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S1 Computational details

S1.1 Molecular dynamics (MD) simulations

The LAMMPS1 molecular dynamics (MD) engine version 29Oct2020 was utilized to simulate the indentation of a

citric acid (cit) nanoparticle upon and exposed theophylline (theo) surface. The non-reactive OPLS force field pa-

rameter set2 was used to describe the interatomic interactions. Non-bonded interactions were approximated using

Lennard-Jones3 potentials, truncated at 12 Å. Hydrogen bonding interactions were accounted for by incorporating

angle-dependent 12-10 form Lennard-Jones potentials, described by the DREIDING4 force field which are smoothly

truncated between 9 Å and 11 Å and is zero for angles lower than 90◦. Electrostatic interactions were computed using

the particle-particle particle-mesh5 (PPPM) solver with the accuracy of relative root-mean-square error in per-atom

forces set at 1.0×105. The partial charges were obtained from ab initio methods (see below). Non-bonded and elec-

trostatic interactions for 1-4 pairs were scaled by a factor of 0.5 in accordance with the OPLS force field description.2

All simulated indentations were carried out in the NVE ensemble with an integration time step of 1 fs.

S1.2 Initial configuration for simulated indentations

The initial configuration for the simulated indentations was formed from two separate systems; (I) a 7× 5 supercell

of theo (3920 molecules, 82,320 atoms) where the (001) surface had been opened by adding 130 Å of vacuum space

in the z direction, and (II) and a spherical nanoparticle of cit cut from a 12× 15 supercell of the bulk crystal (685

molecules, 14,385 atoms) with a final, post-equilibration, radius of 30 Å. The cit particle was placed above the xy

centre of the theo slab with an initial 5 Å separation in z, producing the the system ready for indentations where

θ = 90◦ (Figure S1).‡ To control the motion in the indentation, sections molecules of each material were selected to

have their velocities fixed throughout the simulations. For theo, the 392 molecules that form the bottommost layer

of the slab and their velocities were set equal to zero in all three dimensions, ensuring the slab would not experience

translational movement as a result of the indentation. For cit, the 115 molecules in the uppermost segment of the

nanoparticle were selected and their velocities were set the x and z directions to give a total velocity equal to the

desired indentation speed (Table S1). All other molecules in the system would have their movement determined

through the solution of Newton’s laws of motion within LAMMPS. The selections of molecules whose velocities would

‡All simulation snapshots presented herein were visualised with VMD v1.9.4a55 6 and rendered with Tachyon, v0.99. 7
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be fixed at highlighted in purple in Figure S1. To produced the initial configurations for indentations with θ angles

lower than 90◦, the cit nanoparticle was negatively displaced in the x direction (Table S2) to ensure that the point of

maximum indentations was equal for all trajectories.

Figure S1 Snapshot of the initial configurations for simulated indentations of cit nanoparticle (green) upon a slab of theo (blue) with
the (001) surface exposed with an incident angle of 90◦. Purple regions highlight molecules whose trajectories are fixed throughout
the simulation to effectuate the desired indentation. Hydrogen atoms are rendered in white for aesthetic purposes.

Table S1 Components of velocities in the x and z directions applied to 115 molecules of cit to perform indentations for a range of
total indentation speeds (16ms−1 to 1ms−1) and angles (θ = 90◦ to 15◦).

Nanoparticle speed / ×10−5 Å·fs−1

θ / ◦ 16 8 4 1

x z x z x z x z
15 15.455 -4.141 7.727 -2.071 3.864 -1.035 0.966 -0.259
30 13.856 -8.000 6.928 -4.000 3.464 -2.000 0.866 -0.500
45 11.314 -11.314 5.657 -5.657 2.828 -2.828 0.707 -0.707
60 8.000 -13.856 4.000 -6.928 2.000 -3.464 0.500 -0.866
75 4.141 -15.455 2.071 -7.727 1.035 -3.864 0.259 -0.966
90 0.000 -16.00 0.000 -8.000 0.000 -4.000 0.000 -1.000

Table S2 Displacements applied to the cit nanoparticle in the x direction to ensure that all simulations have the same point of
maximum indentation.

