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Deceased.

raphene possesses unique

mechanical’ ~© and

electronic’ 372" properties. Re-
cently, a near-complete exfoliation of bulk
amounts of graphite into single functional-
ized graphene sheets has been demon-
strated by two complementary
methods.?? 2 In both methods, the first
and a common step is the oxidation of
graphite to graphite oxide.?”?® In one pro-
cess, graphite oxide is expanded and re-
duced thermally?*232° to yield single func-
tionalized graphene sheets (FGSs). In the
other, graphite oxide is split into single
graphene oxide sheets by ultrasonication
and then reduced chemically.?*~2° In both
cases, the resultant materials are different
than perfect graphene sheets due to the re-
tention of some of the graphene oxide char-
acteristics and the presence of defects.
However, nanocomposites based on these
materials have become viable and offer the
great promise of translating some of the
unique properties of graphene into engi-
neering materials.>?>3°~3% |n contrast to
the traditional composites based on car-
bon, these nanocomposites provide dra-
matically improved thermal, mechanical,
and electrical properties at very low load-
ings of the nanofiller component.?>3° We
are interested in understanding and im-
proving the mechanical properties of these
composites. These mechanical properties
depend on (i) the dispersion of the nano-
filler in the polymer matrix, (ii) the mechan-
ical properties of the matrix—filler inter-
face, and (iii) the mechanical properties of
the filler itself. In particular, our interest here
is on understanding the role of the defect
structure of FGS on its bending characteris-
tics as the bending characteristics play an
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ABSTRACT We probe the bending characteristics of functionalized graphene sheets with the tip of an atomic

force microscope. Individual sheets are transformed from a flat into a folded configuration. Sheets can be reversibly

folded and unfolded multiple times, and the folding always occurs at the same location. This observation suggests

that the folding and bending behavior of the sheets is dominated by pre-existing kink (or even fault) lines

consisting of defects and/or functional groups.
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important role in the low strain regime of
the composites. The load transfer from a
matrix to the reinforcement filler at low
strains will be dominated by the bending
behavior of the filler rather than its in-plane
modulus before the graphene sheets are
fully flattened.

The FGSs are significantly different from
pristine graphene, as they bear epoxy, hy-
droxyl, and carboxyl side groups attached
to the graphitic backbone,® and lattice de-
fects that are generated during the thermal
reduction step.2>?%?° During the thermal
exfoliation and reduction of graphite oxide,
the material is strongly reduced, leaving
the final C/O ratio at about 12/1—22/1.
Since most of the material escaping at this
stage is CO,, we conclude that the carbon
backbone acquires defects.>>?32° The
sheets typically are of several hundred
nanometers in diameter and feature linear
wrinkles and a higher surface roughness
than pristine graphene due to the presence
of functional groups and defects.?? For
high-resolution structural characterization
of the sheets by atomic force microscope
(AFM), we apply tapping mode where lat-
eral forces exerted by the tip are negligible
so that the sheets remain unaltered. A typi-
cal tapping-mode AFM image of several
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shows 2 X 2 unit cells in planar view. In order to com-
ply with the periodic boundary conditions, any overall
curvature of the sheet needs to be avoided. Therefore,
the two defects, “1” and “2”, have been introduced into
the unit cell with opposite orientations, such that one
defect compensates for the curvature of the other. The
curvature induced by the two defects can be seen in the
side view (Figure 2b): the sheet has significant local cur-
vature along the lines of subsequent 5—8—5 defects
(colored in light cyan and light yellow, in the direction
of the green unit vector). We suggest such defect lines
as one possible origin of the observed wrinkles in FGSs.
In this work, we use AFM to study and manipulate these
wrinkled sheets experimentally in order to understand
the role of the defect lines on the bending properties of
the sheets. Our results are complemented by computa-
tional modeling on the mechanical behavior of kinked
sheets.

RESULTS AND DISCUSSION
In the following sections, we first present our AFM
observations on the flexural conformation of the FGSs

30 nm

Figure 1. AFM imaging of functionalized graphene sheets.
Tapping-mode image showing the wrinkled structure of many of
the sheets.

FGSs located on top of a substrate of highly oriented
pyrolytic graphite (HOPG) is shown in Figure 1.

