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Real-space imaging of anisotropic charge of s-hole
by means of Kelvin probe force microscopy
B. Mallada1,2,3†, A. Gallardo2,4†, M. Lamanec3,5†, B. de la Torre1,2, V. Špirko5,6,
P. Hobza5,7*, P. Jelinek1,2*

An anisotropic charge distribution on individual atoms, such as s-holes, may strongly affect the material
and structural properties of systems. However, the spatial resolution of such anisotropic charge
distributions on an atom represents a long-standing experimental challenge. In particular, the existence
of the s-hole on halogen atoms has been demonstrated only indirectly through the determination of
the crystal structures of organic molecules containing halogens or with theoretical calculations,
consequently calling for its direct experimental visualization. We show that Kelvin probe force
microscopy with a properly functionalized probe can image the anisotropic charge of the s-hole and the
quadrupolar charge of a carbon monoxide molecule. This opens a new way to characterize biological
and chemical systems in which anisotropic atomic charges play a decisive role.

T
he observation of molecular structures
with the unusual atomic arrangement of
possessing two adjacent halogens or a
pair of halogen atoms and electron do-
nor motifs (oxygen, nitrogen, sulfur, …),

found in different crystals in the second half
of the 20th century (1–4), represented a long-
standing puzzle in supramolecular chemistry.
Both halogens and electron donors are electro-
negative elements that carry a negative charge.
Thus, close contacts of these atoms should the-
oretically cause highly repulsive electrostatic
interaction. Counterintuitively, such atoms are
frequently found to form intermolecular bonds,
called latter halogen bonds, that stabilize the
molecular crystal structure. An elegant solu-
tion offered by Auffinger et al. (5), Clark et al.
(6), and Politzer et al. (7, 8) showed that the
formation of a covalent bond between certain
halogen atoms (chlorine, bromine, and iodine)
and a more electronegative atom (such as car-
bon) gives rise to a so-called s-hole that has an
anisotropic charge distribution on the halogen
atom. Thus, a physical observable correspond-
ing electrostatic potential around the halogen
atom is not uniform (as considered within all
empirical force fields) but exhibits an elec-
tropositive distal to covalently bound carbon

crown surrounded by an electronegative belt
(Fig. 1A).
Consequently, halogen bonding is attributed

to attractive electrostatic interaction between
a halogen’s electropositive s-hole and an elec-
tronegative belt of the other halogen or an
electronegative atom with negative charge.
The International Union of Pure and Applied
Chemistry (IUPAC) definition of a halogen
bond (9) states that a halogen bond “occurs
when there is evidence of a net attractive in-
teraction between an electrophilic region as-
sociated with a halogen atom in a molecular
entity and a nucleophilic region in another,
or the same, molecular entity.” Stability of
the s-hole bonding is comparable with that
of hydrogen-bonded complexes, and attrac-
tion in both types of noncovalent complexes
was originally assigned to electrostatic inter-
action. Although this scenario is basically
true for H-bonded complexes, in the case of
halogen-bonded systems, the importance of
dispersion interaction (10) was highlighted.
The importance of the dispersion interaction
is not surprising because close contact takes
place between two heavy atoms with high po-
larizability in halogen-bonded complexes.
The concept of halogen bonding was later

generalized to a s-hole bonding concept. In
particular, the halogen (group 17), chalcogen
(group 16), pnicogen (group 15), tetrel (group 14),
and aerogen bonding (group 18) were established
according to the name of the electronegative
atom bearing the positive s-hole. The exis-
tence of a s-hole in atoms of the mentioned
groups of elements has a common origin in
the unequal occupation of valence orbitals.
The s-hole bonding plays a key role in supra-

molecular chemistry (11), including the engi-
neering of molecular crystals or in biological
macromolecular systems (5). Despite its rele-
vance and intensive research devoted to s-hole
bonding, the existence of the s-hole itself was
confirmed only indirectly with quantum calcu-

lations (5–8) or crystal structures of complexes
containing s-hole donors and electron accep-
tors (11–15). However, a direct visualization of
this entity allowing for the resolution of its
peculiar shape has thus far been missing.
The cause of the s-hole is the anisotropic

distribution of the atomic charge on a halogen
atom. The imaging of anisotropic atomic charge
represents an unfulfilled challenge for exper-
imental techniques, including scanning probe
microscopy (SPM), electron microscopy, and
diffraction methods. Thus, we sought a tech-
nique in which the imaging mechanism relies
on the electrostatic force to facilitate the visu-
alization of the anisotropic charge distribution
on a halogen atomwith a sub-ångstrom spatial
resolution.We show that real-space visualiza-
tion of the s-hole can be achieved through
Kelvin probe forcemicroscopy (KPFM) under
ultrahigh vacuum (UHV) conditions (16, 17)
with unprecedented spatial resolution.
KPFMbelongs to a family of SPM techniques

