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Mechanical failure occurs through a hierarchical process, making it
necessary to understand deformation at all length scales in order
to develop advanced materials with, for example, enhanced
toughness. This study addresses this challenge by demonstrating an
optical imaging technique that detects damage at the nanoscale.
We use single-molecule fluorescence microscopy experiments to
simultaneously determine the position and orientation of single
fluorophores from in-focus widefield images by fitting orientation-
dependent point-spread functions determined by vectorial
diffraction calculations. This capability is combined with switchable
fluorophores in a single-molecule super-resolution microscopy
scheme, enabling reconstruction of fluorophore orientation and
alignment information at the nanoscale. We apply this method to
polymer films deformed by thermal nanoimprint lithography, using
fluorophore orientation mapping to detect areas of deformed
material as small as 20 nm and distinguish them from neighboring,
unperturbed regions. This technique advances the application of
super-resolution microscopy in materials science, and may be
applied to further the study of nanomechanical phenomena.

Mechanical failure in materials occurs over a range of length
scales, down to that of an individual chemical bond.1 The ability
to visualize deformation at correspondingly small scales is
essential to fully understand failure mechanisms. While several
techniques can successfully characterize deformation at
macroscopic length scales, nanoscale detection is still a
significant challenge. For example, fluorescence techniques
have a long history in the study of mechanical failureZ and have
been used for nearly a century in crack detection.3 More recent
work has relied on mechanochromic strategies, i.e., the
introduction of fluorophores that detect deformation by
switching into a bright state in response to strain.47 This
approach has led to significant advances in the past few years,
providing insight into material behavior around crack tips, and
suggesting design approaches that maximize strength and
toughness.8 However, the spatial resolution of fluorescence
methods is typically limited by optical diffraction, preventing
access to the nanometer length scale where mechanical failure
begins. Other nanoscale techniques such as atomic force
microscopy (AFM) or scanning/transmission electron
microscopy (S/TEM) can visualize damage after the fact, but the
evidence is typically indirect through imaging of nanostructural
changes such as crazing fibrils. The sensitivity of polymeric
materials to the electron beam presents additional challenges.

Conceptual Insight Statement

We demonstrate the detection of mechanical deformation
in regions as small as 20 nm, using single-molecule super-
resolution optical microscopy, through simultaneous
measurement of fluorophore orientation and location. We
apply this method to polymer films deformed by thermal
nanoimprint lithography.

Current techniques for determining mechanical
deformation have spatial resolution limited by optical
diffraction (optical mechanochromism, birefringence, etc.)
or use indirect methods of surveying damage post mortem
(SEM, AFM, etc.). Our approach can non-invasively and
directly detect nanoscale deformation using far-field
optics. Detection of single-molecule orientation has been
previously shown, but its combination with super-
resolution microscopy for nanoscale orientation mapping
has not been explored to our knowledge. The application
to detecting damage in materials science is novel, and a
large advance over existing research.

Detecting nanoscale deformation will significantly
improve our understanding of macroscopic mechanical
failure processes, which are the endpoint of hierarchical
cascades that begin at the nanoscale. Scientists can use this
information to design tough materials that delay the onset
of mechanical failure. Additionally, while single-molecule
super-resolution microscopy has had significant impact in
the biological community, it is only now gaining a foothold
in materials science. This study will further promote
application of this technique to materials.

A method for directly detecting nanoscale deformation
would greatly advance the understanding of mechanical failure
and the development of strategies to mitigate it.

In this study, we demonstrate how single-molecule super-
resolution microscopy can detect deformation by determining
the position and orientation of single fluorophores:
orientational alignment induced by mechanical strain can thus
be mapped throughout a sample at the nanoscale. By
circumventing the diffraction limit through a photoactivated
localization microscopy (PALM) strategy, this technique can
pinpoint regions of deformed material as small as 20 nm and
resolve them from neighboring unperturbed areas.

