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ABSTRACT: We demonstrate that subdiffraction resolution can be achieved in
fluorescence imaging of functional materials with densely packed, endogenous,
electronically coupled chromophores by modifying stimulated emission depletion
(STED) microscopy. This class of chromophores is not generally compatible with
STED imaging due to strong two-photon absorption cross sections. Yet, we achieve 90 nm
resolution and high contrast in images of clusters of conjugated polymer
polyphenylenevinylene-derivative nanoparticles by modulating the excitation intensity in
the material. This newfound capability has the potential to significantly broaden the range
of fluorophores that can be employed in super-resolution fluorescence imaging. Moreover,
solution-processed optoelectronics and photosynthetic or other naturally luminescent
biomaterials exhibit complex energy and charge transport characteristics and luminescence
variations in response to nanoscale heterogeneity in their complex, physical structures. Our
discovery will furthermore transform the current understanding of these materials’
structure−function relationships that have until now made them notoriously challenging
to characterize on their native, subdiffraction scales.

Many complex, naturally luminescent materials possess
nanoscale structural heterogeneity. The effect of this

heterogeneity on their optical properties has been difficult to
determine because of the challenges of imaging naturally
luminescent materials below the optical diffraction limit. In
many cases these materials are composed of organic molecular
chromophores that are packed so densely that they are
electronically coupledtheir Coulomb interactions rediagon-
alize their electronic quantum mechanical states, leading to
optical properties of the resulting material that differ
significantly from those of the individual molecular compo-
nents.1 These properties range from static spectral character-
istics and oscillator strengths to the ultrafast dynamics of charge
carrier or excitation energy transport.2−6 For example, in
printable electronics although the low cost and ease of
manufacture of low-temperature solution-processing are highly
attractive, the resulting drying-mediated kinetically trapped
solid structures must be understood in the context of their local
and macroscopic effects on the functional electronic and optical
properties of these materials.7−13 When the morphology of
these materials is critical to their function, fluorescent labeling,
as is performed in bioimaging, is impractical because it disrupts
the very structure whose effects are meant to be studied.
Furthermore, the luminescence of the endogenous chromo-
phores can swamp that of the dilute labels, and the labels may

also electronically couple to the material, perturbing the
function of both. These challenges exist for organic semi-
conducting solids composed of small π-conjugated molecules
and polymers used in optoelectronic applications, and they are
equally problematic in luminescent biomaterials with endoge-
nous chromophores, as found in photosynthesis,14 circadian
rhythm regulation,15 and other forms of bioluminescence.16 A
common challenge in characterizing heterogeneous, naturally
luminescent materials is that there are no straightforward
means to obtain their optical properties on the characteristic
length scale over which they vary.
Far-field super-resolution fluorescence imaging has become

very prominent, in particular in bioimaging, where molecules of
interest are fluorescently labeled so that their nanoscale
organization can be determined. Whether employing structured
illumination microscopy,17 stochastic photoactivated ap-
proaches,18−21 or stimulated emission depletion (STED)
imaging,22 care is generally taken in selecting the fluorescent
labels used. In particular, in STED microscopy, though some
efforts employ luminescent inorganic nanoparticles,23−27 the
fluorescent labels are typically small and rigid π-conjugated dye
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molecules that are comparatively resistant to photobleaching
and that have been selected based on whether their
photophysical properties are empirically found to be compat-
ible with stimulated emission depletion.28,29 Fluorophores with
high triplet, photoisomerization, or other photochemistry
yields, fluorophores prone to photodamage, and especially
fluorophores that permit absorption of the annular STED
quenching laser wavelength on account of a limited Stokes shift
or lingering red absorption tail are generally incompatible with
STED microscopy. In addition to linear absorption of the
STED laser pulse, two-photon absorption (2PA), which is a
prominent second-order process in π-conjugated organic
molecules30,31 and solid materials,32 can also prevent
appropriate levels of stimulated emission depletion. STED
microscopy employs considerable laser intensities to induce
adequate stimulated emission, yet it is precisely at these high
intensities that 2PA can become a competing factor that may
dominate the stimulated emission process.33,34 Moreover, the
inflexibility of working with endogenous chromophores in
naturally luminescent materials and the requirements for well-
behaved fluorescent labels in super-resolution imaging together
present severe challenges toward optically characterizing
naturally luminescent materials on the nanoscale.
In spite of these challenges, here, we demonstrate that

