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photostable fluorophore for single-molecule study 
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Kobayashi 

 

For single-molecule fluorescence studies, highly photostable fluorophores are absolutely 

imperative, because photo-induced degradation (i.e., photobleaching) limits the observation 

time of individual molecules. Herein, the photophysics and photostability of a highly 

fluorescent 9,10-bis(phenylethynyl)anthracene derivative (G) and its self-assembled boronic 

ester encapsulation complex (G@Cap) embedded in a glassy polymer matrix are investigated 

by single-molecule fluorescence spectroscopy (SMFS). The heterogeneity of the fluorescence 

emission wavelength and triplet blinking kinetics of the guest G are significantly decreased by 

supramolecular encapsulation due to conformational restriction and reduced heterogeneity in 

the local environment. A nearly 10-fold increase in the photostability of G due to 

encapsulation is quantitatively confirmed by evaluating the photobleaching yields of G and 

G@Cap.  In addition, it is found that the G@Cap is >30-fold more photostable than rhodamine 

6G, a widely used fluorescent dye in single-molecule studies.  These results demonstrate the 

G@Cap can serve as a very bright, long-lasting fluorescent probe for single-molecule studies.   

 

Introduction 

Photostable organic fluorophores that enable prolonged single-

molecule detection are becoming increasingly indispensable in 

broad areas of advanced research that use fluorescence-based 

single-molecule techniques such as single-molecule 

fluorescence spectroscopy (SMFS),1,2 single-molecule 

orientation imaging1-3 and single-molecule super-resolution 

microscopy.4 However, organic fluorophores undergo photon-

induced chemical damage and permanently lose their ability to 

fluoresce; this phenomenon is called photobleaching. Recently, 

several efforts have been devoted to suppress photobleaching 

and enhance fluorophore photostability in single-molecule 

fluorescence measurements.5-9 The use of triplet-state 

quenchers,5-7 microfluidic device,8 and micrometer-sized 

polydimethylsiloxane wells9 successfully enhance the 

photostability of fluorophores. Supramolecular encapsulation 

has also been widely recognized as a photostabilization strategy. 

For example, increment in the photostability of fluorescent 

guest has been achieved using cyclodextrins,10-12 

cucurbit[n]urils,13,14 rotaxanes,10,11,15 and self-assembled 

molecular capsules.16-20 However, this strategy has been preponderantly utilized for organic fluorophores that are not 

bright enough for detection at the single-molecule level.  

2 +4
-16H2O

D, toluene

R = (CH2)6CH3

Cap

G

G@Cap

I II

Scheme 1.  Encapsulation of a BPEA derivative (G) in boronic ester 

cavitand capsule (Cap) self-assembled by I and II.  The alkyl chains 

of Cap are replaced by methyl groups. 
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 Kobayashi and co-workers19 recently reported encapsulation 

of anthracene-based dyes in the self-assembled boronic ester 

cavitand capsule (Cap), which is generated as a result of the 

dynamic boronic ester formation between the cavitand 

tetraboronic acid I and the bis(catechol)-linker II (Scheme 1). 

They revealed that the Cap serves as a protective molecular 

container for the encapsulated guests. More recently, they also 

succeeded in producing supramolecular complexes 

encapsulating highly fluorescent 9,10-

bis(phenylethynyl)anthracene (BPEA) derivatives,20 one of 

which (hereafter G) is depicted in Scheme 1. BPEA and its 

derivatives are known to be highly fluorescent,21,22 and it has 

been recently shown that BPEA meets the essential 

requirements for SMFS studies, such as high fluorescence 

quantum yields (f) and reasonably low photobleaching yields 

(b).
23 G also possesses a large molar absorption coefficient 

(max = 45,800 M−1cm−1 at 494 nm in toluene) and high 

fluorescence quantum yield (f = 0.97 in toluene), which are 

superior to those of BPEA (max ~33,000 M−1cm−1 at 451 nm 

and f ~ 0.93).21-23 More importantly, upon encapsulation of G, 

the molar absorption coefficient is enhanced (max = 60,300 

M−1cm−1 at 541 nm in toluene), while the fluorescence quantum 

yield remains almost unchanged (f = 0.94 in toluene).20 In 

addition to the excellent one-photon absorption/fluorescence 

property, the encapsulation complex G@Cap also has a good 

two-photon absorption property.20 Thus, G@Cap is expected to 

serve as a novel class of fluorescent probes with high brightness 

and high photostability. In this report, we quantitatively 

evaluate the effects of supramolecular encapsulation by the Cap 

on the photophysics and photostability of the guest G at the 

single-molecule level. 

