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INTRODUCTION

Photodynamic therapy (PDT) [1, 2] is a minimally 
invasive process used in oncology as an adjuvant treatment 
to surgery, chemotherapy or radiotherapy. This technique 
is also useful in ophthalmology for the treatment of the 
wet form of age-related macular degeneration (ARMD) 
[3]. The use of two-photon (2P) excitation allows the 
excitation of the photosensitizer to proceed only in the 
small volume around the focal spot of the focused laser 
beam, reducing damages away from the focus and thus 
permitting more localized treatment with 3D spatial 

resolution. Moreover, the ability to create excited states 
with photons of half the energy allows excitation within 
the biological transparency region (700–1000 nm), 
increasing light penetration deeper into biological tissues 
[4, 5]. Optimized features for 2P photosensitizers are 
large cross sections in the biological spectral window as 
well as high singlet oxygen quantum yield in order to 
induce oxidative damages to the tumor cells. In addition, 
using sensitizers with much larger two-photon absorption 
cross sections than endogenous chromophores (whose 
TPA cross section maxima in the biological window 
are typically in the range 10-5–1 GM) [6] opens the way 
to more selective photo-addressing since two-photon 
absorption cross sections can be enhanced much more 
dramatically via molecular engineering than one-photon 
absorption cross sections [7]. In addition, if the sensitizers 
also exhibit fluorescence properties, they offer potential 
for combined imaging and therapy [5].
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Porphyrin derivatives, such as porfimer sodium 
(Photofrin®) and verteporfin (Visudyne®) are used in 
clinical trials because they exhibit high singlet oxygen 
quantum yields and reduced toxicity in the absence 
of light. However, these derivatives as well as the 
model tetraphenyl porphyrin (TPP) exhibit modest 2P 
absorption cross sections (10 to 50 GM) [8, 9]. These 
low 2PA cross section values thus require higher 
excitation power which can be deleterious and produces 
side damages. Various successful strategies have been 
proposed to enhance the 2PA cross sections using 
conjugated porphyrin dimers or oligomers [10], fused or 
bridged porphyrins [11] and porphyrin derivatives such 
as tetraazaporphyrins [12] and expanded porphyrins 
[13] and more generally porphyrin arrays [14] or via 
dissymmetrization [15, 16]. The effect of the extension 
of conjugation in expanded porphyrins is to broaden and 
red-shift the Q-bands from the visible to the NIR region 
resulting in the overlap of the 2PA band located in the NIR 
region with red-shifted one-photon absorption. This may 
distort two-photon absorption measurements and lead to 
overestimated apparent 2PA responses and to the loss of 
the high spatial resolution offered by 2P excitation as 
the nonlinear excitation process is competing with one-
photon excitation. In addition, shifting the lowest excited 
state to lower energy also affects the excited states 
manifold. This is liable to affect the properties of the 
lowest excited state and reduce the intersystem crossing 
as well as the triplet state properties (i.e. its ability to 
generate singlet oxygen via a triplet–triplet energy 
transfer). In many occurrences, this causes a dramatic 
loss of fluorescence. An alternative strategy is based 
on the electronic disconnection between an octupolar- 
or quadrupolar-type core 2P absorber and peripheral 
porphyrins. These systems show total core-to-periphery 
through-bond energy transfer and retain the fluorescence 
and singlet oxygen generation of porphyrins [17].

An attractive approach in order to enhance the 2PA 
cross section of porphyrin derivatives without affecting 
their photophysical properties is to take advantages of 
FRET process. The FRET strategy relies on coupling 2PA 
antenna-chromophores with large 2PA response either 
to a fluorescent emitter (for 2P imaging) or a sensitizer 
(for 2P PDT) to which the antenna is able to transfer its 
excitation energy. In particular, there have been several 
reports on energy transfer (ET) in branched or dendritic 
systems in which the energy from 2P absorbers is 
transferred to the red-emitting core [18], or to a porphyrin 
core [19]. In particular, this strategy has been successfully 
applied to the design of in vivo sensitive oxygen 2P 
absorbing nanosensors by Vinogradov and co-workers by 
combining a Pt-porphyrin core with multiple coumarin 
chromophores (which act as 2P antenna) within a 
biocompatible dendritic architecture [20]. 