Within the past decade, single-molecule super-resolution
microscopy has become a standard technique for nanoscale
structural characterization in the biological realm,*-14 and is
now transitioning into other applications such as materials
science.15-24 While many localization microscopy experiments
fit single-emitter images to a 2D Gaussian to determine
fluorophore position, more complex schemes, often requiring
additional optics can encode further information such as
orientation,25-27 3D position,28-30 or emission spectra.31.32 |n this
work, we fit the far-field radiation patterns of rotationally-fixed,
in-focus fluorophores with vectorial diffraction calculations to
determine single-molecule orientations without the need for
additional optics. We then show that regions of relatively high
fluorophore alignment correspond to regions that experienced
mechanical strain, demonstrating that our technique can detect
nanoscale deformation.
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Figure 1. a) A rhodamine B spiroamide molecule undergoes a ring-opening
isomerization upon UV exposure from a non-fluorescent state to a bright
fluorescent isomer, enabling PALM imaging. The transition dipole moment is
parallel to the xanthene ring system, as shown. b) When arigid mold is heated
and pressed into a PMMA resist layer in a thermal nanoimprint lithography
process, the polymer experiences mechanical deformation and flow (red
arrows in schematic). The mold was designed with periodic square
protrusions (pitch of 200 nm, side of 140 nm, feature height of 60 nm), which
form square wells in the PMMA layer (initial thickness of 40 nm) after
nanoimprinting. c) Since the PMMA was doped with fluorophores before the
fabrication process, single-molecule super-resolution microscopy reveals the
thinned PMMA areas as squares that are sparsely-populated by fluorophores.
d) Electron beam lithography is used to pattern 1:1 lines and spaces of 100
nm and 40 nm pitch in a 40 nm thick PMMA film. Mechanical deformation
should be minimal in this process. e) Super-resolution microscopy (upper) is
able to resolve these features, and comparison with scanning electron
micrographs (lower) can establish resolution limits. The magnification is the
same as in (c).

The effect of fluorophore orientation on far-field images has
been widely explored in single-molecule experiments. A
molecule’s transition dipole moment vector causes anisotropic
absorption/emission, which can be probed through
illumination/detection dichroism33 or photon collection and
imaging. In many materials applications the mobility of
fluorophores is minimal at typical experimental frame rates of
milliseconds to seconds, so orientations can be considered

fixed. The in-focus or close-to-focus images of fixed single
fluorophores can be non-centrosymmetric, resulting in
orientation-dependent localization inaccuracies of > 50 nm in
some cases, if simple Gaussians are fit to the true PSFs.3435
More sophisticated analysis schemes enable orientations of
single fluorophores to be determined and used as a reporter of
local material behavior. For example, fluorophores can align
with polymer chains and thus probe relaxation dynamics,36 At
the single-molecule level, fluorescence polarization
measurements can reveal the motion of single biomolecules,3?
or the macroscopic mechanical deformation of a polymer
melt.38 Direct analysis of individual widefield images,2¢ or
through various schemes including defocused imaging or
additional optics,273° can simultaneously determine the
position and orientation of single fluorophores. However, we
are unaware of any previous attempts to couple fluorophore
orientation using PSF fitting with a switchable fluorophore in a
PALM-type experiment. Such a scheme would generate super-
resolved images, while simultaneously revealing the local
nanoscale fluorophore orientation distribution.

Figure 2. a) Images of point-spread functions (PSFs) calculated using a full
vectorial diffraction model for a dipole emitter of A = 580 nm in a dielectric
medium of n = 1.5, imaged using an NA = 1.45 objective. From top to bottom,
polar angles are 90° (perpendicular to optical axis), 60°, 30°, and 0°. Each
emitter has an azimuthal angle of 45° between the vertical and horizontal
axes. Dipole orientations are indicated by the double-headed red arrows. The
length of one side of each image is 600 nm. b) Image of single fluorophores
from a typical experiment. By fitting the PSF model to the images, we
assigned dipole orientations (red arrows) as shown for the 5 representative
molecules.

We demonstrate such a capability by determining the areas
of mechanical deformation in a polymer film patterned by
thermal nanoimprint lithography (Fig. 1).#° We expected that
the deformations from the imprint process would appear as
locally-nonuniform fluorophore orientation distributions.4l A
rigid mold with periodic square protrusions of 200 nm pitch and
equal protruding and non-protruding area was heated and
pressed into a poly(methyl methacrylate) (PMMA, 950 kg/mol)
film doped with a photoactivatable rhodamine spiroamide
fluorophore (Fig. 1a), producing square wells (Fig. 1b) that we
imaged using PALM (Fig. 1c). We determined that our system
had sufficient spatial resolution to detect the deformed areas,
by performing control experiments on similar films patterned
by electron-beam lithography (see Supporting Information),
which we do not expect to perturb fluorophore orientations
(Fig. 1d). Line-space patterns were chosen because they can be
easily compared to ground-truth data generated by top-down
SEM. These patterns can be resolved by super-resolution