We have demonstrated earlier that fault lines con-
taining functional groups or defects can lead to kinks
in the sheets.?>3¢ One important type of defect in
graphene is the 5—8—5 defect, which has lower en-
ergy on the curved graphitic surfaces®” and thus can
give rise to curvature in graphene.?? This curvature be-
comes evident when the equilibrium structures of the
sheets containing such defects are determined compu-
tationally. The example shown in Figure 2 was deter-
mined using periodic boundary conditions. Figure 2a
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Figure 2. Pattern of 5—8—5 defects in graphene organized
in linear fashion. (a) Top view of 2 X 2 unit cells with two de-
fects, each. (b) Side view shows that the two defect lines in-
troduce kinks in the sheet. The defects are organized such
that the bending of defects “1” (light cyan) is compensated
by the bending of defects “2” (light yellow), so that a flat
sheetresults.
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and show that in many cases bending occurs at the
same site. We then provide a theoretical approach
based on first-principle calculations that supports some
of our experimental findings.

Manipulation of FGSs by AFM. The lateral forces exerted
by the tip on the sample in contact-mode AFM imag-
ing are substantial. In our experiments, we use a set
point corresponding to a vertical force of 1 nN, which
resulted in lateral forces on the order of 50 nN mea-
sured by monitoring the cantilever torsion. These forces
are capable of inducing structural modifications in the
imaged samples, which lead to sudden changes in the
observed topography and the cantilever force signals
during imaging. As previously demonstrated for carbon
nanotubes (CNT),?®3° we analyze these signals to re-
construct the manipulation events and to study the me-
chanical characteristics of the FGS on the sample sur-
face. The two most common types of such tip-induced
manipulation are moving (Figure 3a) and folding (Fig-
ure 3b). For the correct interpretation of these images,
we recall the sequential nature of AFM imaging: the
horizontal scan lines not only represent different posi-
tions of the sample but also different times during the
scanning process. If the sheet location or conformation
changes during image acquisition, all lines acquired be-
fore the event reflect the old constellation, and all lines
acquired after this event show the new state. We thus
recognize such manipulation events as sudden changes
between two subsequent horizontal scan lines. In Fig-
ure 3a, the white arrow points to the area where the
AFM tip first contacts the sheet. After imaging the sheet
for a few scan lines, a discontinuity occurs, indicated
by a green arrow. After the discontinuity, the left and
right edges of the sheet are shifted toward the right, in-
dicating that the sheet was moved on the surface. In
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Figure 3. FGS modification through AFM. (a) Image of a sheet that was
moved by the AFM probe in one contact-mode scan several times (mov-
ing events highlighted by green arrows). (b) During a contact-mode
scan, the sheet got folded by the AFM probe (position indicated by
green arrow). Yellow and red arrows: fast and slow scanning directions,

respectively.

the remainder of the image, there are five more such
events where the sheet is moved to the left and finally
out of the scanning area without being completely im-
aged. Note that the substrate itself stays in place, as the
vertical dark blue line in the right half of the image—
representing a step in the HOPG substrate—is continu-
ous. A folding event of an FGS is shown in Figure 3b.
In contrast to Figure 3a, only a small part at the top right
(indicated by the green arrow) of the sheet is actually
moved to the right. The right edge of the same sheet re-
mains continuous in the lines where the event occurs,
proving that the sheet is not moved on the surface.

Determining the FGS Conformation. Figure 4 shows a se-
quence of four contact-mode AFM images of exactly
the same sample area, featuring one and the same FGS
at different stages of folding. In Figure 4a, the sheet is
almost completely flat; panels b—d in Figure 4 depict
the progressing folding process. The white, dashed
line—the footprint of (a) manually overlaid in panels
(a) to (d)—shows how the sheet area becomes more
and more reduced in the left and right corners. Next to
the “missing” areas, the sheets feature an increased to-
pography. The fact that the missing areas and these ar-
eas with increased topography behave like mirror im-
ages further supports our claim that we have folded the
sheet, as illustrated in Figure 4e. Two folding events at
the left sheet edge are visible in Figure 4b,c, each high-
lighted by a green arrow.

