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Stretch-Healable Molecular Nanofibers

Yanxiao Han, Michal Langer, Miroslav Medved’, Michal Otyepka,* and Petr Krdl*

Ultrastretchable nanofibers formed by covalently linked molecular flakes are
introduced. Molecular dynamics simulations show that mixed coronene and
perfluorocoronene molecular flakes in aqueous solutions form linear stacks
having predominantly an alternating pattern. When such molecular flakes are
covalently connected by short flexible molecular linkers into chains of various
organizations, they can form stretchable and healable fibers with parameters

dependent on humidity.

The self-assembly of various nanostructures!!  and
nanoparticles!? could be directed by solvents,’] pH,[l salinity,®!
temperature,®! electric,l’] optical,l®] and magnetic fields,!) and
other parameters. Once the coarsed materials are formed, they
usually stop reorganizing, with a few exceptions, for example,
liquid crystals can be reorganized by electric fields.'"! In con-
trast, most biological systems retain their ability to reorganize
during their entire lifetimes. Dynamically reorganizable and
healable low-D materials can have applications in electron-
ics, photonics, energy storage, and medicine, both in dry and
wet forms.

It would be particularly appealing to synthesize highly
stretchable (spider-silk-like) and possibly electrically conduct-
ing nanofibers. Such nanofibers might be based on molecu-
lar flakes formed from graphene, graphene-like structures, and
other 2D materials,'!] which are covalently linked into chains.
The z-conjugated flakes could form conducting fibers, with
structures dependent on the chemistry of the molecular link-
ers and other system parameters. Such molecular nanowires
could transfer electric and mechanical signals from/into cellular
environments.[!?]
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In this work, we combine classical molec-
ular dynamics (MD) simulations with
quantum electronic structure calculations
to study nanofibers formed by functional-
ized, covalently linked, and self-assembled
molecular flakes based on coronene and
perfluorocoronene molecules. We ex-
amine the stability of these nanofibers
and their ability to reversibly stretch
and reassemble (self-heal) in bulk wa-
ter and air of different humidities.

We used classical MD simulations to model systems of many
coronene C,,H,;, (COR) and perfluorocoronene C,,F;, (PER)
molecules in different charge states. Their partial atomic charges
(Figure 1) were calculated in water implicit solvent by Gaussian
09.1"%] In neutral PER, highly electronegative F atoms have neg-
ative charges and neighboring C atoms have positive charges,
whereas in neutral COR, less electronegative H atoms have pos-
itive charges and neighboring C atoms have negative charges.
Similar charge distributions are present in benzene (CyH)
and hexafluorobenzene (CgF;), which form stable alternating
stacks."*l In the charged CORs and PERs, the charge distribu-
tions show the same trend as their neutral cases, except the inner
C atoms of PERs (labeled as 1 in Figure 1).

To understand coupling of such flakes, we calculated their
coupling energies in vacuum by different methods (Exper-
imental Section). The benchmarking of coupling energies
calculated by selected density functional theory (DFT) methods
for different molecules coupled with COR indicates that the
®B97x-D method!"! fairly reproduces the trend revealed by the
reference CCSD(T)/CBS method (Figure S1 and Table S1, Sup-
porting Information), overestimating the coupling energies by
~1.6—3.8 kcal mol~!. The interaction energies of the COR/PER,
PER/PER, and COR/COR dimers, calculated by DFT methods,
the symmetry-adapted perturbation theory (SAPT),'®l and the
molecular mechanics potential (MM), are shown in Tables S2,
S3 and Figure S2, Supporting Information. Under the DFT
framework, the wB97x-D and ©B97x!'7] functionals with the
6-31++G(d,p) basis set were used. The interaction energies of
COR/PER, PER/PER, and COR/COR dimers calculated with
®B97x-D are —37.0, —33.9, and —27.0 kcal mol~!, respectively
(Table S2, Supporting Information). These results are in a
reasonable agreement with the SAPTO method!'® giving the in-
teraction energies of —48.0, —40.6, and —37.8 kcal mol ™ for these
pairs of flakes, respectively (Table S3, Supporting Information).
Figure S2b, Supporting Information, shows the decomposition
of the SAPTO interaction energies, where the dispersion in-
teractions contribute by more than 50% to attractive energy in
all three cases. Dispersion interactions originate from electron
correlations, which tend to be large in unsaturated systems
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C2aH12 CaaF12
-le Oe +le -le Oe +le
1 -0.035 -0.021 -0.024 -0.021 0.002 0.030
2 0.177 0.176 0.138 -0.060 -0.062 -0.070
3 -0.255 -0.187 -0.151 0.100 0.172 0.204
4 0.100 0.110 0.177 -0.143 -0.142 -0.101