subdiffraction resolution in STED microscopy can be achieved
on materials with endogenous, electronically coupled chromo-
phores. We image luminescent conjugated polymer nano-
particles with 90 nm resolution. One important adaption that
we employ to circumvent 2PA-induced fluorescence from the
STED laser pulse is an excitation intensity modulation
scheme.35,36 We envision that this advance will open up the
possibility to employ previously discarded labels in bioimaging.
It will also importantly enable direct imaging of solution-
processed luminescent optoelectronic materials on the
subdiffraction scales characteristic of their structural hetero-
geneities, which can disproportionately determine the limits on
their functionality.
In this study, we focus on polyphenylenevinylene derivative

poly(2,5-di(hexyloxy)cyanoterephthalylidene) (CN-PPV) sol-
ids, prepared as nanoparticles.37 Each CN-PPV particle is
composed of one or more aggregated polymer chains. As
shown in Figure 1a, in the solid phase, CN-PPV has a broad
absorption spectrum, extending from the ultraviolet to a peak
absorption wavelength at 480 nm, and tailing off around 600
nm. Its fluorescence is peaked around 625 nm. We therefore
use wavelengths of 540 nm for the excitation laser pulse and
740 nm for STED depletion. We find that 2PA at the STED
laser pulse wavelength indeed occurs, as evidenced by a
superlinear power dependence in the low power limit
(Supporting Information Figure S1). Furthermore, we measure
2PA-induced fluorescence in our 610−640 nm imaging
detection window, ∼300 meV higher in energy that the
STED laser photons (Figure 1a). The material’s electronic
energy levels and corresponding transitions that are relevant to
performing STED microscopy are presented in Figure 1b. The
excitation laser (green) couples the ground and excited states in
a diffraction-limited spot; the STED laser (red) drives an
electronic transition on the Stokes-shifted line to deplete the
excited state in a spatially dependent manner to achieve super-
resolution22 (see below). Also illustrated is the 2PA of the
STED photons whose excitations presumably thermalize to the
same excited state as those generated through linear resonant
absorption of the excitation laser. The time-resolved

fluorescence of the CN-PPV is depicted in Figure 1c, along
with the STED laser pulse temporal profile (black curve).
When induced by the excitation laser at 540 nm (green), the
transient follows a typical biexponential fluorescence decay.38

More unusually, when induced by the STED laser pulse at 740
nm (red), the fluorescence intensity rises abruptly with the
onset of the nonlinear 2PA and then also falls abruptly with the
onset of stimulated emission. The shape of this decay curve
primarily depends on the time-dependent competition between
2PA and stimulated emission,33 as mirrored in simulations of
the system (Supporting Information Figure S2).
To image solids of CN-PPV, we modify traditional STED

microscopy in an apparatus (Supporting Information Figure
S3) that includes a home-built epifluorescence microscope. We
excite the samples with a pulse energy of 0.16 pJ, and we follow
this few-picosecond, diffraction-limited excitation with a ∼120
ps duration, 570 pJ, annular Laguerre−Gauss-mode STED
pulse (Figure 1b) tuned to the red of the CN-PPV fluorescence
emission peak in order to stimulate emission everywhere but in
the subdiffraction center of the original excitation spot via
nonlinear saturation. Because we operate the microscope with
noncollinear parametric amplifiers pumped with a 200 kHz
repetition rate ultrafast regenerative amplifier, we are able to
carefully tune, control, and optimize many experimental
parameters, including pulse wavelengths, bandwidths, dura-
tions, and relative delays. Also, by contrast with common STED
microscopes, to eliminate the effects of absorption of the STED
laser, we modulate the excitation pulse intensity at 500 Hz and
separately record on a single photon avalanche diode (SPAD)
the fluorescence counts during the “excitation-on” and
“excitation−off” phases of the modulation cycle (Figure 1d).
This modulation scheme enables us to specifically select for

