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Abstract: The synthesis and photophy-
sics of two new aminopropenyl naph-
thalene diimide (SANDI) dyes are re-
ported. A general and convenient
method for the synthesis of the precur-
sor mono-, di-, and tetrabrominated
1,4,5,8-naphthalene tetracarboxylic dia-

emission wavelength is sensitive to the
number of substituents on the NDI
core, and the fluorescence decay times
are in the range of ~8-12 ns for both
compounds in the solvents investigated.
Preliminary fluorescence emission data
from single molecules of the com-
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methacrylate) films are also reported
and show that single molecules have
very low yields of photobleaching, par-
ticularly the di-substituted system. Fur-
thermore, only a small proportion
(<10%) of the single molecules stud-
ied display fluorescence intermittencies

nhydrides is described. The two core- pounds embedded in poly(methyl or “blinks” in their photon trajectory.
substituted SANDIs exhibit many of The compounds appear to be excellent
the photophysical properties required Keywords: core-substitution . candidates for applications at the single

for fluorescence labeling applications
including high photostability and high
fluorescence quantum yields (>0.5) in
the visible region of the spectrum. The

Introduction

There has been a rapid expansion in the use of single mole-
cule (SM) fluorescence techniques to address questions in
an increasing range of research areas, particularly in bio-
physics.'*! The attraction of SM studies is that information
regarding individual molecules is not lost arising from en-
semble-averaging, thus providing a detailed understanding
of the underlying distribution of behaviors that contribute
to the bulk sample properties.

Many spectroscopic and microscopic techniques for study-
ing molecular properties and dynamics are based on detect-
ing luminescence from the substrate. One approach to
studying materials which are not intrinsically fluorescent is
to attach a suitable fluorescent moiety to the substrate of in-
terest. Such fluorescent labels or “tags” offer the sensitivity
and environment-based modulation effects (e.g., in response
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molecule level, for example, as FRET
labels.

to pH or polarity), required for reporting on the behavior of
the substrate. There is an increasing need for new and im-
proved fluorophores capable of meeting the demands of the
ever-widening range of applications, particularly at the mo-
lecular level where many labels routinely used in ensemble
measurements are not suitable. Characteristics of a good
fluorescence label include a large absorption cross-section
(molar absorption coefficient, &) and high fluorescence
quantum yield, (&) in the visible or near IR spectral regions
for easy detection at low labeling levels. Fluorescence labels
for SM applications also need to be highly photostable and
thus able to withstand multiple emission/excitation cycles.
Ideally, at least 10° photons (cycles) should be emitted prior
to irreversible photobleaching of the molecule. Relatively
long fluorescence lifetimes (on the nanosecond scale) are
another useful property for SM labels to enable the dynam-
ics of processes in this time regime to be monitored. Fluo-
rescence intermittencies, or “blinking” arising from excur-
sions to non-fluorescent states or reversible quenching pro-
cesses, is considered an undesirable trait for fluorophores
used as SM labels. However, a favorable characteristic of
fluorophores is sensitivity of the emission spectrum to
changes in molecular structure of the core chromophore.
Thus, by altering substituents one can effectively tune the
emission of a molecule to accommodate various applications
such as suitability for fluorescence energy transfer experi-
ments.

Examples of compounds that fulfill these requirements
and are currently used as fluorescence labels include laser
dyes such as rhodamines, cyanines, oxazines, and imide de-
rivatives of rigid polynuclear aromatic hydrocarbons, such as
perylene. The latter class have proven particularly suited to
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SM spectroscopy owing to their high fluorescence quantum
yields (often>0.9) and photostability.***! Unlike the larger
imide substituted rylene dyes (perylene, terrylene, and qua-
terrylene), unsubstituted naphthalene diimides (NDIs) have
low @&; values and emission is usually confined to the UV
region of the spectrum,'®” making them unsuitable as fluo-
rescence labels. The introduction of amino substituents,
however, to the ortho position of the imide functionality re-
sults in their transformation into colored, highly fluorescent
dyes®'? and makes them potentially useful fluorescence
label candidates. It is with this versatility in properties that
NDIs have found popularity in the latter half of the
20" century!®! arising, in part, from the pioneering work of
Vollmann in the early 1930s.!%

