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Observation of Biradical Spin Coupling through Hydrogen Bonds
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Investigation of intermolecular electron spin interaction is of fundamental importance in both science
and technology. Here, radical pairs of all-trans retinoic acid molecules on Au(111) are created using an
ultralow temperature scanning tunneling microscope. Antiferromagnetic coupling between two radicals is
identified by magnetic-field-dependent spectroscopy. The measured exchange energies are from 0.1 to
1.0 meV. The biradical spin coupling is mediated through O—H - - - O hydrogen bonds, as elucidated from
analysis combining density functional theory calculation and a modern version of valence bond theory.
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Electron spin interactions play pivotal roles in both
fundamental science and applied technology. Spin-related
quantum effects have been intensively investigated in
solid materials. Electron spins can couple via exchange,
double exchange, superexchange, and conduction-electron-
mediated Ruderman-Kittel-Kasuya-Yosida interactions.
Scanning tunneling microscope (STM) is a powerful tool
to investigate spin properties for its capability of high-
resolution spectroscopy at the single-atom level [1,2]. Spin
interactions between magnetic metal atoms were inten-
sively investigated by STM [3-7]. Data storage and logic
operation have been realized based on the manipulation of
spin states of nanometals [8,9].

By probing Kondo resonance and spin excitation,
magnetic properties of organic molecules were character-
ized using STM [10-16]. Intermolecular spin interactions
were rarely investigated even though they are of funda-
mental importance [17]. The hydrogen bond is an unique
attractive interaction in molecular crystals and biological
structures. Spin couplings through hydrogen bonds have
been studied by electron spin resonance and magnetic
neutron diffraction [18]. These methods average out
spectroscopic signals from a large number of molecules,
including their mutual interactions. The experimental
investigation at the single-molecule level has not been
reported.

All-trans retinoic acid [ReA, Fig. 1(a)] can be transited
into a radical via biphotonic processes [19]. Here, we use a
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low-temperature STM to construct radical pairs of ReA
molecules on Au(111). The spin generation, spin distribu-
tion, and exchange interaction of radical pairs are studied
by a combination of STM and density functional theory
(DFT) calculations [20-23]. The singlet ground state of the
hydrogen-bonded radical pair is determined and the
exchange energy ranges from 0.1 to 1.0 meV. Analysis
based on a modern version of valence bond theory (VBT)
reveals that the biradical superexchange antiferromagnetic
(AFM) coupling is mediated by hydrogen bonds.

The experiments are performed using an ultrahigh
vacuum scanning tunneling microscope (UNISOKU
USM-1300-*He) with magnetic field up to 11 T. Single
crystalline Au(111) (MaTecK GmbH) surfaces are cleaned
by cycles of Argon ion sputtering and annealing. ReA
molecules (Sigma Aldrich) are evaporated from a home-
made tantalum boat onto Au(111) kept at room temper-
ature. The measurements are conducted at 0.5 to 0.6 K with
an etched tungsten tip. Differential conductance (dI/dV)
spectra are collected by a lock-in amplifier with the
modulation voltage of 0.06 mV. All STM images are
slightly processed using the software of WSxM [24].

ReA molecules interact with each other mainly through
O—H - - - O hydrogen bonds, as shown by the optimized
model of a ReA dimer [Fig. 1(a)]. At high coverage, ReA
molecules arrange themselves in parallel dimers [Fig. 1(b)]
[25]. The molecular bulky 1,3,3-trimethylcyclohexene
group appears as the highest protrusion, denoted as head
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FIG. 1. Formation and characterization of a hydrogen-bonded
ReA radical pair. (a) Chemical structure of a ReA dimer. (b)—(d)
STM images showing the formation process of a ReA radical
pair. The molecular nonmagnetic, spin-carrying, and spin-
coupled states are denoted by U, A, and A’A”, respectively.
Imaging parameters: (b) V=-4mV, I =16pA; (¢c) V=
—10 mV, I =16 pA; (d) V=-10 mV, I = 16 pA. The sizes
of all three STM images are 4.5 x 4.5 nm?. (e) dI/dV spectra
measured over the centers of molecular bulky heads of different
states (U, A, A’, A”). The STM is operated at V = 11 mV and
I = 0.5 nA before opening the current feedback loop when tak-
ing constant-height spectroscopic measurements. (f) Magnetic-
field-dependent dI/dV spectra recorded on the head group of
state A” with the set point of —5.7 mV and 1.2 nA. In both (e) and
(f), all black dotted curves were experimentally obtained and
solid color curves represent fits of the spectra. All plots are
vertically shifted for clarity. (g) Illustration of spin transitions
between singlet and triplet states in magnetic fields. (h) Extracted
Zeeman splitting as a function of magnetic field. A linear fit
yields the g = 1.7.