In our group, we have previously developed a strategy 
for the design of multichromophoric dendritic species 
via thiophosphoramide bonds that allows duplication 

of the number of chromophoric unit at each generation 
[21, 22]. In such dedicated dendrimeric architectures, 
ultrafast excitation energy transfer [23] or cooperative 
enhancement of 2P absorption [24] can be achieved via the 
use of specifically engineered 2P absorbing chromophoric 
subunits. Recently, we also reported the design of FRET-
based dyads [25] and triads [26] which yielded enhanced 
2P uncaging of acids, including neuroaminoacids. 
Extending this concept, we herein describe the design, 
synthesis and properties of a porphyrin based triad having 
a porphyrin linked to two quadrupolar 2PA chromophores 
via a thiophosphoramide bond (Scheme 1).

RESULTS AND DISCUSSION

Design and synthesis

The schematic synthetic pathway is described in 
Scheme 2. Porphyrin precursor 5 is prepared via a four 
step procedure starting from commercially available 
derivatives. The preparation of the key intermediate 
aldehyde 4 has been already reported. It is obtained 
via a classical unsymmetrical Adler condensation of 
pyrrole with a 3/1 mixture of para-tolualdehyde and 
4-carbomethoxybenzaldehyde in propionic acid [27]. The 
expected isomer 1 is obtained with a 6% yield by column 
chromatography of the crude reaction mixture. Reduction 
of the ester function by LiAlH4 and subsequent oxidation 
of the benzylic alcohol function led to the aldehyde 4 
according to published procedure for TPP-CHO [28]. 
Introduction of the dichlorothiophosphoramide function 
is done by simple mixing of the hydrazine precursor with 
4 in dichloromethane. 

The dissymmetrical functionalized quadrupolar 
derivative 6 is prepared following the multistep synthesis 
described in Scheme 3. The methodology used to prepare 
this compound has been described previously for the 
preparation of an analog compound with C–C triple bound 
spacers instead of C–C double bounds [29]. Here we used 
a dissymmetrical Heck reaction instead of a Sonogashira 
coupling reaction and proceeded by a combinatorial 
approach which relies on the subsequent purification 
of the mixture of dissymmetrical target compound and 
symmetrical side products. Thanks to the presence of the 
phenol moiety, the three different products (6, 10 and 11) 
could be easily separated by column chromatography.

Finally, reaction of two equivalents of the phenol 
moieties from functionalized quadrupolar derivative 6 
with the two P–Cl bonds of porphyrin derivative 5 in the 
presence of Cs2CO3 led to triad 1 with 83% yield.

The triad design was meant to take advantage of 
FRET in order to promote 2P induced production of 
singlet oxygen by quenching of the porphyrin triplet state 
subsequent to its sensitization via energy transfer from 
the strong 2P absorbers (Scheme 1). The quadrupolar 
chromophore is known to show large 2PA response in the 
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Scheme 1. Porphyrin-quadrupole triad 1 for combined 2P induced fluorescence and porphyrin sensitization
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NIR range (over 1000 GM at 720 nm) as well as large 
fluorescence emission quantum yield [30]. As shown in 
Fig. 1, there is a slight overlap of the emission spectrum of 
the model chromophore with the Soret band of the model 
tetratolylporphyrin (TTP) as well as a large overlap with 
the Q-bands. In addition to the proximity ensured within 
the triad, this provides favorable conditions for efficient 
energy transfer from the quadrupolar 2PA absorber as 
a donor to the porphyrin as an acceptor. We stress that 
we chose a bis-donor quadrupolar chromophore such as 
it does not engage in electron transfer with the excited 
porphyrin or quench the porphyrin triplet state by triplet–
triplet energy transfer. Such deactivation processes would 
compete with fluorescence emission and intersystem 
crossing as well as hamper singlet oxygen generation [31].

Photophysical properties

The photophysical characteristics (including one-
photon absorption, fluorescence, singlet oxygen 
generation and two-photon absorption) of the triad as 
well as those of its subunits have been investigated in 
toluene and are summarized in Table 1. 

The absorption spectrum of the triad 1 (Fig. 2) is 
reminiscent of the absorption spectrum of the reference 
compound tetratolylporphyrin (TTP) where both 
characteristic Q-bands and Soret band are clearly seen. 
Their position remains unaffected by the grafting of 
quadrupolar fluorophore units indicating that no major 
electronic interaction arises in the ground-state between 
the porphyrin and the quadrupolar subunits within the 
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Scheme 3. Synthesis of quadrupolar two-photon fluorophore 6 by a combinatorial Heck coupling
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triad. Similarly, no modification of the porphyrin Q-bands 
is observed compared to the reference compound TTP. The 
low-energy absorption band of the quadrupolar subunit 6 
(lmax = 415 nm) overlaps with the Soret band (see Fig. 1) 
of the porphyrin subunit inducing both a broadening and 
increase in the molar absorption coefficient. We observe 
an almost perfect additive behavior (see Fig. 2) with a 
slight narrowing which might possibly be related to a 
reduced inhomogeneous broadening of the absorption 
band of the quadrupolar subunits due to the proximity of 
the bulky TTP.