θ / ◦ 90 75 60 45 30 15

∆x(ccciiittt) / Å 0.0000 -6.6987 -14.4338 25.0000 -43.3013 -93.3013

S1.3 Periodic density functional theory (DFT) calculations

DFT was employed to obtain partial atomic charges for all atoms of citric acid and theophylline. We used the plane

wave code CASTEP,8 (v22.11) to perform the calculations. Input structures for cit and theo were obtained from the

Cambridge structural database9 (CSD) with the reference codes, CITRAC10,10 and BAPLOT01,11 respectively. Input

files for CASTEP were then generated using the cif2cell program.12 The structures were optimised using the PBE

functional13 with the Grimme-D3 dispersion correction applied.14 The cut off energy of the plane wave basis was set

at 900 eV with core regions of electron density described by on-the-fly ultrasoft psuedopotentials from the CASTEP

library. Brillouin zone sampling was performed using Monkhorst-Pack grids with a kkk-point spacing of 0.07 2π Å
−1

The convergence criteria for the geometry optimisations were; energy = 2× 10−5 eV, force = 5× 10−2 eVatom−1,
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stress = 0.1 GPa, and displacement = 2×10−3 Å. Upon convergence a Hirshfeld analysis15 was performed to obtain

the partial charges for each atom in the structure.
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S2 Molecular transfer analysis

To study the molecular transfer that occurred between cit and theo we monitored the positions of molecules along

the z direction. Firstly, the centre of mass (COM) of every molecule in the system was determined. Then a probability

density histogram was created for each species separately from the z components of the COM data for each frame

in a given trajectory. Species were treated separately at this stage to account for the large difference in the number

of molecules of theo (3920) and cit (685). The z components of the COM data were collected into 150 bins with

a bin width equal to 1 Å. This range was selected as the maximum separation in z of any molecule of cit from the

bottom of the theo slab never exceeded 145 Å. Using the final frame of data, the total number of molecules transferred

was obtained by determining the number of theo molecules whose COM z coordinate was greater than 55 Å and the

number of cit molecules whose COM z coordinate was lesser than 55 Å. Using the initial configuration as the reference

point a difference curve is given under each distribution which highlights the between each stage of the simulation. In

each case the reference distribution for cit was shifted in z to correctly align the section corresponding to the particles

with fixed trajectories before the subtraction was performed. The molecular transfer analysis was performed using a

script written in Python316 with the NumPy17 and matplotlib18 libraries used to generate the histograms and plots,

respectively. The percentage number of free-to-move molecules transferred during the simulated indentations are

given in Table S3 below.

Table S3 Percentage number of free-to-move molecules transferred between cit and theo for simulated indentations over a range of
indentation speeds (16ms−1 to 1ms−1) and angles (θ = 90◦ to 15◦).

θ / ◦

vvv / ms−1 90 75 60 45 30 15
Percentage of molecules transferred / %

16 0.15 0.20 0.22 0.07 0.29 0.68
8 0.32 0.07 0.17 0.29 0.44 1.10
4 0.12 0.02 0.22 0.20 0.34 0.29
1 0.10 0.20 0.12 0.07 0.10 1.29
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Indentation parameters: θ = 90◦, Indentation speed 16 ms−1

Figure S2 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 90◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 90◦, Indentation speed 8 ms−1

Figure S3 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 90◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 90◦, Indentation speed 4 ms−1

Figure S4 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 90◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 90◦, Indentation speed 1 ms−1

Figure S5 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 90◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 75◦, Indentation speed 16 ms−1

Figure S6 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 75◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 75◦, Indentation speed 8 ms−1

Figure S7 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 75◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 75◦, Indentation speed 4 ms−1

Figure S8 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 75◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 75◦, Indentation speed 1 ms−1

Figure S9 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 75◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.