Quantitative analysis of the topography data con-
firms this scenario. Figure 5a shows a topography cross-
section following the yellow, dotted line in Figure 4d.
The cross-section leads across the two folded areas,
highlighted in purple and wine. These areas are higher
due to the second, folded layer of FGS. In the center of
the curve, where only one layer is present, the average
height is 1.44 nm, within the expected range for an in-
dividual FGS.>*> The way we picture the folded areas is
shown in Figure 5b. The second layer folded on top (or-
ange) is assumed to be as flat as the first layer that is
in contact with the substrate. The actual bending oc-
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curs in a limited area (blue) that includes
the highest part of the cross-section. The to-
tal bending angle in the blue area is about
180°. Further away from the bending area,
the top layer touches the first layer (green).
The peak heights in the measured cross-
sections close to the left and right edges of
the folded areas are 4 and 5 nm,
respectively—more than twice as much as
the height of the unfolded first layer. This in-
dicates that there is a small gap between
the upper and the lower layers of the sheet
close to the bending area due to the flexural
rigidity of the sheet, as suggested in Figure
5b). To calculate the radius of curvature r of
the graphitic backbone of the folded sheets
in the bending area, we have to consider that
the sheet thickness of ~1.5 nm also contributes to the
measured height of the folded sheets of ~4.5 nm. Con-
sidering this correction, we find r = (4.5 nm — 1.5 nm)/2
=15 nm.

«— —AFMtip

’
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4 Graphene sheet

Substrate

Figure 4. Folding a functionalized graphene sheet by contact-

mode AFM. (a) The sheet is in almost completely flat conforma-
tion. (b) The top right and bottom left edges are partially folded

by the AFM probe. (c) Folding progresses. (d) The folded sheet

reaches a stable conformation. The hatched area was not part of
the actual scan but added later to make comparison with (a)—(c)

easier. The green arrows in (b) and (c) indicate lines in which
folding events occurred. (e) lllustration of the folding process:
(1) the tip first lifts a part of the sheet (green) off the substrate
(gray). (2) The sheet is bent until it touches itself (3).
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Figure 5. Topology of a folded sheet: (a) Cross-section through the sheet
shown in Figure 4d (vertical scale about 20 times magnified with re-
spect to the horizontal scale). (b) Division of folded sheet into zones.
(c) Measured sections across edges of folded sheet (purple and wine
lines, from (a)) shown on top of the idealized, folded sheet from (b) (in
background faint colors) at a 10-fold magnified vertical scale. Black dot-
ted line: simulated AFM cross-section of the sheet in background, con-
sidering the shape of the AFM probe.

In Figure 5¢, the folded model sheet of Figure 5b is
displayed with a 10-fold magnified vertical scale (in
faint colors in the background) to facilitate a compari-
son with the AFM data (overlaid in purple and bur-
gundy). The solid, orange line would be obtained as
cross-section if this model sheet were imaged with an
infinitely sharp, perfect AFM probe. The dotted, black
curve is the simulated topography®° of the model sheet
taking into account an AFM tip with a 20 nm radius of
curvature. This simulated curve is in very good agree-
ment with the overlaid topography data measured at
the two folded areas. For future studies, it would be in-
teresting to vary the force set point to test whether
changing the applied vertical force has an effect on

0.0 nm [ 58 10 nm

Figure 6. Multiple folding. “Rightward” (a) and “leftward” (b) images
of the same contact-mode scan showing systematic differences (high-
lighted area in circles) due to folding and unfolding of the sheet in ev-
ery scan line.
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the number of folding events and on the obtained fold-
ing geometries.

In our picture of the folded FGSs, attractive van der
Waals (vdW) forces between the first and the second
layer of the folded sheet counter the restoring forces
of the bending area. When these attractive forces are
stronger than the restoring forces due to bending, the
sheet stays in a folded conformation, akin to the col-
lapse of a CNT.*"*? For collapsed CNTs, it was shown
that a quantitative analysis of the balance between
these forces can be carried out.*’*> We set out to per-
form a similar calculation for FGS. If the attractive forces
are known, we can, in principle, estimate the flexural ri-
gidity of FGS. We calculated the attractive forces based
on the measured topography of folded sheets. From
the measured height of folded sheets as a function of
position, we estimated the local separation between
the folded layers. The total attractive force between the
two opposing layers of a folded sheet was then calcu-
lated adding up the contributions of all pairs of points
in the two layers. Our calculations, however, yielded too
large error bars to make meaningful statements about
the bending stiffness of FGS. Most likely, this is due to
the lack of information on the atomic-scale structure of
FGS. The separations between the atoms in the two lay-
ers, which influence the van der Waals interactions
very critically, can thus not be determined with good
enough accuracy. More details on our methods and re-
sults are summarized in the Supporting Information.

