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Abstract: The fluorescent dye 4-dime-  Vis

spectroscopy. Furthermore, by

aminonaphthalimide antennas could be

thylamino-1,8-naphthalimide was incor-
porated at the bay area of N,N'-bispyr-
idyl perylene bisimide to afford a four-
fold-functionalized perylene bisimide
ligand. Through self-assembly directed
by metal-ion coordination, a multichro-
mophore supramolecular entity com-
posed of sixteen dimethylaminonaph-
thalimide antennas and a perylene bis-

means of 'H NMR diffusion-ordered
spectroscopy (DOSY) the dimension of
this assembly was evaluated by em-
ploying a previously reported perylene
bisimide ligand and its square assembly
as references. The results obtained con-
firm the square framework of the cur-
rent assembly. The optical properties of
this multichromophore dye assembly

efficiently transported to the perylene
bisimide core by a fluorescence reso-
nance mechanism (energy-transfer effi-
ciency E=95%), and this resulted in
almost exclusive detection of intense
perylene bisimide emission, irrespec-
tive of the excitation wavelength ap-
plied. The present square scaffold con-
taining aminonaphthalimide antenna

imide-walled square core was subse-  were
quently constructed from this linear di-
topic ligand and 90° metal corner [Pd-
(dppp)](OTf), (dppp=1,3-bis(diphe- that light
nylphosphino)propane; OTf=trifluoro-
methanesulfonate) in good yield. The
isolated metallosupramolecular square
was characterized by elemental analysis
and 'H, *C, and *'P{'"H} NMR and UV/

Introduction

Photosynthesis in higher plants and numerous bacteria is
one of the most important processes in biological systems. It
has been demonstrated that the primary steps of photosyn-
thesis in purple bacteria involve absorption of photons by
light-harvesting (LH) complexes and subsequent transport
of the energy through excited-state energy transfer to the
photosynthetic reaction centers.!! Structural analysis re-
vealed that in the LH1 and LH2 complexes of purple bacte-
ria, bacteriochlorophyll dyes are noncovalently bound to
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investigated by
steady-state and time-resolved fluores-
cence spectroscopy.
captured by dimethyl-
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UV/Vis and dyes exhibits more than seven times
higher fluorescence quantum yield
(97=0.37) than a previously reported
pyrene-bearing  perylene  bisimide-
walled square (@;=0.05). Thus, this
multichromophore square assembly
with aminonaphthalimide antenna dyes
is an artificial model for the cyclic
light-harvesting complexes in purple
bacteria.

It was revealed

proteins in a circular or elliptical topology, and the cyclic
arrays act as the fundamental structural feature for their
functionality.”! In the past, enormous efforts have been de-
voted to understanding the highly efficient light-harvesting
capabilities of LH complexes. On the one hand, artificial
multichromophore counterparts have been developed,”! and
especially dendritic dye assemblies became popular during
the past few years for mimicking the functionality of light
harvesting and energy transfer.”) On the other hand, supra-
molecular methodology has also been utilized to construct
macrocyclic dye assemblies from the viewpoint of structural
resemblance.”! Cyclic dye assemblies are superior to archi-
tectures of other topologies in the following respects: First,
circular structures are suited for generating densely packed
two-dimensional arrays that facilitate further hierarchical
self-assembly processes on appropriate surface materials.
Second, macrocyclic assemblies have inherent cavities for
the encapsulation of guest molecules and may potentially
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serve as a photochemical reactor by harnessing the energy
captured by peripheral dye molecules. Nevertheless, supra-
molecular assemblies bearing both structural and functional
features of LH complexes in purple bacteria have been
rarely reported so far.

Over the past decade, self-assembly directed by metal co-
ordination has proven to be one of the most powerful tools
to construct discrete supramolecular macrocycles through
thermodynamic control.®® By utilizing this approach, we
have previously prepared a number of supramolecular
squares based on perylene bisimide dyes, which show inter-
esting optical and electrochemical properties.”] As natural
light-harvesting systems are comprised of different types of
dyes and contain larger numbers of dye units than reported
monochromophore square assemblies, we incorporated addi-
tional chromophoric units such as pyrenes to obtain multi-
chromophore square scaffold 2a with four perylene bisimide
units as core and sixteen pyrene units as antenna chromo-
phores (Scheme 1).®) However, recent in-depth photophysi-
cal investigations revealed that in metallosupramolecular
square 2a, besides fast energy transfer, ultrafast and highly
efficient electron transfer from the pyrene antenna chromo-
phores to the central perylene bisimide dyes strongly
quenches the fluorescence emission of perylene bisimide.”!
To develop more efficient light-harvesting systems based on
multichromophore square scaf-
folds that are structurally and
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chromophore square arrays based on perylene bisimides,
since they exhibit absorption maxima around 400 nm and
emit a strong green fluorescence (A.,2500 nm, @;~0.8) in
less polar solvents such as hexane and dioxane.'l In this
context, such aminonaphthalimide dyes may serve as the
light-input molecules that transport the absorbed energy to
perylene bisimide through a FRET mechanism. Therefore,
we have designed a new ditopic perylene bisimide ligand 1b
(Scheme 1) which contains highly fluorescent 4-dimethyl-
amino-1,8-naphthalimide dyes at the bay area of perylene
bisimide. As the fluorescence emission of dimethylamino-
naphthalimide substantially overlaps with the absorption
bands of the perylene bisimide dye, FRET is envisioned to
be efficient in multichromophore systems that are composed
of these two dyes. Here we report that metal-ion-directed
supramolecular self-assembly of the newly designed pery-
lene bisimide building block 1b leads to square array 2b,
which incorporates four inner perylene bisimide dyes and
sixteen aminonaphthalimide antenna dyes. The optical and
photophysical properties of aminonaphthalimide-functional-
ized perylene bisimide ligand 1b and square 2b were inves-
tigated in detail and compared with those of the previously
reported pyrene-functionalized systems 1a and 2a.[%)

functionally reminiscent of nat- h ArO OAr Pn g+OTf_
ural LH complexes (e.g., in F\ 2R O O 2"
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High fluorescence quantum

yields of the chromophores and o°N"o
a proper spectral overlap be- @
tween the fluorescence emis- SN

sion band of the energy-donor
dye and the absorption band of
the energy-acceptor dye are
two crucial prerequisites for the
design of dye arrays with effi-
cient Forster-type fluorescence