Figure 1. Experimental scheme. (a) CN-PPV solid absorbance and
fluorescence emission spectra. Green and red arrows indicate
excitation and STED laser wavelengths, respectively. The shaded
band indicates the bandwidth of fluorescence collection. (b) CN-PPV
energy level diagram. After resonant excitation (green) and vibrational
relaxation, the STED laser (red) induces stimulated emission on the
Stokes-shifted line. 2PA of the STED laser wavelength is also
indicated. (c) Time-resolved fluorescence of CN-PPV solids induced
by excitation pulse (green) and by STED pulse (red). The black curve
is a sketch of the approximate timing and duration of the STED pulse
arrival. (d) Timing diagram showing modulated excitation pulse train
(green), unmodulated STED pulse train (red), and modulated CN-
PPV fluorescence probability (orange).
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fluorescence induced by the modulated excitation pulse when
forming an image in order to obtain superior contrast. Last,
time-gated detection has been used to improve spatial
resolution by eliminating fluorescence collection from the
diffraction-limited excitation volume prior to the onset of
stimulated emission.39,40 Here, our time-gated detection, with
an extremely rapid 200 ps turn-on time,41,42 furthermore
eliminates early time fluorescence induced by the diffraction-
limited excitation and STED pulses.
Using the above scheme, we image clusters of nanoparticles

composed of solution-processed CN-PPV. The images in
Figure 2a−b reveal that our adaptation of STED microscopy
successfully addresses the challenges of 2PA of the STED laser.
Using the excitation pulse only (Figure 2a), the particles within
individual clusters are not at all resolved, whereas the addition
of the time-gated STED pulse, along with excitation
modulation, reveals multiple features within each cluster with
an approximately 3-fold improvement in resolution (Figure
2b). Even with time gating, without the excitation modulation,
the background intensity is both higher and nonuniform
(Supporting Information Figure S4). This deficiency occurs
because 2PA-induced fluorescence due to the roughly micron-
sized STED laser spot cannot be distinguished from the desired
unquenched excitation-pulse-induced fluorescence originating
in the subdiffraction volume centered on the null of the STED
laser’s Laguerre−Gauss mode. We also established the
dependence of the spatial resolution on the STED pulse
intensity (Figure 2c) by imaging the individual bead boxed in
the bottom left corner of Figure 2b at multiple STED laser
intensities and by measuring and plotting the width of the
nanoparticle feature in these successive measurements. Similar
to typical STED experiments,43 the feature size drops and then
saturates at ∼90 nm.
To analyze the impact that modulating the excitation pulse

has on image formation and quality, we present in Figure 3 line
scans across the STED image of the nanoparticles in Figure 2b
(black) and compare them to the corresponding line scans
obtained without modulation (gray). The locations of these line
scans are indicated with dashed lines enumerated i and ii in
Figure 2b. Because, at the 500 Hz modulation frequency, we
separately record the fluorescence counts at a given pixel while
the excitation pulse illuminates the sample and while it does
not, the gray traces in Figure 3 are straightforward to extract
from the data set that generates a modulated STED image (see
Experimental Methods and Supporting Information Figure S4).
The unmodulated gray trace in Figure 3a (scan i in Figure 2b)

shows an apparent rise to a plateau around 200 nm, whereas
only the modulated (black) trace shows that there is an isolated
feature centered at ∼300 nm. Overall, the unmodulated
“baseline” of detected STED-induced fluorescence is not
uniform, making it impossible to quantitatively compare
features to one another. Figure 3b (scan ii in Figure 2b)
reveals an unmodulated baseline amplitude greater than the size
of the feature at ∼1100 nm riding on top of it. Furthermore, the
relative extent of the dip between the two features at the far
right appears significantly deeper in the unmodulated gray trace
than in the modulated trace. In both cases, the nonuniform
unmodulated background levels represent imaging artifacts that,
without the ability to compare to the modulated line scans, can
be mistaken for features themselves or can distort the relative
size of real features. These imaging artifacts arise because the
unmodulated, STED-induced fluorescence background level at