Multiple, Reversible Folding. Not in all cases the tip-
induced folding of FGS resulted in a stable conforma-
tion of the FGSs. For several FGSs, we have evidence
that they were folded back and forth by the AFM probe
many times along the same bending lines. To demon-
strate this, we compare the “rightward” and “leftward”
images of the same AFM scan (Figure 6a,b). The images
are essentially identical, except the area highlighted by
the yellow circle. The rightward image (Figure 6a) has a
smaller footprint than the leftward image (Figure 6b);
the corresponding region is bordered by a white,
dashed line in both images. On the area to the right of
the missing footprint, the topography is higher than in
the corresponding area in Figure 6b, suggesting that
Figure 6a shows a folded version of the sheet in Figure
6b. Interestingly, both images were taken virtually at
the same time: Figure 6a is composed of scan lines
where the probe was scanned from left to right; Figure
6b shows the data acquired in the scan lines where the
tip returned to the left. In the area inside the yellow
circle, the sheet conformation was hence changed in
every single scan line: when the tip was moved from left
to right, the edge appeared folded and on the way
back unfolded. In other words, depending on the scan-
ning direction, the sheet is either found in state “3” or
“1" of the folding process described in Figure 4e, and
this folding line was in the same place during all mea-
surements. This observation allows two different pos-
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sible scenarios: (i) unstable folding, and (ii) reversible
folding. In both cases, the sheet is folded (1—3) during
the rightward tip motion. Either the sheet immediately
flips back once the tip leaves and stops holding it in po-
sition 3 (“unstable folding”, (i)) or the sheet first stays
in position 3 but is transferred back 3—1 when the tip
crosses it in reverse direction (“reversible folding”, (ii)).
An immediate question then is why is the folding occur-
ring always at the same line? In the section below, we
relate the folding sites to the presence of defect lines.

Modeling of the Mechanical Properties of FGS. The mechan-
ical properties of the individual sheets are expected to
differ from pristine graphene due to (i) the addition of
functional surface groups, (ii) the creation of defects
during the reduction process, and (iii) resulting topo-
logical modifications of the FGSs, such as wrinkling and
buckling. To investigate issues (i) and (i) rigorously, it
would be pivotal to know the atomic-scale structure of
the FGS. This information is not yet available. However,
we can make some general considerations. Adding
functional groups to the graphitic backbone alone
should not dramatically change the mechanical proper-
ties at the atomic level since the strength of most cova-
lent bonds is relatively similar.*® Similarly, it has been
shown that defects in CNTs, while having a significant
impact on the ultimate strength, do not have a substan-
tial influence on the stiffness at small defect concentra-
tions.** The mechanical loading we induce in FGS in
this work with the AFM tip is moderate; we do not ob-
serve failure of the material. In this regime, the mechan-
ical behavior of the material is determined by its stiff-
ness rather than by its strength. Consequently, we do
not expect a dramatic influence on the mechanical
properties of the FGSs coming directly from (i) func-
tional groups or (ii) defects. Instead, we focus on (jii)
the effects of wrinkling on the mechanical properties
of graphene sheets as discussed below.

In the folding of FGSs that we observe experimen-
tally, there is a balance between the mechanical restor-
ing forces and the vdW interactions. While the former
can be described with high accuracy using the density
functional theory (DFT), vdW interactions cannot be
treated using the same approach. To study the bend-
ing energetics of kinked graphene, we closed kinked
pieces of graphene to tubes. This way, no vdW forces
are necessary to counter the mechanical restoring
forces of the bent sheets. Also, the number of atoms in
this configuration is relatively small so that DFT calcula-
tions can be carried out. The calculations were done us-
ing a (20,20) CNT precursor (80 carbon atoms in the
unit cell) that was repeated infinitely along the tube
axis (periodic boundary conditions). The radius of curva-
ture of a (20,20) CNT is about 1.2 nm, similar to the cur-
vature we observe in the geometries of the folded
sheets. A segment with five repeat units is shown in Fig-
ure 7a. We introduced two kink lines parallel to the
tube axis. Rather than selecting a certain chemistry or
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Figure 7. Bending of graphene with a pre-existing fault line. (a) Five re-
peat units of an 80 atom, pristine CNT unit cell (no kink). (b) Calculated
cross-section through a tube with two 90° kinks introduced. (c) Side view,
showing the repeated structure. (d) Side view of a folded sheet equivalent
to the scenario shown in (b). (e) Energy of the tube as a function of posi-
tion of the kink lines with respect to the corresponding flat, relaxed struc-
ture.