 

 

Experimental 

Sample preparation 

The nonpolar cyclo-olefin polymer Zeonex (Tg = 123 °C, Zeon 

Chemicals); methylcyclohexane (MCH), which has a dielectric 

constant (2.02), comparable to that of Zeonex (2.3); and toluene 

(spectroscopic grade, Wako) were used as received.  Ensemble 

absorption spectra of G and G@Cap in MCH were recorded on a 

spectrometer (Lambda 650, Perkin-Elmer), and fluorescence spectra 

were obtained with a RF-5300PC fluorometer (Shimadzu) and a 

liquid-nitrogen-cooled charge-coupled device (CCD) camera that 

was coupled to a polychromator.  Rhodamine 6G (R6G) was 

purchased from Wako and used as received. G and Cap were 

synthesized as described elsewhere.20  The association constant (Ka) 

of G@Cap was extremely large (2.12 × 107 M−1 in C6D6 at 313 K),20 

so a low concentration of Cap (10–100 M) is sufficient to ensure 

almost 100% encapsulation of G (~10−10 M) in toluene.  A sample 

for single-molecule experiments was typically prepared by spin-

coating one drop of a toluene solution containing G or G@Cap 

(~10−10 M) and Zeonex (10 mg/mL) onto thoroughly cleaned cover 

glasses.  The resulting thickness of the doped polymer films amounts 

to 200 nm, as measured by atomic force microscopy (SPM-9700, 

Shimadzu).   

Single-molecule fluorescence spectroscopy (SMFS) 

Our home-made SMFS apparatus is described elsewhere.23  Briefly, 

a continuous wave argon ion laser (177G, Spectra Physics) was used 

to excite the dye molecules at 488 nm.  After elimination of residual 

plasma lines by laser-line filters and variable attenuation, the 

expanded and linearly polarized laser beam was guided into an oil 

immersion objective (100×, NA 1.4, Olympus), which focused the 

beam to a diffraction-limited spot in the sample plane.  Average 

excitation intensities were 100–500 W/cm2, which correspond to the 

excitation rate (kex) of 104-105 s-1 for G and G@Cap.  The sample 

substrates were mounted on an O-ring and acted as the top face of a 

small vacuum chamber.  During SMFS measurements, the sample 

side was placed in vacuum (<0.1 Pa) to remove oxygen in the 

polymer film.  The collected fluorescence photons were separated 

from the excitation beam using a dichroic mirror (LPD01-488RU-25, 

Semrock), notch filter (NF03-488E-25, Semrock), and long-pass 

filter (LP02-488RE-25, Semrock).  Note that this filter set can 

transmit photons of all the wavelengths that constitute fluorescence 

spectra of G and G@Cap.  Subsequently, they were split by a 50:50 

unpolarized beam splitter.  Half of the detected fluorescence signal 

was recorded with a liquid-nitrogen-cooled charge-coupled device 

(CCD) camera that was coupled to a polychromator.  The other half 

was focused onto a 75 mm pinhole for rejection of out-of-focus 

background and finally detected by an avalanche photodiode (APD, 

SPCM-AQR-14, Perkin-Elmer).  The data were acquired using a 

time-correlated single-photon counting card (TimeHarp 200, 

PicoQuant) in a time-tagged time-resolved (T3R) mode, which 

stores all the relevant information for each detected single photon for 

further data analysis. 

Data for the individual autocorrelation curves were analyzed 

using the software SymPhoTime (PicoQuant).  The total detection 

efficiency at the APD in our setup was estimated to be ~4% by 

considering the transmission of all of the optical parts used in the 

detection path and the quantum efficiency of the APD detector.  The 

spectral trajectories (3 s/spectrum) were recorded to verify that the 

observed signals originated from the single molecule of interest.  To 

determine the wavelength of the fluorescence maximum (max), each 

spectrum was fitted with the appropriate number of Gaussian 

functions.  All measurements were conducted at room temperature. 

 

Results and discussion 
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Fig. 1a shows the UV-vis absorption and fluorescence spectra of G 

in MCH, while Fig. 1b shows those of G@Cap in MCH. The shape 

of G’s fluorescence spectrum differs considerably from that of its 

absorption spectrum (i.e., they are far from being mirror images). As 

with BPEA, the existence of a variety of conformations of G, in 

which the two arylethynyl groups can rotate almost freely in solution, 

contributes to its absorption spectrum, whereas a specific 

conformation (e.g., the planar conformation) is mostly responsible 

for the fluorescence spectrum.21 In contrast, the absorption spectrum 

of G@Cap clearly shows the partially resolved vibrational structure, 

indicating that the rotation of arylethynyl groups is highly restricted 

in the encapsulation complex.20 While the overall spectral shape 

remains unchanged, the wavelength of the fluorescence maximum 

(max) is red-shifted by 11 nm when G is included in the capsule. 