that routinely provide real-space atomic reso-
lution of surfaces. In the KPFM technique,
the variation of the frequency shift Df of an
oscillating probe on applied bias voltage V
with the quadratic form Df ~ V2 is recorded
(18). The vertex of the Kelvin parabola Df(V)
determines the difference between work func-
tions of tip and sample, also called the contact
potential difference VCPD. Moreover, the spa-
tial variation of the contact potential difference
VCPD across the surface allows the mapping
of local variation of surface dipole on the sam-
ple (VLCPD) (17). Recent developments of the
KPFM technique operating inUHV conditions
made it possible to reach true atomic resolution
on surfaces (19, 20) to image intramolecular
chargedistribution (21), to control single-electron
charge states (22), to resolve bond polarity (23),
or to discriminate charge (24).
The atomic contrast in KPFM images orig-

inates from a microscopic electrostatic force
between static (r0) and polarized charge den-
sities (dr) located on frontier atoms from the
tip apex and sample when an external bias is
applied (17). There are two dominant compo-
nents of this force: the interaction between
the polarized charge on the apex drt, which
is linearly proportional to the applied bias
voltage (V), and the static charge on sample
r0s . The second term consists of the electro-
static interaction between the polarized charge
on the sample drs and the static charge on tip
r0t . Consequently, these two components cause
local variation of the contact potential difference
VLCPD (a detailed description of themechanism
is provided in the supplementary materials),
thus providing atomic-scale contrast.

Results

Consequently, KPFM appears to be the tool of
choice for imaging anisotropic charge dis-
tribution within a single atom, such as the
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s-hole. To test this hypothesis, we deliberate-
ly chose tetrakis(4-bromophenyl) methane
(4BrPhM) and tetrakis(4-fluorophenyl) meth-
ane (4FPhM) compounds (Fig. 1, A and B).The
skeleton arrangement of these compounds
facilitates a tripodal configuration once de-
posited onto a surface with a single bromine-
fluor atom oriented outward from the surface
(fig. S1). This arrangement facilitated direct
inspection of the s-hole on a halogen atom
by the front-most atom of a scanning probe,
(Fig. 1C). Deposition of the molecules in low
coverage (less than 1 monolayer) on the Ag(111)
surface held at room temperature under UHV
conditions led to the formation of well-ordered,
self-assembled molecular arrangements in
a rectangular formation (Fig. 2, A and B).
Bromine atoms of the 4BrPhM molecule have
a substantial positive s-hole (Fig. 1A), and
fluorine atoms possess an isotropic negative
charge (Fig. 1B). This enabled us to perform
comparative measurements on similar systems
with and without the presence of the s-hole.
Shown in Fig. 2, C and D, is a substantial con-

trast between two-dimensional (2D) constant-
height KPFM maps acquired over Br and F
front-most atoms of themolecular compounds
with an Xe-decorated tip. In the case of the
4FPhM molecule, we observed a monotonous
elliptical increase of the VLCPD signal over the
fluorine atom. In comparison, the KPFM im-
age over the 4BrPhMmolecule featured a no-
table ring-like shape. The 2D KPFMmaps were
recorded in the attractive tip-sample inter-
action regime near the minimum of the Df-z
curve (fig. S2) to avoid undesired topographic
cross-talk (fig. S3 and supplementary text) or
the effect of lateral bending of the functional-
ized probe due to repulsive forces (25) that
could cause image distortions. Evolution of
the contrast of the KPFM image of the s-hole

on the front-most Br atomwith the tip-sample
distance is shown in fig. S4.

Discussion

To confirm the origin of the anisotropic con-
trast observed experimentally on the Br atom,
we carried out KPFM simulations using sta-
tic r0 and polarized dr charges of Br and F-
terminated molecules and Xe-tip models
obtained from density functional theory (DFT)
calculations (fig. S5). Simulated KPFM images
that are perfectlymatched to the experimental

maps are shown in Fig. 2, E and F. Our theo-
retical model allowed us to decompose the two
leading contributions: the electrostatic interac-
tion of the polarized charge on tip drt with the
static charge on the molecule and the coun-
terpart term of the electrostatic interaction
between the polarized charge on molecule
drs with the r0t static charge of the tip (fig.
S5). We found that the anisotropic contrast
obtained on the Br-terminated molecule can
be rationalized from a variation of the mi-
croscopic electrostatic interaction between