Figure 1. a,b) Partial charges distribution of coronene (a) and perfluoro-
coronene (b). Labeling of 1-4 atoms refers to the table that displays par-
tial atomic charges used in MD simulations for negatively, neutral, and
positively charged flakes.

(aromatic). Stacking of aromatic systems is known to be sta-
bilized to a large extent by dispersion interactions, as shown
in many research papers.['l Clearly, the dispersion interac-
tions also play a significant role in stacking and stabilization
of the COR and PER flakes."”) However, the stability of dif
ferent flake dimers (CORs, PERs, and CORs/PERs dimers)
is a result of a complex interplay of noncovalent interactions.
Using the partial charges calculated in water implicit solvent,
MM predicts somewhat smaller interaction energies, but re-
produces the trend predicted by the QM methods calculated
in vacuum. These energy values provide a rough physical
insight about the assembling patterns observed in the MD
simulations.

Free Flakes: Next, we used classical MD simulations to model
the self-assembly of free molecular flakes with partial charges
from Figure 1. Initially, alternating stacks of neutral CORs and
PERs were simulated in water. Within 10 ns, the stacks ar-
ranged into a hexagonal lattice, as shown in Figure 2a and Fig-
ure S3, Supporting Information. The flakes rotated®®! and be-
came slightly tilted, due to interactions between neighboring
stacks.

In the following model simulations, all flakes were charged
in the same way, each with elementary charges of +e or —e
(Figure 1), but no chemical reactions of flakes with water and
each other were considered. The charged flakes quickly reorga-
nized, as shown in Figure 2b (negative) and Figure 2d (positive),
collected after 30 ns. In the system with negative flakes, PERs
formed columnar structures, but CORs were mostly free. On
the other hand, in the system with positive flakes, CORs formed
columnar structures, but PERs were mostly free. The presence
of different structures, due to different charging, shown in
Figure 2b,d is in line with Figure S4c,e, Supporting Information.
Figure S4, Supporting Information, shows that columnar struc-
tures of eight CORs can be maintained when CORs are neutral
or positively charged. Neutral PER stacks are dimerized (Fig-
ure S4d, Supporting Information), but negative PER (Figure S4e,
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Supporting Information) and alternating neutral COR/PER (Fig-
ure S4g, Supporting Information) stacks are stable.

When the flakes in Figure 2b,d were discharged, they reorga-
nized in a random way where stacks were mixed preferably in a
COR/PER pattern, as shown in Figure 2c,e (as in Figure S4a,g,
Supporting Information). The same system was also simulated
in a 150 M NaCl aqueous solution (Figure S5, Supporting Infor-
mation). Here, the columnar structures formed by charged flakes
were shorter, which is attributed to screening. Our simulations
show that the self-assembling of free flakes can be controlled by
their composition, charging, and solvent environment.

Linked Flakes: Highly-defined “spider-silk-like fibrils” could be
prepared when the molecular flakes, which tend to self-assemble,
are covalently linked by short and flexible bridging molecules.
To explore this possibility, we linked the neutral COR and PER
(COR/PER pattern) flakes and neutral COR (COR/COR pat-
tern) flakes by short oligomeric poly(vinyl alcohol) (PVA) chains:
eight flakes were connected by 7 PVA chains, each with 5 vinyl
alcohol monomeric units (—{CH,—CH(OH)]s—), where carbon
atoms of PVA connected to carbon atoms of the flakes in the trans
configurations. These short linear stacks were simulated in bulk
water, in the presence of water nanodroplets (vapor), and in vac-
uum, as shown in Figure 3 and Figure S6, Supporting Informa-
tion.