imaging down to 20 nm half-pitch features (Fig. 1e), but further
analysis was performed to determine the localization
uncertainty of each fluorophore, which defines the ultimate
resolution limit. The average localization uncertainty is
calculated by first producing one-dimensional intensity profiles
by integrating the super-resolution images along the lines. This
generates well-sampled data and largely eliminates errors from
insufficient labelling density, combining >10° localization events
into a single profile. These profiles are then fit to a square wave,
representing the ground-truth structure, convolved with a
Gaussian of variance o2, representing the average localization
uncertainty. Best fits were found at o = 8.2 nm (Fig. Slc),
implying that on average, the location of each individual
fluorophore can be determined to within this value.
Contributions to this localization uncertainty are discussed at
length in the Supporting Information.

We determine fluorophore orientations by fitting model
point-spread functions (PSFs) derived from vectorial diffraction
calculations to the experimental widefield images. The fitting
procedure uses maximum likelihood estimation (MLE) of
fluorophore intensity, x- and y-positions, azimuthal (in-plane, a)
and polar (out-of-plane, 8) angles with respect to the optic axis,
and background intensity. Positions and orientations of each
fluorophore are thus determined. The fluorophores are
physically mixed with PMMA, whose glassy state at room
temperature holds the positions and orientations fixed on the
experimental time scale. The PMMA-dye mixture (n = 1.491) is
deposited on a coverslip (n = 1.515), and then covered with a
drop of glycerol (n = 1.473). This degree of index matching
ensures that the PSFs for all orientations are approximately
centrosymmetric around the true fluorophore position (Fig. 2a),
reducing localization inaccuracies. The polar angle determines
the spatial extent of the PSF, where the most sharply-peaked
pattern occurs when the transition dipole moment is exactly in-
plane. The PSF becomes more spread out as the angle with the
optical axis decreases, and the pattern reaches a rotationally-
symmetric “doughnut” shape when the transition moment
vector points exactly out-of-plane. The azimuthal angle is
encoded as a slight elongation of the PSF, which becomes more
pronounced for orientations that are more in-plane, when the
polar angle approaches 90°. In a typical frame, the positions and
orientations can be assigned for all the observed single
molecules (Fig. 2b).

Agreement between the calculated and the experimentally-
observed PSFs are excellent even for the brightest fluorophores
(Fig. 3a), where shot noise effects are minimized and thus the
shape of the two PSFs are most easily compared. To rigorously
determine if the calculated PSF agrees with the experimentally
observed radiation patterns, we calculated a pixel-by-pixel z-

score, z:(mexp—mca,c)/ m where mey, is the

calc 7

number of experimentally-observed photons and mca is
calculated from the model PSF, which serves as both the mean
and variance of the Poisson-distributed shot noise. The z-scores
of each pixel plotted as an image show little discernable
pattern, suggesting that the model fits with minimal systematic
error. Fits to a series of images of a persistent, bright
fluorophore enable direct measurement of the precision of the
determined positions and orientations, in comparison to the
calculated Cramer-Rao lower bound (CRLB) derived from the
MLE analysis (Fig. 3b). The standard deviation of the difference
in x-positions between successive frames comes within 2% of

the CRLB, while the azimuthal and polar angle precisions are
38% and 19% larger than the respective CRLB values. The
calculated PSFs are thus a good approximation to the single-
molecule images, and enable orientations to be determined
with precisions consistent with the CRLB.

In addition to the precision of determining fluorophore
orientation, it is also necessary to verify the accuracy of our PSF
fitting scheme.#243 This is not straightforward, because ground
truth measurements of known molecular orientation are
difficult. We make progress here for azimuthal orientation since

the transition dipole moments ﬁ for absorption and emission
are parallel, because the fluorophores are spatially fixed on