-

resonance  energy  transfer
(FRET) properties. Further-
more, separated absorption

bands of the dye components
are advantageous, as they can
be excited individually. Under
consideration of the above-
mentioned aspects, 4-amino-1,8-
naphthalimide derivatives
appear to be promising antenna
dyes for light-harvesting multi-
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Scheme 1. Structures of pyrene- and aminonaphthalimide-functionalized and p-tert-butylphenyl-substituted
perylene bisimide ligands 1a,b,c and their metal-ion-mediated self-assembly into squares 2a,b,c; perylene bis-
imide 1d was used as precursor for the synthesis of ligands 1a,b, and perylene bisimide 3 served as reference
compound for DOSY NMR experiments (vide infra).
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Scheme 2. Synthesis of naphthalimide-functionalized perylene bisimide ligand 1b; DCC=dicyclohexylcarbodiimide; DMAP =4-dimethylaminopyridine.

Results and Discussion

Synthesis of dimethylaminonaphthalimide-functionalized
perylene bisimide ligand: The target ditopic perylene bis-
imide ligand was synthesized according to Scheme 2. For
this purpose, 6-(6-dimethylamino-1,3-dioxo-1H,3H-benzo-
[delisoquinolin-2-yl)hexanoic acid (5) was prepared by imi-
dization of 4-dimethylamino-1,8-naphthalic anhydride (4)1'!]
with 6-aminohexanoic acid in dry ethanol.

Subsequently, carboxylic acid 5 was treated separately
with 4-methoxyphenol and N,N'-bis(4-pyridyl)-1,6,7,12-tetra-
kis(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid
bisimide (1d)"™ to afford reference ester 6 and the desired
tetranaphthalimide-functionalized perylene bisimide ligand
1b, respectively, through activation of the carboxyl function
by dicyclohexylcarbodiimide (DCC) in the presence of 4-di-
methylaminopyridine (DMAP)."® The products were puri-
fied by column chromatography (SiO,), and ligand 1b was
obtained in pure form in 56 % yield. The new compounds
were fully characterized by 'H and “C NMR spectroscopy
and mass spectrometry, and correct elemental analyses were
obtained (see Experimental Section).

Construction of metallosupramolecular square assembly: It
is well documented that the Pd—N bond is relatively labile
and its formation is reversible at ambient temperature.
During metal-ion-mediated self-assembly process, this prop-
erty enables the conversion from initially formed linear oli-
gomeric species to structurally well-defined macrocycles and
allows the production of macrocycles in high yield.[* There-
fore, [Pd(dppp)](OTf), (dppp=1,3-bis(diphenylphosphino)-
propane; OTf=trifluoromethanesulfonate) was used as a
90° metal corner to make discrete macrocyclic assemblies
with perylene bisimide ligand 1b.

Initially, the metal-ion-mediated self-assembly of perylene
bisimide 1b was studied by NMR spectroscopy. Thus, an
equimolar mixture of ligand 1b and metal reagent [Pd-
(dppp)](OTY), in CD,Cl, exhibited a simple '"H NMR spec-
trum with signal broadening and only one signal in the
S'P{'H} NMR spectrum, that is, the resulting assembly has a
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highly symmetrical structure and its formation is quantita-
tive. Subsequently, assembly 2b was prepared and isolated
by a conventional protocol. Ligand 1b and metal corner
[Pd(dppp)](OTf), were mixed stoichiometrically in CH,Cl,
and stirred at room temperature for 24 h. After concentra-
tion, diethyl ether was added to precipitate the product,
which was collected by centrifugation and dried in vacuum
to afford assembly 2b as a dark powder. Although the reac-
tion proceeds quantitatively as monitored by NMR spectro-
scopy, the product could be isolated only in 79% yield due
to its high solubility in CH,Cl,. Elemental analysis of the
isolated solid fits very well with the composition of desired
square assembly 2b. To provide additional structural proof,
the assembly was redissolved in CD,Cl, and 'H and *'P{'H}
NMR spectra were recorded. The '"H NMR spectrum of 2b
(Figure 1a, bottom) showed one single set of signals for the
perylene ligands and the dppp moieties, and this indicates
the presence of one species in solution.

The signal of the pyridyl a-protons of the ligand shifted
from 6=8.76 to 9.07 ppm (A6=0.31 ppm) on assembly for-
mation, while the upfield shift of the pyridyl f3-protons by
0.15 ppm confirms metal-nitrogen coordination.*” On as-
sembly formation, the proton signals of ligands and metal
corners are slightly broadened due to rotational restriction
in the assembled state. The high symmetry of assembly 2b is
also supported by its *'P{'"H} NMR spectrum, in which one
sharp signal appears at 0=7.01 ppm, upfield-shifted by
about 13 ppm compared with that of the palladium complex
precursor. These spectroscopic observations are consistent
with those of previously reported perylene bisimide
squares,”! and thus prove the square scaffold of the present
assembly. The essentially identical NMR spectra that were
also obtained in CDCl; confirm that the square structure is
sustained in this solvent.'”