Stacks of linked neutral CORs and CORs/PERs were first pre-
pared and stabilized for 30 ns in vacuum. Then, these stacks were
placed in bulk water, close to nanodroplets, or left in a vacuum
(Figure 3a and Figure S6a, Supporting Information). In these me-
dia, the stacks were gradually stretched by a force of F = 200 pN,
applied to the right terminal flakes (one atom on the left termi-
nal flakes was fixed), as shown in Figures S6a, Supporting In-
formation. In all media, the flakes at the two ends of the chains
started to unfold first. In the systems with water droplets (humid-
ity), their surface tension caused the droplets to embrace groups
of self-assembled flakes and to resist their disassembly by the
stretching force. Since the applied force is large, the linked flakes
stretched fast into chains. Once the force was turned off, the
stretched chains started to collapse in a stepwise manner. They
did not form the same structures as at the beginning (Figure 3a
and Figure S6a, Supporting Information), but more random as-
semblies embracing water droplets (Figure 3¢ and Figure Séc,
Supporting Information). Figure 3b shows some intermediate
steps of stretching and collapsing (healing) nanofibers in differ-
ent media.

Figure 4 shows time-dependent lengths of the above
nanofibers, which were stretched by a force of F =200 pN
and then spontaneously released (no force). In bulk water
(Figure 4a), the CORs and CORs/PERs stacks were stretched to
full lengths within 1.5 ns, with relatively smooth trajectories,
where the featured conformations are shown in the plots. When
the force was turned off, the structures collapsed in ~ 4 ns. In
the presence of water droplets (Figure 4b,c), the droplets release
in a stepwise manner the assembled flakes solvated in their
interior, which led to a slow stepwise stretching of the fibers.
The stronger the flakes bind to water, the more significant is
this effect. For larger droplets (Figure 4b), a full stretching of
the CORs and CORs/PERs stacks took 12.5 and 53 ns, respec-
tively, when the CORs/PERs trajectory developed five plateaus.
For smaller droplets (Figure 4c), the CORs and CORs/PERs

© 2020 Wiley-VCH GmbH
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Figure 2. MD simulation snapshots showing differently stacked CORs (blue) and PERs (red) in water with NaCl counterions. a) Initially pre-assembled
and thermalized system after 10 ns of simulations. b,d) Then, the flakes in (a) were negatively and positively charged by —e or +e according to Figure 1.
After 30 ns simulations, the flakes reorganized differently. c,e) Then, the flakes in (b,d) were discharged. After another 30 ns, they reassembled into
structures with mixed CORs and PERs. For clarity, water and ions are not displayed.

stacks were fully stretched within 5.0 and 2.5 ns, respectively.  Tables S1, S2, Supporting Information). In all simulated sys-
In vacuum (Figure 4d), the stretching processes took <0.2 ns.  tems, except bulk water (slow diffusion), the structures collapsed
Here, CORs (binding energy of —27.0 kcal/mol) stretch faster  extremely fast (<0.03 ns).

than CORs/PERs (—37.0 kcal/mol) in bulk water and vacuum, Figure 5 also shows the stretching dynamics of nanofibers
since the mixed flakes have a stronger coupling (Figure S2 and  in bulk water under different forces applied to their two ends.
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Figure 3. a) COR and COR/PER flakes linked and pre-assembled into linear stacks in bulk water and with small water droplet (top to bottom). b)
Intermediate and fully stretched chains; top four panels at 0.2 ns (forward motion) and 3.0 ns (backward motion, marked in the green box). c) Re-

assembled structures. Coloring scheme: blue—CORs; red—PERs.