Fluorescence emission spectra were also recorded in 
toluene. As shown in Fig. 3, excitation of the Q-bands 
of triad 1 leads to the typical emission of the porphyrin 
subunit. Moreover, as indicated in Table 1, both the 
fluorescence quantum yield (0.11) and fluorescence 
lifetime of the porphyrin (9.3 ns) are retained in triad 1. 
Moreover, the singlet oxygen generation quantum yield 
is found to be unaffected as compared to that of TTP. 
This demonstrates that the photochemistry of the excited 
states (both singlet and triplet states) of the porphyrin 
subunit is indeed fully retained in the triad system and 
that no competing processes (such as electron transfer 
from the porphyrin excited states) occur which would 
affect the PDT efficiency. Hence both the fluorescence 
properties and the sensitizing properties efficiency of the 
TTP subunit are maintained in triad 1 (see Table 1).

Furthermore, as illustrated in Fig. 4, excitation at  
422 nm where the Soret band partially overlaps with the 

low energy absorption band of the quadrupolar subunits 
also leads to the characteristic emission of the porphyrin 
in the red-NIR region at 656 and 722 nm, with only very 
slight residual emission of the quadrupolar subunit in 
the blue visible region. This reveals that FRET from the 
excited quadrupolar subunit is indeed operative. Due to 
the overlap with the Soret band, it is not possible to excite 
selectively the quadrupolar subunits of triad 1. However, 
by investigating the variation of the fluorescence lifetime 
of the residual blue-green emission which decreases 
from 0.90 ns to 0.2 ns, a FRET efficiency of about 80% 
can be estimated. In addition, we observe that excitation 
at 422 nm (where the both the quadrupolar and the 
porphyrin subunits absorb with relative ratio of 14/42) 
gives rise to the characteristic emission of porphyrin 
with a fluorescence quantum yield of 0.10 (Table 1). This 
value is consistent with a FRET efficiency of about 85% 
from the excited quadrupolar subunits of triad 1 to the 
porphyrin subunit.

The fluorescence properties of triad 1 and its 
quadrupolar subunit 6 were also investigated in the solid 
state. Interestingly both compounds retain fluorescence 
in the solid state (Fig. 5). Quadrupolar chromophore 6 
shows a bright green emission with a red-shifted (lmax = 
530 nm instead of 455 nm in toluene, see Fig. 5) and 
broadened emission band as compared to that of the 
chromophore dissolved in a low polarity solvent such as 
toluene. This can be interpreted as the effect of polarity 
and symmetry breaking [32] in the exited state of the 
quadrupolar chromophore in the solid state. This reveals 
an environment of medium polarity in the solid state, 
resulting from the confinement of polarizable quadrupolar 
chromophores [22]. In contrast, triad 1 shows in the solid 
state a red-NIR emission characteristic of the porphyrin 
subunit indicating that FRET is fully operative in the 
solid state (Fig. 5). A marked broadening of the emission 
spectra is observed compared to the emission spectrum 
in solution, most probably due to inhomogeneous 
broadening. 

Two-photon absorption

Thanks to the fluorescence properties of the triad, 
its two-photon absorption properties were investigated 
by conducting two-photon excited fluorescence (TPEF) 
experiments following the well-known methodology 

Fig. 1. Absorption and emission spectra of 6 and absorption 
spectrum of TTP

Table 1. Photophysical properties of porphyrin-quadrupole triad 1 and its subunits (6 and TTP) in toluene

