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Chirality and Spin: A Different Perspective
on Enantioselective Interactions

Ron Naaman*?, Yossi Paltiel?, and David H. Waldeck®

Abstract: This review describes a new perspective on the role that electron spin plays in the intermolecular forces
between two chiral molecules and between chiral molecules and surfaces. This different role of the spin arises
from the chiral induced spin selectivity (CISS) effect which is manifest when electrons are moving in chiral mol-
ecules. Namely, it has been shown that as chiral molecules are charge polarized, the electron displacement is
accompanied by spin polarization. The spin direction associated with each electric pole depends on the specific
handedness of the molecule. Thus, the consideration of the dispersive forces between two molecules, or be-
tween a molecule and a substrate, must include the spin polarization which adds an enantioselective electronic
term to the interaction potential. We review recent experiments that show the relation between charge polariza-
tion and spin polarization in chiral molecules. The spin polarization also affects the direction of the ferromagnetic

substrate magnetic moment of a surface, upon which the chiral molecules are adsorbed.
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1. Introduction

In 199911 the first paper was published
describing a new phenomenon in which
electron transmission through chiral mole-
cules is spin-dependent. This phenomenon,
termed the Chiral Induced Spin Selectivity
(CISS) effect, can result in relatively large
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spin polarizations, even when the molecules
are only about 2 nm long.[231 The CISS ef-
fect connects two fundamental properties
of matter, chirality and electron spin, in a
new way. The importance of chirality in
biology and chemistry has been known
since the mid-19" century.#! The existence
of electron spin was not realized until the
mid-1920s and was postulated, based on
the spectroscopy of the hydrogen atom,
by Goudsmit and Uhlenbeck.5! Electron
spin is embedded into quantum mechan-
ics through the Dirac equation, and plays
a profound role in the structure of matter
via the Pauli Exclusion Principle and sym-
metry constraints on the wavefunction. For
example, two ‘spin-less’ electrons cannot
occupy the same volume of space (share
the same spatial wavefunction), but this be-
comes possible if they have opposite spins.
This symmetry constraint is essential for
understanding the electronic structure of
the periodic table of the elements and by
consequence the structure of molecules,
solids, and other forms of matter.

The CISS effect and the Pauli Exclusion
Principle can be combined to introduce a
qualitatively new perspective on intermo-
lecular forces that is enantiospecific, and
this new quality has important implications
for enantiorecognition. It is common to as-
sume that chiral recognition and enantio-
meric selectivity are related through the
three-dimensional geometry of the interact-
ing molecules, with the recognition process
typically described by a ‘lock and key’ type
model.[ Yet, the first principles theoretical
modeling of noncovalent interactions be-
tween chiral molecules fails to account for
the observations quantitatively.[78 This fail-
ure suggests that some essential feature(s)
is not included in our current description of
these interactions.®-191 A better understand-
ing of enantiospecific forces could impact
the development of improved computation-
al methods for predicting, more precisely,
binding energies in biorecognition process-
es and enabling the development of novel
enantioseparation methods as was shown
recently in ref. [11].

We have shown that the charge reorga-
nization in chiral molecules is accompa-
nied by a polarization of the electron spins
associated with the displaced charge.[12]
The symmetry constraints imposed by
the spin polarization introduce a spin-de-
pendent term in the interaction potential.
This term gives rise to a different energy
for homochiral (same enantiomers) versus
heterochiral (opposite enantiomers) inter-
actions. Calculations indicate that this con-
tribution to the interaction energy for two
molecules of the same handedness can be
comparable to the average available ther-
mal energy, k7.12! It is worth noting that
despite the fact that this effect gives rise
to enantiospecific forces, they have not yet

been included in modern molecular dy-
namics force fields.

Below we provide a short description
of the physical principles underlying the
CISS effect and follow it by a description
of the experimental work that demonstrates
the relation between charge polarization
and spin polarization in chiral molecules
and the effect of the spin polarization in
chiral molecules on the magnetic dipole of
a ferromagnetic substrate.

2. A Physical Rationale for
Enantioselectivity Based on CISS

2.1 The CISS Effect

As an electron transfers between a
donor and an acceptor unit through a mo-
lecular bridge, it experiences forces from
its electrostatic interaction with the other
electrons and the nuclei. For the case of
chiral molecules, electron(s) experience a
centripetal force (responsible for keeping
the electrons within the molecule) that acts
perpendicular to the average electron mo-
mentum; see Fig. 1. In the rest frame of the
moving electrons, th_i)s force is analogous
to a magnetic field B¢y acting along the
molecule to produce a Lorentz force on the
moving electrons.