Figure 2. Modulated STED imaging of conjugated polymer nanoparticles. (a) Standard fluorescence image. (b) STED image of same region of
interest as in panel a, employing time gating and excitation pulse modulation. A linear gray scale is used in each of panels a and b, scaled to span from
zero to the maximum intensity in each panel. Line scans at the positions indicated with dashed lines are plotted in Figure 3. (c) Full width at half-
maximum (fwhm) of Gaussian fits to the nanoparticle feature boxed in panel b under time-gated and excitation-modulated STED imaging as a
function of STED laser pulse energy.

Figure 3. Line scans of the STED image in Figure 2b. Line scans (a)
and (b) correspond to the intensity profiles measured on the dashed
lines labeled i and ii, respectively, in Figure 2b. In each case, the black
trace corresponds directly to the intensity in the excitation-modulated
STED image in Figure 2b. The gray traces correspond to the intensity
detected during “excitation on” periods only, as though there is no
excitation modulation. The traces represent averages over three
adjacent rows of pixels.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b01200
J. Phys. Chem. Lett. 2015, 6, 2767−2772

2769

http://dx.doi.org/10.1021/acs.jpclett.5b01200


any given pixel is proportional to the density of other
nanoparticles illuminated by the off-axis portion of the large
(>1 μm diameter) transverse mode of the STED laser pulse27

(Supporting Information Figures S4 and S5a). Clearly, without
excitation modulation the ability to resolve small features is also
heavily compromised.
The modulated STED image in Figure 2b illustrates the

ability to perform super-resolved far-field fluorescence imaging
on materials with densely packed endogenous chromophores
that have not previously been accessible in this way.
Furthermore, when imaging a material that is able to fluoresce
as a result of STED illumination alone, modulating the
excitation pulse significantly improves the image contrast. To
explain how and why we have successfully super-resolved
materials with photophysical properties that are generally
considered to be nonideal for STED microscopy, we discuss the
physics underlying the contrast and resolution that we have
achieved. First, we consider the increased complexity of STED
imaging specifically using organic chromophores for which
nonlinear 2PA competes with linear stimulated emission at the
STED laser pulse wavelength. Our results reveal that the time
dependence of the competition of these two processes with
different intensity dependences can limit the effects of 2PA. In
other words, the STED pulse temporal profile ensures that
stimulated emission can persist at intensities at which 2PA is
waning in order to quench a significant fraction of the 2PA-
induced fluorescence, as illustrated in Figure 1d. The
monotonically decreasing and saturating behavior of the
resolution curve obtained in Figure 2c also demonstrates that
stimulated emission still dominates 2PA even at the highest
peak pulse intensities. Because this quenching of 2PA-induced
fluorescence occurs over and is limited to the course of the
∼120 ps STED pulse duration, fast gated detection on a similar
time scale41,42 enables us to suppress a significant fraction of
2PA-induced fluorescent photons from being detected.
Although the line scans in Figure 3 illustrate that even gated
detection is imperfect, our straightforward excitation pulse
modulation further selects for fluorescence induced by the
excitation pulse only, in order to significantly improve image
contrast.
The minimum CN-PPV nanoparticle feature size of 90 nm

that we have observed at a maximum STED intensity in Figure
2c could be limited by the excitation modulation rate, sample
heating, possible exciton annihilation effects,44 an imperfect null
in the Laguerre−Gauss mode of the STED pulse, or by the
inherent spatial resolution of the microscope (Supporting
Information Figure S5b). For nanoparticles larger than the
typical exciton diffusion lengths of several nanometers
measured in related PPV materials45−47 it is possible that the
electronic coupling in the material also limits the ultimate
resolution. Additional temporal stretching of the STED pulse to
decrease its peak intensity could further mitigate 2PA and
enable higher fluences and potentially higher spatial resolution
to be achieved. Nevertheless, the ability to image hetero-
geneities in solution-cast, functional optoelectronic materials
using their endogenous chromophores even at the scale of
∼100 nm will be of significant utility because many of their
features that are smeared out at the diffraction limit are able to
be resolved on this subdiffraction scale.
In sum, we have demonstrated that it is possible to perform