Compound labs
max, 

nm
emax  

(104 M-1.cm-1)
labs 

max
 (Q-bands),  
nm

emax (Q-bands)  
(104 M-1.cm-1)

lem
max, nm lexc, nm Ff tF

c FD
d

TTP 420 42 516, 550, 594, 650 1.7, 0.9, 0.5, 0.5 654, 722 0.11a 9.4 0.66

6 412 7.0 — — 454 0.77b 0.9 —

1 422 57 517, 552, 594, 650 1.8, 1.0, 0.5, 0.4 656, 722 517, 552, 594, 
422

0.11a 
0.10a

9.3 0.66

a Fluorescence quantum yield determined relative to cresyl violet in methanol (F = 0.54). b Fluorescence quantum yield determined 
relative to fluorescein in NaOH (0.1 M) (F = 0.9). c Ex@370 nm. d Singlet oxygen quantum yield determined in toluene relative to TPP.
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proposed by Webb and collaborators [33]. For comparison 
purpose, the two-photon absorption properties of the 
TTP and quadrupolar subunit 6 were also investigated. 
The experimental results are summarized in Table 2. The 
TPEF experiments were performed in the 680–1000 nm 
spectral range in the case of blue-green emitting 
compound 6 and in the range 800–1000 nm for the red-
NIR emitting triad 1 and TTP to avoid overlap with 
emission below 800 nm in the latter cases. 

As shown in Fig. 6, TTP is found to show a two-photon 
absorption cross section of 46 GM at 810 nm. We note 
that this value is somewhat larger than that those reported 
earlier for the tetraphenylporphyrin [8, 9]. It is indeed 
closer than that reported for tetrakis(4-sulfonatophenyl)
porphyrin diacid at similar wavelength (30 GM) [34]. 
The TPA spectrum of chromophoric subunit 6 shows the 
typical behavior of a quadrupolar dye, with a smaller TPA 
response corresponding to the transition to the lowest 
strongly one-photon allowed excited state (shoulder 
at 820 nm) and a much larger TPA response at higher 
energy (peak at 740 nm) corresponding to the transition 
to a higher one-photon forbidden but strongly two-
photon allowed excited state. As a result, triad 1 is found 
to show a much larger two-photon absorption response 
with a local maximum TPA at 810 nm which amounts 
to 450 GM, corresponding to the additive contribution 
of two chromophoric subunits 6 and one TTP. Hence, 
triad 1 shows a two-photon absorption response which 
is one order of magnitude larger than that of TTP while 
fully retaining the fluorescence properties of TTP and 
its sensitizing properties. As such triad 1 is found to 
combine improved two-photon brightness (s2Ff) and 
two-photon induced singlet oxygen generation (s2FD). 
Of much interest is the realization that whereas the one-
photon absorption at 420 nm is mainly dominated by the 
porphyrin subunit, the two-photon absorption at 810 nm 
is mainly ensured by the quadrupolar subunits within the 
triad due to their larger two-photon absorption response at 
810 nm (i.e. 185 GM per quadrupolar subunit). Moreover, 
we observe that the TPA spectrum of triad 1 shows good 
agreement with additive contributions of its quadrupolar 
and TTP subunits (Fig. 6), confirming that the quadrupolar 
and porphyrin subunits do not interact in the ground state 
of triad 1 and validating the implemented design.

EXPERIMENTAL

Synthetic procedures

General methods: melting points were measured on 
Stuart SMP 10.1H, 13C and 31P NMR spectra were recorded 

Fig. 2. Absorption spectrum of triad 1 in toluene compared to the 
additive contribution of quadrupolar and TTP porphyrin subunits

Fig. 3. Emission spectrum of triad of 1 upon excitation of the 
Q-bands compared to that of TTP

Fig. 4. Emission spectra of triad of 1 upon excitation at different 
wavelengths

Fig. 5. Emission spectra of quadrupolar subunit 6 (lexc = 400 nm) 
and triad 1 (lexc = 600 nm and lexc = 400 nm) in the solid state
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on a Bruker Advance I 300 spectrometer at 300 MHz,  
75 MHz and 121.4 MHz respectively. Chemical shifts are 
given in parts per million with respect to solvent residual 
peak and coupling aconstant (J) are given in Hz. HRMS 
spectra were performed by the CESAMO (Bordeaux, 
France) on a JEOL AccuTOFGCv mass spectrometer 
using an FD emitter with an emitter voltage of 10 kV. 
Elemental Analyses were carried out by the CESAMO 
(Bordeaux, France) or were carried out by the ICSN 
(CNRS Gif/Yvette, France). Column chromatography 
was performed on silica gel 60 (40–63 mm, Fluka). 
Solvents were freshly distilled before use from CaH2 
(toluene, DMF, CH2Cl2, and Et3N) or benzophenone/Na 
(THF). Compounds 7 and 9 have been prepared according 
to previously reported procedures [29].

