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Abstract

This paper reports on the design, synthesis and spectral characteristics of a novel PAMAM dendron (7), core and peripherally functionalized with
1,8-naphthalimide fluorophores. The novel compound 7 was configured as light harvesting antenna where the system surface is functionalized with
“donor” dyes (blue emitting 1,8-naphthalimides) that are capable of absorbing light and efficiently transferring the energy to a single “acceptor”
dye (yellow-green emitting 1,8-naphthalimide) in the focal point of the dendron. The overlap between the emission of the donor and the absorbance
of the acceptor was more than 95%. As a result of the energy transfer, the blue emission intensity of the periphery in the donor—acceptor system was
decreased with 93%, while the yellow-green core fluorescence enhancement (A.x =360 nm) of the system was more than 26 times with respect to
the fluorescence intensity of the comparative yellow-green emitting 1,8-naphthalimide. This indicates efficient energy transfer between the donor
and acceptor dye fragments and that the novel compound 7 would be able to act as a highly efficient light harvesting antenna.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Molecular systems capable of light harvesting and energy
transfer are currently of great interest [1]. Progress in the study
of natural photosynthetic systems has provided the impetus to
design artificial light harvesting assemblies based on a vari-
ety of architectures. For instance, numerous reports on organic
[2], organometallic [3], supramolecular [4], and polymeric [5]
chromophore assemblies capable of acting as light harvesting
antennae have appeared in the literature. More recently, dendritic
light harvesting assemblies have also attracted much attention
[6].

Dendrimers are well-defined macromolecules exhibiting a
three-dimensional structure that is roughly spherical or globu-
lar. A characteristic of dendritic macromolecules is the presence
of numerous peripheral chain ends that all surround a single
core. The globular shape of dendrimers provides a large sur-
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face area that can be decorated with the chromophores. In this
context, labeling of dendritic macromolecular architectures with
fluorophore units is one of the viable routes of generating suit-
able luminescent dendritic macromolecules having well-defined
branched and compartmentalized structures [7]. Particularly
useful for this purpose are solvatochromic fluorophores such as
1,8-naphthalimide derivatives. Because of their strong fluores-
cence and good photostability, the 1,8-naphthalimide derivatives
have found application in a number of areas including coloration
of polymers [8], laser active media [9], potential photosensitive
biologically units [10], fluorescent markers in biology [11], anal-
gesics in medicine [12], light emitting diodes [13], photoinduced
electron transfer sensors [14], fluorescence switchers [15], elec-
troluminescent materials [16], liquid crystal displays [17] and
ion probes [18].

Constructing fluorophore-terminated amidoamine branches
around a luminescent group could profitably alter the lumi-
nescence signals in the macromolecular structure and amplify
the signals for sensing purposes. Our first investigations
on the synthesis and photophysical properties of polyami-
doamine (PAMAM) derivatives comprising 1,8-naphthalimide


mailto:vlbojin@uctm.edu
dx.doi.org/10.1016/j.jphotochem.2008.01.005

282 V.B. Bojinov et al. / Journal of Photochemistry and Photobiology A: Chemistry 197 (2008) 281-289

7

Scheme 1.

units in their periphery were published before [19]. In this
paper, we report the synthesis of a novel light harvest-
ing antenna (7) by both core and peripherally fluorescent
functionalization of a PAMAM dendron together with the pho-
tophysical and fluorescence signaling properties of the system
(Scheme 1).

In this system (Scheme 1), the dendron surface is
functionalized with “donor” dyes (blue emitting 4-allyloxy-1,8-
naphthalimide fluorophores) that are capable of absorbing light
and efficiently transferring the energy to a single “acceptor” dye
(yellow-green emitting 1,8-naphthalimide) in the focal point of
the dendron, that is, dendron branches act as the “molecular
lens”.

In order to receive a more complete comparative picture
for the influence of both the branched (core) and periph-
eral fluorophores in the molecule of the light harvesting
antenna 7 on its photophysical properties, the previously
synthesized yellow-green emitting amidoamine-dendronized
1,8-naphthalimide 5 [20] and the blue emitting 4-allyloxy-N-
n-butyl-1,8-naphthalimide 8 [21] were involved in the present
study as reference compounds (Scheme 2).