In this simplified picture, the effective
magnetic field is given by B,z = 5 XEpeiix
where ¥ is the electron’s velocity, ¢ is the
speed of light, and Ej,;;, is the electric
field acting on the electron as a result of the
potential. The spin-orbit coupling (SOC)
energy is By, - fi where fi is the magnetic
dipole of the electron. This SOC generates
a Zeeman splitting between the spin states

B
Fg= Fcentripetal

of the transferring electron; while one
spin is stabilized the other is destabilized.
This results in a difference in the effective
barrier heights for the electron tunneling
through the molecular bridge. Because
the electrons’ transmission probability
through the barrier depends exponential-
ly on the barrier height, chiral molecular
bridges (molecules) can have significantly
different transmission probabilities for the
electron’s two spin components; and chi-
ral molecules can act as spin filters. Which
spin is preferred depends on the specific
handedness of the molecule and on the sign
of the electron velocity.!3!

2.2 Spin Polarization and Enantio-
selectivity

The spin filtering effect, described
above, implies that a dynamic charge po-
larization in a chiral molecule will be ac-
companied by spin polarization of the ex-
cess charge at the electric pole; see Fig. 2.
The specific spin orientation at each pole
will depend on the chirality of the mol-
ecule and the direction of the charge dis-
placement, i.e. the electron velocity.

When a chiral molecule interacts with
a substrate or two molecules interact with
each other, the spin polarization imposes a
symmetry constraint that affects the elec-
tron cloud overlap (Pauli exclusion). While
it is knownl4.13] that electron exchange and
charge penetration are important aspects of
intermolecular forces at short range, cur-
rently they are not rigorously incorporated
into the generation of force fields that are
commonly used for molecular dynamics
and biomolecular simulations. The in-
distinguishability of electrons leads to an
exchange interaction that can stabilize the
energy of two electrons with opposite spins
relative to those with the same spin.[16.17]
Because spin polarization accompanies
charge polarization in chiral molecules, the
spin should not be neglected for describing
the intermolecular forces of two closed-
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Fig. 1. When an electron is transferred along a
chiral electrostatic potential, a centripetal force
acts on it, perpendicular to its velocity v.

In the rest frame of the electron this force is
like a Lorentz force that results from an
‘effective magnetic’ field, Beff, acting along
the molecule.

Fig. 2. A scheme describing the charge and
spin polarization in two enantiomers of a chiral
molecule when an electric field (black arrow)
is applied. The red balls indicate the electrons
with their spins (small vertical black arrows)
and the angular momentum of the spin is pre-
sented by the blue horizontal arrows.
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Fig. 3. The scheme illustrates spin polarization
for the induced dipole-induced dipole interac-
tion between two chiral molecules. The charge
polarization (of magnitude & and either + or

- sign) is accompanied by spin (red balls with
black arrows) polarization. Panel A shows a ho-
mochiral case, in which the interaction occurs
for molecules that have their spin polarizations
aligned opposite to each other (‘singlet’ po-
tential). Panel B shows a heterochiral case, in
which the interaction occurs for molecules that
have their spin polarizations aligned parallel to
each other (‘triplet’ potential).

shell, chiral molecules at close distances.
In what follows we show several examples
of this basic concept.

The schematic diagram in Fig. 3 illus-
trates how spin considerations affect the
interaction between two chiral molecules.
The chirality is represented by the helices,
which are an example of chiral secondary
structure, here; however, many molecules
(including amino acids and sugars) are chi-
ral because of the existence of asymmetric
carbon atoms. As CISS relies on the helic-

ity of the electron cloud, the considerations
described here apply to molecules that do
not possess a helical secondary structure,
as well as ones that do. Moreover, the rela-
tive orientation of the two interacting mol-
ecules impacts the magnitude of the effect
but does not change its essential nature, as
chirality (handedness) does not depend on
the direction from which the molecule is
viewed. Fig. 3A shows the case of two chi-
ral molecules (left-handed helices) of the
same handedness interacting. The charge
polarization of these helices is accom-
panied by a spin polarization that acts in
the same direction; e.g. pointing outward
along the helical axis (represented by the
black arrow in the red circle). The region
of excess charge density is shown by the
circle, and the spin polarization direc-
tions of the two molecules in this region
are anti-parallel (like a singlet state). Fig.
3B shows the interaction of two different
enantiomers (a right-handed helix and a
left-handed helix), and in this case the spin
polarizations are aligned parallel to each
other (like a triplet state). The electronic
exchange energies in these two cases are
different; hence the interaction potential is
enantiospecific without any consideration
of the three-dimensional sterics of the in-
teraction. Electronic structure calculations
on model systems, described in ref. [12],
support the model described here.

