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We show that the different bond orders of individual carbon-carbon bonds in
polycyclic aromatic hydrocarbons (PAHs) and fullerenes can be distinguished using
noncontact atomic force microscopy (NC-AFM) with a CO-functionalized tip. Two
different contrast mechanisms were found, which were corroborated by density
functional theory calculations: The greater electron density in bonds of higher bond
order led to a stronger Pauli repulsion, which enhanced the brightness of these
bonds in high-resolution AFM images. The apparent bond length in the AFM
images decreased with increasing bond order because of tilting of the CO molecule

at the tip apex.



Bond order is an important concept to predict geometry, stability, aromaticity, reactivity,
and electronic structure of covalently bonded molecules. The bond order is closely
related to the bond length, which in general decreases with increasing Pauling bond order
(1, 2). If single crystals are available, the bond length can be determined experimentally
with high accuracy using diffraction methods, which e.g. in the case of fullerenes (Cgp),
as predicted by Clar's sextet theory, showed two kinds of bonds of different lengths (3-6).
In contrast to diffraction-based techniques, which yield values averaged over large
ensembles of molecules, scanning probe microscopy offers the possibility to study single

bonds in individual molecules.

Recently, rapid progress has been reported in the field of noncontact atomic force
microscopy (NC-AFM), including the chemical identification of individual surface atoms
(7), atomic resolution of carbon nanotubes (8), Ceo (9), and planar organic molecules
(10). For molecules, not only the chemical species of their constituent atoms can differ,
but also the coordination number of atoms, the bond angles, and the bond order and bond
length. In PAHS, the differences in bond order and length are subtle, but detecting them is
useful for rationalizing aromaticity and reactivity of such molecules (11). AFM offers the
possibility to study systems where single crystals needed for diffraction methods cannot
be grown. Moreover, bond order determination within individual molecules is desirable
for chemical structure determination (12), for the investigation of isomerization reactions
where bond order changes (13, 14), and for the characterization of structural relaxations

around atomic defects in graphene (15-17).



We demonstrate an AFM method to differentiate bond orders and lengths of individual
bonds for Cgp and large PAHSs, and investigated C-C bonds parallel to the sample surface.
Hence, differences in contrast arising from the chemical species of the atoms (12, 18) or
variations of the tip-sample separation (non-planar adsorption geometries) (12, 19) can be
neglected. In a Cgp molecule, the bonds fusing two hexagons (h) are electron-rich
compared to the bonds fusing a pentagon and a hexagon (p), see Fig. 1A. The Pauling
bond order Py, of a bond b in a conjugated molecule is found by counting the number of
Kekulé structures (classical resonance formulas) that show b as a double bond divided by
the total number of different Kekulé structures of the molecule (1, 2). Thus, Py, can take
values between 0 (single bond) and 1 (double bond), and in the case of Cg, the Pauling
bond orders are Py, = 0.44 and P, = 0.28, respectively (20). Correspondingly, theoretical
(21) and experimental investigations using neutron diffraction (3), electron diffraction
(4), and X-ray diffraction (5, 6) have shown that the bond h is shorter than the bond p by
about 5%. The measured bond lengths are L, = 1.38(2) A and L, = 1.454(12) A,

respectively (22).

We used a combined scanning tunneling microscopy (STM)/AFM system equipped with
a gPlus force sensor (23) operating at 5 K and imaged the molecules with CO-
functionalized tips (10, 12, 24, 22). The exact molecular adsorption orientation of Cgy 0N
Cu(111) was determined by STM (25, 26) (inset in Fig. 1A). The molecule shown in Fig.
1 exhibited a hexagonal tile and is oriented as depicted in Fig. 1A. Using NC-AFM, we
recorded the frequency shift Af at constant tip height z (22, 27), shown in Fig. 1B-E. To

obtain atomic contrast, z had to be decreased, usually until Af(z) reached its minimum



above the molecule (in general at about z = 3.9 A) and the contrast increased as z was
further decreased. The smallest tip height where stable imaging conditions could still be
maintained was z ~ 3.3 A, see Fig. 1E. The origin of the atomic contrast is Pauli
repulsion, which increases with the local electron density, giving rise to the bright
features corresponding to the atomic structure of the imaged molecule. The dark halo
surrounding the molecules in the AFM images stems mainly from the attractive van der

Waals (vdW) force, which shows no corrugation on the atomic scale (10, 28).

Two striking observations can be made from the AFM images in Fig. 1. On the one hand,
Af is increased above the h bonds with respect to the p bonds. This effect was best
observed for moderate tip heights, i.e., in Fig. 1B. As can be read off in Fig. 1G by
comparing the two local maxima of a line profile Af(x) across both bonds, the largest Af
difference of about 0.4 Hz was observed for z = 3.7 A. Moreover, in images with atomic
resolution the h bonds appear shorter compared to the p bonds, which was best observed
for the smallest accessible tip heights, i.e., in Fig. 1, D and E. Figure 1F shows a Laplace
filtered image that was used to determine the apparent position of the bonds and to
measure the apparent bond length, L= 2.0(2) A and L’,=2.7(2) A, respectively (22).
Remarkably, the apparent bond lengths L’ measured by AFM qualitatively correctly
reflect that the h bond is shorter than the p bond. However, both bonds appear
significantly longer than they really are, and the difference in the apparent bond lengths

of about 30% is much greater than the real difference of about 5%.