2. Experimental
2.1. Materials

The starting 4-bromo-1,8-naphthalic anhydride 1 was pre-
pared according to the reported procedure [22]. Amidoamine-
functionalized 1,8-naphthalimide 5 [20] and 4-allyloxy-N-n-
butyl-1,8-naphthalimide 8 [21] were prepared as described
before. Butylamine, ethylenediamine, allyl alcohol and methyl
acrylate (Fluka, Merck), p.a. grade, were used without purifica-

tion. All solvents (Fluka, Merck) were pure or of spectroscopy
grade.

2.2. Methods

FT-IR spectra were recorded on a Varian Scimitar 1000
spectrometer at 2 cm ™! resolution. The 'H NMR spectra (chem-
ical shifts are given as § in ppm) were recorded on a Bruker
DRX-250 spectrometer, operating at 250.13 MHz. TLC was
performed on silica gel Fluka F60 254, 20 x 20, 0.2mm in
a solvent system ethanol:chloroform=9:1. The melting points

HJ,NHg

Scheme 2.
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were determined by means of a Kofler melting point micro-
scope. The UV-vis absorption spectra were recorded on a
spectrophotometer Lambda 25 (PerkinElmer). The corrected
excitation and fluorescence spectra were taken on a PerkinElmer
LS55 spectrofluorimeter. The fluorescence quantum yields (Pf)
were measured relatively to p-methoxybenzylidenephthalide
(®p=0.14 in ethanol) [23].

2.3. Synthesis of light harvesting 1,8-naphthalimide
dendron

To a solution of 4-bromonaphthalic-1,8-anhydride (1.00 g,
3.6 mmol) 1 in 30 ml of boiling methanol, a solution of amino-
terminated 1,8-naphthalimide dendron 5 (1.94 g, 3.6 mmol) in
15 ml of methanol was added dropwise under stirring over a
period of 2 h. The resulting solution was refluxed for 5 h. After
cooling the yellow—orange precipitate was filtered off, washed
with fresh methanol and dried in vacuum to afford 1.83 g of 4-
bromo-1,8-naphthalimide peripherally functionalized dendron 6
(48%). The solid was suspended in 50 ml of allyl alcohol and the
reaction mixture was refluxed under stirring for a period of 16 h.
The crude product that precipitated after cooling was filtered
off, washed with water and dried. Silica gel chromatography
(ethanol:chloroform=9:1) afforded 0.4 g (23%) of 4-allyloxy-
1,8-naphthalimide peripherally functionalized dendron 7 (m.p.
138-144°C, TLC Rt value 0.67).

IR (KBr) cm™': 3350 (vNH); 2924 and 2904 (vCH); 1696
(V¥N-C=0); 1654 (v*"N-C=0); 1633 (vNH-C=0).

THNMR (DMSO-dg, 250 MHz) ppm: 8.58 (d, 1H, J=8.3 Hz,
focal naphthalimide H-2); 8.35 (m, 6H, 3x naphthalim-
ide H-5 and H-7); 8.13 (d, 2H, J=7.9Hz, 2x peripheral
naphthalimide H-2); 8.02 (brs, 2H, 2x NHCO); 7.68 (m,
3H, 3x naphthalimide H-6); 7.35 (br.s, 1H, ArNH); 7.09
(d, 2H, J=7.9Hz, 2x peripheral naphthalimide H-3); 6.57
(d, 1H, J=8.3Hz, focal naphthalimide H-3); 6.15 (m, 2H,
2x OCH2CH=CH;); 5.52 (d, 2H, Jiyans=17.1Hz, 2x allyl
HCH=); 5.35 (d, 2H, J.is=9.5Hz, 2x allyl HCH=); 4.78 (s,
4H, 2x OCH,CH=CH,); 4.03 (m, 10H, 2x CONHCH, and
3x (CO);NCH»); 3.26 (m, 2H, ArNHCH>); 2.63 (br.s, 6H,
3x NCHy); 2.13 (brs, 4H, 2x CH,CONH); 1.55 (m, 2H,
CH,CH,;CH,CH3); 1.33 (m, 2H, CH,CH,CH,>CH3); 0.91 (t,
3H, J=7.3Hz, CH,CH,CH,CH3).