experimental time scales. Since the probability of absorption is

Pbs OC([J-E)Z, where

a E is the electric field vector of the

incident radiation, this means that a fluorophore oriented
approximately parallel to the y-axis should absorb more light,
and thus appear brighter, when illuminated with y-polarized
light compared to x-polarized light, and vice versa. The ratio in
apparent brightness of a fluorophore under y- versus x-
polarized illumination should be tan2a, where a is the azimuthal
angle of the dipole moment with respect to the +x axis. The high
numerical aperture objective in this experiment does not
substantially alter the polarization because we illuminate the
field of view with collimated light in a widefield
configuration.444> Repeated switching of the incident
polarization on persistently fluorescent molecules enables
comparison of the a determined from PSF fitting with the
observed brightness ratio for the two incident polarizations (Fig.
3c). This procedure for verifying accuracy is not well-suited for
systematic study, as most molecules are only fluorescent for a
few frames, and molecules may also spontaneously switch into
brighter or darker states during the measurement. However,
the brightness ratios are consistent with PSF fitting results for
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Figure 3. a) An experimentally-acquired single-molecule image (left) was fit by MLE
to determine a total photon count of 4.1x104, azimuthal angle of 16° counter-
clockwise from the +y axis, and polar angle of 58° from the optical axis. A simulated
PSF (middle) with the same parameters is also shown. The image is 29 x 29 pixels,
with a measured pixel size of 32.2 nm. A z-test statistic was calculated for each
pixel (right), as discussed in the main text. b) Histograms of 50 repeated
measurements of the fluorophore shown in (a) of the difference in x-positions
between successive frames, the azimuthal angle, and the polar angle. The standard
deviations of these measurements were 0.72 nm, 1.6°, and 0.50° respectively. Also
shown are expected Gaussian distributions based on root-mean-squared CRLBs
derived from the MLE fits, which were 0.71 nm, 1.2°, and 0.42°. Each frame had a
similar photon count and was acquired every 0.5 s. c) Fluorophores are alternately
illuminated with x- (green) and y-polarized (blue) light. The fluorescence output of
three molecules is plotted vs. time, and their corresponding images are shown
(right). This brightness changes depending on the alignment between the
transition dipole and the incident electric field. Azimuthal angles relative to the +x
axis determined by PSF fitting are 105°, 25.6°, and 101° for the three molecules
from top to bottom, as illustrated by the red arrows. Horizontal dotted lines

(aE)

.160 B oc[;: E)

(violet) indicate the expected brightnesses proportional to

several randomly chosen molecules, providing evidence that
our azimuthal orientation estimates from PSF fitting are both
precise and accurate.

Because our method uses in-focus images to determine
orientation, the signal from each fluorophore is spread over a
minimal diffraction-limited number of pixels. Combination with
well-established single-molecule super-resolution strategies,
where many switchable fluorophores are in their bright states
in a single camera frame, is thus straightforward. The small
spatial extent of each molecule’s PSF minimizes overlap
between images from nearby emitters, and the position and
orientation of each molecule can be simultaneously
determined. In the super-resolution image of the polymer film
deformed by nanoimprint lithography (Fig. 1b), each
localization event is thus assigned an azimuthal orientation
determined by PSF fitting. The resulting information can be
combined into a spatial map of fluorophore orientation and
alignment throughout the nanostructure. For most PALM
experiments, which only use fluorophore positions, an image is
rendered by representing each localization event as a Gaussian
whose o is the CRLB localization precision, and the final image
is the sum of all events. For the experiments described here,
orientation distributions can be plotted analogously. Events are
represented in the angular domain as von Mises distributions
centered at the determined azimuthal angle, with a dispersion
parameter k related to the angular CRLB precision gange by the

equation |1(K‘)/ |0(K')= 2

Bessel function of the first kind, of order n.

To explore orientation distributions at various positions
within the nanoimprinted square wells (Fig. 1b), we first
combine events from many identical wells from a large field of
view (Fig. S6) into a single unit cell of the array to effectively
increase the labelling density and improve statistics. At every
point within the unit cell, we render an azimuthal orientation
distribution by summing nearby events according to a Gaussian
kernel with o = 15 nm. These distributions determine a two-
dimensional order parameter throughout the well, shown in Fig.
4a. The order parameter is given by,

S =<200$29—1>, (1)

where ¢ is the difference between the local mean angle and
angles within the distribution. The fluorophore orientations are
distributed predominantly uniformly throughout the well as
shown by the low order parameter, but there is a preference for
horizontal alignment along the north wall (+y region). Although
the order parameter is relatively low, we can demonstrate that
the alighment is statistically significant and indeed arises from
the mechanical deformation. The statistical significance is
determined by performing a Rayleigh test for angular
uniformity. The test statistic is given by,

z=nS?, (2)
where n is the number of angles in the distribution, and 2z
follows a x2 distribution with two degrees of freedom when n >
100, which is true in this experiment. Thus, the null hypothesis
that the orientations are uniform is rejected with 95 %
confidence when z > 3.00. Regions of relatively high S near the
center of the well (center of Fig. 4a) have statistically uniform
orientations since there are fewer localization events (small n)
because the film is thinner. The alignment is significant only
along the north wall (Fig. 4b), and further demonstrated by the
orientation distributions from three selected locations (Fig. 4c).