At F =100 pN, a full stretching of CORs and CORs/PERs took
25 and 12 ns, respectively (Figure 5a), while at F = 200 pN, it
took just 0.9 and 1.2 ns (Figure 5b). The CORs were stretched
faster than PERs during earlier stretching times, as shown in
Figure 5a,b, which is in line with cases in Figure 4a—d. However,
the overall stretching time is affected by fluctuations. In general,
at smaller stretching forces, the prolongation was slow with typi-
cal steps, while at larger forces it was fast and smooth. The steps
are caused by energy barriers associated with the disassembly of
individual flakes from the stacks. Larger forces can easily over-
come these barriers, giving fast and smooth prolongation of the
nanofibers.

To better understand the fluctuations in elongation of these
nanofibers during their stretching, three separate replicas of neu-
tral CORs and CORs/PERs fibers were separately stretched in
bulk water by a force of 85 pN. As shown in Figure 5¢,d, the elon-
gation steps and simulation times that were necessary for these
nanofibers to fully stretch were slightly different in the three
replicas. These differences may be related to slightly different
initial arrangements of the structures and fluctuations present
in each replica. However, these effects should average out in
ensembles of such fibers, thatis, in longer fibers or many parallel
fibers.

In summary, using MD simulations and electronic structure
methods, we have shown that coronene and perfluorocoronene
molecules can self-assemble into stacks in environments of dif-
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ferent humidities. When the molecular flakes within such stacks
are covalently linked, they can form stretchable and healable
nanofibers.[>) These ultrastretchable and possibly electrically
conducting nanofibers can have many diverse applications in ma-
terials, electronics, and sensing.

Computational Details

In the MD simulations, the partial atomic charges of flakes with dif-
ferent charges (—1,+1, and 0) were derived using the RESP method at
the MP2/6-31G* level by Gaussian 0913 in water implicit solvent. The
systems of free and linked stacked flakes were simulated by NAMDI2']
and the CHARMM general force field.1?2] The PME method was used for
the evaluation of long-range Coulomb interactions. The time step was set
to 2 fs. The simulations were performed in the NpT ensemble (p = 1 bar
and T = 298 K), using the Langevin dynamics with a damping constant of
Tps™.

To gain more physical insight into the coupling of CORs and PERs
dimers, the coupling energies were calculated by DFT and SAPT meth-
ods on dimers optimized in vacuum (see Supporting Information). The
dimers and monomers were first optimized at the @B97x-D/6-31++G(d,p)
level of theory, which was followed by single-point calculations with ®B97x-
D and wB97x functionals with the 6-31++G(d,p) basis set (Gaussian09).
The SAPTO and sSAPTO[?3] (i.e., modified SAPTO method with empirically
scaled exchange terms evaluated in S approximation) calculations were
performed in the Psi4 codel?*! with the aug-cc-pVDZ basis set, on the pre-
viously optimized geometries.

© 2020 Wiley-VCH GmbH
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Figure 4. Stretching of neutral CORs and neutral CORs/PERs fibers. a—d) The distance between the two fiber ends under a stretching force of F =200
pN: a) in bulk water, b) with a big water droplet, c) with a small water droplet, and d) in vacuum. The force is turned off at times when the chain lengths
are seen to drop from their maximum values (marked as off). Coloring scheme: blue—CORs; red—PERs.

The MM interaction energies were calculated by the NAMD energy
plugin, which evaluates Coulombic and Lennard-Jones (LJ) 6-12 poten-
tial energy contributions. The two adjacent flakes in the middle of the
columnar structures (Figure S4a,d,g, Supporting Information) were se-
lected as the interacting CORs, PERs, and CORs/PERs dimers. The MM
energies were averaged over the last 2 ns (50 frames). The parame-
ters in the potentials were taken from the CHARMM general force field
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with charges calculated as in Figure 1. The dielectric constant was set
to 1.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 5. a,b)Stretching of neutral COR and COR/PER nanofibers in bulk water: The lengths of nanofibers under stretching forces of F = 100 pN (a)
and 200 pN (b). ¢,d) Three replicas stretched separately with a force of 85 pN: c) neutral CORs, d) neutral CORs/PERs.
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