Mallada et al., Science 374, 863–867 (2021) 12 November 2021 2 of 5

Fig. 1. Schematic view of
the KPFM measurements
to image a s-hole. (A and
B) Models of 4BrPhM and
4FPhM molecules, including
corresponding electrostatic
potential map on outermost
Br/F atom. They reveal the
presence of the s-hole on a
Br atom, and there is an
isotropic negative charge on
the F atom. (C) Schematic
view of the acquisition
method of the KPFM mea-
surement with a functional-
ized Xe-tip on a 2D grid.
(D) Corresponding Df(V)
parabolas acquired in the
central part (blue) of the 2D grid and on the periphery (red). Vertical dashed lines indicate the value of VLCPD for the given Df(V) parabola, which forms the 2D KPFM
image. (E) 3D representation of the KPFM images (VLCPD maps) acquired with an Xe-tip over bromide and fluoride atoms of 4BrPhM and 4FPhM molecules. Blue
indicates low values of VLCPD, and red indicates high values of VLCPD.
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Fig. 2. KPFM imaging of 4BrPhM and 4FPhM molecules with an Xe-tip. (A and B) STM images of a
molecular self-assembled submonolayer of 4BrPhM and 4FPhM molecules on an Ag(111) surface. (Insets)
AFM images acquired on a single molecule with a Xe tip at the minima of the frequency shift. (C and
D) Experimental KPFM images obtained with a functionalized Xe tip over bromide and fluoride atoms of single
4BrPhM and 4FPhM molecules. (E and F) Calculated KPFM images with a functionalized Xe tip of single
4BrPhM and 4FPhM molecules. Blue indicates low values of VLCPD and red indicates high values of VLCPD).
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atomic-scale charges of tip and sample. On
the periphery of the Br atom, the positive
shift of VCPD is given by the electrostatic in-
teraction of the spherical polarized charge,
drt of the Xe-tip apex, with the belt of nega-
tive charge surrounding the positive s-hole.
By contrast, in the central part, the electro-
static interaction with the positive crown of
the s-hole turned the VLCPD value with re-
spect to that on the peripheral region. In the
case of the 4FPhM molecule, both terms pro-
vided a trivial contrast with a positive shift
of the VLCPD over the atom. The term corre-
sponding to the static charge r0s on the mol-
ecule revealed an elliptical shape originating
from neighbor positively charged hydrogen
atoms in the underlying phenyl group of the
4FPhM molecule. Therefore, the shape of
the feature presented in the KPFM image
provided additional information about the
internal arrangement of the molecule on the
surface.
We deliberately used a single Xe atom to

functionalize the tip apex instead of the more
commonly used carbon monoxide (CO). As
discussed above, the Xe tip allowed us to op-
timize the imaging conditions of the s-hole
because static charge density r0 on the apex
of the CO-tip had a strong quadrupolar char-
acter (Fig. 3A), and the charge on the Xe tip
was highly spherical (fig. S5). This choice elimi-
nated spurious spatial variation of the VLCPD

signal, which did not belong directly to the
s-hole. In particular, a component of themicro-
scopic electrostatic interaction between static
charge r0t of the tip and polarized charge on
sample drs needs to be abolished. In the case
of the Xe-tip, the spatial variation of the local
VCPD was dominated by the component that
includes the interaction of a spherically polar-
ized charge on the Xe atom drt with the ani-
sotropic electrostatic field of the s-hole. This
enabled a direct mapping of the spatial charge
distribution of thes-hole bymeans of theKPFM
technique.
Thus, it is instructive to look at the KPFM

images acquiredwith the CO tip on the 4FPhM
molecule as well. Despite the frontier fluorine
atom of the 4FPhM molecule having an iso-
tropic charge distribution, the experimental
KPFM image (Fig. 3B) features a nontrivial
ringlike shape with lower values of the VLCPD

signal on the center of the fluorine atom. Our
KPFM simulation using a CO-tip (Fig. 3C) co-
incided qualitatively with the experimental
counterpart. From a detailed analysis of the
electrostatic components (fig. S6), we found
that the contrast arose from the interaction
of the spherical polarized charge drs on a flu-
orine atom with the static quadrupole charge
on a CO tip, composed of a negative crown of
density on an oxygen atom surrounded by a
positive charge belt (Fig. 3A). Thus, the KPFM
features resolved on the 4FPhM molecule re-