12



Indentation parameters: θ = 60◦, Indentation speed 16 ms−1

Figure S10 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 60◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 60◦, Indentation speed 8 ms−1

Figure S11 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 60◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 60◦, Indentation speed 4 ms−1

Figure S12 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 60◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 60◦, Indentation speed 1 ms−1

Figure S13 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 60◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 45◦, Indentation speed 16 ms−1

Figure S14 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 45◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 45◦, Indentation speed 8 ms−1

Figure S15 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 45◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 45◦, Indentation speed 4 ms−1

Figure S16 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 45◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 45◦, Indentation speed 1 ms−1

Figure S17 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 45◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 30◦, Indentation speed 16 ms−1

Figure S18 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 30◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 30◦, Indentation speed 8 ms−1

Figure S19 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 30◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 30◦, Indentation speed 4 ms−1

Figure S20 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 30◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 30◦, Indentation speed 1 ms−1

Figure S21 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 30◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 15◦, Indentation speed 16 ms−1

Figure S22 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 16ms−1 and an incident angle of 15◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 15◦, Indentation speed 8 ms−1

Figure S23 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 8ms−1 and an incident angle of 15◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 15◦, Indentation speed 4 ms−1

Figure S24 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 4ms−1 and an incident angle of 15◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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Indentation parameters: θ = 15◦, Indentation speed 1 ms−1

Figure S25 Left: Snapshots of the indentation of cit nanoparticle (green) upon the (001) slab of theo (blue) where the nanoparticle
travels at 1ms−1 and an incident angle of 15◦. The snapshots show a) the initial configuration, c) the point of maximum indentation,
e) after retraction of 25Å, and g) the final configuration after retraction of 50Å. Hydrogen atoms are rendered in white for aesthetic
purposes. Right: Distribution of molecules, as a percentage of the species, of theo (blue) and cit (green) for b) the initial configuration,
d) the point of maximum indentation, f) after 25Å retraction, and h) the final configuration.
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S3 Connective neck analysis

In the majority of cases in this study a connective neck between the nanoparticle and slab forms during the retraction

process. To estimate the length of the connective neck lcn we looked at the z separation between the sections of the cit

and theo whose trajectories were fixed during the simulation. After the nanoparticle has been retracted by 20 Å the

z coordinates of the nanoparticle identical to when it first touches the surface, due to the initial 5 Å separation. Each

simulation trajectory was then monitored to find the last frame in which a connective neck is observed. The distance

(d) travelled is then calculated as;

d = vz · tcn

where vz is the z component of velocity in Å fs−1 and tcn is the number of simulation steps taken to break the connective

neck multiplied by the time step of integration (1 fs). The angle of incidence θ must also be considered when estimating

the connective neck length. As the x component of the velocity remains unchanged during the retraction the angle of

retraction is equal to the angle of incidence. Therefore, lcn can be estimated as;

lcn = d sin(θ)

A graphical description of this calculation is shown in Figure S26 and the values of the estimated connective lengths

are given in Table S5

Figure S26 Scheme depicting how the connective neck length was estimated in this study. Left: Snapshot of the retraction of cit
nanoparticle (green) from the slab of theo (blue) at a given θ (θ = 30◦ in this case) where the nanoparticle has been retracted by
20Å and is considered to be at the point where the separation of the two objects is equal to zero. Right: Snapshots of the system at
tcn where a connective neck is still visible in the simulation. Solid and dotted horizontal black lines show how the distance travelled d
is calculated and the inset triangle show the relation ship between θ , d, and lcn. Hydrogen atoms are rendered in white for aesthetic
purposes.

Table S4 Time during which the connective neck exists between cit and theo during simulated indentations for a range of indentation
speeds (16ms−1 to 1ms−1) and angles (θ = 90◦ to 15◦).

