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1. Introduction

The production of enantiopure materials and molecules is of uttermost

relevance in research and industry in numerous contexts, ranging from
nonlinear optics to asymmetric synthesis. In the context of the latter,
dehalogenation, which is an essential reaction step for a broad class of
chemical reactions, is investigated; specifically, dehalogenation of prochiral
5-bromo-7-methylbenz(a)anthracene (BMA) on prototypical, chiral, interme-
tallic PdGa{111} surfaces under ultrahigh vacuum conditions. Asymmetric
halogen elimination is demonstrated by combining temperature-programmed
X-ray photoelectron spectroscopy, scanning probe microscopy, and density
functional theory. On the PdGa{111} surfaces, the difference in debromina-
tion temperatures for the two BMA surface enantiomers amounts up to

an unprecedented 46 K. The significant dependence of the dehalogenation
temperature of the BMA surface enantiomers on the atomic termination of
the PdGa{111} surfaces implies that the ensemble effect is pronounced in
this reaction step. These findings evidence enantiospecific control and hence
promote intrinsically chiral crystals for asymmetric on-surface synthesis.
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The inherent homochirality of biomole-
cules, such as proteins or polysaccharides,
and the consequential enantiospecific
interactions with other chiral molecules
evoke a need for the production of enan-
tiopure compounds. Accordingly, asym-
metric catalysis, which contrasts the
resolution of racemic mixtures, has
become of paramount importance, espe-
cially in pharmaceutical, agricultural, or
food industry. To date, asymmetric catal-
ysis is dominated by homogeneous catal-
ysis because of its superior activity and
selectivity as compared to heterogeneous
catalysis.'?l On the other hand, heteroge-
neous catalysts promise increased stability
and facilitated separation and recycling.
As a consequence, substantial effort has
been devoted to obtain catalytically active
chiral surfaces, for instance by depos-
iting enantiopure molecules on achiral surfaces,*”! or by cut-
ting achiral crystals along low-symmetry directions.®° Another
promising, yet largely unexplored, approach to achieve asym-
metric heterogeneous catalysis is to employ surfaces of metals
with chiral crystal structure.[%]

To rationally design catalysts for heterogeneous asymmetric
catalysis, enantiospecific reactant-catalyst interactions and
reaction pathways must be understood on the atomic scale.
In this context, investigations of molecules deposited on well-
defined surfaces with scanning tunneling microscopy (STM),
temperature programmed desorption (TPD), or temperature-
programmed X-ray photoelectron spectroscopy (TP-XPS) exper-
iments under ultrahigh vacuum conditions have proven to be
powerful methods. In particular, STM has been applied fre-
quently to image enantiospecific reactant-catalyst interactions
with submolecular resolution, whereas reaction kinetics
can be obtained from TPD and TP-XPS experiments. While
TPD is an established method to determine enantiospecific
reaction kinetics,>! applications of TP-XPS have been limited
to symmetric reactions so far.6-20l

To date, the only surfaces of intrinsically chiral metals that
have been characterized well enough to allow detailed inves-
tigations of atomic-scale reactant-catalyst interactions are
the low-Miller index surfaces of intermetallic PdGa with 1:1
stoichiometry.?!!l PdGa has recently attracted considerable atten-
tion as topological material hosting exotic fermionic quasipar-
ticlesl?223] and as active and selective catalyst.?*?°] Owing to its

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Model system for enantioselective debromination. a,b) Surface structure of the PdGa:A(1711)Pd; surface (1st layer Pd; in bright blue; 2nd
layer Ga; in red; 3rd layer Pd; in dark blue) (a) and the PdGa:A(111)Pd, (1st layer Pd; in bright blue; 2nd layer Gas in red; 3rd layer Pd; in dark blue)
(b). The chirality of both surfaces is highlighted with saturated colors for one top-layer Pd trimer (PdGa:A(111)Pds) or Pd atom (PdGa:A(111)Pd;) and
their neighboring Pd and Ga atoms in subjacent layers. c¢) Molecular structure of prochiral BMA, which occurs in two distinct surface enantiomers

when confined to a planar configuration (Br red, C gray, H white). d—f) STM images of BMA on: d) PdGa:A(111)Pd; ( Vgias = 50 mV; It = 50 pA),
) PdGa:A(111)Pd; ( Vgi,s =—50 mV; I+ =100 pA), and f) Au(111) ( Viias =—50 mV; I =200 pA). The respective deposition temperatures given in the images.