This red shift is attributed to the interaction of the arylethynyl groups 

of the guest with the catechol linkers of Cap, which stabilizes 

S1(,*) state in G.20 Hence, the max value can serve as a useful 

parameter to distinguish encapsulated and non-encapsulated G in a 

polymer film. 

Figs. 1c and 1d show the distribution of max for single G and 

G@Cap molecules in Zeonex films, respectively, together with an 

example of a single-molecule fluorescence spectrum. The widths 

and mean values of the max distributions differ significantly. 

Notably, each mean value of max obtained by Gaussian fits (i.e., 

532 nm for G and 545 nm for G@Cap) shows excellent agreement 

with the corresponding max value in MCH. In addition, the FWHM 

of the max distribution for G@Cap in Zeonex film (9.9 nm) is 

narrower than that for free G in Zeonex film (12.5 nm), which is 

attributed to the reduction in structural heterogeneity (e.g., 

conformational restriction) of the guest on encapsulation and/or 

reduction in the environmental heterogeneity of the capsule’s 

interior compared with that of Zeonex. These differences strongly 

indicate that most of the G@Cap molecules maintain the 

encapsulated form in the Zeonex matrix. The photophysical 

parameters determined are summarized in Table 1. 

To elucidate the photophysics of G and G@Cap at the single-

molecule level, fluorescence intensity time traces were 

simultaneously recorded for individual molecules of G and G@Cap 

in Zeonex. The typical time trace of G@Cap is shown in Fig. 2a, 

along with the corresponding intensity histogram (Fig. 2b) and a 0.6 

s zoom of the intensity trace (Fig. 2c). The fluorescence intensity 

trace exhibits frequent and discrete jumps between the stable (~34 

counts/0.5 ms, referred to as the “on” level) and background (~3 

counts/0.5 ms, the “off” level) intensity levels before being 

irreversibly photobleached at 77 s. Similar on/off blinking and one-

step photobleaching were also observed for the intensity traces of G 

(Fig. S1 in the ESI†). The fluorescence blinking of BPEA embedded 

in the Zeonex film has previously been assigned to triplet blinking 

that originates from the intersystem crossing (ISC) toward and away 

from the triplet state (T1).
23 Therefore, the fluorescence blinking 

observed for G and G@Cap is tentatively attributed to triplet 

blinking.  

An analysis of triplet blinking based on the three-state model of 

S0, S1, and T1 provides the triplet lifetime (T) and ISC quantum 

yield (ISC) of single molecules.24-26 TheT value can be determined 

directly from the average off-time (off) obtained by the histogram 

Fig.1  Normalized absorption and emission (excitation wavelength 

of 400 nm) spectra of (a) G and (b) G@Cap in MCH.  Frequency 

histograms for wavelength of maximum emission (max) of (c) G 

(475 molecules) and (d) G@Cap (459 molecules) in a Zeonex film.  

In (c) and (d), insets display typical single-molecule fluorescence 

spectra, and arrows indicate the corresponding max in MCH (i.e., 

532 nm for G and 543 nm for G@Cap). 
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Table 1  Averaged values and ranges of photophysical parameters for G, G@Cap, and R6G single-molecules embedded in a 

Zeonex film determined using SMFS with excitation at 488 nm. 

 

max / nm 
T / ms 

ISC tot 0 
HM ACF 

G 532 (12.5) a 1.12 (0.62) 1.29 (0.69) 10-5~10-1 9.8106 1.910-7 

G@Cap 545 (9.9) 1.05 (0.35) 1.33 (0.32) 10-4~10-3 8.1107 2.310-8 

R6G 
b 543 (15.5) - - - 3.4106 ≥7.910-7 

a Values in parentheses indicate FWHMs of Gaussian fits of the histograms.  
b Values are determined from Figs.S5 and S6 in the ESI†. 
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method (HM) or autocorrelation function (ACF) analysis,24-28 

whereas the ISC value is calculated using the average on-time (on) 

or on-count (Non).  However, the on and Non values determined 

by the histogram method depend strongly on the selected bin time,23 

so the on values obtained from the ACF analysis were employed to 

estimate ISC through the relation of 1/on = kexISC.24-27 In the ACF 

analysis, T3R mode of data collection enables us to conduct bin-

time-free data analysis based on single-photon events. As evident 

from Fig. 2b, the intensity histogram of the “on” level displays a 

symmetric distribution and is satisfactorily fitted with a Gaussian 

function, which implies that a bin time of 500 s is sufficient to 

resolve the observed blinking kinetics.28 The unbiased threshold 

level (Ith) is determined using the equation (Ith −Ioff)/Ioff
1/2 = (Ion − 

Ith)/Ion
1/2, where Ion and Ioff are the average intensity levels of the “on” 

and “off” states, respectively.28,29 The intensity at a given time above 

and below Ith is assigned to the “on” and “off” states, respectively. 