flected the quadrupolar charge distribution
of the CO tip. Thus, from the spatial variation
of the VLCPD signal, we could determine the
sign of the quadrupole of the CO molecule on
the tip. The shift ofVLCPD toward lower values in
the central part of the KPFM image was caused
by the negative charge crown of the quadru-
pole charge localized at oxygen (Fig. 3A). The
enhanced VLCPD value on the periphery reflects
the positively charged belt of the quadrupole
charge of the COmolecule. This reverse shift of
VLCPD with respect to the previous case of the
s-hole was caused by our inspection of the ani-
sotropic charge on the tip instead of the sample.
A detailed explanation of the origin and sign
of VLCPD shift is available in the supplemen-
tary materials.
Alternatively, some works reported sub-

atomic features in noncontact atomic force
microscopy (nc-AFM) (26) images with CO
functionalized tips (27). However, the origin of
such contrast and their interpretation of the
physical meaning are under debate (28, 29).
Additionally, nc-AFM has demonstrated un-
precedented chemical resolution of single
molecules (30) or their charge distribution (31).
Thus, we were intrigued by the possibility of
imaging the s-hole bymeans of nc-AFMwith
functionalized tips (27).
A series of high-resolution nc-AFM images

acquired at a wide range of tip-sample dis-
tances are shown in fig. S7 with a CO tip and
Xe tip, respectively. At the onset of the atomic
contrast in nc-AFM mode, the tip-sample in-
teraction was dominated by an attractive dis-
persion. The resulting AFM contrast for both
4FPhM and 4BrPhMmolecules had a similar
spherical character that lacks any subatomic
feature. Also, in close tip-sample distances,
the AFM contrast remained similar for both
molecular compounds, featuring a bright spot
in the center caused by the Pauli repulsion.
Thus, we found that the AFM images did not

reveal any signature of the s-hole in the whole
range of tip-sample distances covering both an
attractive and repulsive interaction regime.
To understand in detail this experimental

observation, we performed theoretical analy-
sis of the nc-AFM imageswith aCO tipusing the
probe particle SPM model (25). Shown in figs.
S8 and S9 are lateral cross sections of different
force components of the interaction energy
acting between the CO tip and the outermost
F and Br atoms of the 4FPhM and 4BrPhM
molecules, respectively. The calculated AFM
images showed similar atomic contrast, ruling
out the possibility to image the s-hole with a
CO tip. From the analysis, we inferred that the
AFM contrast was dominated by dispersive
and Pauli interaction, both of which have a
highly spherical character. On the other hand,
the electrostatic interaction possesses an ani-
sotropic character caused by the presence of
both a s-hole on the Br atom and a quadru-
polar charge distribution on the apex of the
CO-tip (Fig. 3A). Nevertheless, the magnitude
of the electrostatic interaction was about one
order smaller than the competing dispersion
and Pauli interactions, which made the s-hole
hard to image in the AFM technique. From this
analysis, we could conclude that the resolution
of anisotropic atomic charges requires a tech-
nique suchasKPFM,whose contrastmechanism
is mastered by the electrostatic interaction
that maps the charge distribution on the fore-
front atoms.
Next, we investigated the influence of the

s-hole on the noncovalent intermolecular in-
teraction energies. The nc-AFM technique
provided the distinctive possibility to ex-
plore interaction energies between individ-
ual atoms and molecules placed on the tip
apex and sample bymeans of site-specific force
spectroscopies (32–35). Apart from a quanti-
tative evaluation of the interaction energies
between well-defined entities, the nc-AFM
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Fig. 3. KPFM imaging of a 4FPhM molecule with a CO tip. (A) Schematic view of a CO tip above a
4FPhM molecule with a superimposed calculated differential charge density of the CO tip, revealing (top) a
quadrupole charge of a CO-tip model and (bottom) calculated electrostatic potential of 4FPhM molecule
showing an isotropic negative charge on the frontier fluorine atom in 4FPhM. (B) Experimental KPFM image
acquired over the frontier fluorine atom with a CO tip. (C) Simulated KPFM image of a 4FPhM molecule with a
CO tip. Blue indicates low values of VLCPD, and red indicates high values of VLCPD).
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technique also gave an invaluable opportu-
nity to benchmark the accuracy of different
theoretical methods to describe these weak
noncovalent interactions (34–36).
Tip functionalization offered an opportunity