molecular structure for the kinks—such as the 5-8—5
defects we suggested to be responsible for the
wrinkles—we simply forced two bond angles in the
ring to be 90° (the choice of 90° is arbitrary). This proce-
dure avoids the introduction of any chemistry-specific
behavior. Also, the unit cell is kept relatively small, re-
ducing the computation time. An example is shown in
Figure 7b,c (cross-section and five repeat units, respec-
tively); the atoms with kinked bonds are colored red. As
far as the flexural strain is concerned, one-half of the
tube with two kinks in Figure 7b is equivalent to a
kinked sheet with one kink as illustrated in Figure 7d.
We performed a series of calculations in which one kink
was kept in the same place, while the relative position
of the second kink in the ring was varied between at-
oms 4 and 76 (position numbers indicated in Figure 7b).
The strain energies of these structures were deter-
mined by calculating their total energy and subtract-
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Figure 8. Adsorption and folding of wrinkled sheets. Depending on the ori-
entation of a sheet on the surface, a wrinkle can either adsorb with the sharp
(a) or the blunt (b) side on the surface. (c) Simulation of a sheet facing the
substrate with the sharp side. The atoms highlighted by blue arrows were
constrained to the substrate plane.

ing the energy of the corresponding unbent struc-
tures. The results are compared to the strain energy of
the perfect CNT with the same number of atoms (Figure
7a). The results are plotted as a function of the kink po-
sition in Figure 7e. All strain energies are significantly
lower than the strain energy of a pristine CNT (shown
in green), demonstrating that the existing fault lines
should facilitate bending or folding of such sheets at a
lower energy cost, supporting the experimental obser-
vations presented above. The strain energy is maximal
when the defect lines are positioned close to one of the
two extreme positions 0 and 80; the energy reaches a
minimum for the symmetrical center position 40. A se-
lection of the corresponding equilibrium structures is
superimposed on the plot. The most energetically fa-
vorable folded configuration is achieved when the kinks
are located symmetrically at the apexes (position 40 in
Figure 7b). Accordingly, we can conclude that folding a
sheet with a pre-existing kink is energetically favorable
over folding a perfectly flat sheet. Moreover, the lowest
energy of such folding will be achieved when the kink
is exactly in the middle of the folding line. Thus, our cal-
culations show that existing kink lines in an FGS will fa-
cilitate folding. This can explain our experimental obser-
vation that some sheets can be folded back and forth
exactly at the same position, several times. Thus, we
suggest that there are existing defect lines that are lo-
cated at these preferred folding sites. According to our
previous studies, such defect lines may be caused by
the formation of 5—8—5 defects produced from the re-
duction of epoxide lines.?*3¢

Interactions of FGS with the Substrate. Our conclusion
that the folding occurs along pre-existing kink lines is
deduced indirectly, based on the mechanical behavior
of the sheets. It may seem surprising that our AFM data
do not show any evidence of such defect lines prior to
folding. In the following, we show that the fault lines

ASNJAN() voL.2 = NO.12 = SCHNIEPP ET AL

having the proper orientation for folding are systemati-
cally not visible in our data.

For our AFM investigations, the sheets need to be
supported by a substrate. When the sheets adsorb on
the substrate from the dispersion during sample prepa-
ration, each kink in the sheets faces the substrate ei-
ther with the sharp or with the blunt side, as indicated
in Figure 8a,b, respectively. However, only in the former
configuration of the fault line can the sheet be folded
into a low-energy configuration corresponding to Fig-
ure 7d,e. In the latter configuration, this is impossible
due to the presence of the substrate. While the kinks in
the former configuration (Figure 8a) give rise to nega-
tive topographic features (“dips”), the latter scenario
(Figure 8b) induces a positive topographic feature
(“bump”). In our experimental evidence consisting of
hundreds of AFM images similar to Figure 1, we see a
myriad of examples for the latter scenario, but not a
single case exhibiting a topography corresponding to
the former. Thus, the kinks that are in the orientation
that can be folded by the AFM tip into a low-energy
state (Figure 8a) are all invisible in our AFM images,
whereas the visible wrinkles all correspond to configu-
ration shown in Figure 8b, which cannot be folded.