13C NMR (62.90 MHz, DMSO-ds) 8 (ppm): 171.2 (2x
NH-CO); 161.4 (focal naphthalimide 2x N-C=0); 159.8
(peripheral naphthalimide 4 x N-C=0); 158.1 (peripheral naph-
thalimide 2 x Ar—C-0); 150.2 (focal naphthalimide Ar—C—NH);
134.1, 133.4, 132.9, 130.6, 130.1, 128.7, 127.1, 126.7, 124.3,
123.2, 122.9, 120.6, 119.7, 116.8, 112.3 and 107.2 (Ar CH
and Ar C); 133.7 (2x allyl CH=); 116.5 (2x allyl CHy=);
70.8 (2x allyl OCHy); 51.9 (ArNHCH,CH;N); 50.6 (2x
NCH,CH;CONH); 49.4 (2x CONHCH,CH,;N(CO),); 45.5
(2x CONHCH;CH2N(CO)y); 43.4 (AINHCH,CH,N); 40.4
(CO)2NCH,CH>CH;,CH3); 32.9 (2x NCH,CH,CONH); 29.9
(NCH,CH,CH;CH3); 20.2 (NCH,CH;CH,>CH3); 13.8 (CH3).

Elemental analysis: calculated for CsgHs7N;019 (MW
1012.11) C 68.83, H 5.68, N 9.69%; found C 69.18, H 5.59,
N 9.83%.

3. Results and discussion
3.1. Design and synthesis of light harvesting antenna

The core and peripherally functionalized PAMAM dendron
(7) was designed as fluorescent light harvesting antenna. It
is well known that absorption and fluorescence characteris-
tics of the 1,8-naphthalimide derivatives depend on the nature
of the substituent at C-4 position of the 1,8-naphthalimide
ring. 4-Alkylamino-1,8-naphthalimides are yellow-green flu-
orophores with maximal absorption in the blue region at
about Ap=430-440nm [12,17¢,20,24c,24d]. In contrast, 4-
alkoxy-1,8-naphthalimides act as an additional light source by
transporting the absorbed UV light of terrestrial solar irradiation,
below about 400 nm, re-emitting the light as a violet-blue fluo-
rescence in the visible region [21,24a,24b,25a]. This, together
with their chemical stability and high fluorescent efficiency, was
the reason to chose 1,8-naphthalimide chromophores as both a
fluorescent core and a periphery end fluorophores for the syn-
thesized compound (7), constructed by amidoamine branches
with a specific functional periphery.

When selecting a light harvesting donor—acceptor pair, it is
important to maximize the spectral overlap between the emission
of the peripheral donor dyes and the absorbance of the accep-
tor focal dye to enhance the probability of energy transfer [26].
Recently, our group has synthesized a yellow-green emitting
amidoamine-dendronized 1,8-naphthalimide with maximum
absorption wavelength at about Ap =440 nm [20], hence a 4-
allyoxy-1,8-naphthalimide is a suitable donor because it has
a maximum emission in the same region. This can be seen
from Fig. 1, where are depicted the absorbance of amidoamine-
dendronized 1,8-naphthalimide 5 and the emission of the
reference compound 4-allyloxy-N-n-butyl-1,8-naphthalimide 8.
The overlap between the emission of the peripheral donor dyes
and the absorbance of the acceptor focal 1,8-naphthalimide was
more than 95%.
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Fig. 1. Normalized core absorption (compound S, green line) and peripheral
emission at Aex =360 nm (compound 8, blue line) of antenna 7.
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The amino-terminated 1,8-naphthalimide 5 (Scheme 3) was
synthesized as we described before [20] by convergent strategy
involves initial Michael addition of 4-(2-aminoethyl)amino-
N-n-butyl-1,8-naphthalimide 3 [27,28] with methyl acrylate
followed by exhaustive amidation of the resulting ester 4 with
a large excess of ethylenediamine to afford the amidoamine-
functionalized 1,8-naphthalimide (5) with reactive amine groups
of its periphery [29].

The synthesis of light harvesting antenna 7 was achieved in
two steps following Scheme 4.