to explore distinct scenarios of the interaction
mechanisms with molecular complexes. The
Xe tip has a positive net charge and large po-
larizability, but the CO tip possesses a quad-
rupolar charge (O and C carry negative and
positive net charge, respectively) and a rela-
tively small polarizability. Their interaction
energies are shown in Fig. 4, with the 4FPhM
and 4BrPhM molecules as a function of the
tip-sample distance. Small values of the max-
imumenergies of 0.2 to 0.83 kcal/mol revealed
a noncovalent bonding mechanism. In gen-
eral, the complexes with an Xe-tip are more
stable than the complexes with a CO tip, which
may be rationalized by a larger dispersion in-
teraction caused by an Xe tip. We observed
that the Xe-4BrPhM complex was less stable
than the Xe-4FPhM complex (by 0.67 and
0.83 kcal/mol, respectively) despite the larger
polarizability of Br that determines the mag-
nitude of the polarization interaction. This ef-
fect was caused by the presence of the repulsive
electrostatic interaction between the positive
s-hole on a Br atom and the positively charged
Xe tip, which partially cancelled the attract-
ive dispersive interaction in the Xe-4BrPhM
complex. On the other hand, the dispersive
and electrostatic forces are both attractive in
the case of the Xe-4FPhM complex, resulting

in a larger total interaction energy. This ob-
servation not only supported the presence of
the positive s-hole on the Br atom, it also ex-
plained the origin of a peculiar intermolecular
orientation of halogen-bonded molecular sys-
tems (12–15).
Recently, a vigorous effort has been devoted

to the development of computationalmethods
based on DFT with dispersion correction that
are able to reliably describe intermolecular in-
teractions in noncovalent complexes (37). But
their transferability is still limited owing to
adopted approximations, and thus, careful
benchmarking is desired. From this perspec-
tive, the above-described complexes represent
interesting noncovalent systems for bench-
marks with a complex interplay between the
dispersion and the electrostatic interaction.
The maximum interaction energies measured
were below 1 kcal/mol, which used to be con-
sidered as the limit of chemical accuracy, fur-
ther strengthening the benchmark.
Accurate interaction energies for different

types of noncovalent complexes could be ob-
tained from a nonempirical coupled-cluster
method covering triple-excitations [CCSD(T)].
Unfortunately, its large computational demands
made it impossible to apply this method to a
system of the size of the molecules we inves-
tigated in the present work.
To circumvent this problem, we performed

the CCSD(T) calculations on smaller refer-
ence model systems consisting of F- and Br-
benzene, exhibiting similar characteristics as

4BrPhM and 4FPhM molecules (supplemen-
tary materials). We compared the calculated
CCSD(T) interaction energies to interaction
energies obtained with several popular DFT
functionals (table S3). We found that the range-
separated wB97X-V functional (38) that im-
plicitly covers dispersion energy provided good
agreement with the benchmarked dataset
(table S3). Because this functional was also
shown to provide the best results among other
popular DFT functionals for various types of
systems with noncovalent interactions (38),
we selected this functional for further use.
To check its transferability to our larger

molecular systems, we calculated the interac-
tion energies between 4FPhM and 4BrPhM
molecules and Xe- and CO-tip models. Excel-
lent agreement between the wB97X-V inter-
action energies and the experimental data
results is shown in Fig. 4. The calculated en-
ergy minima for all complexes fit the mea-
sured values perfectly within the experimental
error (Fig. 4, inset). The PBE0 functional (39)
with the D3 correction (40) reproduced the
CCSD(T) results on small-model systems aswell
(table S3 and fig. S10). However, its transfer-
ability on the large systems was no longer as
good as the range-separated wB97X-V func-
tional (fig. S11).
The wB97X-V functional describes well the

interaction trend for all considered systems
(Fig. 4, inset), with the caveat that it system-
atically slightly overestimates the interaction
energy by ~0.1 kcal/mol. The perfect agree-
ment between theoretical and experimental
values could not be expected because calcu-
lations were limited to free-standing 4FPhM
and 4BrPhM molecules interacting with Xe-
and CO-tip model, and in the experiment,
4FPhMand4BrPhMmoleculeswere adsorbed
at Ag(111) surface. The results confirmed good
transferability of thewB97X-V functional toward
larger systems. Moreover, the good agreement
between calculated and experimental datasets
obtained for all four complexes also gave
confidence in themultiscale benchmark tech-
nique that uses small-model complexes with
the Xe-tip model. Therefore, this approach
makes it possible to accurately describe sys-
tems whose size does not allow for the direct
application of the accurate coupled-cluster
technique (or a similar technique), or when
other direct experimental measurements are
currently not feasible.

Conclusions

We report the possibility of achieving the spa-
tial resolution of anisotropic atomic charge
with the KPFM technique, which not only
provided direct evidence of the existence of
s-holes but is expected to substantially extend
the possibility to characterize charge distribu-
tion in complex molecular systems and on sur-
faces. We anticipate that this technique could
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be further extended to provide invaluable
information about the local inhomogeneous
polarizability of individual atoms on surfaces
or withinmolecules with unprecedented spa-
tial resolution in chemical and biologically
relevant systems.
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