Jangle . epe
, Where [, is a modified
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Figure 4. a) The distribution of fluorophore orientations across a nanoimprinted square well, as shown in the inset schematic. Information from fluorophore
positions and orientations was combined from 1300 wells identical to the ones shown in Fig. 1c. The result is a single unit cell with an effective labelling density
of = 1 to 4 fluorophores per nm? (Fig. S7). After applying a smoothing Gaussian kernel with o = 15 nm, azimuthal orientation distributions are determined at
every point within the periodic wells and used to calculate a two-dimensional order parameter (see text). The orientation of the arrows indicates the mean
direction, while the length and thickness of the lines together with the color map indicate the magnitude of the order parameter. The gray dotted box indicates
the position of bottom of the well: inside the box the film is 10 nm thick and outside it is 70 nm thick. b) The corresponding spatial variation of the Rayleigh
test statistic (see text). The statistical significance of the order parameter is tested against a null hypothesis of uniformly distributed orientations. The null
hypothesis is rejected with 95 % confidence when the test statistic is above 3.00. The gray dotted box again denotes the well, as was shown in (a). ¢) The
orientation distributions at the positions indicated by the corresponding triangle, square, and inverted triangle in (a). Consistent with (a) and (b), the

distribution deviates most significantly from random at the north (+y) edge.

We explain this alignment phenomenon by examining the
fabrication process. Previous work has identified residual
stresses from the imprint process throughout the
nanopatterns,*® that presumably manifest in non-equilibrium
conformations of the polymer chains. Although we expected
that these deformations would induce nonuniform fluorophore
orientation throughout the structure, it is likely that the high
temperatures during imprint lead to the rapid orientational
randomization of the fluorophores, which are both significantly
smaller than the polymer chains and not entangled. However,
separation of the rigid mold from the polymer film is performed
at room temperature, which is deep in the glassy regime for
PMMA. Because the separation always requires peeling that is
initiated from one side, the features of the mold are removed
at an angle which induces plastic deformation and damage
along one side of the wells (Fig. 5a). The location of the
alignment phenomenon is always consistent with the peeling
direction. Our proposed mechanism is further supported by
AFM, which shows protruding features at the north (+y) side of
each well, corresponding to the aligned region identified by
super-resolution orientation microscopy (Fig. 5bc). These
features rest on top of unperturbed material, so the orientation
distributions in this region contain aligned fluorophores in the
sheared features in addition to the randomly oriented

fluorophores in the underlying region. This random component
causes the order parameter to never exceed 0.1.

The excellent agreement between the protruding regions
determined by AFM and the regions of high order parameter
determined by optical microscopy suggest that super-resolution
orientation microscopy can detect mechanical deformation at
the nanoscale. The deformed regions are only = 20 nm in width
and thus far below the optical diffraction limit, but are
distinguishable from neighboring undeformed regions at the
east and west sides and bottom of each well that are less than
200 nm away. These undeformed areas provide useful internal
controls to our experiment, as they do not show significant
alignment in the fluorophore orientation distributions. Multiple
tests under these conditions have demonstrated that this
phenomenon is highly reproducible (Fig. S8), while detailed
modeling indicates that it is not an artifact due to the slight
deviations from perfect index matching (Figs. S9 and S10). These
controls confirm that the observed orientational alignment
arises definitively from the mechanical deformation introduced
during the nanofabrication process.

To our knowledge, this is the first demonstration of super-
resolution orientation microscopy to reveal deformation and
damage at the nanoscale. Although this particular deformation
was verified by other techniques, AFM only provided indirect
evidence through the visible structural changes caused by the
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Figure 5. a) The rigid mold is removed from the PMMA film below T by peeling from one side, causing plastic deformation. This results in a damage zone
indicated by green. b) This is confirmed by atomic force microscopy, where the line trace along y (red) shows features protruding 25 nm above the north (+y)
wall of each well. Minimal protrusions are shown in the line trace along x (blue). c) Composite of the AFM image and the Rayleigh test statistic data tiled from
Fig. 4b, where the two representations are superimposed in the middle. The excellent correlation between the protruding regions detected by AFM and the
ordered (bright) regions determined via super-resolution orientation microscopy suggests that fluorophore orientation measurements can clearly identify

nanoscale deformation.

mechanical strain. Super-resolution orientation directly probes
fluorophore alignment which is sensitive to the underlying
molecular structure in the damaged regions. For samples in
which structural changes are less obvious, such as features
buried underneath a surface, or at the initial onset of damage,
our technique offers a significant advantage.