We performed further numerical simulations to sup-
port this explanation more quantitatively. Since the
substrate—sheet vdW attractions could not easily be in-
cluded into our DFT calculations, we mimicked them
by taking a kinked sheet and forcing certain atoms to
be in contact with the substrate using external con-
straints (atoms highlighted by the blue arrows in Fig-
ure 8c). Our results confirm that the sheet only features
a minimal topography modulation of a couple of ang-
stroms under these conditions (Figure 8c depicts the re-
sulting relaxed structure). This is not enough contrast
to be easily visualized by AFM on the rough sheets. Fu-
ture experiments with higher resolution imaging (for in-
stance using scanning tunneling microscopy) may pro-
vide further clarification.

CONCLUSIONS

By performing in-depth analysis of the AFM data,
we have shown evidence for tip-induced conforma-
tional changes of the functionalized graphene sheets.
We have demonstrated transformation of sheets into
folded states, which are stable, most likely through at-
tractive vdW forces. In some cases, we see that sheets
fold back and forth at exactly the same position mul-
tiple times. This suggests that the sheets have certain
areas at which folding is more favorable than in others.
We suggest that the wrinkles present in the FGSs may
pose such preferred bending sites. Using DFT-based cal-
culations, we support this idea and demonstrate that
folding of sheets with pre-existing kink lines is energeti-
cally favored over folding of unwrinkled sheets. More-
over, in the folded conformation with the lowest
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energy, the kink line is located in the apex of the
wrinkle. This is in agreement with our experimental ob-

METHODS

Sample Preparation. For sample preparation, 5.5 mg of FGSs
(production described in ref 22 and Supporting Information
thereof) and 3.0 mL of 1-methyl-2-pyrrolidinone (NMP) were
placed in an 8 mL scintillation vial containing a magnetic stir
bar. The vial was immersed in an ice bath, while the suspension
was ultrasonicated (VirSonic 100, The Virtis Co., Gardiner, NY)
with an output power of 12 W for 5 min under continuous stir-
ring. After allowing the suspension to sit at room temperature for
1 h, an aliquot (0.5 mL) was taken and added to a 1.5 mL flex
tube for centrifugation. The samples were centrifuged for nine
cycles at 10 000 RPM for 5 min each. The sedimented material
was discarded after each cycle, finally yielding a light-brown sus-
pension. The suspension was spin-coated at 5 000 RPM onto
freshly cleaved HOPG substrates.

Atomic Force Microscopy. The samples were examined using a
MultiMode/NanoScope llla AFM (Veeco Metrology LLC, Santa
Barbara, CA) in contact and tapping modes. For contact mode,
Veeco NP-S type tips were used (oxide-sharpened and gold-
coated silicon nitride cantilevers with nominal force constant k
= 0.32 N/m and radius of curvature r = 20 nm). For tapping
mode, Veeco MP 11100 silicon cantilevers were used (resonance
frequency f = 300 kHz, k = 40 N/m, r < 10 nm). The AFM im-
ages were flattened®® to compensate for drifts and piezo creep.
In all images, the slow scanning axis is vertical; the actual direc-
tion of the slow scanning axis—"upward” or “downward"—is in-
dicated by a red arrow with the letter “S” in each image. Corre-
spondingly, the direction of the fast scanning
direction—"leftward” or “rightward"—is indicated by horizontal,
yellow arrows with the letter “F".

Calculations. The calculations in this work were carried out via
an implementation of DFT with Gaussian-type orbitals and peri-
odic boundary conditions (PBC)*® available in Gaussian03.*” We
employed the gradient corrected Perdew, Burke, Ernzerhof
(PBE)*® together with the double-{ quality 3-21G Gaussian basis
set.*® Full geometry optimizations were carried out via a redun-
dant internal coordinate method>° for periodic systems,’ where
the lattice vectors are optimized implicitly via a combination of
intercell bonds, valence angles, and dihedrals. In the cases with
some constrained coordinates, the constraints were specified via
the standard approach provided by the redundant internal coor-
dinate optimization method.>®
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Supporting Information Available: Information on our analysis
of the balance between attractive and restoring forces in the
folded sheets are available. This material is available free of
charge via the Internet at http://pubs.acs.org.
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