noncentrosymmetry, PdGa exists in two enantiomorphs that are
denoted PdGa:A and PdGa:B.*! Of particular interest are the
two structurally different, threefold symmetric, chiral PdGa:A
(111)Pd; (A:Pd; for short) and PdGa:A(111)Pd; (A:Pd;) surfaces
(Figure 1a,b), which terminate by Pd trimers and isolated single
Pd atoms, respectively.”’] These surfaces have proven to be
excellent candidates to separate the geometric and electronic,
i.e., ensemble and ligand, effect in heterogeneous catalysis!?5-3%
and to exhibit highly enantiospecific interaction with achiral
and prochiral molecules.[!31431:32]

In this study, we employ the chiral PdGa{111} surfaces to
quantitatively characterize thermally activated, enantioselec-
tive halogen elimination, which is the first step of several on-
surface reactions, among others the frequently applied dehalo-
genative aryl-aryl coupling!**4 that is for instance used to grow
graphene nanoribbons>>~¥ or extended 2D organic frame-
works.3339#1 To date, the only attempts regarding asymmetric
on-surface halogen elimination were reported by Rampulla et al.
for chiral alkyl halides on low-symmetry copper surfaces.[*243l
They reported bromine elimination with an enantiomeric excess
of up to 8% * 4% for R-2-bromobutane on Cu(531).

Here, we investigate the thermally triggered asymmetric
debromination of prochiral 5-bromo-7-methylbenz(a)anthracene
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(BMA; Figure 1c) on the chiral PdGa{111} surfaces, and — as
control experiment, where no enantioselective debromina-
tion is expected — on achiral Au(111). Enantioselectivity in this
reaction is expressed in different debromination temperatures
for the two surface enantiomers, which we study by means of
TP-XPS, STM, and density functional theory (DFT).

2. Results and Discussion

For a conclusive discussion on the thermally activated debro-
mination process, we first clarify the conditions under which
BMA molecules remain pristine on the Au(111l), A:Pd;, and
A:Pd; surfaces. Adsorption of BMA on Au(111) shows no signif-
icant differences in the temperature range between 160 and 300
K, where the molecules remain intact on the surface. The mole-
cules assemble into homochiral trimers, which appear in equal
proportions with clockwise and counter-clockwise sense of rota-
tions, i.e., there is no significant excess of surface enantiomers
eegma = 0% £ 4%, which is defined as eegys = 100% x [#R —#5|
(Figure 1f; and Figure S6, Supporting Information). #R+#S

BMA has been deposited at 160 K on the PdGa{111} surfaces
to avoid debromination. On A:Pd;, pristine BMA molecules

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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appear as isolated monomers (Figure 1d; and Figure S8, Sup-
porting Information) in two distinct configurations, each pre-
sent in three rotationally equivalent forms. The STM signatures
of these two distinct configurations resemble trapezoids that are
mirrored one with respect to the other (Figure S9, Supporting
Information) and are thus assigned to R and S BMA enanti-
omers that form a racemic mixture, i.e., eegpya = 3% + 3%.

On A:Pd;, BMA molecules deposited at 160 K appear in seven
different configurations, five of which are isolated monomers
occurring in three rotationally equivalent geometries, and two
are homochiral trimer assemblies with opposing sense of rota-
tion (Figure le; and Figures S14-S17, Supporting Information).
All monomers exhibit a trapezoid-like shape (Figure S15, Sup-
porting Information), based on which we conduct the assign-
ment that is experimentally confirmed with nc-AFM (Figure S16,
Supporting Information) to R and S enantiomers. No signifi-
cant enantiomeric excess (eegya = 5% £ 6%) is determined for
these low-temperature adsorption conditions of BMA in A:Pd,.

By superimposing the surface atomic and the BMA mole-
cular structure onto STM images, the exact adsorption geom-
etry of both BMA surface enantiomers on the A:Pd; and A:Pd,;
surfaces can be identified. The most important difference
between the adsorption geometries of BMA surface enanti-
omers on A:Pd; is that for R BMA the bromine is atop a single
Pd atom in the third layer, whereas for S BMA it lies above the
center of the Ga trimers in the second layer (Figure 2c,f). The
experimentally determined adsorption geometries are identical
to the most favorable ones derived with DFT calculations with
corresponding adsorption energies of E,q, =—2.866eV and
Engs, =—2.827 €V for the R and S BMA, respectively (Table S3
and Figure S10, Supporting Information). Furthermore, the
comparison of the DFT simulated STM images with the
experimental STM signatures confirms the assignment of
the surface enantiomers and their respective adsorption sites
(Figure 2a,b,d.e).