5-(4-Methylcarboxyphenyl)-10,15,20-tris(4-methyl - 
phenyl)porphyrin (2). To a mixture of 4-carbomethoxy-
benzaldehyde (4.1 g, 25 mmole) and 4-tolualdehyde 

(7.2 g, 60 mmole) in propionic acid (250 mL) at 120 °C, 
5.4 g (80 mmole) of pyrrole was added in one portion. 
The mixture was refluxed for one hour and left at 4 °C 
overnight. The precipitate was filtered and rinsed 
thoroughly with MeOH. The mixture of porphyrins (2.19 g) 
was chromatographied on silica using CH2Cl2 as eluent. 
(Solubility of the reaction mixture is impeded by large 
amount of slightly soluble tetratolylporphyrin). After 
elution of tetratolylporphyrin, the fraction containing the 
expected product was evaporated and precipitated with a 
large excess of MeOH. 880 mg of 2 was obtained as a 
purple powder (yield 6.2%). 1H NMR (300 MHz, CDCl3): 
d, ppm 8.93 (m, 6H), 8.83 (d, J = 4.9 Hz, 2H), 8.49 (d, J = 
8.3 Hz, 2H), 8.36 (d, J = 8.3 Hz, 2H), 8.15 (d, J = 7.8 Hz, 
6H), 7.60 (d, J = 7.8 Hz, 6H), 4.16 (s, 3H), 2.76 (s, 9H), 
-2.70 (s, 2H).

5-(4-Hydroxymethylphenyl)-10,15,20-tris(4-
methylphenyl)porphyrin (3). To a stirred solution of 

Table 2. Two-photon absorption properties of porphyrin-quadrupole triad 1 and its subunits (6 and 
TTP) in toluene

Compound 2labs
max, nm lTPA

max, nm s2
max, GMa s2

maxèFf, GMb s2
maxFD, GM c

TTP 840 810 46 5.1 30

6 824 820 (sh)
740

190
1150

146
888

—

1 844 810 450 50 300
a Two-photon absorption cross section (1 GM = 10-50 cm4.s.photon-1). b Two-photon brightness. c Two-
photon induced singlet oxgen generation cross section.

Fig. 6. Two-photon absorption spectra of triad 1 (bottom left), quadrupolar subunit 6 (top left) and TTP (top right) in toluene 
compared with their rescaled one-photon absorption and two-photon absorption spectrum of triad 1 in toluene compared to the 
additive contribution of quadrupolar and TTP porphyrin subunits (bottom right)
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2 (500 mg, 0.7 mmole) in freshly distilled THF at 0 °C,  
250 mg of LiAlH4 was added in small portions. The 
reaction mixture was stirred for 3 h at room temperature 
and then hydrolyzed by slow addition of 6 mL of MeOH 
at 0 °C. Then, 15 mL of a saturated aqueous solution of 
Rochelle’s salt (sodium and potassium tartrate) was added 
and the product was extracted with CHCl3 (250 mL). The 
organic phase was washed successively with the tartrate 
solution and water. Drying over Na2SO4 and evaporation 
afforded 3 as a violet powder (403 mg, 84%).1H NMR 
(300 MHz, CDCl3): d, ppm 8.90 (d, J = 4.7 Hz, 4H), 8.89 
(bs, 4H), 8.86 (d, J = 5.1 Hz, 4H), 8.25 (d, J = 8 Hz, 2H), 
8.14 (d, J = 7.7 Hz, 6H), 7.79 (d, J = 8 Hz, 2H), 7.59 (d, J =  
7.7 Hz, 6H), 5.11 (d, J = 5 Hz, 2H), 2.75 (s, 9H), 2.00 (t, 
J = 5 Hz, 1H), -2.73 (s, 2H).

5-(4-Formylphenyl)-10,15,20-tris(4-methylphenyl)
porphyrin (4). A suspension containing 340 mg of 
alcohol 3 (0.5 mmoles) and 500 mg of MnO2 in 30 mL 
of CH2Cl2 was refluxed for 4 h. The reaction could be 
monitored by TLC on silica (eluent CHCl3). The crude 
reaction mixture was filtered through a small silica pad, 
eluting with CH2Cl2, evaporated to dryness and afforded 
209 mg of aldehyde 4 (61% yield). 1H NMR (300 MHz, 
CDCl3): d, ppm 10.42 (s, 1H), 8.94 (d, J = 4.7 Hz, 4H), 
8.93 (bs, 4H), 8.80 (d, J = 4.7 Hz, 4H) 8.44 (d, J = 7.9 Hz, 
2H), 8.31 (d, J = 7.9 Hz, 2H), 8.14 (d, J = 8.1 Hz, 6H), 
7.60 (d, J = 8.1 Hz, 6H), 2.75 (s, 9H), -2.71 (s, 2H).