3. Spin Polarization Accompanies
Charge Polarization in Chiral
Molecules

Fig. 4A shows a schematic diagram of
a new type of Hall device that we used to
measure the spin polarization that accom-
panies the charge polarization in chiral

molecules; see ref. [12]. Fig. 4B illustrates
the idea of the Hall measurement. In our
implementation, a constant current flows
between the source (S) and drain (D) elec-
trodes while the voltage is measured be-
tween the electrodes H1 and H2; if a mag-
netic field acts on the electron current then
a voltage is generated between H1 and H2,
perpendicular to the current flow. This Hall
device is embedded under a few nanome-
ter thick layer of GaN upon which a self-
assembled monolayer of the molecules is
adsorbed. This entire assembly is used as a
working electrode that was placed into an
electrochemical cell comprised of an inert
electrolyte solution and a counter-elec-
trode (G) which is insulated from the solu-
tion. Application of a voltage between the
two electrodes charges a double layer and
induces a charge polarization in the chiral
molecules of the film. Because the charge
polarization is accompanied by a spin po-
larization, a voltage is generated between
the two electrodes, H1 and H2. As reported
in ref. [12], the electric field induced spin
polarization was studied for two different
lengths of an L-oligopeptide alpha-helix
and compared to an achiral molecule as a
control. The oligopeptides showed a Hall
voltage that changed systematically with
the applied bias voltage and increased as
the length of the oligopeptide increased.
Fig. 5 shows the Hall voltage as a
function of the gate potential for the two
enantiomers of the oligopeptides: L- and
p-SHCH,CH,CO-{Ala-Aib} -COOH
[Aib=2-aminoisobutyric acid or 2-methyl-
alanine]. The L and D refer to the different
handedness of the amino acid units com-
prising the oligopeptide. The Hall voltage
observed with the chiral molecules shows
aroughly linear dependence on the applied
gate voltage and its sign depends on the

(A)

Fig. 4. Panel A shows the experimental setup in which a Hall device, coated with a self-assembled organic monolayer, is placed in solution with a
counter (or gate) electrode and an inert electrolyte. When an electric potential V is applied between the gate electrode (G) and the Hall device, the
ionic solution is polarized so that an electric field acts on the adsorbed molecules. As a result, the molecules are polarized, due to charge reorga-
nization (partial charges g+ and g-), and this induces a charge displacement in the surface region of the device. Because the charge polarization

is accompanied by spin polarization (red balls with black arrows in (C)), a magnetic field that acts on the electrons flowing between the source (S)
and drain (D) electrodes is also created. The Hall potential V,,, which is formed because of the spin magnetization, can be measured as a function

of V.. Panel B shows a schematic diagram illustrating the electrical operation of the device where | indicates the applied source-drain current, V
the gate voltage, and V,, the differential Hall potential across the conductive channel. Panel C shows a scheme that illustrates the spin polarization
and its generation of a magnetization at the surface. When an electric field is applied on a chiral molecule (V) it induces charge reorganization in the
molecule, resulting in spin polarization. Copied with permission from ref. [12].
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Fig. 5. Gate-dependent Hall measurements conducted on devices
coated with two enantiomers of the same oligopeptides. SHCH,CH,CO-
{Ala-Aib},-COOH, where Ala is alanine and Aib is a-aminoisobutyric acid.
The L- and p-enantiomers are presented in red and blue, respectively.
The Hall potential was calculated as the difference between the peak
response for every applied gate when the device was forward or reverse
biased (AV,,, and AV, , respectively). Copied with permission from ref.

[12].

handedness of the molecule. The data show
that charge polarization in chiral molecules
results in a spin polarization. No signifi-
cant signal was observed with achiral mol-
ecules; see ref. [12] for more details.

