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This supporting information document includes the following:

S1. Force field parameterization and validation

S2. Additional MD Simulations of CPAA Adsorption Conformations and Lifting Processes

S3. Additional Exfoliation Experiments of CPAA chains

S4. Force and Force Gradient Analysis: Detachment and Sliding Events

S5. Captions for Supplementary Movie S1: Quenching Process

S6. Captions for Supplementary Movies S2 and S3: Lifting Process

S1. Force field parameterization and validation

The total energy of the CPAA + Au(111) system is described as a sum of two terms accounting for
the energy cost of polymer deformations with respect to the reference (gas-phase) configuration
and for the interactions of CPAA atoms with the gold substrate. The intra-molecular contribution
EXY depends on a joint set of internal coordinates, namely bond lengths {b}, bond angles {6},
relatively stiff {¢} or compliant {¢} dihedral angles between pairs, triplets and quadruplets of
neighboring bonded atoms, respectively.

The corresponding deformation energies are modeled as sums over independent set elements,
Ny, Ny , N,, Ny being their respective numbers. The first three sums involving stiff coordinates
(in particular improper ¢’s describing deviations from planarity of the pyrenylene units and out-
of-plane bending about their connecting C-C bonds) are modeled as quadratic functions of the
deviations from their equilibrium values {by}, {60}, {0} With respective force-constant sets {k},
{ko} and {k,}. To account for twists {¢} about C-C bonds, which are expected to show large
deviations, e.g. upon chain adsorption, N, Fourier cosine series truncated beyond m terms are used

instead, multiplied by respective torsional force constants {k,}. The parameters sets {k}, {ko},

{ko}, {ko} and {bo}, {00}, {0}, {émo} are automatically determined by the JOYCE package'*



applied to a reference molecule for which QM data have been purposely computed as described in
Methods. Note that JOYCE is a well established, freely available method to derive accurate force
fields from Quantum-Mechanical data.! To reduce the computational burden without losing the
required accuracy, the parameterization was carried out on the CPAA trimer shown in Supporting
Figure [ST{d inset, which contains all types of bonds also present in the longer polymer. Because
the total number of FF parameters exceeds the number of independent degrees of freedom (3/V-
5 for linear chains), the parametrization is achieved through a least-squares minimization of the

objective function:
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where U is the QM computed energy of the trimer, (k is the (K —th) the normal mode coordinate,
the QM Hessian matrix Hp, in the (Qk, ()1) representation and its FF counterpart, all evaluated
in the gas-phase equilibrium conformation. W and W7y, are weighting factors determined on
the basis of experience with various molecules.? The optimized FF parameters obtained for the
end and central trimer units are adopted for the end and all internal units of the CPAA chain in all
subsequent simulations.

The accuracy of the derived intra-molecular force field is first validated by comparing QM and
FF results, see Figure In a first instance, Figures [STp-and-b show that the structure predicted
by the QMD-FF is indistinguishable from the predicted by QM data. Moreover, the agreement
between vibration mode eigenvectors and frequencies obtained (top and bottom panels of Support-
ing Figure[STk) is also remarkable. Finally, the parametrized torsional energy profile shown in the
bottom panel of Supporting Figure [STd also shows an excellent agreement between the QM and
QMD-FF data for flexible CPAA coordinates.

The polymer-gold interaction energy ELr  is described by pairwise sums of 12-6 Lennard-

Jones (L-J) and Coulomb potentials between all atoms {i} of the CPAA chain and all interaction

sites {j} of the Au(111) slab specified while testing the GolP FF,* namely hollow surface sites for
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Figure S1: Validation test of the CPAA QMD-FF. (a) overlap of the QM (full red spheres) and
QMD-FF (transparent green spheres) optimized structure; (b) RMSD on the internal coordinates
of the QMD-FF optimized geometry with respect to thew reference QM; (¢) Comparison of the
QM and QMD-FF description on a local harmonic approximation: top, normal mode overlap and

bottom, vibrational frequency correlation plot; (d) Comparison of the relaxed torsional profiles for
the flexible dihedral phi.

L-J interactions and dipoles at all atomic sites for Coulomb interactions® L-J strength and range
parameters for C and H atoms were taken from an improved fit against more accurate VdW-DFT
QoM calculations.? To be consistent with GolP, L-J parameters, as well as partial atomic charges for
CPAA were taken from the OPLS-AA FF36 and combined with the L-J parameters for Au(111) via
standard mixing rules. Note that the GolP parametrization differs substantially from a plain atom-
centered L-J potential.? Additionally, we previously bench-marked the interaction energy between
an alike PAH polymer and Au(111).78 Not only the adsorption energies are in agreement with
reference QM data,? but also this potential (GolP+Joyce) is capable of describing in quantitative
agreement the interaction stiffness during both desorption? as well as sliding® dynamics of a PAH

on surface — a fact that was further corroborated in the present work as shown in Figures 2, 4 and 5.