The realization that NDIs can act as useful components
for the creation of supramolecular functional materi-
als"™>151"! has transpired as a result of their desirable elec-
tronic and spectroscopic properties over pyromellitic di-
imides. Their enhanced solubility properties over perylene
diimide dyes also can assist synthetic manipulation and ex-
pands the range of potential applications. Vollmann’s syn-
thesis of 2,6-diarylamino core-substituted NDIs from 2,6-di-
chloro-1,4,5,8-naphthalenetetracarboxylic dianhydride which
itself was derived in four steps from pyrene, is still used as a
source of precursors.'” His description of their fluorescent
properties as dull and non-fluorescent,'” may well be the
reason why this class of core-substituted NDIs have not re-
ceived much attention until recently.®'>13!8 Herein, we
report on the synthesis and photophysical characterization
of two new substituted aminopropenyl naphthalene diimide
(SANDI) derivatives 1 and 2 (Scheme 1) which show poten-
tial as functionalizable fluorescence labels which absorb and
emit in the visible part of the spectrum.

! !
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Scheme 1. Molecular structures of mono-allyl SANDI 1 and di-allyl
SANDI 2 used in this work. The terms mono- and di-allyl refer to core
substitution only.

We also report some preliminary SM data which indicate
that these molecules are sufficiently bright and photostable
to meet the exacting requirements of many SM experimen-
tal applications. Of particular note, is the low occurrence of
fluorescence blinking observed from SMs of 1 and, especial-
ly, 2 when embedded in poly(methyl methacrylate)
(PMMA) films. The presence of the propenyl functionality
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in the molecules imparts further possibilities for synthetic
modification (including polymer formation) and increases
their potential for use in new applications.

Results and Discussion

Compounds 1 and 2 were prepared in good yield by the re-
action of allylamine with 2-bromo- and 2,6-dibromo-1,4,5,8-
naphthalenetetracarboxylic dianhydride (NDA), respective-
ly, following literature procedures (Scheme 2).! The impor-
tance of the per-halogenated core substituted NDAs such as
3 and 4, has recently lead to two reported syntheses involv-
ing molecular bromine!"® or dibromoisocyanuric acid
(DBDP™ in oleum as the brominating agent. In our hands,
as in others,”) the reaction involving molecular bromine
could not be reproduced in high yield and DBI is not readily
available in large quantity. We have recently discovered that
halogenation can be easily achieved using sodium bromide
in oleum (Scheme 2) and that pathways to the 2-bromo 4,
2,6-dibromo 3, and 2,3,6,7-tetrabromo-1,4,5,8-naphthalene

0+_0.__0 NaBr (0.8 equiv) Ox, O~ O
oleum, 110°C
Br 24 h
Cy — O
25%
O (6] [¢] O O (e}
4
NaBr oleum, 150°C, 16h
(2.2 equiv)

85%
H N/\/ DMF

2 110°C  70%
(4 equiv) 16h o

(@] 0]
O
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o N o (¢] (€] o
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2 10°C  70%
07 N0 (4 equiv) 16h
1 H H
O, N (0]
H
N
o O
N
H
(o] N ¢}
2 ‘T
Scheme 2. The NaBr method leads to highly core-functionalized naphtha-

lene diimides in high yield from cheap and readily available starting ma-
terials.
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tetracarboxylic acid dianhydrides 5 (Scheme 3) are achieva-
ble by varying the reaction conditions (temperature, time,
concentration) and stoichiometry of NaBr used.

o o Jo) O, 0. 0]
OO NaBr (4.4 equivs) Br OO Br
_—
o
oleunl '180 Cc Br Br
o O 0 o O o
5

88%
Scheme 3. The NaBr method leads to the tetrabromo derivative in high
yield on multi-gram scale.