subdiffraction STED fluorescence imaging of electronically
coupled materials as a result of and in spite of their densely
packed endogenous chromophores. We have shown that

excitation modulation aids in eliminating the challenges of
STED laser 2PA, and we anticipate that our findings can be
generalized to the large class of organic chromophores that
exhibit 2PA so that STED imaging may be performed on a
much wider range of materials than originally demonstrated or
anticipated. These materials could include dyes not currently
considered to be compatible with STED or other super-
resolution fluorescence approaches, photosynthetic mem-
branes, or other autofluorescent biomaterials. In fact, the
extremely bright conjugated polymer nanoparticles employed
in this study could even be used as labels in super-resolution
imaging applications. Moreover, our findings open up the
possibility to image the subdiffraction heterogeneities in
solution-processed solid optoelectronic materials composed of
π-conjugated molecules or even of colloidal nanocrystals. This
avenue could reveal directly how these heterogeneities not only
affect such a material’s local optical properties but also how
they affect the material’s macroscopic electronic properties that
determine its functional potential. Last, although 2PA could be
reduced by increasing the duration of the STED laser pulse, our
shorter pulse duration and similarly fast gated detection could
enable schemes to resolve ultrafast energy transport48,49 in
similar electronically coupled materials on the nanometer scales
that no longer average over their heterogeneities. Such a
scheme would be a significant improvement over bulk
approaches used to measure exciton migration50−54 that cannot
currently explain which trajectories an excitation might favor as
a function of specific features of the film morphology.

■ EXPERIMENTAL METHODS
Sample Preparation and Characterization. A ∼0.005% (w/v)
solution of CN-PPV in tetrahydrofuran (THF) was made in a
nitrogen glovebox. A 0.2 mL aliquot of the 0.005% CN-PPV in
THF solution was quickly added to 0.8 mL of ultrapure water
while the water was ultrasonicated. This solution was drop cast
onto coverslips and allowed to dry overnight in air. Once dry,
residual oxygen and water was removed from the sample in the
antechamber of a nitrogen glovebox and the samples were then
encapsulated in the glovebox using UV cure epoxy (EPO-TEK,
OG159-2). A representative absorbance spectrum of a CN-PPV
film was acquired with a UV−vis spectrophotometer (Agilent
Cary 100); fluorescence spectra of CN-PPV nanoparticles
encapsulated on a glass slide were obtained with a Horiba
Fluoromax-4 fluorimeter at an excitation wavelength of 540 nm.
Imaging. Images were obtained in a home-built epifluorescence
microscope with a 63× 1.4NA Plan Apo Leica objective (HC
PL APO 63x/1.40 oil CS2, Leica Material #11506350). The
excitation and STED laser pulse trains at 200 kHz were derived
from third-harmonic and second-harmonic noncollinear optical
parameteric amplifiers (NOPA) (Light Conversion), respec-
tively, pumped by a 10 W Light Conversion PHAROS
regeneratively amplified laser system with a fundamental
wavelength of 1030 nm. The 0.16 pJ excitation pulse was
centered at 540 nm, and the 570 pJ STED pulse was centered
at 740 nm with a bandwidth set to 12 nm. Excitation and STED
pulse delays, spatial modes, energies, and polarizations are
prepared prior to cofocusing the pulses in the microscope (see
Supporting Information Figure S3 for additional details). The
sample is rastered with a PI Nano scanning piezo stage (P-
545.3C7) in steps of 10 nm over a 2 μm × 2 μm area with a
dwell time of 50 ms/pixel to form an image. At each pixel,
epifluorescence is collected between 610 and 640 nm through
our dichroics (Chroma T650spxr and T600lpxr-UF2) and two
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emission filters (Chroma ET625/30m) and focused onto a fast
gated SPAD detector with a 200 ps rise time (Prof. Alberto
Tosi, SPAD lab, Politecnico di Milano; PicoQuant) controlled
by a Picosecond Delayer (MPD) to eliminate prompt
fluorescence. We phase lock the detection to the optical
chopper cycle and separately accumulate the photon count
rates during the corresponding “excitation on” and “excitation
off” phases for multiple cycles. The count rates obtained during
the open and closed cycles of the chopper are each corrected
for the classic pile-up effect with a simple Poisson correction
factor (see Supporting Information) before we take the
difference of the two to isolate the count rate that is attributed
to the modulated excitation pulse only.
Fluorescence lifetime measurements were performed in the