group. The rest of the molecule, 3,7-dimethylnona-2,4,6,8-
tetranoic acid, appears lower and is denoted as polyene.
ReA molecules could be switched to spin-carrying states by
positioning the tip over the molecular bulky heads and
shifting the sample voltage from —2.0 to —2.8 V with
current feedback disabled [26]. After switching the ReA
molecule (marked by U) to a spin-carrying state (marked by
A), the head group appears as an elliptical protrusion and is
around 50 pm higher than others [Fig. 1(c)]. As in the
previous Letter [26], the molecule can be further switched
to two other magnetic states, which are presented in Fig. S1
in the Supplemental Material (SM) [27]. The dI/dV spectra
measured over centers of the molecular bulky heads of

U and A states are presented in Fig. 1(e). The spectrum of
U state is featureless. Meanwhile, the spectrum of the
switched A state shows a zero bias resonance. We attribute
the resonance to Kondo effect resulting from screening of
the molecular spin by the conducting electrons of Au(111)
[28]. The spectrum is fitted by Frota function and the fitted
Kondo temperature is 4.7 K [29,30], which gives a better
fitting than the perturbation approach (Fig. S2 in the SM)
[31-33]. Interestingly, a molecule in state A further
changes to state A’ when its partner molecule in a dimer is
switched to the A” state by the same procedure [Fig. 1(d)].
Correspondingly, a small voltage gap is observed in the
dI/dV spectrum [Fig. 1(e)]. A similar spectrum is obtained
on the paired A”-state molecule [Fig. 1(e)].

The gapped spectra originate from the singlet-triplet spin
transition, which can be well interpreted by the two-
impurity Anderson model. There are two electron spins
in one ReA radical pair. A competition arises between
screening of molecular spin by conducting electrons and
intermolecular spin coupling. The former process favors the
formation of a Kondo state, while the latter prefers to form a
singlet or triplet state via AFM or ferromagnetic coupling.
The evolution of dI/dV spectra in magnetic fields confirms
that two electron spins form a local singlet in the radical
pair. Figure 1(f) shows a series of spectra recorded on the
head group of ReA in state A” with the field strength up to
11 T. When increasing the strength of magnetic field, the
zero-bias gap gradually splits and a clear threefold splitting
is observed when the field reaches 11 T. The energy gaps in
the spectra correspond to spin transitions from the ground
singlet state (S = 0; m = 0) to triplet excited states (S = 1;
m = 1,0,—1), as schematically shown in Fig. 1(g). All
spectra of spin transitions are fitted using the scattering
theory proposed by Appelbaum et al., revised and imple-
mented by Ternes [33]. Since there is still a strong spin-flip
Kondo scattering at the spin excitation step at the low
experimental temperature, we have replaced the logarith-
mic function by the Frota function in the fitting, which
provides a better fitting of the spectra at the two steps [34].
The Hamiltonian is

H= Y gugB-§ +15" 5" (1)
i=A’,A”

Here, the index i represents molecules in the dimer, J is the
Heisenberg exchange coupling, g is the Landé g factor, and
up is the Bohr magneton. For B = 0, we get J = 1 meV
from the fitting. An average effective g factor, g = 1.7, is
extracted by fitting the magnetic-field-dependent spectra
[Fig. 1(h)]. All other fitting parameters are listed in Fig. S3
in the SM.