θ / ◦

vvv / ms−1 90 75 60 45 30 15
tcn / ns

16 - 0.05 0.02 - 0.19 0.20
8 - 0.11 0.11 0.25 0.46 0.56
4 0.16 0.30 0.32 0.49 0.96 1.16
1 1.77 2.05 3.12 2.57 3.65 6.17
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Table S5 Estimated connective neck lengths for necks formed between cit and theo during simulated indentations for a range of
indentation speeds (16ms−1 to 1ms−1) and angles (θ = 90◦ to 15◦).

θ / ◦

vvv / ms−1 90 75 60 45 30 15
lcn / nm

16 - 0.81 0.31 - 3.06 3.21
8 - 0.88 0.88 2.01 3.68 4.56
4 0.64 1.19 1.28 1.95 3.82 4.64
1 1.77 2.00 3.12 2.57 3.64 6.18
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S4 Sphericity analysis

Using the Ovito19 program, all atoms whose z coordinate was above 55 Å were selected and used to construct a surface

mesh of the nanoparticle after the simulated indentation. For the initial configuration, all atoms of cit were selected

to construct the mesh as no mixing had occurred. The probe radius was set at 3 Å and a surface smoothing level of

10 applied. The program then provides values for the area (S) of, and volume (V ) contained within the constructed

surface. Then the radius (rideal) and surface area (Sideal) of the perfect sphere are determined by;

rideal =

(
3V
4π

) 1
3

Sideal = 4πr2
ideal

The sphericity is then calculated as;

Ψ =
Sideal

S

With Ψ of the initial configuration used as a reference ∆%Ψ was calculated for each indentation. All values of the

measured and calculated parameters used analyse the sphericity of the nanoparticle are given in Table S6

Table S6 Surface areas (S) and volumes (V ) of the cit nanoparticle determined by a surface mesh analysis with the ideal radii (rideal)
and surface areas (Sideal) using to calculate the sphericity (Ψ) and percentage change in sphericity (∆%Ψ) after simulated indentations
over a range of indentation speeds (16ms−1 to 1ms−1) and angles (θ = 90◦ to 15◦).

θ / ◦ vvv / ms−1 S / Å
2

V / Å
3

rideal / Å Sideal / Å
2

Ψ ∆%Ψ

Initial Initial 13955.8 132057.0 31.59 12540.80 0.899 0.0

90

16 14216.0 133063.0 31.67 12604.40 0.887 -1.3
8 14328.3 135189.0 31.84 12738.31 0.889 -1.1
4 14297.2 132531.0 31.63 12570.79 0.879 -2.2
1 14185.7 132612.0 31.64 12575.91 0.887 -1.3

75

16 14251.9 133518.0 31.71 12633.12 0.886 -1.4
8 14238.1 132736.0 31.65 12583.75 0.884 -1.6
4 14199.8 132439.0 31.62 12564.97 0.885 -1.5
1 14124.9 132640.0 31.64 12577.68 0.890 -0.9

60

16 14248.0 133783.0 31.73 12649.83 0.888 -1.2
8 14347.2 133721.0 31.72 12645.92 0.881 -1.9
4 14442.0 133775.0 31.73 12649.33 0.876 -2.5
1 14643.4 131906.0 31.58 12531.23 0.856 -4.8

45

16 14238.6 132765.0 31.65 12585.58 0.884 -1.6
8 14439.9 134059.0 31.75 12667.22 0.877 -2.4
4 14290.1 133153.0 31.68 12610.09 0.882 -1.8
1 14166.1 131260.0 31.56 12490.29 0.882 -1.9

30

16 15084.7 140504.0 32.25 13070.03 0.866 -3.6
8 14557.0 134808.0 31.81 12714.36 0.873 -2.8
4 14729.5 134102.0 31.75 12669.93 0.860 -4.3
1 14396.8 131802.0 31.57 12524.65 0.870 -3.2