Characterization of the square assembly by 'H NMR diffu-
sion-ordered spectroscopy (DOSY): The kinetic lability of
Pd—N bonds facilitates the formation of structurally well-de-
fined supramolecular assemblies but makes characterization
of the corresponding supramolecular entities rather arduous.
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binding sites) perylene bisimide
3 (Scheme1). Since the
"HNMR spectra of these two
species do not fully overlap
with each other, separate evalu-
ation of their diffusion coeffi-
cients is possible (Table 1). To
make the diffusion coefficients
comparable by eliminating the
minor temperature and viscosi-
ty differences in each system,
the D values of the investigated
species were finally normalized
to that of TMS as internal refer-

T T T T 1 O b d T T ence.[l7]
10 9 8 7 6 4 2 -20 40 The TMS-normalized diffu-
5/ ppm 5/ ppm sion coefficient D/D™S  of

Figure 1. a) '"H NMR spectra of 1b (top) and corresponding Pd" assembly 2b (bottom) in CD,Cl, (only aro-

matic region shown); b) *'P{"H} NMR spectrum of the Pd" assembly 2b.

With conventional ionization modes, satisfactory mass spec-
tra of Pd-cornered assemblies that avoid fragmentation are
not easy to obtain, although mild cold-spray ionization has
recently been introduced to characterize supramolecular as-
semblies of this kind."! In this context, '"H NMR DOSY!"!
was performed to shed light on the diffusion properties and
thus on the molecular size of assembly 2b. The diffusion co-
efficient D [m?s™'] of a spherical molecule in solution can be
described by the Stokes-Einstein equation D =kgT/6mtnr,
that is, D is inversely proportion to the molecular dimension
") Thus, the sizes of species can be compared based on
their diffusion coefficients when the other parameters 7 and
n are identical. Indeed, '"H DOSY NMR and related tech-
niques have recently been successfully applied to character-
ize a variety of metal-ion-mediated assemblies.!"!

Since the boiling point of CD,Cl, (40°C) is lower than
that of CDCl; (61°C), the DOSY experiments were per-
formed in the latter solvent to minimize convection effects,
which considerably influence the DOSY spectra with in-
creasing diffusion time 4 in the DOSY pulse sequence.
Figure 2 shows a diffusion decay curve of molecular square
2b obtained by monitoring the 'HNMR intensity at
7.94 ppm. The intensity decreases with increasing gradient
strength g [Gem™'] according to a Gaussian function (see
Experimental Section). From the curve-fitting analysis, the
diffusion coefficient was estimated as D=5.1x10"""m?s™".
Similarly, the diffusion coefficients for the same species
could also be estimated from various chemical shifts. The 'H
DOSY NMR spectrum of square assembly 2b (Figure 3)
shows that it has a much smaller diffusion coefficient than
small molecules such as water, chloroform, and TMS.

To qualitatively probe the molecular size of the square,
DOSY experiments were also performed for well-character-
ized molecular square 2¢ (Scheme 1).*°! In addition,
DOSY experiments were carried out to evaluate the diffu-
sion behavior of a mixture of square 2b and inert (without

Chem. Eur. J. 2006, 12, 7510-7519
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square 2b is 0.22 in CDCl;.
This value does not change in
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Figure 2. Observed '"H NMR intensity at 6 =7.94 ppm of square 2b (pery-
lene protons) in CDCI, versus average gradient strength g [Gem™!] of the
sinusoidal diffusion gradients. Circles: experimental data, solid line: fit-
ting according to Equation (4) (see Experimental Section).
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Figure 3. 600 MHz '"H DOSY NMR spectrum of square assembly 2b in

CDCl; at 25°C; 16 scans per gradient increment. The diffusion coeffi-
cients D are plotted on a logarithmic scale against the chemical shift o.
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Table 1. Diffusion coefficients of molecular squares 2b and 2¢, perylene
bisimide 3, and TMS in CDCl; at 25°C as obtained from 'H DOSY
NMR experiments.

Compound D [m*s™'] D™ [m?s™] D/D™S
2b 51x1071° 23.1x107"° 0.22
2bte! 5.5x1071° 24.8x1071° 0.22
2¢ 6.1x1071° 24.8x1071° 0.25
30l 9.0x1071 24.8x1071° 0.36

[a] The data were evaluated from a mixture of square 2b and perylene
bisimide 3 in CDCl;.

the presence of 3, that is, the diffusion behavior of square
2b is not affected by compound 3. The normalized diffusion
coefficient of perylene bisimide 3 (0.36) is significantly
larger than that of square 2b (0.22). This result is just what
one should expect, since the size of reference perylene bis-
imide 3 is comparable to that of ligand 1b, which acts as a
building block of square 2b. This result clearly suggests that
compound 3 could be used as an internal standard for the
DOSY investigations of perylene bisimide assemblies. Com-
parison of the diffusion coefficients of the square assemblies
2b and 2c¢, which have approximately spherical geometries,
reveals some interesting features. The normalized diffusion
coefficient of square 2¢ (0.25) is slightly larger than that of
square 2b (0.22). This finding is quite reasonable, since the
additional substituents of molecular square 2b are slightly
larger than those of square 2¢. According to the Stokes—
Einstein equation (vide supra), it can be estimated that the
hydrodynamic radius of 2b is about 1.14 times that of 2e¢.
On the basis of spherical approximation, the molecular size
of 2b is about 1.5 times that of 2¢. The latter value perfectly
reflects the ratio of the molecular weights of these two as-
semblies (i.e., 12558/8172~1.5) and thus confirms the
square scaffold of the present metallosupramolecular assem-
bly 2b from another aspect.