4. Magnetization Direction Induced
by Adsorption of Chiral Molecules
on a Ferromagnet

In these studies the magnetic direc-
tion of ferromagnets (FM) were shown
to depend on the handedness of adsorbed
chiral molecules.'8] The substrate con-
sisted of an epitaxial thin FM film, AL,O,/
Pt/Au/Co/Au. The Co FM layer is of 1.5
to 2.2 nm thickness and the Au coating is
5 nm. The two enantiomers of the chiral
molecules were adsorbed in selective ad-
sorption areas on the thin film, i.e. the gold
top layer. The adsorbed molecules formed
self-assembled monolayers (SAM) of chi-
ral a-helix L- or D-polyalanine, AHPA-L
and AHPA-D respectively; the AHPA oli-
gopeptide sequence is H-CAAAAKAAA
AKAAAAKAAAAKAAAAKAAAAKA
AAAK-OH, where C, A and K represent
cysteine, lysine, and alanine respectively.
These oligopeptides form an a-helical sec-
ondary structure and are terminated with a
thiol group that binds to the cobalt coated
gold substrate. The force microscopy im-
ages in Fig. 6a and 6b show clearly the pat-
tern that was used for the adsorbed SAMs.

A magnetic force microscope (MFM)
was used to measure the magnetic-induced
phase shift on the SAM patterns. An out-
of-plane magnetization, which is parallel
to the oligopeptide major axis, was ob-
served for the case of the AHPA-L regions

(Fig. 6¢), and an out-of-plane magnetiza-
tion, which is oriented anti-parallel to the
oligopeptide major axis, was observed for
the AHPA-D regions (Fig. 6d). The region
between the square pattern provide the
baseline for the measurement.

Until now, the magnetization reversal
in ferromagnetic materials and memory
devices was realized by applying an exter-
nal magnetic field or by exploiting the spin
torque transfer (STT) effect.['920] However,
the current density required for STT magne-
tization to occur is quite large, on the order
of 10° A-cm™. In the work described here,
using self-assembled chiral molecule layers
on a ferromagnetic thin film, it is possible
to switch the direction of magnetic field
without a high current. Because the density
of adsorbed molecules is at most 10'* mol-
ecules/cm? and at most only one electron is
transferred between the substrate and an ad-
sorbed molecule, the transfer of only about

10" electrons/cm? is enough to reverse the
magnetization direction.

Fig. 7 explains schematically how the
adsorption of a chiral molecule with a spe-
cific handedness can affect the direction of
the magnetic moment of a ferromagnetic
(FM) substrate. Upon approaching the sub-
strate, the chiral molecules are charge- and
spin-polarized, as already explained above.
The spin polarization at a specific pole is
enantiospecific. If, for example, the mol-
ecule interacts with the substrate through
the negative charged electric pole, then the
negative pole of one of the enantiomers is
mostly associated with its spin pointing to-
wards the substrate (Fig. 7a). In this case,
the Pauli repulsion between the molecule
and the surface is reduced for the case in
which the electrons in the FM substrate
will point up. In the case that the other en-
antiomer approaches the surface (Fig. 7b),
it will have the opposite spin alignment and
therefore the interaction with the substrate
will have a parallel spin alignment and
larger Pauli repulsion. This ‘high spin’ sit-
uation is a less stable configuration; how-
ever, if the electrons in the FM can align in
the opposite direction then a more stable
‘low spin’ configuration can be realized.
The model presented here demonstrates
the role of the spin-dependent exchange
interaction on the binding between chiral
molecules and a FM, as well as the ability
of the chiral molecules to induce a change
in the magnetic moment of the substrate
by adsorption.

5. Summary

We reviewed here recent studies that
demonstrate the relation between charge
polarization in chiral molecules and spin
polarization and the importance of this
phenomenon in the interaction of chiral
molecules with a ferromagnetic substrate.
The observation that induced charge po-
larization in chiral molecules necessarily

Fig. 6. Topography
and magnetic phase
MFM images of mo-
lecular induced mag-
netization orientation.
Panels a and b show
AFM topography im-
ages for the AHPA-L
(a) and AHPA-D (b)
films. Panels ¢ and d
show the correspond-
ing MFM magnetic
phase images for the
same films structures;
panel ¢ is AHPA-L and
panel d is AHPA-D.
The figure is repro-
duced, with permis-
sion, from ref. [18].
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includes electron spin polarization results
also in an enantiospecific term in the in-
teraction energy between two chiral mol-
ecules. Hence it offers a new approach to
enantioseparations as well as a new per-
spective on bio-recognition interactions.
This phenomenon is likely to affect many
other chiral molecules and surface interac-
tions, such as chiral imprinting, enantio-
recognition, and others.
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