When two ReA radicals are not connected through
hydrogen bonds, only the Kondo resonance of single
ReA radical is observed. One example is shown in
Fig. 2(a), where two ReA molecules packed side by side
are manipulated to magnetic A states. The measured spectra
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FIG. 2. Experimental confirmation of spin coupling through
hydrogen bonds. (a) STM image comprising two A-state ReA
molecules packed side by side with their molecular bulky
heads higher than others (=11 mV, 0.10 nA; 4.1 x 2.4 nm?).
(b) dI/dV spectra taken over the 16 white-dotted positions in (a).
(¢c) STM image of A-state ReA molecule. (=11 mV, 0.10 nA;
2.3 x 1.5 nm?). (d) dI/dV spectra measured over the 11 white-
dotted positions along the line in (c). For all spectra, the STM
is operated at —11 mV and 0.53 nA before opening the
feedback loop.

at different positions have not shown any feature of spin
coupling [Fig. 2(b)]. The fitted Kondo temperatures of the
spectra are presented in Fig. S4 in the SM. The dI/dV
measurements at 11 white-dotted positions marked in
Fig. 2(c) indicate that the electron spin is delocalized on
the ReA radical [Fig. 2(d)]. The spin delocalization has
been reported for other organic molecules [35-38]. The
fitted asymmetric factors and Kondo temperatures are listed
in Fig. S5 in the SM. The spin delocalization is found for all
ReA radicals and the related measurements for two other
single ReA radicals and one radical dimer are presented in
Figs. S6 and S7 in the SM. The spin delocalization allows
spin coupling through hydrogen bonds. In the following,
we perform DFT calculations [27] and VBT analysis to
elucidate the mechanism of spin delocalization, position-
dependent Kondo spectra of sing ReA radical and spin
coupling of a ReA radical pair through hydrogen bonds.

The dehydrogenation process has been used to generate
spin on the graphene nanostructure [39]. In a previous
report, a magnetic ReA molecule was considered as a
radical that was generated by H-atom transfer and sigma-
tropic reaction [40]. However, the mechanism leads
to a localized spin. Here, we propose another possible
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FIG. 3. Mechanism of biradical spin coupling through hydro-
gen bonds. (a) Optimized structures of a ReA molecule on
Au(111) and that after removing the purple H atom. (b) A model
of ReA radical formed by removing one H atom at dotted
position. (c) Calculated spin distribution of the ReA radical on
Au(111). The spin density is represented by red arrows with
different lengths. (d) Optimized structure of a ReA radical pair.

activation mechanism that involves only the transfer of H
atom from ReA to Au(111) [Fig. 3(a)]. A neutral radial is
formed after losing the hydrogen atom at the radical carbon
position, as shown in Fig. 3(b). The calculated activation
barrier is roughly 3 eV (Fig. S8 in the SM). A delocalized
spin distribution is found on the ReA radical (Fig. S9 in the
SM). The calculated spin density at each atom of a ReA
radical on Au(l11) is represented with red arrows of
different length in Fig. 3(c). The values are listed in
Table 1 in the SM. From molecular head to the carboxyl
group, the spin densities of six carbon atoms marked by red
spin-up arrows [Fig. 3(c)] are 0.19, 0.24, 0.21, 0.18, 0.17,
and 0.13, which show a clear decay. After removing the H
atom, the reactive C atom interacts more strongly with the
substrates than other atoms. For these two reasons, the
amplitude of Kondo resonance decays from molecular head
to the carboxyl group. The oscillatory behavior of the
Kondo peak originates from the stronger amplitude of
spectra at methyl group compared with other positions,
which might be due to structure dependent molecule-
substrate coupling. The asymmetric factor ¢ is determined
by the ratio between the electron tunneling into the Kondo
resonance and substrate. So, position-dependent spin den-
sity and coupling between ReA and Au(111) are tentatively
suggested to interpret why the fitted asymmetry factor and
Kondo temperature (Fig. S3 in the SM) are not constant.
Two ReA radicals form a singlet ground state via AFM
interaction [Fig. 3(d)]. The calculated exchange energy of
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(d)

FIG. 4. VBT analysis of biradical spin coupling through hydrogen bonds. (a) One resonant structure of the ReA radical shown in
Fig. 3(a). (b) Simplified molecular model of the ReA radical for VBT analysis. (c) Nine valence bond states of (b), which reveal that the
spin polarity of oxygen atoms is the same as that of the ReA radical. (d) One of the six exchange processes, where two spins on

oxygen 2p, orbitals on separate molecules are being exchanged. The amplitudes of the hops are denoted by ¢;;

energies are E;.

the optimized dimer is 0.50 meV, which nicely matches the
experimental result ranging from 0.1 to 1.0 meV (Fig. S11
in the SM).