Reaction of NaBr (0.8 equivalents) with 1,4,5,8-naphthale-
netetracarboxylic dianhydride in oleum (20% free SO;) for
24h at 110°C leads to the formation of the monobromo
NDA 4 in a moderate 25% yield (Scheme 2). The reaction
conditions reflect a compromise between actual yield and
ease of separation from starting dianhydride or the dibromo
NDA by-product 3 which occurs on further exposure to
NaBr or at higher temperature. Reaction of 4 with allyla-
mine in DMF at elevated temperature yields the diimide 1
in 70% yield after chromatography. Increasing the amount
of NaBr (2.2 equivalents) under similar conditions leads to
the clean formation of the dibromo NDA 3 as the major
product.”” Reaction of 3 with allylamine in DMF yields the
diimide 2 in 70% yield after chromatography. It is worth
noting that a core trisubstituted NDI has been recently pre-
pared from the corresponding dichloro-NDI using a 1,2-dia-
mime,'” however, none of this type of product was seen
under the conditions employed here. The efficiency of the
reaction to form the dibromo derivative manifests itself
from the reduced reactivity associated with further bromina-
tion. More forcing conditions and higher stoichiometry of
NaBr (4.4 equiv) does lead to the tetrabromo-NDA 5 in
88% yield (Scheme 3).2!! Hence by this method, a range of
core-substituted NDAs are possible.

Crystals of 5 suitable for X-ray crystallography were
grown by vapor diffusion of water into a DMSO solution of
5.1 The crystal structure (Figure 1) shows a twisted aromat-
ic core, which is unusual compared to other NDI struc-
tures.[*?! The twist is imparted by the steric bulk of the
ortho bromines.

The torsion of the bromine atoms and the oxygen atoms
can be calculated as deviation from the mean plane of the
naphthalene ring in the molecule.” While Br(1) (Figure 1a)
sits in plane with the naphthalene core (deviation: 0.1 A),
Br(2) is out of the plane by 2.1 A. The carbonyl oxygens ad-
jacent to the bromines that twist out of the plane (O(3)) are
themselves out of the plane by 2.05 A arising from steric
strain. Furthermore, the anhydride oxygens are twisted out
of the plane substantially with a deviation of 4.6 A. The
molecules exhibit m-stacking interactions in the crystal lat-
tice (Figure 1b), with intermolecular separations of 3.5 A
between aromatic planes within the NDA, leading to chan-
nels filled by ordered DMSO solvent molecules.

Chem. Asian J. 2009, 4, 1542—-1550
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Figure 1. a) Crystal structure of 2,3,6,7-tetrabromo-1,4,5,8-naphthalene
tetracarboxylic dianhydride 5 from DMSO solvent. b) A representation
of a portion of the crystal lattice of S.DMSO. NDA =naphthalene dia-
nhydride.

Ensemble Photophysical Properties of 1 and 2

Figure 2 shows the steady-state absorption and emission
spectra of both 1 (upper panel) and 2 (lower panel) in tolu-
ene, ethanol, and acetonitrile. The absorption maxima in the
near-UV spectral region are typical of unsubstituted NDIs
and for such systems, this is the lowest energy transition

1.2 1.2
] mono-allyl SANDI 1

ethanol
— — -acetonitrile |- 1.0
- - - - toluene
0.8
0.6
0.4

-0.2
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. , . . : ‘ . : 0.0
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Alau.
I/au.