15

16 14436.9 129328.0 31.37 12367.42 0.857 -4.7
8 14246.1 124329.0 30.96 12046.64 0.846 -5.9
4 14391.8 130477.0 31.46 12440.57 0.864 -3.8
1 14253.3 119510.0 30.56 11733.30 0.823 -8.4
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S5 Force development analysis

Following previous studies of indentations20 we analysed the development of the force in z throughout the indentation

process. To achieve this atomic forces for the 392 theo and 115 cit molecules whose trajectories were fixed to control

the simulations were collected as two separate outputs from the LAMMPS MD simulation runs. Then, for each species,

the force component along the direction of indentation (z) was extracted for each frame of the trajectory to be plotted

against the separation of the two species in z. We track the z separation through in a similar fashion as described in

Section S4, i.e. by using the z component of velocity and product of the number of simulation steps and the integration

time step, taking care to account for of the change in direction of the velocity after the point of maximum indentation.

The simulated indentations performed required a wide range of simulation times (0.5 ns to 29 ns) as a result of the

change in incident angle and speed. Therefore, the number of data points for each simulation varied. To account

for this we applied a moving average to the raw data, relative to the indentation velocity. Given the low number of

data points when the indentation speed was 16 ms−1, the size of the average was set to 1 meaning that no averaging

was applied. Then for subsequent speeds the moving average size was inversely proportional to the reduction in

speed. Specifically, the size of moving averages for 8 ms−1, 4 ms−1, and 1 ms−1 were 2, 4, and 16, respectively. The

extra simulation time due to the reduction in θ was not incorporated into the moving averages amount of simulated

time did not increase by an integer factor when θ = 75◦, 60◦, or 45◦ relative to when θ = 90◦. In all cases the

direction of the force development is opposite for cit and theo (Figures S27-S32) but the magnitude of forces for

theo is significantly lower than for cit. We ascribe this to the unequal number of molecules of each species whose

trajectories were controlled during the indentation, with the number of theo molecules being a factor or 3.4 greater

than for cit. Coincidentally individual molecules of both species are comprised of 21 atoms each. Focusing on the force

development for cit, as vvv is decreased a reduction in the magnitude of the force is observed which is most evident

when θ = 90◦ (Figure S27) but less so at lower θ values. There is also a reduction in force as θ decreases which is

most noticeable when comparing the force development plots for θ = 30◦ (Figure S31) and θ = 15◦ (Figure S32) with

that of θ = 90◦ (Figure S27). Interestingly, the maximum force observed in this study is approximately 10 pN with

is an order of magnitude lower than that observed previously,20c but within the force range said to be expected for

hydrogen bonded systems.21
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Indentation parameters: θ = 90◦

Figure S27 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 90◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.

Indentation parameters: θ = 75◦

Figure S28 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 75◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.
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Indentation parameters: θ = 60◦

Figure S29 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 60◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.

Indentation parameters: θ = 45◦

Figure S30 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 45◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.
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Indentation parameters: θ = 30◦

Figure S31 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 30◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.

Indentation parameters: θ = 15◦

Figure S32 Development of the force in z experienced by the fixed trajectory sections of cit (green, top panel) and theo (blue, bottom
panel) during a simulated indentation with θ = 15◦ and Indentation speed a) 16ms−1, b) 8ms−1, c) 4ms−1, and d) 1ms−1. Solid
lines representation the indentation stage while dotted lines represent the retraction stage of the simulation.
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S6 Description of videos

A folder of supplementary videos is provided with this manuscript. The folder contains a rendered trajectory for each

of the simulated indentations presented in this work. The filenames are indent_cit-theo_MMdeg-NNms.mp4 where MM

is the incident angle of the cit nanoparticle and NN is the indentation speed. Due to the large discrepancy in simulation

time across the indentations videos were rendered at 24 fps, 18 fps, 12 fps, and 6 fps for indentation speeds of 1 ms−1,

4 ms−1, 8 ms−1, and 16 ms−1, respectively.
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