To understand the contrast mechanisms, density functional theory (DFT) calculations
were performed (22). Fig. 2A shows an image of the calculated interaction energy for a
CO tip at a tip height of d = 2.9 A, which can be qualitatively compared to the Af image
atz=3.8 A (Fig. 1B) (22, 27, 29). The brighter appearance of the h bonds with respect to
the p bonds is well reproduced. The contrast is related to the electron density (shown in
Fig. 2B), which increases with bond order. The higher electron density leads to stronger

Pauli repulsion and in consequence Af is increased above bonds with greater bond order.

To take tip relaxations, especially tilting of the CO molecule at the tip apex (30, 31), into
account, we modeled the tip as a Cu, cluster with a CO molecule attached as shown
schematically in Fig. 2C (22). Calculated Af(x) line profiles (Fig. 2D) without relaxations
of the tip structure (dashed lines) show the Af(x) maxima above the bond positions
(vertical gray lines), reflecting the corrugation of the Cg electron density. Calculations
including tip relaxations (solid lines) show a lateral shift of the Af(x) maxima positions
toward greater absolute values of x, leading to an expansion of the molecule in the image.
Moreover, this lateral shift is greater above the h bond compared to the p bond in
agreement with the experiment. The important tip relaxation for the imaging process is
the lateral displacement Ax(x) of the oxygen atom at the tip apex (Fig. 2E) caused by the
tilting of the CO toward the molecular center because of lateral forces. As this oxygen
atom defines the position of our probe, a falling slope of Ax(x) results in an expansion,
while a rising slope of Ax(x) results in a compression along the x direction in the
particular region of the image. The absolute value of Ax is greater above the h bond

compared to the p bond (see Fig. 2E). Hence the h bond appears shifted further away



from the molecular center than the p bond (see Fig. 2D), resulting in a decrease of L,

with respect to L', as observed in the experiment.

Thus, the tilting of the CO is responsible for the amplification of the differences in
apparent bond length with respect to the real differences in bond length. Note that, only
because of this amplification, differences in apparent bond length can be measured within
the accuracy of the AFM instrument. Furthermore, right above the apparent positions of
the bonds, that is, when the regions of maximal electron density are probed, Ax(x) takes a
rising slope, thus leading to a local lateral compression, which gives rise to the very sharp
appearance of the bonds at small tip heights. Remarkably, the calculations for d = 3.4 A
reflect also several other details of the experiment, such as the appearance of a local
maximum in the molecular center and the vanishing Af contrast between p and h bonds

observed for very small tip heights due to the tip relaxations.

Next, we investigated the PAHs hexabenzo(bc,ef,hi,kl,no,gr)coronene (HBC) on Cu(111)
and dibenzo(cd,n)naphtho(3,2,1,8-pgra)perylene (DBNP) (32) on bilayer NaCl on
Cu(111) (33). In general, the bonds at the periphery of a planar molecule show an
increased frequency shift Af corresponding to greater repulsive forces compared to bonds
in the central region (28). In part, this effect is related to the delocalization of electrons in
a m-conjugated system leading to increased electron density at the boundary. In addition,
the smaller attractive vdW background at the periphery of the molecule leads to an
increased Af compared to the central molecular region. Because these effects are not

easily deconvolved from contrast related to bond order differences, we focused on bonds



in the central region of the molecules. Note that bond order differences are obscured by
the vdW background in the case of pentacene (10, 28) where all bonds are near the
periphery of the molecule. For HBC, see model in Fig. 3A, the bonds i and j are not
connected to the periphery and the bonds within the central ring i are of greater bond
order than the bonds j connecting the central ring to the outside rings (35). The qualitative
contrast related to the bond order that was described above for Cg is corroborated for
HBC. In particular, we observed that bonds with increased bond order appear brighter for
moderate tip heights, see Fig. 3B and Fig. S1 and S2 (22), and the differences in bond
length were qualitatively reflected and amplified in the regime of minimal tip heights, see
Fig. 3C. The two different bonds i (P; = 0.4, Li = 1.417(2) A) and j (P; = 0.2,

Lj = 1.447(2) A) (35) were differentiated in the Af contrast at constant height, shown in
Fig. 3B, measured as Af; = -5.34(4) Hz, and Af; = -5.46(6) Hz, respectively. The
differences in apparent length could be observed in Fig. 3C and were measured as
L'i=1.48(4) A and L’;j= 1.68(7) A, with the errors corresponding to the standard
deviation measured for all six equivalent bonds, see Fig. S3 (22). As described above, the
contrast can be related to the calculated electron density, shown in Fig. 3D, which
qualitatively reproduces the measured differences in Af (Fig. 3B). Remarkably, we can

distinguish individual i and j bonds although they differ only by 0.03 A in length.