di-allyl SANDI 2 j

0.0

30 400 s0  eo0 700
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Figure 2. Normalized steady state absorption and corrected emission

spectra of 1 (panel a) and 2 (panel b) in toluene (light grey, dot), acetoni-

trile (grey, dash), and ethanol (black, line). 1.,=450 and 500 nm, for

emission spectra of 1 and 2, respectively.
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(S¢=S;). For compounds 1 and 2, however, a new, additional,
lower energy transition is present in the visible region of
their absorption spectra with maxima in toluene at 513 and
601 nm, respectively. Similar transitions have also been ob-
served in other NDI compounds with electron donating side
groups.®” This new transition is polarized in the opposite
direction (along the short axis) to the near-UV transition
which is polarized along the long axis of the molecules and
remains mostly unaffected with respect to unsubstituted
NDI. Calculations by Wiirthner and co-workers® on related
SANDI compounds also showing a similar new transition in-
dicate that it has some charge transfer character. The
strength of the new transition is assisted by intramolecular
hydrogen bonding between the H atom attached to the
amino N atom and the nearby carbonyl O atom. This hydro-
gen bond then forms part of a 6-membered ring and helps
confer planar geometry on the atoms involved. Maximal
overlap of the lone pair on the N atom with the conjugated
pi-system of the core is realized when the dihedral angle of
the core—N bond is planar (0° or 180°).

It can be readily seen in Figure 2 how the addition of the
second alkylamino substituent leads to a red shift in the ab-
sorption and emission maxima, highlighting the spectral tun-
ability of these compounds by means of the number and
placement of the substituents. On the other hand, only small
spectral shifts are observed with changes of solvent. The
emission maximum of 1 red shifts only 8 nm (260 cm™)
from 551 nm in toluene to 559 nm in acetonitrile and a fur-
ther 11 nm (345cm™) to 570 nm in ethanol. The emission
maximum of 2 is at 632 nm in toluene, 634 nm in acetoni-
trile, and 638 nm in ethanol (a total of 150 cm™ red shift
compared to 605 cm™' for 1). It is likely that the increased
symmetry of 2 balances the charge redistribution with re-
spect to 1 leading to the weaker solvent dependent red shift
observed. Similar, although more pronounced, solvatochro-
mic behavior was seen for the SANDI compounds of
Wiirthner.®!

Compounds 1 and 2 were found to have values for ¢, in
toluene of 11000m'cm™ and 13100mM~'cm™, respectively.
These values lie at the lower end of the range generally ex-
hibited by fluorescent labels and are similar to those report-
ed for related SANDI compounds.®” Both SANDI deriva-
tives display favorably high fluorescence efficiencies in all
three solvents, with @; values typically >0.5 (Table 1). Fluo-
rescence decay profiles were also recorded in toluene, etha-
nol, and acetonitrile using the time correlated single photon
counting method and fluorescence decay times (zy,) were
obtained by fitting the decay profiles with an exponential

Table 1. Selected ensemble photophysical data for 1 and 2 in various solvents.

T. D. M. Bell, S. J. Langford, K. P. Ghiggino et al.

decay function convolved with an instrument response func-
tion using a least squares fitting routine based on the Mar-
quardt algorithm. Satisfactory fits to the data (assessed by
the reduced > goodness-of-fit parameter and a random dis-
tribution of the weighted residuals) were obtained for both
SANDI compounds in all solvents. Fluorescence decay
times followed the same trend for both SANDIs: the longest
decay time for each compound was recorded in acetonitrile,
the shortest in ethanol and decay times are longer for 2 than
for 1 in all solvents (Table 1).

The fluorescence lifetimes of both compounds are rela-
tively long: for 1 ~8 <7y, <11 ns and 2 ~9 <7y, < 12 ns with
some dependence on solvent. These values compare favora-
bly to those of most commonly used dyes, including pery-
lene and terrylene imides. Longer lifetimes are desirable for
a number of reasons, the primary advantages being ease of
detection and greater confidence in the interpretation of
small differences owing to changes in experimental condi-
tions.