Furthermore, the analysis based on a modern version of
VBT [41-44] reveals the physical nature of biradical spin
coupling. A brief introduction about the theory is shown in
the section of valence bond theory in the SM (Figs. S12 to
S15). The ReA radical is conjugated and one of its resonant
formulas is shown in Fig. 4(a). Only the marked part of the
ReA radical is used in the VBT model [Fig. 4(b)], which
simplifies the theoretical analysis. A total of nine valence
bond states are displayed in Fig. 4(c). A red line represents
a singlet electron pair residing on the atoms at the ends of
the line. The electron spin can move to two oxygen atoms
in the —COOH group and their spin polarities are the same
as that of the molecule. It is less probable for the electron
spin to reach the hydroxyl oxygen atom because the
process involves breaking the lone pair of that oxygen.
This well explains the DFT calculated results that the spin
density of the carbonyl oxygen (+0.035) is much higher
than that of the hydroxyl oxygen (40.008). The exchange
interaction between these two types of oxygen atoms in an
O—H:--O hydrogen bond determines spin coupling
between two ReA radicals. There are in total six super-
exchange processes and one of them is illustrated in
Fig. 4(d). Two electrons switch orbitals in four hops via
intermediate occupation of the 2p, orbital of a hydrogen
atom. From these exchange processes, we can conclude
that two electron spins located at the oxygen atoms should
be opposite. Since the spin polarities of each oxygen
atom and the molecule are identical, two ReA radicals
form a singlet ground state via the AFM superexchange
interaction.

ij» and the intermediate

The order of exchange energy can be estimated from the
VBT. The biradical spin coupling acts as a perturbation to
the uncoupled molecules. The theory includes hopping
terms between p, orbitals and Coulomb interaction between
charged atoms. The effective Hamiltonian coupling the =
system in the O—H - - - O hydrogen bond [Fig. 4(d)] is

1. -
Hexch = _JH (Z_ Sl : SZ) (2)

Here, the exchange coupling parameter Jy is given by

126213
(E\ —E)(E,—E)(Es—E)’

Jy = (3)

where E; (i = 1, 2, 3) is the energy of the intermediate state
and E is the energy of the unperturbed ground state. The
constant is positive, resulting again in an AFM exchange
coupling across the hydrogen bond. It is exponential in the
distance between atoms, which is the reason why an
exponentially decaying exchange coupling is found in the
DFT result (Fig. S10 in the SM). We use S, (S,) and S, (S,)
to represent the spin operators of the oxygen atom and
whole ReA radical, respectively. The Wigner-Eckard theo-
rem ensures that these two operators are proportional. The
proportionality constant can be determined by evaluating
their expectation value in the ground state of the molecules.
We get§1 = M1§u,with M, = 2(S7). The coupling between
two ReA radicals through hydrogen bonds thus becomes

1 - -
Heen = —JugM M, (Z_ Sg - Sb)- (4)

236401-4



PHYSICAL REVIEW LETTERS 128, 236401 (2022)

In vacuum, the spin densities of two oxygen atoms are 0.056
and 0.013 (Table 1 in the SM), respectively. An extra factor 2
is introduced because there are two hydrogen bonds in a
dimer. Therefore, the singlet-triplet splitting energy is around
2J x 2 x0.056 x 2 x 0.013 = 0.0058J . When compar-
ing to DFT calculated exchange energy of 0.5 meV, we
estimate the value of J is roughly 0.1 eV. When considering
the molecule-surface interaction, the spin densities of car-
bonyl and hydroxy oxygen atoms reduce to 0.035 and 0.008,
which leads to an exchange energy reduction from 0.5 meVin
vacuum to 0.22 meV on Au(111).

In summary, biradical spin coupling through hydrogen
bonds has been studied by a combination of LT STM,
DFT calculations, and VBT analysis. The AFM interac-
tion between two ReA radicals is identified by magnetic-
field-dependent spectroscopy. The measured exchange
energies range from 0.1 to 1.0 meV, which are in agree-
ment with the DFT calculated results. The VBT analysis
reveals that spin coupling in ReA radical pairs is through
O—H - - - O hydrogen bonds via superexchange processes.
This work provides a way to study spin properties of single
radical pairs.
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