Fig. 2d shows the probability density distribution for the off-time 

durations (toff) obtained from the intensity time trace (Fig. 2a). The 

distribution shows a linear dependence on toff in a log-lin plot and is 

fitted with a single exponential function, yielding the average toff (i.e., 

T = 1.32 ms). We note that the probability density distributions for 

the on-time durations and on-counts also exhibit single exponential 

distributions (Fig. S2). Because the ISC process toward (or away 

from) the triplet state in a single-molecule is generally characterized 

by monoexponential kinetics,24-28 the results indicate that the 

observed blinking is caused by the ISC process. The charge transfer 

between G (or G@Cap) and Zeonex is unlikely, because 1) the 

cyclo-olefin polymer presumably possesses a very large HOMO-

LUMO band gap and 2) fluorescence blinking due to charge transfer 

between single-molecules and a polymer matrix has been shown to 

result in power-law kinetics.28,31    

The histograms of the triplet lifetimes obtained for G and 

G@Cap are depicted in Fig.2e. The average values obtained by 

fitting each histogram are comparable (i.e., 1.12 ms for G and 1.05 

ms for G@Cap). However, the distribution width of G@Cap is 

approximately one-half that of G, suggesting that the guest molecule 

experiences a homogeneous environment inside the capsule. Note 

that the ACF analysis yields triplet lifetime histograms similar to 

those obtained by the HM (Table 1 and Fig. S3). Fig. 2f shows the 

second-order correlation function g(2)(t) for the data in Fig. 2a. 

According to the three-state model, g(2)(t) is given by g(2)(t) = 1 + 

C·e−(1/off + 1/on)t, where C is a molecular constant.24-26 If Ion >> Ioff, 

the molecular constant is represented by C = off/on. Using these 

expressions, for example, we can derive a off (=T) of 1.53 ms and 

aon of 98.8 ms from g(2)(t) in Fig. 2f. This off value agrees well 

with that obtained by the histogram method (1.32 ms). The 

histograms of the ISC yields thus obtained from G and G@Cap are 

shown in Fig. 2g. A large part of ISC data obtained for G and 

G@Cap single-molecules is almost same range (i.e., 10-4~10-3), but 

the distribution width of ISC is significantly decreased by guest 

encapsulation; 10-5-10-1 for G and 10-4-10-3 for G@Cap. The 

reported fluorescence quantum yields (i.e., 0.97 for G and 0.94 for 

G@Cap in toluene20) suggest that the quantum yield of non-radiative 

pathways is 0.03 for G and 0.06 for G@Cap, which are several 

orders of magnitude larger than the ISC values obtained herein. 

Therefore, it is presumed that the internal conversion from S1 to S0 is 

the main non-radiative pathway in G and G@Cap. In addition to the 

comparable triplet-state photophysical parameters (e.g., T and ISC) 

Fig. 2 (a) A fluorescence intensity trace for single G@Cap obtained with an average excitation intensity of 200 W/cm2 and (b) the 

corresponding intensity histogram. (c) Fluorescence intensity trace of (a) from 13.4 to 14.0 s magnified to explicitly show on/off blinking.  

(d) Probability density distributions of off-time duration.  Straight line is a single exponential fit. (e) Histograms of triplet lifetimes obtained 

from 92 G and 96 G@Cap molecules. Dotted and solid lines are Gaussian fits of each distribution. (f) Fluorescence intensity autocorrelation 

curve with corresponding single exponential fit. (g) Histograms of ISC yields obtained from 84 G and 90 G@Cap molecules. 
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between G and G@Cap, their fluorescence lifetimes are also almost 

same; 2.7 ns for G and 2.9 ns for G@Cap in deaerated toluene. 