As a result of their relatively long fluorescence decays
and spectral characteristics, 1 and 2 are well suited for use
as labels in Forster resonant energy transfer (FRET) appli-
cations. The critical distance, R,, for through space energy
transfer is defined as the separation of the donor and ac-
ceptor at which energy transfer occurs with 50 % efficiency
and is given by Equation (1),

R, = 0.2108 (' ®x]) 6 (1)

where, 7 is the refractive index of the medium, @, the fluo-
rescence quantum yield of the donor in the absence of the
acceptor, k* the orientation factor for the dipole-dipole in-
teraction, and J is the normalized spectral overlap integral.
Assuming a value of 2/3 for x* (for a random orientation of
the donor and acceptor transition dipoles), the critical For-
ster distance for the mono-allyl and di-allyl pair is 41 A im-
plying that FRET processes should be readily observable
for donor-acceptor separations in the 2—7 nm range.

Single Molecule Photophysical Properties of 1 and 2

Single molecules of both the SANDI compounds are bright
and readily imaged by confocal fluorescence microscopy.
Some example fluorescence trajectories of single molecules
of 1 and 2 embedded in PMMA films and studied under ni-
trogen are shown in Figures3 and 4, respectively. Single
molecules of both SANDIs emit with high count rates typi-

cally in the range of (5-10) x 10

counts/second under the experi-

SANDL ___ Sobvenl  Awlm] _ aM'em ] dmlm] r [ns]  Mental - conditions —employed.
As a comparison, perylene
1 toluene 513 11000 0.51 9.5 .. .. .
1 EtOH s11 - 570 0.44 77 monoimide under similar condi-
1 MeCN 511 _ 559 0.65 112 tions displayed count rates
2 toluene 601 13100 632 0.62 113 about 2-3 times higher.!
2 EtOH 596 - 638 0.60 9.5 Trajectories of 1 typically
2 MeCN 595 - 634 0.56 11.8

lasted of the order of some sec-
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Figure 3. Emission intensity trajectories as a function of time for two
single molecules (panels a and b) of 1in PMMA film under nitrogen. Ex-
citation was at 485 nm.
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Figure 4. Emission intensity trajectories as a function of time for 3 single
molecules (panels a, b, and c) of 2 in PMMA film under nitrogen. Excita-
tion was at 543 nm.

onds before photobleaching occurred. The trajectory shown
in Figure 3a was the longest lived of the data set at 23s,
while the trajectory in Figure 3b lasting for 8s is typical of
SMs of 1. Di-allyl SANDI 2, however, shows much greater
photostability with some single molecules emitting for over
a minute such as the SM in Figure 4a. Also apparent in the
photon trajectories is the almost complete lack of interrup-
tions to the fluorescence emission or “blinking”. Visits to
the triplet state are the most prevalent blinking mechanism
and occur on a micro to millisecond time range for most flu-
orophores. Excessive triplet formation can severely restrict

Chem. Asian J. 2009, 4, 1542—-1550
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the application of a fluorophore as a SM label as the mole-
cules will be ‘off” for considerable periods. These SM meas-
urements were carried out under a nitrogen atmosphere and
even when the data are binned in short 1 ms intervals, there
are no obvious triplet blinks implying that these compounds
have a very low yield of triplet formation. Fluorescence in-
terruptions on a timescale of 100s of ms to seconds, associat-
ed with reversible quenching processes, are also often ob-
served in many single molecule fluorescence studies and can
be a severe hindrance to emitter performance. Long blinks
such as those in the trajectory of the SM in Figure 4c were
seen in approximately a third of the trajectories recorded
from SMs of 1 and in less than 10% of the trajectories of
SMs of 2. Fluctuations in emission intensity, such as are evi-
dent in the trajectory of 1 shown in Figure 3b, were almost
entirely absent for SMs of 2. Indeed, most SMs of 2 showed
steady, single level emission with no intermittencies before
photobleaching in one step—essentially ideal fluorophore
behavior for SM labeling applications.