Analogous to BMA adsorbed on A:Pd;, we identify the
adsorption geometries of all BMA configurations on A:Pd;
from STM images, which are discussed in detail in Note 5 in
the Supporting Information. The energetically most favorable
adsorption geometries derived from DFT calculations coincide
with the ones observed experimentally. The respective adsorp-
tion energies determined with DFT differ by no more than
20 meV (Table S4, Supporting Information). Also the experi-
mental STM signatures of BMA monomers are in very good
agreement with the ones obtained from DFT simulations and
thus again validate the assignment of the surface enantiomers.
For the most frequently observed R and S BMA monomer con-
figurations on A:Pd;, shown in Figure 2i,], the bromine atom
lies on a top-layer Pd atom in both cases. Slight differences
in adsorption geometries of R and S enantiomers arise with
respect to subjacent layers due to the chirality of the surface.

Having established that on Au(111), A:Pd;, and A:Pd; sur-
faces pristine BMA appear as racemic mixture, the dynamics
of BMA debromination are investigated with TP-XPS for the
Au(111) and PdGa{111} surfaces with heating rates of 0.1 and
0.05 K s7}, respectively (Figure 3). On all three surfaces sim-
ilar changes of the chemical state of the Br 3d doublet, shown
in Figure 3a—c, are observed in the TP-XPS maps. In a first
step, bromine detaches from the molecule and chemisorbs
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on the surface, which is expressed in a distinct chemical shift
of the Br 3d doublet to lower binding energies. Second, bro-
mine desorbs, resulting in an overall intensity decrease of the
Br 3d signal. Highlighted by the temperature-dependent rela-
tive intensity (Figure 3d) for both chemical states of bromine,
i.e., bromine attached to the molecule (Br-C) and bromine
adsorbed on the surface (Br-Au/Br-Pd), the temperature range
and line shape for the transitions varies significantly between
the three investigated substrates. Considering a rigid shift of
about 11 K to higher temperatures due to the larger heating rate
for Au(111) (Figure S3, Supporting Information), BMA debro-
mination occurs between 300 and 400 K on Au(111), but already
takes place between 200 and 290 K and between 200 and 300 K
for the Pd;- and Pd;-terminated PdGa{111} surfaces, respec-
tively. On the other hand, bromine has entirely desorbed at
460 K from Au(111), while on PdGa{111} this process is only
initiated at 470 K and requires a temperature of 550 K to be
entirely desorbed.

In the following, we focus on the temperature evolution of
the bromine elimination process by scrutinizing the TP-XPS
intensity profiles of Br-C, which are shown in Figure 4a.
Br—C not only decreases in a dissimilar temperature range
on Au(111), A:Pd;, and A:Pd;, but it also exhibits a different
kinetics. In particular, the Br—C signal declines in a sigmoidal
shape for Au(l11l), in a rather linear shape for A:Pd;, and a
double-sigmoidal shape for A:Pd;.

For a more quantitative assessment of the debromination
kinetics, we derive for each BMA surface enantiomer the mean
debromination temperature, ie., the temperature at which
half of the respective surface enantiomers debrominated, from
TP-XPS by fitting the fraction of intact BMA molecule at any
given temperature with an error function, as discussed in
Note 1 in the Supporting Information. Fitting the Br—C with
Equation (S1) (Supporting Information), shown as solid areas
in Figure 4a,e,j, yields absolute differences in debromination
temperatures of AT, =0K, AT, =36K, and AT, =46K
between the BMA surface enantiomers on Au(111), A:Pds;, and
A:Pd,, respectively. These temperature differences clearly show
that BMA debromination occurs without enantioselectivity
on Au(11l), but highly asymmetric on the chiral PdGa{111}
surfaces.