microscope with the fast-gated SPAD using a HydraHarp 400
(PicoQuant) using an excitation pulse energy of 0.22 pJ or a
STED pulse energy of 370 pJ.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information contains a STED-induced
fluorescence power dependence, simulated time-resolved
fluorescence traces, an experimental schematic, a comparison
of nanoparticle images with either excitation or STED laser
pulses and with both excitation and STED laser pulses, with
and without excitation modulation, measured point spread
functions for excitation and STED pulses, and a supplement to
the experimental methods on signal recovery. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.jpclett.5b01200.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: nsginsberg@berkeley.edu.
Author Contributions
S.B.P., L.D.S.G., and N.S.G. designed the research. S.B.P. and
L.D.S.G. constructed the apparatus and characterized the point
spread functions. L.D.S.G. prepared the samples. S.B.P
performed the imaging and simulated the experiment. N.S.G.
supervised the project. S.B.P. and N.S.G. wrote the manuscript
and all authors revised and approved the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been supported by a David and Lucile Packard
Fellowship for Science and Engineering to N.S.G. and by The
Dow Chemical Company under contract #244699. We thank
A. Tosi and M. Buttafava of SPAD lab, Politecnico di Milano,
for discussions and the generous trial of the fast-gated SPAD
and N. Bertone and PicoQuant GmbH for providing a demo of
the HydraHarp400 photon counting apparatus. We thank D.
M. Neumark for the use of a grating stretcher. S.B.P.
acknowledges a Department of Energy Graduate Research
Fellowship (contract no. DE-AC05-060R23100) and N.S.G.
acknowledges an Alfred P. Sloan Research Fellowship.

■ REFERENCES
(1) Pope, M.; Swenberg, C. E. Electronic Processes in Organic Crystals
and Polymers; Oxford University Press: New York, 1999.
(2) Scholes, G. D. Long-Range Resonance Energy Transfer in
Molecular Systems. Annu. Rev. Phys. Chem. 2003, 54, 57−87.

(3) Bred́as, J.-L.; Beljonne, D.; Coropceanu, V.; Cornil, J. Charge-
Transfer and Energy-Transfer Processes in Pi-Conjugated Oligomers
and Polymers: A Molecular Picture. Chem. Rev. 2004, 104, 4971−
5004.
(4) Scholes, G. D.; Rumbles, G. Excitons in Nanoscale Systems. Nat.
Mater. 2006, 5, 683−696.
(5) Spano, F. C. Excitons in Conjugated Oligomer Aggregates, Films,
and Crystals. Annu. Rev. Phys. Chem. 2006, 57, 217−243.
(6) Clark, J.; Silva, C.; Friend, R. H.; Spano, F. C. Role of
Intermolecular Coupling in the Photophysics of Disordered Organic
Semiconductors: Aggregate Emission in Regioregular Polythiophene.
Phys. Rev. Lett. 2007, 98, 206406.
(7) Arias, A. C.; MacKenzie, J. D.; Stevenson, R.; Halls, J. J. M.;
Inbasekaran, M.; Woo, E. P.; Richards, D.; Friend, R. H. Photovoltaic
Performance and Morphology of Polyfluorene Blends: A Combined
Microscopic and Photovoltaic Investigation. Macromolecules 2001, 34,
6005−6013.
(8) Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Liu, J.; Frećhet, J.
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