Example emission spectra from a single molecule of 2 in
PMMA film under nitrogen are shown in Figure 5. Succes-
sive spectra were taken every three seconds thus providing a

Alnm —

Figure 5. Emission spectra from a single molecule of 2 embedded in a
PMMA film under nitrogen. Successive spectra are recorded every three
seconds. Excitation was at 543 nm.

record of changes in the emission with time. Most molecules
showed very stable emission in terms of spectral characteris-
tics which resemble well the spectra of bulk solutions. Very
little spectral shifting over time was observed for individual
molecules. Most molecules behaved similarly to the one in
Figure 5 showing a constant wavelength of emission maxi-
mum throughout their trajectory. Emission maxima varied
somewhat from molecule to molecule and were distributed
over the range of 580-650 nm, reflecting local heterogenei-
ties in the PMMA film. The small difference in average SM
emission maximum (~615nm) and the ensemble values (~
630 nm) is attributed to differences between the film and so-
lution environments.

www.chemasianj.org 1547
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The two SANDI molecules synthesized and studied here
show many properties desirable for fluorescence labeling ap-
plications. They have high emission quantum yields (>0.5),
absorption and emission in the visible part of the spectrum,
and nanosecond fluorescence decay times. Most importantly,
they also show excellent photostability. Aerated solutions
(~107°m) of 1 and 2 in toluene were subjected to eight
hours of irradiation from the focused output of a 150 W Xe
arc lamp. Over this time, 1 underwent photobleaching of
only ~6 % while 2 showed no observable change in absorp-
tion during irradiation. From the known spectral intensity of
the lamp, this indicates a yield of photobleaching of the
order of 107 for 1 and less than 1077 for the di-allyl com-
pound 2.

This very low photobleaching yield is realized at the SM
level for 2 with some molecules undergoing tens of millions
of cycles of excitation and photon emission before photo-
bleaching. For example, approximately 800,000 photons
from the single molecule shown in Figure 4a were detected
by the APD detector before the molecule photobleached.
Taking into account that the total detection efficiency of the
experimental set-up is only about 5% and that half of the
collected photons were directed to the CCD camera, the
actual number of photons that this one single molecule
emitted is of the order of 30 million. The longest lived single
molecule of 2 emitted a steady stream of ~4500 photons per
second for longer than 10 min, implying that more than
100 million cycles of excitation and emission were achieved
before photobleaching occurred.

Although these preliminary SM data sets are small
(<50 molecules) a large variation in emission intensity
(count rate) from molecule to molecule is noted. Not nearly
so much variation in count rate over time (aside from “off
times”) is observed for single molecules. One possible mech-
anism that could lead to extensive variation in emission
(count rate) is rotation of the alkylamino side arms. Calcula-
tions by Wiirthner and co-workers® of similar SANDI com-
pounds showed that the alkylamino side group can donate
electron density from the lone pair on the nitrogen atom
into the naphthalene core as a result of restricted rotation
through hydrogen bonding. Electron donation into the core
would strengthen the S-S, transition resulting in an in-
creased rate of photon absorption and, hence, emission
(count rate).

The extent of electron donation will be strongly depen-
dent on the angle between the naphthalene core and the al-
kylamino side arm with electron donation expected to be
maximal when the core and side arm are in a planar confor-
mation as this maximizes orbital overlap between the pi-
electrons of the core and the nitrogen lone pair. The single
bond linking each side arm to the core would be expected
to allow the side arms a certain degree of relatively facile
rotation. In bulk solution, the equilibrium arrangement
would dominate, however, it is quite possible that single
molecules embedded in a polymer film could adopt a range
of conformations—particularly in a film prepared by rapid
spin-casting. Depending on the extent of sensitivity of elec-
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tron donation to the substituent side-arm orientation, a
range of conformations could lead to a distribution of pho-
tophysical behavior. A more detailed study of the photophy-
sics of these new SANDI compounds as single molecules is
currently in progress and will be reported subsequently.

Conclusions

We have developed a convenient, efficient, and scalable al-
ternate reaction protocol for the synthesis of mono-, di-, and
tetra-brominated core substituted naphthalenetetracarboxyl-
ic dianhydrides. This method will allow easy access to core-
substituted NDIs and hence allow further functionalization
of these molecules which will have an impact on their fluo-
rescent properties for supramolecular and material chemis-
try applications. Studies in these areas, and in particular the
chemistry of 5, are underway.