First, the intermediate 4-bromo-1,8-naphthalimide periph-
erally functionalized dendron 6 was obtained by reaction of
4-bromo-1,8-naphthalic anhydride 1 under reflux in methanol
solution with amidoamine-functionalized 1,8-naphthalimide 5,
possessing two primary terminal amine groups. In order to obtain
a blue emitting periphery of the desired antenna 7, the bromine
atoms in the intermediate 6 were subsequently nucleophilic
substituted with alkoxy groups under reflux of intermediate
6 in allyl alcohol in the presence of finely ground potassium
hydroxide.

The structure and purity of the synthesized antenna 7
were confirmed by conventional techniques—melting point,
TLC (R¢ values), elemental analysis data, UV-vis, fluores-
cence, FT-IR and 'H NMR spectroscopy. For instance, in
the 'H NMR (250.13 MHz, DMSO-ds) spectrum of com-
pound 7 a resonance at 7.09ppm was observed. This is
characteristic for the proton in position C-3 of the periph-
ery blue emitting1,8-naphthalimide ring, substituted in position
C-4 with an electron-donating alkoxy group. This resonance
is different from the corresponding resonance for the core
“yellow-green” 1,8-naphthalimide moiety (6.57 ppm). Further-
more, the '"H NMR spectrum contained peaks in range of
6.15—-4.78 ppm, attributed to the protons for the peripheral ally-
loxy groups.

3.2. Photophysical investigations

Normalized absorption spectra of the light harvesting antenna
7 and reference compounds (amidoamine-dendronized 1,8-
naphthalimide 5 and 4-allyloxy-N-n-butyl-1,8-naphthalimide 8)
in a chloroform solution are plotted in Fig. 2. As can be seen
the spectrum of light harvesting system 7, as expected, con-
tains two bands corresponding to the individual absorptions of
the 4-allyoxy-1,8-naphthalimide donors 8 and the 4-amino-1,8-
naphthalimide acceptor 5.

Photophysical properties of the 4-substituted-1,8-
naphthalimides are basically related to the polarization of
the 1,8-naphthalimide molecule and may be influenced by the
environmental effect of the media.

The absorption spectral data of the examined compounds
5, 7 and 8, measured in solvents of different polarity, are
listed in Table 1. The absorption peaks at about 358-363 nm
are attributed to the absorption of the peripheral blue emit-
ting 1,8-naphthalimide moieties (compound 8), while the
absorption peaks characterized focal yellow-green emitting 1,8-
naphthalimide unit (compound 5) are located at 430-440 nm.
The dendron 7 shows very similar absorption characteristics as
shown in Fig. 2. A typical bathochromic shift of the longest-
wavelength band (compounds 5 and 7) with increasing the
solvent polarity was observed. Any specific effects in protic
ethanol were not observed, which indicates lack of intermolec-
ular H-bond formation in the dyes’ ground state.

The molar extinction coefficients (¢) of the dyes under
study in the long-wavelength band of the absorption spectra
are higher than 10,0001 mol~! cm™! (Table 1), indicating that
this is a charge transfer (CT) band, due to (w,m*) character
of the Sop— S transition. Also the molar extinction coeffi-
cient value of the peripheral absorption of the light harvesting
antenna 7 is about 2 fold higher than that of the reference
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blue emitting 1,8-naphthalimide 8, suggesting no ground state
interaction between the peripheral 1,8-naphthalimide units. On
the other hand the molar extinction coefficient (¢) of the focal
1,8-naphthalimide chromophore in antenna 7 is approximately
the same as that of the reference yellow-green emitting 1,
8-naphthalimide 5.

Table 1

The fluorescence spectrum of the light harvesting antenna 7,
obtained after excitation within the spectral region of maximal
absorption of the peripheral fluorophore (Acx =360 nm), showed
as expected two emission bands, corresponding to the emission
bands of the donor and acceptor 1,8-naphthalimide fragments in
the donor—acceptor system 7 (Fig. 3).