These facts indicate that the radiative and non-radiative pathways of 

the guest are mostly not affected by encapsulation. Thus, the 

electronic coupling between G and Cap is considered to be very 

weak. Indeed, the red shifts in absorption and fluorescence spectra 

upon encapsulation have been attributed to the structural 

planarization of G in the Cap, i.e., geometric factor.20 As for T, the 

small variety of the ISC values for G@Cap thereby originates from 

a reduced structural heterogeneity (i.e., conformational restriction) of 

G upon encapsulation and a homogeneous environment in the 

capsule’s interior. 

Enhancement of photostability of G upon encapsulation has 

been qualitatively reported in ref. 20. Herein, we provide its 

quantitative evaluation at the single-molecule level. Our single-

molecule measurements at a low irradiance (~100 W/cm2) reveal 

that the averaged survival lifetime tsur of G@Cap is 210 s, which is 

about 11 times longer than that of free G (Figs. S4 in the ESI†). 

However, this result only shows qualitative photostability, because 

the number of excitation-deexcitation cycles is not taken into 

account in the survival time. To obtain quantitative insights into the 

effect of encapsulation on the photostability of a single G molecule, 

the photobleaching quantum yield b, defined as b = f/N, is thus 

evaluated.30-32 In this expression,  represents the overall detection 

efficiency of the current microscope setup (~4%), f is the 

fluorescence quantum yield, and N is the total number of detected 

photons each single molecule emits before being photobleached. The 

f values for G and G@Cap in toluene are 0.97 and 0.94, 

respectively;20 these values are used to calculate b. The histograms 

of b for G and G@Cap obtained at an excitation power of 200 

W/cm2 are shown in Figs. 3a and 3b, respectively. Assuming a 

Poisson distribution of photobleaching events over time, the 

probability density function of a molecule having a certain b is 

given by P(b) = C·exp(−0/b)/b
2, where 0 is a quantity for the 

photostability of a single molecule, and C is a normalization 

constant.32 The histograms are fitted with this function (Fig. 3). 

From this, 0 values of 1.9 × 10−7 and 2.3 × 10−8 are obtained for G 

and G@Cap, respectively, revealing a dramatic increase (8-fold) in 

the photostability upon encapsulation. It is further noted that 0 

value of R6G, which is a widely used fluorescent dye in single-

molecule studies,9,14,33,34 has been determined to be 7.9 × 10−7 under 

the same experimental conditions (Figs. S5 and S6). Therefore, 

G@Cap is at least 34-fold more stable than R6G.  

The increase in photostability upon encapsulation indicates that 

the sterical protection of the anthracene framework by the cavitand 

capsule effectively prohibits photochemical oxidation reactions of G 

with, most likely, singlet oxygen O2(
1Dg). The single oxygen can be 

produced by quenching of the long-lived triplet state of G (1 ms), 

because the lowest triplet energy (153 kJ/mol, obtained at TD-

B3LYP/6-31G(d)//HF/6-31G(d) level of theory) is much higher than 

the energy of O2(
1Dg) (94 kJ/mol). Note, however, that 

photobleaching events are ultimately observed for all the single 

G@Cap molecules embedded in the Zeonex film. Since it is 

expected to be difficult for the G molecule tightly encapsulated in 

Cap to produce a 9,10-endoperoxide product having a bent 

molecular structure, the observed photobleaching implies that the 

linkers in Cap may partially (or completely) dissociate, thus allowing 

for the formation of 9,10-endoperoxide in the anthracene core. While 

the details of the mechanism of photobleaching are yet to be 

unraveled, the suppression of linker dissociation in Cap and/or triplet 

blinking of the encapsulated guest will further improve the 

photostability of the guest fluorophore.  

Conclusions 

In summary, the effects of supramolecular encapsulation on the 

photophysics and photostability of a very bright BPEA derivative 

having excellent optical properties are examined by SMFS. The 

distribution of triplet-state kinetics discloses a relatively 

homogeneous environment in the capsule’s interior. The analysis of 

single-molecule photobleaching behavior quantitatively 

demonstrates that the encapsulation using the self-assembled boronic 

ester cavitand capsule leads to a nearly 10-fold enhancement in the 

longevity of the guest fluorophore. Furthermore, this encapsulation 

complex is >30-fold more photostable than R6G in a glassy polymer 

environment. Hence, this encapsulation complex is expected to serve 

as a very photostable one-photon (and probably two-photon) 

fluorescent probe for potential applications in various research areas 

where single-molecule detection is demanded.  
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Short statement of novelty for publication 
 

Single-molecule study of an anthracene-based dye and its supramolecular encapsulation 

complex revealed a 10-fold increase in the photostability of the guest due to 

encapsulation. This complex is >30-fold more photostable than rhodamine 6G. 
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