The photophysical properties of two new aminopropenyl
substituted derivatives of naphthalene diimide have been
characterized in bulk solution in a range of solvents and
have undergone preliminary assessment at the single mole-
cule level. Both mono-allyl and di-allyl SANDI compounds
show many properties desirable for fluorescence labeling ap-
plications such as absorption and emission in the visible part
of the spectrum, quantum yields greater than 0.5, nanosec-
ond fluorescence decay times, and a high degree of photo-
stability. The absorption and emission properties are also
highly tunable with the addition of the second aminopropen-
yl group leading to a considerable red-shifting of the emis-
sion. The critical Forster distance for a randomly oriented
mono-allyl SANDI di-allyl SANDI pair is 4.1 nm suggesting
their suitability as FRET labels capable of reporting on sep-
arations in the 2-7 nm range. Single molecules of these com-
pounds in PMMA film under nitrogen show strong emission
with very few interruptions or “blinks” and good photosta-
bility. This is particularly so for the di-substituted compound
with some single molecules emitting tens of millions of pho-
tons before photobleaching.

Experimental Section

Synthetic Procedures

General bromination: Naphthalenetetracarboxylic dianhydride (0.1 mm)
in the presence of oleum (20 % free SO;, 15 mL) and NaBr is stirred and
heated in a Carrius tube for 16-24 h. Slow addition of propionic acid
(CAUTION: highly exothermic) precipitates the product as a yellow
solid. For 5: 5 g NDA yields 6.7 g, 62%.

Characterization data for 3: m.p.:>350°C; 'H NMR (400 MHz, DMSO):
0=8.74 ppm (s, 2H, ArH); mass spectrum (ESI) m/z: 426 [M] . For 4:
m.p.:>350°C; '"H NMR (400 MHz, DMSO): 6=8.73 (d, J=4.1 Hz, 2H,
ArH), 8.68 (s, 1H, ArH), 8.67 ppm (d, J=4.1 Hz, 2H, ArH): mass spec-
trum (ESI) m/z: 347 [M+H]*. For 5: m.p.:>350°C; IR (nujol): 7=1787,
1731, 1192, 1174, 1149, 1093, 986, 936 cm™'; UV/Vis (DMF): Ay =269,
363(sh), 377 nm; mass spectrum (ESI) m/z: 583.55 [M]".

General imidation: Compound 4 (100 mg) and allyl amine (4.4 equiv)
were stirred in DMF (20 mL) at 110°C overnight. The reaction mixture
was allowed to cool down to room temperature and water (30 mL) was
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added. The resulting highly colored precipitate was filtered and collected
at the pump, dried in a dessicator, and purified using column chromatog-
raphy (20% hexane in DCM). Yield of 1=70%; m.p.: 195-196°C;
'"HNMR (300 MHz, CDCl,;, see Figure S1 in the Supporting Informa-
tion): 0=10.23 (brt, 1H, NH), 8.66 (d, /=7.8 Hz, 1H, ArH), 8.36 (d, /=
7.8, 1H, ArH), 8.1 (s, 1H, ArH), 59-6.1 (m, 3H, allyl H), 5.1-5.4 (m,
6H, allyl H), 4.83 (dt, J=5.8, 1.4 Hz, 2H, CH,), 4.77 (dt, J=5.8, 1.4 Hz,
2H, CH,), 423 ppm (m, 2H, CH,); *C NMR (100 MHz, CDCl,, see Fig-
ure S2 in the Supporting Information): 6=166.0, 163.1, 162.8, 162.7,
152.5, 132.7, 132.2, 131.7, 131.6, 131.2, 129.6, 127.9, 126.2, 124.9, 123.7,
120.2, 119.6, 118.5, 118.0, 117.7, 45.5, 43.0, 42.5 ppm; MS (MALDI-TOF):
402.1 (100%), (M+H)*; UV/Vis (tol): A, (¢)=350, 368, 515nm
(11000); Fluorescence (tol): A, =551 nm. Yield of 2 is 70 %; m.p.: 223—
224°C; 'THNMR (300 MHz, CDCl;, see Figure S3 in the Supporting In-
formation): d=9.5 (brt, 1H, NH), 8.16 (s, 2H, ArH), 5.9-6.1 (m, 4H,
allyl H), 5.1-5.5 (m, 8H, allyl H),4.81 (dt, J=5.5, 1.3 Hz, 4H, CH,), 4.1-
4.2 ppm (m, 4H, CH,); ®C NMR (100, CDCl,, see Figure S4 in the Sup-
porting Information): 6=165.8, 149.1, 133.4, 132.1, 125.7, 121.2, 118.6,
117.8, 117.6, 117.3, 102.0, 45.4, 42.4, 29.7 ppm; MS (MALDI-TOF): 456.1
(100%), [M]*; UV/Vis (tol): Ay (€) =346, 362, 602 nm (13100); Fluores-
cence (tol): A, =629 nm.