Absorption maxima Aa and extinction coefficient ¢ (log €) of antenna 7, “yellow-green” amidoamine-functionalized 1,8-naphthalimide 5 and blue emitting 1,8-

naphthalimide 8 in solvents of different polarity

Compound Chloroform Acetonitrile Ethanol DMF
Aa (nm) e, loge Imol~'em™") Aa (nm) Aa (nm) Aa (nm)
5 434 11 870, 4.074 430 440 440
7 370 22 536, 4.353 365 369 365
436 12 088, 4.082 434 445 441
8 362 12 313, 4.090 358 360 361
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Fig. 2. Normalized absorption spectra of antenna 7 (red line), periphery (com-
pound 8, blue line) and core (compound 5, green line) in chloroform at
concentration 107> mol 171,

The steady-state fluorescence characteristics of the light har-
vesting antenna 7 and reference compounds 5 and 8 such as
fluorescence (Ap) maxima, Stokes shift (vpo — vg), oscillator
strength (f), fluorescent both quantum (@) and energy (Ef)
yields were measured in a chloroform solution and presented
in Table 2.

In a chloroform solution the periphery of antenna 7 and ref-
erence 1,8-naphthalimide 8 display blue fluorescence, while
the core of dendron 7 and the reference compound 5 are
yellow-green emitting due to the charge transfer in the 1,8-
naphthalimide moieties from the electron-donating alkoxy (blue
fluorescence) or alkylamino (yellow-green fluorescence) sub-
stituents at C-4 position to the electron-accepting carbonyl

4-allyloxy-1,8-naphthalimide (8)

dendronized 1,8-naphthalimide (5)
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Fig. 3. Normalized emission spectra of periphery at Aex =360 nm (compound
8, blue line), core at Aex =440 nm (compound 5, green line) and antenna 7 at
Aex =360 nm (red line) in chloroform at concentration 10~> mol1~!.

Table 2
Fluorescence characteristics of antenna 7 and reference compounds 5 and 8 in
a chloroform solution

Compound Ap (nm) va —vg (cm™)) f D Ep

5 514 3568 0.200 0.17 0.144

7 437 4144 0.450 0.03 0.025
508 3251 0.196 0.23 0.197

8 443 5051 0.248 0.98 0.801

groups. The fluorescence Franck Condon (FC) transitions Ag
are in the spectral region 437-443 nm for antenna periphery
and reference blue emitting fluorophore 8 and 508-514 nm for
antenna core and reference yellow-green emitting fluorophore 5.
In all cases the shape and the maximum of the fluorescence band
do not depend of the excitation wavelength and the excitation
spectra are identical to the corresponding absorption spectra.

The Stokes shift (v4 — vg) and oscillator strength (f) are
important characteristics for the fluorescent compounds. The
Stokes shift is a parameter that indicates the differences in the
properties and structure of the fluorophores between the ground
state Sp and the first excited state S1. The Stokes shifts (cm™!)
were calculated by Eq. (1).

(VA_UF)_<)»A_)»F>X (1

The Stock’s shift values of the compounds under study
between 3251 and 3568 cm™! for the blue emitting dendron
periphery 7 and blue emitting reference compound 8 as well as
between 4144 and 5051 cm™! for the yellow-green focal chro-
mophore 7 and yellow-green emitting reference compound §
correspond to the results for other 1,8-naphthalimide derivatives
[25] and these values do not indicate remarkable changes in the
geometry of the first singlet excited state due to the excitation.

The oscillator strength (f) shows the effective number of elec-
trons whose transition from ground to excited state gives the
absorption area in the electron spectrum. Values of the oscilla-
tor strength were calculated using Eq. (2) where Avy, is the
width of the absorption band (cm™ 1) at 1/2 (emax)-

f=4.32x 10_9AV1/28maX )

The values of the oscillator strength for the 1,8-
naphthalimides 5, 7 and 8 are 0.196-0.450, which is in agree-
ment with previous investigations where 1,8-naphthalimide
derivatives have oscillator strength values in the range 0.15-0.45
depending on the experimental conditions [24].

The ability of the molecules to emit the absorbed light energy
is characterized quantitatively by the fluorescence quantum
yield (@r). The quantum yields of fluorescence were calculated
using p-methoxybenzylidenephthalide (@r=0.14 in ethanol)
as a standard according to Eq. (3), where Aref, Sref, Hrer and
Asample, Ssample> Msample Tepresent the absorbance at the exited
wavelength, the integrated emission band area and the solvent
refractive index of the standard and the sample, respectively.

