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ABSTRACT: Single-molecule (SM) fluorescence micros-
copy was used to investigate the photochromic fluorescent
system spiropyran−merocyanine (SP ↔ MC) interacting
with gold nanoparticles (AuNPs). We observe a significant
increase in the brightness of the emissive MC form, in the
duration of its ON time, and in the total number of
emitted photons. The spatial distribution of SMs with
improved photophysical performance was obtained with
40 nm precision relative to the nearest AuNP. We
demonstrate that even photochromic systems with poor
photochemical performance for SM can become suitable
for long time monitoring and high performance micros-
copy by interaction with metallic NP.

The interaction of the plasmonic resonant band of gold
nanoparticles (AuNPs) with electronic states of nearby

molecules has been extensively studied not only for a
fundamental understanding but also for its practical implica-
tions.1,2 The proximity of an electronically excited molecule to
a metallic nanostructure results in a deeply modified molecular
photophysical behavior,3 through resonant coupling of the
electronic transitions of both parties. This effect operates at
characteristic distances on the order of the nanostructure size,
and it is strongly dependent on the chromophore−surface
distance, the overlap between the plasmon and the molecular
transition bands (absorption and emission), the orientation of
the molecular transition moment, and the molecular
fluorescence emission quantum yield.4 This results in an
increase in the rate of excited state production, as well as in the
rates of radiative and nonradiative deactivation of the excited
state. The latter two cause a decrease in the excited state
lifetime, but the complex interplay between the distance
dependence of the intervening processes may result in an
increase or a decrease in the brightness of the molecule,
depending on which process prevails at a certain position.1,3 In
addition, an increase in the fluorophore photostability may be
observed.4b This AuNP−fluorophore interaction is particularly
appealing in the development of molecular sensors and
fluorescent probes for far-field microscopies, which strongly

benefit from the resulting effects of a lower detection limit and
a higher resistance to photodamage that allows imaging
molecules for longer periods of time.5

In recent years there has been renewed interest in the design
of improved fluorescent optical switches or systems with
activatable fluorescence with high brightness, low fatigue, and
high switching reliability,6 leaded by novel concepts in far-field
microscopy with subdiffraction resolution. These approaches
rely on molecular systems with two stable or one metastable
state with highly different emission features.7 In this regard,
photochromic systems are of particular interest because of their
versatility and the fact that they allow the lowest levels of
irradiation power.8

Here, we use metallic nanostructures to improve the
performance of a photochromic fluorescent system at the
single-molecule (SM) level, focusing in three key aspects: (i)
enhance the brightness (B) of the emissive isomer, (ii) increase
the average ON time of the fluorescent isomer (τON, by
decrease of the photobleaching efficiency), and (iii) increase
the total number of photons emitted before photobleaching
(NPH). We use well-known spiropyran−merocyanine isomers
to quantify the interaction of AuNPs with single photochromic
molecules. This is achieved by statistical analysis of SM time
traces with high-resolution optical localization of them in the
neighborhood of the metallic surface and comparing them with
the performance of a control system in the absence of AuNPs.
AuNPs were chosen because of their photo and thermal
stability, their low chemical reactivity, and the plasmonic band
located in the center of the visible spectrum (ca. 532 nm for
spherical structures of up to 100 nm diameter). The selected
photochrome, 1,3′,3′-trimethyl-6-nitrospiro-[2H-1-benzopyran-
2,2′-indoline] (SP), displays reliable and well characterized
thermal and photo interconversion between isomers.9 The
cleavage of a C−O bond of the spirobenzopyran ring leads to
the merocyanine (MC) form with an absorption band centered
at 550 nm, with a considerable overlap with the plasmonic band
of the spherical AuNPs used in this work, thus allowing for

Received: March 13, 2014
Published: April 25, 2014

Communication

pubs.acs.org/JACS

© 2014 American Chemical Society 6878 dx.doi.org/10.1021/ja5025657 | J. Am. Chem. Soc. 2014, 136, 6878−6880

pubs.acs.org/JACS


enhancement of the weak MC red fluorescence (Figure S1A).
Spherical AuNPs of 68 ± 3 nm in diameter (Figure S1B) were
prepared by the seed-mediated growth method,10 and fixed to
organo-silanized glass substrates. The samples were finally
covered by spin coating a poly(propyl methacrylate) (PPMA)
film of nanometer thickness, containing SP dye (10−3 mol/kg
polymer). The films were characterized by profilometry and
AFM (Figure S2).
Temporal sequences of fluorescence images were obtained in

a wide-field microscope irradiating the sample with 532 nm
linearly polarized light (see Supporting Information (SI)
Section 5). Spontaneous thermal ring-opening of SP to MC
sufficed to induce a reasonable frequency of ON events.
Analysis of SM time traces was performed with homemade
MATLAB routines (SI Section 7) to obtain the dynamics of
MC single molecules (B, τON, and NPH), as well as the relative
distance of each molecule with respect to the nearest NP with
nanometric localization precision.
Single-molecule detection was ensured by the low number of