Single Crystal X-ray Diffraction Experiment

Single crystals of 5 were grown by vapor diffusion of water into a DMSO
solution of 5. X-ray diffraction data was collected on a Nonius Kappa
CCD diffractometer (graphite-monochromated Moy, radiation, A=
0.71073 A). Structures were solved by direct methods (SHELXS-97) and
refined by full-matrix least-squares calculations on F* with the SHELX-
TL program package. Non-hydrogen atoms were refined anisotropically.
CCDC 649279. contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif

Photophysical Measurements

Absorption spectra were recorded using a Varian Cary 50 spectropho-
tometer and fluorescence spectra were measured using a Varian Cary
Eclipse fluorescence spectrophotometer. Fluorescence spectra were cor-
rected for differences in detection efficiency with emission wavelength.
All ensemble samples were prepared using spectrophotometric grade sol-
vents used as received from Aldrich and degassed using successive
freeze-pump-thaw cycles. Fluorescence decay profiles were recorded
using the time-correlated single photon counting technique as outlined
elsewhere.”! The excitation source was an optical parametric oscillator
(OPO, Coherent) which provided ~100 fs FWHM pulses at 100 kHz. The
OPO was pumped by a regeneratively amplified mode-locked Ti:sap-
phire laser (Coherent Mira). Compounds 1 and 2 were excited at 510 nm
and 590 nm, respectively. Emission from the sample was passed through
a polarizer oriented at 54.7° relative to the vertically polarized excitation
light thereby removing any anisotropic effects from the decay. Sample
emission was passed through a single grating monochromator (Jobin
Yvon H-10), and detected with a microchannel plate photomultiplier
tube (Eldy, EM1-132).

Single Molecule Studies

Samples for single molecule analysis were prepared by spin-casting (60 s
at 2000 rpm) dilute solutions (~107'"m) of 1 or 2 in toluene containing
~10 mgmL~! of poly(methyl methacrylate) onto thoroughly cleaned glass
coverslips. Film thicknesses were checked by depth profiling (Veeco
Dektak) and were found to be ~80-100 nm. Single molecules were excit-
ed by 543 nm light at 4 MHz, 1-2 ps FWHM, provided by an OPO (Spec-
tra Physics) pumped by a regeneratively amplified Ti:sapphire laser
(Spectra Physics). The light was directed into an inverted microscope
(Olympus IX70) and focused at the sample through a 1.4 N.A. oil-immer-
sion objective (Zeiss 100x). Fluorescence was collected through the same
objective, split 50:50 and directed onto an avalanche photodiode
(Perkin—-Elmer) and through a spectrograph (Acton 150i) onto a liquid
N, cooled CCD camera (Princeton). Details of the SM detection arrange-
ment are published elsewhere.”’!
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