kinetics of DOPA enantiomers at
the surface of PdGa (111) single crystals. Adsorption and bonds formed between the
DOPA enantiomers and the chiral crystals are strongly dependent on the compatibility
of the OAM with each other. Our study highlights the importance of OAM
polarization as a promising driven force for enantiomeric recognition. It is hoped that
this work will stimulate further studies of other solid states crystals (minerals), where
more significant and pronounced enantiomeric recognition, enantiomer separation,
and asymmetric catalysis reactions can happen.
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