Optical properties of free ligands and square assemblies:
The optical properties of perylene bisimide ligand 1b and
corresponding square assembly 2b in CH,Cl, were investi-
gated by UV/Vis and fluorescence spectroscopy. The absorp-
tion spectra of ligand 1b and square 2b are shown in
Figure 4. Ligand 1b shows intense absorption bands with
maxima at 575 and 425 nm, which can be attributed to the
perylene bisimide and dimethylaminonaphthalimide moiet-
ies, respectively. Compared with the parent chromophores,
the absence of additional absorption bands indicates insig-
nificant ground-state interaction between these two chromo-
phores. Square 2b exhibits a similar absorption profile, but
the absorption maxima of the chromophores are shifted to
584 and 427 nm, respectively. This significant red shift
(9 nm) of the perylene bisimide band further confirms coor-
dination of the pyridyl binding sites to Lewis acidic metal
ions. This bathochromic shift is still observable at the con-
centrations for fluorescence studies (ca. 107" m), which sug-
gests that assembly 2b persists even at very low concentra-
tions. As expected, the absorption band of dimethylamino-
naphthalimide moieties is barely influenced by the presence
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Figure 4. UV/Vis absorption spectra of free ligand 1b (dashed line) and
square 2b (solid line) in CH,Cl,, and calculated UV/Vis absorption spec-
trum from &(1b) x4 (dotted line).

of Pd" corners, as they are not involved in metal coordina-
tion. The similarity of the molar absorbance of assembly 2b
for both the naphthalimide and the perylene bisimide ab-
sorption bands to that of calculated spectrum for four li-
gands 1b corroborates the square structure of this assembly
and complies with the previous observation for perylene
bisimide dye squares."

Figure 5 shows the fluorescence spectra of ligand 1b and
square 2b in CH,Cl,. Ligand 1b exhibits an intense perylene
bisimide emission at 607 nm irrespective of the excitation

1.0

o
w
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Figure 5. UV/Vis absorption (solid lines) and fluorescence emission and
excitation spectra of a) ligand 1b and b) square 2b in CH,Cl,. Emission
spectra were recorded by excitation at 400 (dashed lines) and 545 nm
(dash-dotted lines). Excitation spectra were recorded by detection at
750 nm (dotted lines). The insets show the enlarged residual emission of
dimethylaminonaphthalimide moieties.

wavelength, but also an extremely weak dimethylamino-
naphthalimide emission with maximum at 500 nm on excita-
tion at 400 nm (inset to Figure S5a). Compared with refer-
ence compound 6 (see Scheme 1), the fluorescence of ami-
nonaphthalimide dyes in 1b is drastically quenched (see
Table 2). As excitation at 415 nm and 545 nm affords almost
the same fluorescence quantum yield (@;=0.36 and 0.38),
the naphthalimide fluorescence quenching suggests a highly

Chem. Eur. J. 2006, 12, 7510-7519
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Table 2. Time-resolved fluorescence data of compounds 6, 3, 1ab, and
2ab in CH,CL."

Compound 7 [ns]® 7 [ns] 7 [ns]
6 10.8

3 6.0t

1b 0.41 1.8 1.9

2b 0.5%! 2.1 1.911

1a 0.9™1

2a 1.0t

[a] All spectra were recorded at room temperature. [b]A.,=410 nm,
Ager="550 nm. [c] A,=575 nm, A4, =610 nm. [d] For compound 1b: biex-
ponential decay with 7,=0.4ns (82%) and 7,=2.9ns (18%). [e] A=
410 nm, A4 =670 nm. [f] A,=575nm, A4 =670 nm. [g] For compound
2b: biexponential decay with 7,=0.5ns (93%) and 7,=6.1ns (7%).
[h] Ax=324 nm, A, =615 nm. [i] Ref. [9].

efficient energy-transfer process from peripheral dimethyl-
aminonaphthalimide dyes to the core perylene bisimide chro-
mophores. In the fluorescence excitation spectrum of com-
pound 1b (44,=750 nm) the absorption band of the antenna
chromophore is observed. Therefore, the naphthalimide
chromophores contribute to emission from the S, state of
perylene bisimide and the fluorescence emission properties
of multichromophore ligand 1b are determined by the
lowest energy S; state of the perylene bisimide unit. Square
2b shows an emission maximum at 614 nm, which is batho-
chromically shifted by 7 nm relative to the free ligand
(Figure 5). The fluorescence quantum yields of square 2b
were determined as @;=0.37 and 0.41 on irradiation at 545
and 415 nm, respectively. As in the case of ligand 1b, the
fluorescence of the naphthalimide chromophores in square
2b is also quenched, and the square assembly shows a simi-
lar profile in the fluorescence excitation spectrum.

To get more insight into the excited state properties of
ligand 1b and square 2b, time-resolved fluorescence experi-
ments were performed. The observed fluorescence lifetimes
are compiled in Table 2, and the respective emission traces
are depicted in Figure 6. On excitation of the naphthalimide
units, strong quenching of their excited states was observed,
as the fluorescence lifetime is drastically reduced to 0.4 and
0.5 ns for ligand 1b and square 2b, respectively, compared
to the strongly emitting reference compound 6 (7=
10.8 ns).™® Nevertheless, the emission of the perylene bis-
imide unit is also quenched, as a lower lifetime of t=1.9 ns
was observed for both ligand 1b and square 2b compared
with that of reference perylene bisimide 3 (7=6.0). Interest-
ingly, fluorescence quenching of perylene bisimide in 1b and
2b is significantly less pronounced than that observed for
pyrene-containing ligand 1a and square 2a, as the acceptor
emission decay times for the latter systems are 7=0.9 and
1.0, respectively.