S2. Additional MD Simulations of CPAA Adsorption Conforma-
tions and Lifting Processes

Figures [S2, [S2, [S3a, and [S3d show the alignment on the Au(111) surface of different CPAA
molecular chains with different parallel/antiparallel arrangements, after annealing at 450 K and
subsequent cooling to 5 K (see Methods in the main text). Monomers are colored differently
based on their parallel or antiparallel orientation for clarity. Note that in all cases, the alignment is
different on the surface.

Figures [S2b, [S2d, [S2k, [S2}i, [S3p, and [S3k show graphs of the force gradient as a function of
height for lifting simulations of different CPAA molecular chains considering various tetherings.
For more detailed information of each graph, we refer to the captions of Figures[S2]and[S3] As ob-
served in all the figures, regardless of the molecule’s size or the parallel/antiparallel configuration
of its monomers, the force gradient exhibits drops associated with unit desorption events, which
are indicated by vertical gray dashed lines.

Figures [S2k, [S2k, [S2h, [S2j, [S3k, and show the detachment length as a function of the
detached unit for the different lifting simulations of the various CPAA molecular chains presented
in this section. For further details of each graph, we refer to the captions of Figures[S2|and [S3] It
is important to note that in all cases, the detachment length shows to be independent of the parallel
or antiparallel arrangement of contiguous monomers. However, we observe that when comparing

the detachment length of free chains with that of tethered chains, it decreases in the presence of

tethering, as seen in Figures [S2k, [S2, [S2h, [S2], [S3k, and [S3[f, and as discussed in the main text.
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Figure S2: MD Adsorption Configurations and Lifting Processes of CPAA Molecules. (a)
shows the alignment of a CPAA molecular chain with 10 parallel units on the Au(111) surface
after annealing at 450 K and cooling to 5 K using MD. (b) and (d) show the force gradient vs
height during lifting of the chain in (a) for cases without tethering and with a tethering stiffness of
2 N/m, respectively. Vertical gray dashed lines mark unit desorption events. (c¢) and (e) show the
detachment length vs detached unit corresponding to (b) and (d), respectively. (f), (g), (i), (h), and
(j) show the same analysis as above, but for a 19-unit molecular chain shown in (f).
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Figure S3: MD Adsorption Configurations and Lifting Processes of Additional CPAA
Molecules. (a) and (d) show the alignment of CPAA molecular chains with 10 and 20 units,
respectively, on the Au(111) surface after annealing at 450 K and cooling to 5 K using MD. The
first 10 units in both molecules have the same parallel/antiparallel order from left to right. (b) and
(e) show the force gradient as a function of height during lifting of the chains in (a) and (d), respec-
tively, with a tethering stiffness of 2 N/m. Vertical gray dashed lines mark unit desorption events.
(c) and (f) show the detachment length vs detached unit for the data in (b) and (e), respectively.



S3. Additional Exfoliation Experiments of CPAA chains

Figures [S4p, [S4d, and show STM images before AFM exfoliation experiments of differ-
ent CPAA molecules, while the Figures in [S4c, [S4f, and [S4j show STM images after the ex-
foliation. The lengths of the manipulated chains are 7.9 nm, 8.3 nm, and 13.2 nm for Fig-
ures [S4p, [S4d, and [S4ig, respectively. In all cases, the STM images before and after exfoliation
clearly demonstrate the molecular chain nanomanipulation by showing that the molecules are in
different positions.

Figures [S4p, [S4g, and show graphs of the frequency shift as a function of tip height in
the AFM exfoliation experiments. The experimental parameters and protocols are the same as
those used for the results presented in Figure 4 of the main text. Similar to what is observed there,
all the graphs presented here exhibit pronounced drops in the frequency shift periodically, which
are associated with events of molecular unit desorption, and a drop to zero in the frequency shift
when the tip-sample bond breaks. The gray dashed vertical lines represent positions in tip height
associated with monomer desorption events. The average detachment lengths associated with each
experiment are 0.69 nm, 0.56 nm, and 0.53 nm for the data presented in Figures[S4b,[S4k, and[S4h,
respectively. As observed in the data in Figure 4b of the main text, the detachment lengths obtained
in the figures presented here smaller than the size of a monomer, 0.83 nm. Another observation
regarding the similarity of the data presented here with the data from the main text is that for the
desorption of the first two units, the graph of the frequency shift as a function of tip height shows
the influence of long-range tip-surface interactions, showing as slight variations in the frequency

shift traces.



o
s

h o

=
o

N
(=]

Frequency Shift (Hz)

W
(=]

w
(3

’
a

=
o

N
o

N
(&)

Frequency Shift (Hz)

w
o
T

|

w
o
(=]

Frequency Shift (Hz)

—= & = 9 P“‘i’%
?
>

» 34
=

.