Conclusions

In summary, we perform single-molecule super-resolution
microscopy on in-focus, index-matched polymer films using
normal widefield optics, where fluorophores are spatially fixed
by the surrounding matrix. Each fluorophore image is fit to
calculated point-spread functions that enable simultaneous
determination of molecular position and orientation of the
transition dipole moment. After quantifying the precision and
accuracy of our fits, we apply our technique to films deformed
by nanoimprint lithography, revealing nanoscale regions of
anisotropic orientation distributions that are signatures of
mechanical deformation. This approach may enhance the
already intense interest in the materials community in optical
detection of mechanical processes by enabling access to the
nanoscale, where many of these phenomena originate.4748 As
super-resolution microscopy is applied to problems beyond the
biological space, the use of fluorophore orientation to probe
nanomechanics provides a new tool to study nanostructured
systems for the broader scientific community.

Experimental section

Image fitting and rendering. The positions and orientations of
single fluorophores were determined from their raw images by
maximum likelihood estimation (MLE) using theoretical
orientation-dependent point-spread functions (PSFs). The
custom code was adapted from and combined aspects from

various sources.2649.50 Briefly, segmented images of single
molecules were fit to parameters of intensity, position (x, y),
azimuthal angle (a), polar angle (8), and background. The
theoretical PSFs were calculated on-the-fly after pre-calculating
and storing the various functions and normalization constants
for the isotropic PSF component, orthogonal PSF component,
etc. Expected photon counts were calculated by integrating the
theoretical PSF over the area of each pixel in the segmented
image, and the overall likelihood function based on Poisson
statistics was maximized by Newton’s method. Multiple
emitters in a segmented image were handled by simply
including intensity, position, and orientation parameters for
additional fluorophores in the MLE fit, and the maximum
number of emitters attempted was two. Quality of fit was
determined using a x? test as previously described.>® Emitters
were rejected for various reasons such as insufficient photon
count, positions too close to the edge of segmented image,
failing the x2 test, etc. The final emitter positions were corrected
for lateral drift using fiducial markers, and then rendered as a
normalized 2D Gaussian with a covariance matrix given by the
Cramer-Rao lower bound of the position parameters. Further
details may be found in the Supporting Information.
Nanoimprint lithography. To fabricate the nanoimprint
mold, a hydrogen silsesquioxane solution in methyl isobutyl
ketone was spin-coated on a Piranha-cleaned silicon wafer and
then baked at 100 °C for 5 min, for a final thickness of 60 nm.
Square protrusions of side length 140 nm, regularly spaced at
200 nm pitch, were written onto the wafer as described above,
with an areal dose of 25 mC-cm2. The features were developed
by soaking the wafer in an aqueous solution of sodium
hydroxide at mass fraction 1 % and sodium chloride at mass
fraction 4 % for 4 min,5! and then verified by SEM. Prior to
nanoimprinting, the mold was coated with a non-adhesion layer
by soaking in a solution of 1 % by mass (tridecafluoro-1,1,2,2-
tetrahydrooctyl)dimethylchlorosilane in toluene overnight.



Dye-doped polymer films were prepared by spin-coating a
solution of mass fraction 0.1 % rhod-butyl relative to PMMA
950k in anisole onto Piranha-cleaned No. 1.5 glass coverslips.
The films were baked at 180 °C for 5 min, and the thickness was
40 nm. The features on the mold were transferred to the
polymer film by nanoimprint lithography as follows. The mold
and film were placed in vacuum, compressed together at 2.76
MPa (400 psi), and heated to 80 °C for 6 min. After cooling to
room temperature, they were then separated using a razor
blade in a direction parallel to the features. Since the total
protruding and non-protruding areas of the mold were equal,
the thickness of the side of each well was 70 nm, and the
thickness of the residual layer at the center of each well was 10
nm. The features were examined by atomic force microscopy in
peak force tapping mode. Scans were performed at a 45° angle
to the main features, and the trace and retrace signals were
perfectly superimposable. The same film was then imaged by
single-molecule microscopy (see Supporting Information).
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