Based on the above-mentioned photophysical data, we
assume a FRET process in light-harvesting system 2b. Thus,
the transfer rate depends on the extent of spectral overlap
of the emission spectrum of the donor with the absorption
spectrum of the acceptor chromophore, the quantum yield
of the donor, the relative orientation of the donor and ac-
ceptor transition dipoles, and the distance between the

Chem. Eur. J. 2006, 12, 7510-7519
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Figure 6. Time-resolved emission traces in CH,Cl, with A.,=410 nm,
Age:=550nm (circles) and A.,=410nm, A4,=670nm (squares) for
a) ligand 1b and b) square 2b. In both diagrams the emission trace of
naphthalimide reference compound 6 is shown for comparison (trian-
gles).

donor and acceptor molecules.””) The Forster distance R,
(distance at which energy-transfer efficiency is 50 %) is typi-
cally in the range of 20-60 A and can be calculated accord-
ing to Equation (1), where x? is the orientation factor, n the
refractive index of the medium, @}, the fluorescence quan-
tum yield of the donor in the absence of acceptor, and J(1)
the overlap integral of the donor emission and acceptor ab-
sorption spectra. By employing Equation (1), R, is calculat-
ed for compound 2b as 48.5 A, with x*=2/3, n(CH,Cl,)=
1.4240, @(CH,Cl,)=0.49 (determined relative to quinine
sulfate in 1.0n H,SO, ®;=0.55") and J(1)=1.87x
10"M'cm 'nm* (calculated from the optical spectra of ref-
erence compounds 6 and 3). The rate of energy transfer
from a donor to an acceptor is given by Equation (2).

R, =0.211 [1{211’44),3](/1)]1/6 (1)
kr(r) =1/tpa—1/7p = (1/TD)(R0/")6 ()

With a 4 value of 0.5 ns (decay of the donor in the pres-
ence of acceptor) and a 7, value of 10.8 ns (decay of the
donor in the absence of acceptor), kr is calculated as 1.91 x
10°s™! for square assembly 2b (for lifetime data, see
Table 2). Thus, the efficiency of the energy transfer can be
calculated as E=0.95 according to Equation (3).

E =1—(tpa/Tp) 3)

Given the values for R, and ky, the donor-acceptor dis-
tance can be calculated as r=29.3 A by employing Equa-
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tion (2). This value is about 33 % higher than the interchro-
mophore distance of 22 A derived from molecular modeling
studies (which results in an estimated value of k;=1.06x
10"s71). On the other hand, the energy-transfer efficiency
can also be calculated on the basis of the integration of the
fluorescence emission curve of naphthalimide before and
after attachment to the perylene bisimide."* Accordingly, a
value of £=0.99 is determined that leads to an estimation
of 1pa=108ps, kr=9.17x10°s"!, and r=22.5 A. The dis-
crepancy between these values derived from time-resolved
and steady-state fluorescence spectroscopy can be attributed
to the following reasons: First, the value of R, according to
Equation (1) is poorly assessed because of the simplified as-
sumption of the dipole-dipole orientation factor x?=2/3,
which is strictly valid only for a random orientation of the
chromophores.'” In the present case, however, the naphtha-
limide donor and the perylene bisimide acceptor are cova-
lently bound and their orientation is sterically constrained.
Therefore, this assumption introduces an error into the cal-
culation of the energy-transfer efficiency. Second, the time
resolution of our fluorescence experimental setup is about
300 ps; rate constants of faster processes cannot be resolved
adequately. This results in a pronounced error in 7p, and,
consequently, in the r value. Taking these factors into ac-
count, it is reasonable to set 95% as the lower limit of the
energy transfer efficiency of this naphthalimide—perylene
bisimide conjugate.

The fluorescence quantum yields @, for ligand 1b in vari-
ous solvents and for square 2b in CH,Cl, were determined
relative to N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphe-
noxyperylene-3,4:9,10-tetracarboxylic acid diimide (@y5=
0.96 in CHCI;)?" by using the optical-dilution method.*2!]
The @, data of the present naphthalimide-containing ligand
1b and square 2b and, for comparison, those of previously
reported” pyrene-functionalized systems 1a and 2a are
given in Table 3.

Table 3. Fluorescence emission properties of ligands 1a,b and squares
2ab.

Compound Solvent Relative Aem [nm] Dy
permittivity &,

1b dioxane 221 596 0.37
THF 7.58 595 0.22
CH,Cl, 8.93 607 0.3801

2b CH,Cl, 8.93 614 0.370

la CH,Cl, 8.93 611 0.120

2a CH,Cl, 8.93 619 0.054<!

[a] Ax=545nm (on excitation at 415 nm a quantum yield of ®;=0.36
was observed).[b] A.,=545 nm (on excitation at 415 nm a quantum yield
of @;=0.41 was observed).[c] 1.,=336 and 545 nm. [d] A.,=307 and
550 nm. [e] Ref. [9].

No general trend for the effect of solvent polarity on fluo-
rescence quantum yield of ligand 1b could be observed, as
@, values of 0.36 in CH,Cl, (¢,=8.93), 0.37 in dioxane (&,=
2.21), and 0.22 in THF (¢,=7.58) were determined. It was
reported that the fluorescence quantum yield of N,N'-bis-
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(4-pyridyl)-1,6,7,12-tetra(4-hexanoyloxyphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide, which can be taken as
a model compound for perylene bisimide ligands 1ab, is
0.90 in CH,CL.”? In comparison to this model system, the
luminescence of the perylene bisimide moiety in pyrene-
containing ligand 1a (@;3=0.12)" is decreased by about
87%, and in respective square 2a (®P;=0.05)"! it is even
more strongly diminished, while for the present aminonaph-
thalimide-functionalized systems 1b (®;=0.36) and 2b
(®7=0.37) significantly less pronounced fluorescence
quenching was observed. As the S;—S, transition energy of
the perylene bisimide units (ca. 2.04 eV) is higher than the
energy level of the charge-separated state in polar solvents
(Perlyene’™-Naph'*, ca. 1.75 eV)"*! by about 0.3 eV, a pho-
toinduced intramolecular electron-transfer process is ther-
modynamically feasible and seems to account for such fluo-
rescence quenching. Nevertheless, the square scaffold 2b
with naphthalimide antenna chromophores has a more than
seven times greater fluorescence ability than pyrene-con-
taining square 2a. Owing to their significant absorbance of
blue light (see spectra in Figure 4), these novel squares are
indeed efficient light-harvesting multichromophore assem-
blies.