35 5 ‘ 5
Z (nm)

Figure S4: Additional Exfoliation Experiments of CPAA molecules. (a), (d), and (g) show STM
images (I; = 1 pA, Vi = 150 mV) of different CPAA molecular chains before nanomanipulation.
(b), (e), and (h) show the frequency shift as a function of tip height for AFM exfoliation experi-
ments with the different CPAA molecular chains shown in (a), (d), and (g), respectively. The gray
dashed vertical lines indicate tip heights corresponding to monomer desorption events. (c¢), (f), and
(i) show STM images (I; = 1 pA, V; = 150 mV) of the molecular chains after nanomanipulation
for the experiments in (b), (e), and (h), respectively.



S4. Force and Force Gradient Analysis: Detachment and Sliding
Events

Figure [S5h shows the force gradient and [S5p the force for a CPAA molecular chain lifting process.
The chain considered is the same as the one shown in the inset of Figure 4a in the main text, and the
tethering effect is accounted for with a force constant of £;, = 0.2 N/m. Purple circles highlight
CPAA unit desorption events. The force profile exhibits a sawtooth-like behavior characteristic of
a stick-slip process. During desorption events, force accumulates until the CPAA unit detaches,
releasing tension and causing the force value to drop. These drops in force value due to desorption
processes are reflected as drops in the force gradient, similar to what is observed in experimental
data with the frequency shift, which is proportional to the force gradient. However, tension is
not only released during desorption events, as seen in the force drops and force gradient drops
that are not circled. Drops in force unrelated to desorption events occur due to the sliding of
CPAA units still on the surface. Then, both events (desorption and sliding), can be distinguished
by analyzing the force gradient. Generally, the drops in the force gradient are more pronounced
during desorption events, while sliding events result in smaller changes. This distinction can be
quantified by calculating the average magnitude of the force gradient for both types of events. For
the data shown in Figure [S5h, the average magnitude for desorption events is 1.45 £ 0.36 N/m,
while for sliding events, it is 0.62 + 0.44 N/m. Therefore, larger drops in the frequency shift,
which is directly proportional to the force gradient, are associated with desorption, and smaller
drops are linked to sliding events.

The second drop in the force gradient in Figure[S5p and in Figures 5a and Sc of the main text is
noteworthy. As seen in each of the figures, this drop in the force gradient is not associated with a
desorption event but with a sliding event. Figure S5k shows different snapshots of the detachment-
sliding-detachment process corresponding to the first three drops in the force gradient presented
in Figure [S5p. What is observed is that after detaching the first CPAA unit from the surface, the

chain slides toward the vertical axis where the molecule is being lifted. This can be seen in the

10
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Figure S5: Detachment and Sliding Events. (a) shows MD data of the force gradient, and (b)
shows the force as a function of height for a CPAA molecular chain, as the one shown in the
inset of Figure 4a in the main text. Tethering is considered with a force constant of kp;, = 0.2
N/m. Purple circles indicate CPAA unit desorption events. (¢) shows snapshots of the detachment-
sliding-detachment process corresponding to the first three drops in the force gradient of (a). Each
image has its time-stamped. The blue circle marks a hydrogen atom of the molecular chain, and
the black arrow indicates a fixed position in the surface, highlighting the chain’s sliding during the
intermediate step between the two detachments, associated with the second drop in (a).

atom marked with the blue circle, which changes its position between the images corresponding
to the simulation times of 0.220 ns and 0.275 ns. The drop in the force gradient has a magnitude
comparable to a desorption event, and even greater in some cases.

The behavior is also present in the experiments, as observed in Figure 4b of the main text at a
height of ~ 1 nm, between the detachment of the 1st and 2nd CPAA units, in agreement with the
MD data. Therefore, this characteristic shows to be general in the lifting process of this molecular

chain.
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SS. Captions for Supplementary Movie S1: Quenching Process

Supporting Movie S1 shows an MD simulation of the quenching process for a 12-unit CPAA
molecule, cooling from 450 K to 5 K over 5 ns. The arrangement between the molecule’s monomers
exhibits both parallel and antiparallel configurations. During quenching, the CPAA molecule un-
dergoes rapid diffusion due to the high initial temperature, exploring various alignment configura-
tions relative to the crystallographic directions of the Au(111) surface. As the system cools, the

molecule eventually adopts its equilibrium alignment on the surface.

S6. Captions for Supplementary Movies S2 and S3: Lifting Pro-
cess

Supporting Movie S2 shows the MD simulation of the lifting process for a CPAA molecule without
tethering, while Supporting Movie S3 shows the lifting process for a CPAA molecule with tether-
ing, considering a stiffness of 2 N/m. As observed, the molecule loses planarity in the desorbed
segment due to steric hindrance between neighboring monomers; however, it maintains this angle
between monomers throughout the entire lifting process. The specific angle depends on the initial
on-surface relative arrangement between contiguous monomers, whether parallel or antiparallel,
as detailed in the main text. Additionally, Movie S2 shows how the molecule’s still-adsorbed seg-
ment slides toward the vertical axis of lifting, a characteristic movement of a sliding exfoliation
process. On the other hand, Movie S3 shows that the still-adsorbed segment exhibits reduced mo-
bility compared to the CPAA molecule in Movie S2, a characteristic movement of a delamination

process.
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