In the following, the conclusions drawn from fitting the Br-C
traces with Equation (S1) (Supporting Information) are com-
plemented by STM (cf. Figure 4). As shown in Figure 4c, after
heating to 350 K the molecules partially debrominate and we
find a racemic mixture of BMA monomers (eepyp = 1% + 8%)
and BMA dimers (epimer = IOO%M =5%=+5%;

#RR+#RS+#SS
YZ dimers consist of one Y = {R,S} and one Z = {R,S} debro-
minated BMA surface enantiomer, cf. Figure S7, Supporting
Information). Upon annealing to 400 K all BMA are debromi-
nated and covalent coupling between BMA dimers is frequently
observed — a structure of four merged dimers is indicated by
a white arrow in Figure 4d. All of the formed molecular struc-
tures occur as racemic mixture on the Au(111) surface.

Asymmetric bromine elimination for BMA on A:Pd; is cor-
roborated with TP-XPS, as Br—C decreases to 50% of its initial
value and then remains constant, if the substrate temperature is
kept slightly above the onset of the reaction process (Figure S11

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Adsorption geometries. Experimental STM images of the R
(a,g) and the S (d,j) BMA surface enantiomer on the PdGa:A(1171)Pd;
(PdGa:A(111)Pd;) surface with the corresponding DFT-calculated STM
images in (b,h) and (e,k) and adsorption geometries in (c,i) and (f,l). All
scale bars correspond to 0.5 nm.
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and S12, Supporting Information). STM investigations shown in
Figure 4f—i further support this finding. Below 250 K (Figure 4g),
all S BMA enantiomers debrominate and, with more than 90%
probability, subsequently dimerize in numerous different con-
figurations (Figure S13, Supporting Information), while most R
BMA persist unaltered with a coverage of about 50% relative to
all BMA derived molecular structures (Figure 4i). Upon further
heating to 300 K, also R BMA debrominate and dimerize in dif-
ferent configurations, as shown in Figure 4h.

STM investigations also confirm enantioselective BMA debro-
mination on A:Pd;, as of the initial racemic mixture at 160 K
(Figure 4k) only S enantiomers remain brominated between
225 and 250 K (Figure 4l) with a coverage relative to all BMA
molecular structures of almost 50% (Figure 4n). Debrominated
BMA on A:Pd; mostly occur isolated (Figure 41 and Figures S14
and S18-S20, Supporting Information) after annealing at 250 K.
The few dimer-like agglomerates present at this stage appear
with an eep;.. =75% 5% in favor of RR (Figure S21, Sup-
porting Information). Upon annealing to 300 K, S BMA debro-
minate and can form dimer-like RS and SS agglomerates, thus
eliminating any enantiomeric excess for dimer-like agglomer-
ates (Figure 4m).

Based on the experimentally observed enantioselective
debromination, we can deduce several aspects of the reaction
kinetics. Specifically, the conversion of pristine R into S BMA
and vice-versa is suppressed on both PdGa{lll} surfaces at
least up to the debromination temperature of the less stable
BMA surface enantiomer. Interestingly, the onset temperatures
for the debromination process on PdGaf{111} correspond well
to those reported for Cu(111).2%*l This observation supports
the presumption that these surfaces have a comparable cata-
lytic activity due to the similar average energy of d-band elec-
trons (d-band center).?#%! An intriguing difference is that
on PdGa{111} surfaces the BMA debromination occurs over a
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Figure 3. Bromine detachment and desorption. a—c) TP-XPS maps of the Br 3d core level doublet for BMA adsorbed on Au(111) (a), PdGa:A(T11)
Pd; (b), and PdGa:A(111)Pd, (c). d) Temperature dependence of the Br—C and Br—Au/Br—Pd components extracted from the Br 3d TP-XPS maps and

normalized to the initial bromine signal for Au(111) (left, heating rate r=0.1 K s™'), PdGa:A(111)Pd; (center, r=0.05 K s7'), and PdGa:A(111)Pd, (right,

r=0.05Ks).
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Figure 4. Enantioselectivity of BMA debromination. a,e,j) Br-C intensity for the Au(111) (a), PdGa:A(111)Pd; (e), and PdGa:A(111)Pd; (j) surfaces.
The shaded areas beneath each curve show fits with Equation (S1) (Supporting Information); the contribution of each BMA surface enantiomer, with
the enantiomeric form as determined from STM, is displayed in a different color. The temperatures at which half of the respective surface enantiomer
is debrominated are given in the legend. The arrows indicate the state of debromination visualized in the STM images in (b-d), (f~h), and (k-m).
b—d) STM images of BMA on Au(111) deposited at 300 K (b) and after subsequent annealing at 350 K (c) and at 400 K (d). f-h) STM images of BMA on
PdGa:A(1171)Pd; deposited at 160 K (f) and after subsequent heating to 250 K (g) and to 300 K (h). i) The abundance of BMA species on PdGa:A(111)Pds,
which has been determined based on STM images that have been recorded after annealing to a certain temperature. k-n) STM images of BMA on