Conclusion

Fluorescent dimethylaminonaphthalimide dyes were attach-
ed at the bay area of a bis-pyridyl perylene bisimide chro-
mophore, and self-assembly of this ditopic ligand, directed
by metal-ion coordination, afforded a fluorescent multichro-
mophore square scaffold incorporating sixteen aminonaph-
thalimide antenna dyes and four central perylene bisimide
dyes. Steady-state and time-resolved fluorescence investiga-
tions showed that the blue-light energy absorbed by the pe-
ripheral dimethylaminonaphthalimide units can be efficient-
ly transferred to the core perylene bisimide dyes through a
fluorescent resonance energy transfer (FRET) mechanism.
Bright emission with more than seven times higher fluores-
cence quantum yield was observed for the aminonaphthal-
imide-containing square assembly 2b compared with that of
the previously reported pyrene-functionalized system 2 a.

Experimental Section

Materials: Solvents and reagents were obtained from commercial suppli-
ers, unless otherwise stated, and purified and dried according to standard
procedures.” 4-Dimethylamino-1,8-naphthalic anhydride (4),' N,N'-
bis(4-pyridyl)-1,6,7,12-tetra(4-hydroxylphenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisimide (1d),” and [Pt(dppp)](OTf),2H,O (dppp=1,3-
bis(diphenylphosphino)propane, ~ OTf = trifluoromethanesulfonate),*!
molecular square 2¢,*! and N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-tet-
raphenoxyperlyene-3,4:9,10-tetracarboxylic acid bisimide (3)P* were pre-
pared according to literature procedures. Column chromatography was
performed on silica gel (Merck Silica 60, particle size 0.04-0.063 mm).
The solvents for spectroscopic studies were of spectroscopic grade and
used as received.
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6-(6-Dimethylamino-1,3-dioxo-1H,3H-benzo| de]isoquinolin-2-yl)hexanoic
acid (5): 4-Dimethylamino-1,8-naphthalic anhydride (4; 242g,
10.0 mmol) and 6-aminohexanoic acid (5.25 g, 40.0 mmol) were suspend-
ed in dry ethanol (100 mL). The reaction mixture was heated to reflux
and stirred for 14 h. After cooling to room temperature, unconsumed 6-
aminohexanic acid was removed by filtration and the filtrate was evapo-
rated to dryness. The residue was dissolved in CH,Cl,, which was washed
successively with dilute hydrochloric acid (1m) and water. After drying
over Na,SO, and filtration, dichloromethane was evaporated under re-
duced pressure. The obtained residue was subjected to column chroma-
tography (SiO,) with CH,CL,/EtOH (95/5) as eluent. The desired frac-
tions were collected and evaporated to afford a yellow solid. Yield:
1.45g (41%); m.p. 139-140°C; 'H NMR (400 MHz, CDCl,, TMS): 6=
8.56 (d, 1H, H,,), 847 (d, *J(H,H)=8.3 Hz, 1H, H,,), 8.43 (d, 1H, H,),
7.65 (dd, 1H, H,,), 7.11 (d, *J(H,H)=8.3 Hz, 1H, H,,), 4.17 (t, 2H, CH,),
3.10 (s, 6H, CH;), 2.37 (t, 2H, CH,), 1.74 (m, 4H, CH,), 1.48 (m, 2H,
CH,); "CNMR (100 MHz, CDCl;, TMS): 6=179.16, 164.60, 164.08,
155.77, 132.65, 131.12, 131.07, 130.22, 125.28, 124.96, 123.08, 115.16,
113.42, 44.82, 39.94, 33.87, 27.76, 26.57, 24.42; MS (70 eV, EI): m/z: 354.1
[M]*; elemental analysis calcd (%) for C,)Hp,N,0, (354.41): C 67.78, H
6.26, N 7.90; found: C 67.60, H 6.29, N 7.70.
6-(6-Dimethylamino-1,3-dioxo-1H,3H-benzo| delisoquinolin-2-yl)hexanoic
acid 4-methoxyphenyl ester (6): A mixture of 4-methoxyphenol (124 mg,
1.0 mmol), 6-(6-dimethylamino-1,3-dioxo-1H,3H-benzo|delisoquinolin-2-
yl)hexanoic acid 5 (355 mg, 1.0 mmol), DMAP (100 mg), and DCC
(300 mg) in dry CH,Cl, (30 mL) was stirred at room temperature for
48 h. The undissolved materials were removed by filtration and the fil-
trate was evaporated on a rotavapor to dryness. The residue was purified
by column chromatography (SiO,) with CH,Cl,/CH;O0H (98/2) as eluent.
The desired fractions were collected and evaporated to afford a bright
yellow solid. Yield: 310 mg (67%); m.p. 75-77°C; '"HNMR (400 MHz,
CDCl;, TMS): §=8.57 (d, 1H, H,,), 8.48 (d, *J(H,H)=8.3 Hz, 1H, H,),
8.44 (d, 1H, H,,), 7.66 (dd, 1H, H,,), 7.12 (d, *J(H,H)=8.3 Hz, 1H, H,,),
6.97 (d, *J(H,H)=9.1 Hz, 2H, H,,), 6.85 (d, *J(H,H)=9.1 Hz, 2H, H,),
4.20 (t, 2H, CH,), 3.78 (s, 3H, -CH;), 3.10 (s, 6H, CH;), 2.55 (t, 2H,
CH,), 1.82 (m, 4H, CH,), 1.55 (m, 2H, CH,); *CNMR (100 MHz,
CDCl;, TMS): 0=172.49, 164.63, 164.10, 157.14, 156.91, 144.29, 132.64,
131.14, 131.04, 130.27, 125.37, 124.94, 123.15, 122.34, 115.16, 114.41,
113.40, 55.58, 44.81, 39.95, 34.23, 27.81, 26.63, 24.74; UV/Vis (CH,CL,):
Amax (8)=416 nm (11150m 'em™"); MS (70 eV, EI): m/z: 460.1 [M]™; ele-
mental analysis (%) calcd for C,;HxN,O5 (460.53): C 70.42, H 6.13, N
6.08; found: C 70.32, H 6.36, N 6.09.
N,N'-Bis(4-pyridyl)-1,6,7,12-tetrakis{4-[ 6-(6-dimethylamino-1,3-dioxo-
1H,3H-benzo|delisoquinolin-2-yl]hexanoyloxyphenoxy}perylene-3,4:9,10-
tetracarboxylic acid bisimide (1b): Perylene bisimide 1d (109 mg,
0.1 mmol), hexanoic acid 5 (213 mg, 0.6 mmol), DCC (500 mg), and
DMAP (200 mg) were suspended in dry CH,Cl, (25 mL) and stirred at
room temperature for three days. The undissolved materials were re-
moved by filtration and the filtrate was evaporated to dryness. The resi-
due was purified by column chromatography (SiO,) with CH,CL,/THF
(80/20) as eluent. The desired fractions were collected and concentrated
on a rotavapor. Subsequently, n-hexane was added to precipitate the
product, which was collected by centrifugation. Yield: 130 mg (56 %);
m.p. 261-263°C; 'HNMR (400 MHz, CDCl;, TMS): 6=8.79 (d, 4H,
H,,y), 855 (d, 4H, H,,), 8.46 (d, 4H, H,,), 8.41 (d, 4H, H,,), 8.24 (s, 4H,
H,.), 7.64 (dd, 4H, H,,), 742 (d, 4H, Hg,,), 7.11 (d, 4H, H,,), 7.03 (d,
8H, H,,), 6.90 (d, 8H, H,,), 4.18 (t, 8H, CH,), 3.09 (s, 24 H, CH,), 2.56 (t,
8H, CH,), 1.81 (m, 16H, CH,), 1.54 (m, 8H, CH,); *C NMR (100 MHz,
CDCl;, TMS): 0=171.83, 164.60, 164.05, 162.22, 156.93, 155.82, 152.44,
147.46, 132.92, 132.63, 131.13, 131.01, 130.24, 125.32, 124.91, 123.35,
123.11, 122.50, 121.08, 121.01, 120.18, 120.07, 115.07, 113.37, 44.79, 39.90,
34.20, 27.76, 26.59, 24.61; UV/Vis (CH,Cl,): A, (8)=575 (45500), 537
(29400), 425 nm (57200m ‘cm™'); MS (MALDI-TOF, dithranol): m/z:
2323.1 [M+H]"; elemental analysis (%) caled for C33H;;,N ;O
(2322.47): C71.37, H 4.86, N 7.24; found C 70.87, H 5.17, N 7.08.