activated MC molecules in the field of view (i.e., average
distance between emitter spots larger than a point spread
function, PSF) as well as by the one step ON-OFF behavior of
the emission traces (SI Sections 6−8). First, we made a
statistical analysis of B, τON, and NPH distribution of single MC
molecules detected in PPMA films in the absence of AuNPs.
Afterward, we repeated the same measurements but in films
deposited on cover glasses where AuNPs were attached. In
these latter cases, we restricted our detection analysis to MC
molecules turned ON in an area of 780 × 780 nm2 around a
detected AuNP. This area, multiplied by the sample thickness,
includes in the sample a volume considerably larger than the
volume of a 68 nm diameter AuNP plus the volume of the
enhanced electric field region (SI Section 6). This latter region,
originated on the plasmon interaction with light, can be
estimated as a cylinder of 20 nm radius and 10 nm thickness
extending at both sides of the nanostructure in the direction of
the light polarization direction.11 Therefore, many SM traces
selected in this way would resemble those traces of molecules
either far from NPs or belonging to films without AuNPs.
Owing to this low probability, we decided to use the
complementary cumulative distribution function (CCDF)12 to
perform the quantitative analysis of SM data. The value of the
CCDF, ΦC(x), is related to the integral of the probability
distribution function ( f(x)) by

∫Φ = > =
∞

x P X x f x x( ) ( ) ( ) dC
x (1)

The CCDF is the probability, P, that a random variable, x, can
have a value above a particular level, X, i.e., P(X > x). Figure 1
displays the results obtained for the CCDF of B (panel A), NPH
(panel B), and τON (panel C) for MC molecules switching ON
in the absence of AuNPs (red) and in the vicinity of single
AuNPs (blue). A clear difference in the photophysics of these
two ensembles is observed. MC molecules in the presence of
AuNP exhibit higher probability of longer ON times and higher
brightness compared to isolated molecules. The increase in
these two parameters results in a higher NPH, with a higher
contribution from the increase in τON. On the other hand,
considering that the thermal average time of MC molecules in
poly(alkyl methacrylate) films near room temperature is in the
range of minutes,13 the ON times in the seconds range
observed in these experiments are determined by photo-
bleaching. Thus, the longer τON reflect a lower photobleaching

probability. This is due to the excited state lifetime decrease of
MC fluorescent molecules through radiative and nonradiative
rate enhancement by the AuNP plasmonic interaction.1,3 The
higher NPH is essential to increase the accuracy in localization of
the position of the fluorescent molecule with subdiffraction
limited precision, whereas the longer average τON widens the
time window to monitor dynamic processes by SM spectros-
copy.
The plots of Figure 1 do not display the spatial information

on the molecules correlated to their τON. To show this relation,
we concentrate in molecules displaying τON > 5 s. Considering
that the average τON of MC molecules in the absence of AuNP
is 0.5 s, the considered ensemble shows more than 10 times
more photostability than the average MC molecule far away
from a AuNP. Furthermore, in view of the results displayed in
Figure 1, less than 1% of the MC ON events are above this
threshold in the absence of AuNP, compared to around 10% of
the detected molecules in the vicinity of a AuNP. The position
of this molecular ensemble and the distance to the
corresponding AuNP was determined with ca. 40 nm
uncertainty. This information is displayed in Figure 2. The
distribution of the τON > 5 s molecules clusters in the direction
of the incident light polarization at each side of the generic
AuNP (which is located in the center of the image). No
molecule of this ensemble is located at a distance greater than

Figure 1. ΦC for B (A), NPH (B), and τON (C) of MC single molecules
embedded in PPMA thin films of 23 ± 3 nm thickness detected over
68 nm diameter AuNPs (blue). Similar data collected in the absence of
AuNPs (red) are also shown.

Figure 2. Super resolution localization of MC single molecules
detected over a single AuNP (2D-histogram, 10 × 10 nm2 bins). Their
position is referred to the nearest AuNP in the image field. The
histogram was constructed with all the MC molecules that displayed
τON > 5 s (data from all the different film thicknesses). The laser
polarization direction is along the y-axis.
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100 nm from the center of the nearest AuNP. All these facts are
consistent with the expected distribution of the enhanced
electric field and its consequence on photophysical properties
of fluorescent molecules. As expected,14 two maxima at each
side of the NP can be outlined. The distance between maxima
in the figure is ca. 50 nm, smaller than the expected value of ca.
80 nm for 68 nm diameter AuNP, but within the experimental
uncertainty of the experiment.15

We demonstrated that with one color experiment we were
able to increase the brightness, the ON time, and the total
number of detected photons for single-molecule imaging of a
fluorescent photochromic system. Particularly, the improve-
ment in NPH allowed super localization of the individual
molecules and the correlation between location and improved
photophysical performance. Our approach demonstrates that
even with photochromic systems that display poor photo-
chemical performance for SM spectroscopy and superlocaliza-
tion, the use of the plasmonic interaction can turn them useful
for long time monitoring and nanometric localization, suitable
for high performance microscopy.
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