PdGa:A(111)Pd; deposited at 165 K (k) and after subsequent annealing to 250 K (l) and 300 K (m). n) The abundance of BMA species on PdGa:A(111)Pd;,
which has been determined based on STM images recorded after the annealing process. STM parameters: b—d,k-m) Vi, =—50 mV, f-h) Vp;,s =50 mV;

b,d,f,k,m) I+ =200 pA, c) | It =20 pA, g,h) I+ =50 pA.

wider temperature range than on Cu(111).2%*! The tempera-
ture range for debromination is particularly wide on Au(111),
which has been attributed to reversible debromination pro-
cesses.20 Therefore we simulate the debromination reaction
on the PdGa{111} surfaces with a rate equation model including
reversibility and enantiospecific energy barriers. We simplify
the model by assuming the enantiospecific reaction paths to
differ only with regard to the debromination energy of the BMA
surface enantiomers (Figure S2 and Note 2 in the Supporting
Information) and determine energy barrier differences for the
debromination of the BMA surface enantiomers of 0, 40, and
55 meV on Au(111), A:Pds, and A:Pd,, respectively.

Adv. Mater. 2021, 2104481 2104481 (5 of 7)

According to two empirical principles, which are gener-
ally valid for a large class of reactions, we can infer trends
on the reaction rates and thereby on the origin of the enanti-
oselective debromination, without knowing the precise reac-
tion pathway. First, the Bell-Evans—Polanyi (BEP) principle
relates a larger adsorption energy difference of the initial and
final reaction state (i.e., the pristine and debrominated BMA,
respectively) to a reduced activation barrier and thereby to
higher reaction rates. Second, according to the Hammond-
Leffler postulate, close proximity of the adsorption configura-
tion of the final state relative to that of the pristine molecule
can yield higher reaction rates, too. Using DFT simulations

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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we have found that in all cases there are stable final state con-
figurations in close structural proximity of the pristine BMA
(Figure S24, Supporting Information). In the case of A:Pd;,
we see no substantial difference in the adsorption energy of
the pristine R and S enantiomer, but a 120 meV lower energy
of the debrominated R BMA over the S surface enantiomer.
According to the BEP principle we would therefore expect
the activation barrier for the R enantiomer to be lower, which
agrees with the experiment. For the A:Pd; surface, the ini-
tial-final state energy difference between the R and the S
enantiomers are very similar and differ by only 31 meV (cf.
Figure S23, Supporting Information). This is about 1% of the
reactant adsorption energy and most probably beyond the pre-
cision of the DFT calculations.[*] Therefore, DFT calculations
on A:Pd; remain nonconclusive on the origin of the experi-
mentally observed selectivity toward the S enantiomer. Conse-
quently, we find that although DFT successfully predicts the
correct adsorption configurations of the initial and final state,
the accuracy is insufficient to capture the origin of the experi-
mentally observed highly asymmetric halogen elimination.
The latter would require computational methods that accu-
rately access the free energy landscape and take into account
several reaction pathways for both surface enantiomers on the
complex and corrugated PdGa{111}.

3. Conclusion

We have demonstrated that the halogen elimination process of
prochiral BMA proceeds enantioselectively with unprecedent-
edly high differences in debromination temperatures of 36 K
and even 46 K between the two surface enantiomers on the Pd;-
and Pd;-terminated PdGa{111} surfaces, respectively. Such high
temperature differences allow asymmetric halogen elimination
with an enantiomeric excess of more than 90%. Moreover, the
observation that on Pd;- and Pdj-terminated PdGaf{111} sur-
faces of the same enantiomorph the opposite BMA surface
enantiomer debrominates at lower temperatures evidences a
strong ensemble effect and emphasizes the significance of the
atomic details of the entire molecule-substrate system. The
enantioselective halogen elimination demonstrates the strong
chiral recognition of the PdGa{111} surfaces and highlights the
immense potential of intrinsically chiral crystals in asymmetric
catalysis.
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