Perylene bisimide-walled palladium-cornered square 2b: An equimolar
mixture of perylene bisimide ligand 1b (23.2 mg, 10.0 umol) and [Pd-
(dppp)](OTf),2H,O (8.53 mg, 10.0 umol) in dry CH,Cl, (5 mL) was stir-
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red at room temperature for 24 h. After filtration, the solution was con-
centrated to about 1 mL, and diethyl ether (10 mL) was added to precipi-
tate the product, which was collected by centrifugation. After the product
was dried in vacuum, a dark powder was obtained. Yield: 25 mg (79%);
m.p. 227-230°C; 'HNMR (400 MHz, CD,Cl,, 6=5.32ppm): 0=9.07
(brs, 16H, H,,), 8.30 (m, 48H, H,,), 7.92 (s, 16H, H,.,), 7.68 (brs, 32H,
Heapppy)» 7-30 (t, 16H, H,,), 7.40 (brs, 48H, H,ppp)> 7-13 (d, *J(HH)=
5.1 Hz, 16H, Hg,,), 6.99 (m, 80H, H,,), 3.93 (br, 32H, CH,), 3.24 (brs,
16H, Hepappp))> 2-97 (s, 96H, CHj), 2.44 (br, 32H, CH,), 2.29 (brs, 8H,
Herpappp))> 1.64 (m, 64H, CH,), 1.38 (m, 32H, CH,); "C NMR (100 MHz,
CD,Cl,, 0=>54.0 ppm): 6=172.31, 164.65, 164.09, 161.89, 157.32, 156.29,
153.19, 151.65, 148.01, 146.00, 133.54, 133.24, 133.08, 132.72, 131.40,
130.98, 130.53, 130.37, 127.54, 125.58, 125.26, 123.79, 123.50, 123.34,
122.46, 121.43, 121.03, 120.15, 120.03, 115.28, 113.72, 45.07, 40.10, 34.54,
28.22, 26.99, 25.04, 22.02, 18.18; *'P{'H} NMR (162 MHz, CD,Cl,, 85%
H;PO,): 6=7.01 (s); UV/Vis (CH,CL): A, (£)=584 (182000), 550
(127000), 427 nm (218000M 'cm™'); elemental analysis (%) caled for
CissHss5oF24N 450 120PsPd,Sg:8 H,O (12702.01): C 63.17, H 4.51, N 529, S
2.02; found: C 63.05, H 4.46, N 5.41, S 1.90.