Finally, we investigated DBNP, a PAH that contains bonds of several different bond
orders. The five bonds in the central molecular region (labeled g-u in Fig. 4A) have
Pauling bond orders ranging from P;= 0.163 to P, = 0.49. Using both contrast

mechanisms described above, we could assign r as the bond of comparably highest bond



order (33). Out of these five bonds, it showed the largest Af signal (Fig. 4B and D) and
the smallest apparent length (Fig. 4C and E). For the remaining four bonds, the
differentiation was less clear, as can be seen in the graphs in Fig. 4D and Fig. 4E. Note
that for DBNP, the bond order assignment was more challenging because of its low

symmetry.

From our measurements on all three investigated molecular species, we can conclude that
Pauling bond order differences between individual bonds down to about 0.2 can be
distinguished using NC-AFM by both described contrast mechanisms. The frequency
shift measured in different experimental runs can not be compared quantitatively because
of different background contributions of different tips. However, the measured apparent
length showed no tip dependence within the experimental errors as long as a stable CO-
functionalized tip was used. Thus, the apparent lengths measured with different tips and
on different planar (34) molecules can be compared as shown for HBC and DBNP in Fig.
4E. In Fig. 4F, the apparent length is plotted as a function of the realistic bond length
extracted from DFT calculations (for DBNP) (22) and X-ray diffraction measurements
(HBC) (35). The slope of the linear regression is 11, i.e., the differences of the apparent
bond length are about an order of magnitude greater than the differences in real bond
length, as a result of the CO tilting at the tip apex. The two contrast mechanisms, one
based on the frequency shift and the other based on the apparent length measured by
AFM, are both corroborated by DFT calculations and both can be used to differentiate

bond orders in individual molecules. Remarkably, tilting of the CO at the tip apex



amplifies the apparent length differences and renders it possible to detect length

differences between individual bonds down to 0.03 A.
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FIGURE 1

Figure 1. Measurements on Cg. (A) Cgo model. The bonds fusing a pentagon and a
hexagon (p) are of smaller bond order compared to the bonds fusing two hexagons (h).
Inset: STM image (sample bias V = 0.2 V, current | = 2 pA, size 24 x 24 A%, molecule
and tip are identical to (B)-(F). (B-E) AFM measurements showing Af at different tip

heights z (27) above Cgo/Cu(111) using a CO-functionalized tip. Image size 10 x 10 A2,

14



oscillation amplitude A = 0.36 A, V = 0 V. (F) Laplace-filtered and flattened image of
(E), used to measure the apparent bond length L’ (22). (G) Line profiles Af(x) across a p
and h bond extracted from a 3D force map (24). The position of the line profiles is
indicated in the inset, showing a map of Af at z = 3.6 A, extracted from the same 3D force
map. The apparent positions of the p and / bonds are indicated by the dotted lines. The

x = 0 position corresponds to the molecular center, determined by the minimum of Af{x)
atz=4.8 A. Note that p is located at a smaller absolute value of x than h and note that
Afix,) is smaller than Af(x;) for all plotted values of z, with the maximum difference for

z=3.7A.
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FIGURE 2
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Figure 2. DFT calculations on Cg. Calculated interaction energy between CO and Cg
atd = 2.9 A (A) and electron density of C60 at 2.9 A above the molecule (B), image size
4 x 4 A%, Using the tip model shown in (C), Af(x) line profiles along the dashed arrow in
(A) were calculated with (solid lines) and without (thin dashed lines) relaxing the tip
geometry, respectively (D). The relaxation resulted in a lateral displacement of the
oxygen atom Ax(x), shown in (E). The vertical gray lines in (D) and (E) indicate the
positions of the p and h bonds as expected from the atomic model.

FIGURE 3
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Figure 3. HBC. Hexabenzocoronene (HBC) model (A) and constant height AFM

measurements (A = 0.35 A) on HBC on Cu(111) atz=3.7 A (B), and z=3.5 A (C). In
(C) a pseudo 3D representation is shown to highlight the local maxima. (D) Calculated
electron density at a distance of 2.5 A above the molecular plane. Note that i bonds are

imaged brighter (B) and shorter (C) compared to j bonds (22).
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FIGURE 4
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Figure 4. DBNP. Model (A) and constant height AFM measurements of DBNP on
bilayer NaCl on Cu(111) (33) atz=3.6 A (A =0.48 A) (B, C). A pseudo 3D
representation of (B) is shown in (C) to highlight the bonds. Measured values of the
frequency shift Af (D) and the apparent bond length L’ (E) for indicated bonds, including
HBC in (E) are plotted as a function of the Pauling bond order. (F) Apparent bond length
as a function of the realistic bond length obtained by DFT calculations (for DBNP) (22)
and from diffraction data (for HBC) (35). Linear regressions are drawn as a guide to the

eye.
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