2
Pp = Dot (Ssample> ( Aref > n sarznple (3)
Sref Asample n

ref
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Fig. 4. Fluorescence spectra at A¢x =360 nm of blue emitting 1,8-naphthalimide
8 (blue line) and donor—acceptor system 7 (red line) in chloroform, recorded at
the same optical density.

The energy yield of fluorescence Ef (Table 1), calculated by
Eq. (4), could also be used instead of ®.

Ep = @FLA )
AF

As can be seen (Table 2) the quantum yield of fluorescence of
the blue emitting dendron periphery is much lower than that of
reference compound 8. This phenomenon is due to the periphery
fluorescence quenching in donor—acceptor system 7 caused by
the energy transfer from the terminal dye fragments to the focal
chromophore. This is apparently from the graphics plotted in
Fig. 4 where are presented the fluorescence spectra of the light
harvesting system 7 and the comparative 1,8-naphthalimide 8,
recorded at the same optical density.

As a result of the energy transfer, the emission intensity
of the periphery (blue emitting donor 1,8-naphthalimide frag-
ments) in the light harvesting system was decreased more
than 93% in comparison with the reference blue emitting 4-
allyoxy-N-n-butyl-1,8-naphthalimide 8 (Fig. 4). At the same
time, under excitation at 360 nm (within the maximal absorp-
tion of the peripheral fluorophore) the amidoamine-dendronized
1,8-naphthalimide S showed a scarcely perceptible emission in
the yellow-green spectral region, while the core fluorescence
intensity of the donor—acceptor system 7 in the yellow-green
spectral region, due to the energy transfer from the periphery, is
considerably higher (Fig. 5).

The core fluorescence intensity enhancement of the
donor—acceptor system 7 is more than 26 times in respect
to the fluorescence intensity of amidoamine-dendronized 1,8-
naphthalimide 5, which indicates efficient energy transfer
between the donor and acceptor 1,8-naphthalimide fragments.

It should be also pointed out that the results obtained
are in agreement with the photophysical properties of other
similar systems capable of directional energy transfer between

dendronized 1,8-naphthalimide (5)
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Fig. 5. Fluorescence spectra (Aex =360nm) of yellow-green emitting 1,8-
naphthalimide 5 (green line) and donor-acceptor system 7 (red line) in
chloroform at concentration 1073 mol 17!,

different chromophores. For example, Fréchet et al. [30]
and Tian at al. [31] reported several donor/acceptor couples
(coumarin 2/coumarin 343, coumarin 2/1,8-naphthalimide,
1,8-naphthalimide/perylene, carbazole/1,8-naphthalimide,
oxadiazole/1,8-napthalimide) based on poly(aryl ether) den-
drimers, in which peripheral donor emission quenching
efficiency is 84-98% and core luminescence enhancing ratio is
between 3 and 16, depending the dendrimer generation number.
This shows that the novel polyamidoamine based cascade
system 7 would be able to act as highly efficient light harvesting
antenna.

4. Conclusions

A novel amidoamine dendron 7, core and peripherally
functionalized with 1,8-naphthalimide fluorophores, was syn-
thesized for the first time based on a convergent approach. The
novel compound 7 was designed as light harvesting antenna
capable of absorbing light by its periphery and efficiently trans-
ferring the energy to a single acceptor dye in the focal point
of the system. Absorption and fluorescence characteristics of
the donor—acceptor system were determined and discussed. The
overlap between the emission of the peripheral donor dyes and
the absorbance of the acceptor 1,8-naphthalimide was more
than 95%. After excitation within the spectral region of max-
imal absorption of the peripheral fluorophores (Aex =360 nm),
as a result of the energy transfer, the blue emission intensity
of the periphery was decreased with 93%, while the yellow-
green core fluorescence enhancement of the system was more
than 26 times with respect to the fluorescence intensity of
the comparative yellow-green emitting 1,8-naphthalimide 5.
This indicates efficient energy transfer between the donor and
acceptor 1,8-naphthalimide fragments in the donor—acceptor
system. Data obtained clearly showed that the novel compound
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7 would be able to act as highly efficient light harvesting
antenna.
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