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The development of new fluorescent dyes for single-molecule ne NS ne NS
imaging is an important challenge due to the numerous problems — ~~ — N Ay — N
in biomolecular and materials science that may benefit from insight e ° SN ©
at the level of individual moleculés® Fluorophores for single- 1 2
molecule studies must show strong absorption, very high fluores- DCDHF6 DCDHF6-C7M
cence quantum yield, weak bottlenecks into triplet states, and high NG NG
photostability. At room temperature, these requirements have NG /~cN NG J~cn

A . . R NN NN I\ _/
previously been fulfilled by biological fluorescent labels based on —~~N o] ~ e~ N o]
laser dyes (such as rhodamines, cyanines, oxazines; atc.py CFy
derivatives of rigid polynuclear aromatic hydrocarbons such as 3 4
terrylené-® or perylene®-12 DCDHF6-CF3 TH-DCDHF6

We have discovered a new class of fluorophores that can be NC NC
imaged at the single-molecule level and offer additional beneficial NC/ 7/ ~CN NC/ g~N
properties such as a significant ground-state dipole momgnt N %O O 'y
moderate hyperpolarizability, and viscosity-dependent fluorescence.

These molecules contain an amine donor and a dicyanodihydrofuran 5 6
DCDHF-2V TH-DCDHF-8V

(DCDHF) acceptor linked by a conjugated unit (benzene, thiophene,
alkene, styrene, etc.) and were originally designed to deliver both
high polarizability anisotropy angig as nonlinear optical chro-
mophores for photorefractive polymer/glass applicatidi$Sur-

Figure 1. Structures and informal names of the fluorophores.

Table 1. Photophysical Parameters for a New Class of
Single-Molecule Fluorophores

prisingly, these molecules are also well-suited for single-molecule D™ A o B Nt Y
fluorescence applications. Here we report the bulk (ensemble) and (m)  (m)  (MtcmY) o (07 (109 (0*Cm)
single-molecule photophysical properties for several examplesin 1 486 505 71,000 0.1000.92) 89 25 38
this new class of single-molecule reporters. 2 486 505 76,000 0.10(0.95) 7.5 23 36
The structures of the dyes studied are shown in Figure 1; all 3 512 537 75,000 0.17(0.71) 83 30 40
have been easily observed at the single-copy level (vide infra). The 4 514 528 100,000 0.11(0.73) 14 9.1 31
. . . 562 603 45500 0.02(0.39) 12 8.7 35
measured properties are reported in Table 1. Absorption and g 14 646 114,000 0.02 71 28 37

emission spectra were measured in toluene (J.T. Baker, spectro-R¢ 530 556 105,000 0.95 5 190 e

scopic grade) using a Perkin-Elmer Lambda 19-tiNé spectrom-

eter and a Fluoromax 2 fluorimeter, respectively, and their 1es 110!
and excitation wavelengths were useld:2, fluorescein in water, 460 nm;

respective maxima are reported &s{"> and Zen™* From the 3 "2ecin ethanol, 488 nng, Texas Red in ethanol, 532 ny: Cy5 in
absorption spectra, the maximum value of the molar extinction water, 594 nm; values in parentheses are for dyes in a solid PMMA matrix
coefficient €may) Was calculated for each dye using Beer's Law. refgrenced &e\gaTg(t) KFZf?]rl—' 2a pférilgge defrléatg/% 1Iﬂ EMMA € 0-95)d

H H and pumped at nm an nm ro—o. —4 were measure
The fluprescence qua.ntum Yleld)ﬂ of each dye in to!uene was at 488 nm5—6 at 594 nm. 1-5 were measured at 488 n®at 594 nm.
determined by comparison with a (comparably absorbing) referenced g = R6G in ethandl ¢ Cation. Total photons emitted.

dye in solution with a knownP.”15> The ®¢ values forl—4 in

solution are moderate, on a par with the well-known single-molecule ¢, 9 19 t0 0.39 as the optical density of the film was lowered
label CyS;® but well below the 90% values for rhodaminés. ¢ 025 to 0.012; hence, the largabt values observed are
Howz_aver, the fluore_spence qua_ntum y'elqs found aand 6 in reported. The significant improvement dfr in the solid over
solution seem surprisingly low given that single molecules of each g4 ion indicates a correlation between the rigidity of the local

of these dyes could also be imaged in films of poly(methyl o.ironment and the strength of the fluorescence of these dyes,
methacrylate) (PMMA) (vide infra). possibly due to the suppression of a twisted internal charge-transfer

To resolve this issue, we measured thevalues of dye-dopedo excited staté® Therefore, these dyes should be useful as a single-
polymer films spun from solutions of dye in PMMA/toluene (20%  \qecule probe of local environmental viscosity, rigidity, or
m/m); the values were significantly improved in the polymer matrix polymer-free voluma?

(Table 1)¥ E}ecause@)F m(_easurement_s in bulk films can p_resent The photobleaching quantum efficiencd) was determined
well-known issues with dimer formation a“‘?' self-absorption, the for a bulk sample using an epifluorescence microscope, as described
@ values were measured at the lowest possible dye concentratlonselsewherép using a back-illuminated frame transfer CCD camera
Nevertheless, the filnbr values were still dependent on concentra-  pqner Scientific MicroMax) to collect the fluorescence. Samples
tion for several of the dyes; for example, tdg of 5 improved were spun from a solution 0f10-5 M dye in PMMA/toluene (1%
m/m) onto a glass cover slip. Moleculés-4 were excited with

the 488-nm emission of an Arlaser (Coherent INNOVA 200),

2Values on the left are for dyes in toluene; the following reference dyes
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moderate hyperpolarizibility3) and large polarizability anisotropy
(dap) that may lead to interesting nonlinear optical phenomena;
for example,5 hasfy = 241 x 10730 CV2 md and6 hasdag =

84 x 10740 CV~1 m2.27 Additionally, the dependence abg on
viscosity or local rigidity may make these dyes useful as alternate
probes of local environment§Last, these dyes offer considerable
structural flexibility that permits a range of desired properties to
c be obtained. The group of dyes discussed here is a fraction of those
available, and by synthetically modifying various functional groups
off the main backbone, various properties of these molecules may
be manipulated and optimized for specific applications, such as
solubility in water. This opens a door to a variety of single-molecule
experiments using this new class of dyes.
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Figure 2. (A) Single molecules ofl imaged in a PMMA film. The
integrated fluorescence intensity of two individual molecules is shown in
(B) and (C) as a function of time.
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