Spectroscopic measurements: 'H and “C NMR spectra were recorded on
a Bruker Avance 400 spectrometer with TMS or residual undeuterated
solvent as internal standard. The 3'P{"H} NMR spectra were recorded at
162 MHz, and chemical shifts are reported relative to external 85%
aqueous H;PO, (0=0ppm). MALDI-TOF spectra were recorded on a
Bruker Franzen Reflex III spectrometer. UV/Vis spectra were measured
in a conventional quartz cell (light path 10 mm) on a Perkin-Elmer
Lambda 40P spectrophotometer at room temperature (ca. 20°C).

'"H DOSY NMR spectroscopy: '"H DOSY!"¥ experiments were carried
out at 25°C on a Bruker DMX 600 spectrometer equipped with a BGPA
10 gradient generator, a BGU II control unit, and a conventional 5-mm
broadband (*N-*'P)/"H probe with automatic tune/match accessory and z
axis gradient coil. Data were acquired and processed using the Bruker
software XWIN-NMR 3.5, patch level 6. The longitudinal eddy current
delay sequence with bipolar gradient pulse pairs for diffusion (BPP-
LED)? and additional sinusoidal spoil gradients after the second and
forth 90° pulses was used with the following acquisition parameters: du-
ration ¢ of a bipolar gradient pulse: 4.4 ms (2x2.2 ms), diffusion time A4:
200 ms, spoiler gradient duration: 1.1 ms, spoiler gradient strengths: 2.9
and 2.3 Gem™! average (4.7 and 3.6 Gem™' peak), eddy current delay:
5Sms, delay 7 between the gradients of a bipolar gradient pulse pair:
0.3 ms. The sinusoidal diffusion gradients were incremented from 0.3 to
163 Gem™  average gradient strength (corresponding to 0.5 to
25.9 Gem™ peak gradient strength) in 32 linear steps with 16-128 scans
per step for signal averaging. The 'H NMR data were recorded in CDCl,
solutions in 5 mm NMR tubes and referenced to internal TMS.

The strength of the pulsed magnetic field gradients was calibrated by a
"H DOSY experiment on a sample of 1% H,O in 99 % D,O, doped with
0.1 mgmL~" GdCl, to achieve short spin-lattice relaxation times, by using
the known value of the diffusion coefficient for H,O at 25°C in this H,O/
D,0 mixture.® For this calibration experiment a diffusion time A of
50 ms and identical pulsed field gradient parameters were used as for the
perylene bisimide compounds.

The DOSY spectra were calculated using the Bruker software XWIN-
NMR 3.5, patch level 6. For this purpose, a Levenberg—-Marquardt algo-
rithm was used for one-component fittings of the dependence of the
signal intensities to gradient strength according to Equation (4) for each
data point in the 'H spectrum with D and I, as adjustable parameters.
The widths of the peaks in the diffusion dimension correlate with the fit-
ting error. In addition, fittings for the individual 'H signals according to
Equation (4) were performed to judge the quality of the DOSY spec-
trum.

I = Iyexp[-Dy’g’0*(4-0/3—7/2)] (4)
The diffusion coefficient D in Equation (4) represents the result of the

fitting procedure, I, is the fitted signal intensity for zero gradient
strength, I the observed intensity for the average gradient strength g, v
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the gyromagnetic ratio of the observed nuclei, and 7 the delay between
the two pulses of a bipolar gradient pulse pair.

A relatively long diffusion time 4 of 200 ms had to be used due to hard-
ware limitations of the gradient unit and the relatively small diffusion co-
efficients of the molecules under investigation. Therefore, the DOSY re-
sults are expected to be influenced by convection effects which are intro-
duced by unavoidable temperature gradients in the sample and become
increasingly more pronounced with increasing diffusion time. Qualitative-
ly, however, the differences in diffusion properties of the different species
under investigation proved to be sufficient to draw plausible conclusions.
In particular, since convection effects are expected to increase the meas-
ured diffusion coefficients of all species present in the sample by the
same absolute amount, the relative increase of the measured D values is
more pronounced for large molecules which diffuse slowly than for faster
diffusing smaller species. Therefore, the differences between the meas-
ured diffusion coefficients for the molecules of different sizes should be
even larger in the absence of convection effects.

Optical spectra: Fluorescence emission and excitation spectra were re-
corded in a conventional rectangular quartz cell (10x10x40 mm) on a
PTI QM4-2003 fluorescence spectrometer and are corrected against pho-
tomultiplier and lamp intensity. A long wavelength range emission-cor-
rected photomultiplier R928 was used. Fluorescence quantum yields
were determined under dilute conditions (A <0.05) in CH,Cl, versus
N,N'-(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tet-
racarboxylic acid bisimide (®;=0.96 in CHCl;) as reference.”®?!! Fluo-
rescence lifetimes were measured with a PTI Laser Strobe fluorescence
lifetime spectrometer system containing a PTI GL-3300 nitrogen laser
(337.1 nm, pulse width 600 ps, pulse energy 1.45 mJ) coupled with a dye
laser PTI GL302 (pulse width 500 ps, pulse energy 220 uJ at 550 nm) as
an excitation source and stroboscopic detection. Laser output was tuned
within the emission curves of the laser dyes supplied by the manufacturer
(PLD 421, 500, 579, 665, 735). Details of the Laser Strobe systems are de-
scribed on the manufacturer’s web site and in the literature.*” The in-
strument response function was collected by scattering the exciting light
of a dilute, aqueous suspension of silica (LUDOX). Decay curves were
evaluated by using the software supplied with the instrument with appli-
cation of least-squares regression analysis. The quality of the fit was eval-
uated by analysis of x?, DW factor, and Z value as well as by inspection
of residuals and autocorrelation function. The experiments were per-
formed at room temperature. No attempt was made to remove O, from
the samples.
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