Compound 5. 5 mL of a 0.18 M solution of 
phosphorodichloridothioic hydrazide, 1-methyl-(MMH-
PSCl2) in CHCl3 was added to a solution of 4 (324 mg, 
0.47 mmole) in dry dichloromethane (50 mL), and let  
24 h at room temperature. Concentration to a final 
volume of 15 mL and precipitation with petroleum 
ether afforded a green precipitate which was collected 
by filtration. A rapid filtration on a 10 cm silica pad was 
carried out, eluting with CH2Cl2 and a trace amount of 
Et3N and thus afforded 310 mg of a violet powder after 
evaporation (yield 78%). The product was used without 
further purification for the next reaction step. 1H NMR 
(300 MHz, CDCl3): d, ppm 8.93–8.88 (AB system,  
J = 4.7 Hz, 4H), 8.91 (bs, 4H), 8.32 (d, J = 8.3 Hz, 2H), 
8.16 (d, J = 8.3 Hz, 2H), 8.14 (d, J = 8 Hz, 6H), 8.07 
(d, J = 2.4 Hz, 1H), 7.60 (d, J = 8 Hz, 6H), 3.70 (d,  
J = 13.9 Hz, 3H), 2.75 (s, 9H), -2.70 (s, 2H). 31P NMR 
(121.4 MHz, CDCl3): d, ppm 63.38.

Triad 1. Cs2CO3 (300 mg, 0.92 mmole) was added 
to a mixture of compound 5 (100 mg, 0.12 mmole) and 
compound 6 (200 mg, 0.25 mmole) in 10 mL of dry 
THF. The reaction mixture was heated for 5 h at 60 °C 
and the solvent was evaporated. Column chromatography 
on neutral alumina (grade IV) with CH2Cl2 afforded 
compound 1 as a brown powder, 235 mg. Yield 83%. 
Anal. calcd. for C159H173N10O4PS.H2O; C: 81.22, H: 7.42, 
N: 5.96, S: 1.36%. Found C: 81.43, H: 7.19, N: 5.71, S: 
1.39. MS (MALDI-TOF): m/z 2351.3 (calcd. for [M + 
H]+ 2351.3). 1H NMR (300 MHz, CDCl3): d, ppm 8.94 
(m, 8H), 8.31 (d, J = 8.1 Hz, 2H), 8.15 (m, 8H), 8.03 (bs, 

1H, CH=N), 7.61 (m, 10H), 7.46 (m, 14H), 7.32 (d, J =  
9 Hz, 4H), 7.12 (d, J = 16.2 Hz, 2H), 7.10 (d, J = 16.2 Hz, 
2H), 7.01 (d, J = 16.2 Hz, 4H), 6.93 (d, J = 9 Hz, 4H), 
6.73 (d, J = 8.8 Hz), 6.68 (d, J = 8.8 Hz), 4.15 (t, J =  
6.2 Hz), 3.77 (t, J = 6.2 Hz, 4H) 3.54 (d, JH-P = 10.2 Hz, 
3H), 3.51 (m, 4H), 3.45 (m, 8H), 2.75 (bs, 9H), 2.02 (m, 
8H), 1.64 (m, 16H), 1.42 (m, 8H), 1.24 (t, J = 7.7 Hz, 
6H), 1.13 (m, 8H), 1.02 (t, J = 7.3 Hz, 12 H), 0.71 (t,  
J = 7.3 Hz, 12H). 31P NMR (121.42 MHz, CDCl3): d, 
ppm 64.29.

Compound 6. The Heck dissymmetrical coupling 
was performed by mixing 2,7-diethenyl-9,9-dibutyl-9H-
fluorene (1.36 g, 4.11 mmole), 4-[2-[ethyl(4-iodophenyl)
amino]ethoxy]phenyl acetate (2 g, 4.70 mmole), 4-iodo- 
N,N-dibutylaniline (1.55 g, 4.70 mmole), K2CO3 (1.45 g), 
tetrabutylammonium bromide (2.78 g), triphenylphosphine 
(237 mg) and Pd(OAc)2 (110 mg) in DMF (35 mL) under 
an Ar atmosphere. The mixture was heated at 50 °C under 
Ar for 24 h. The DMF was removed by evaporation under 
reduced pressure and the residue was chromatographed 
on silica using an increasing gradient of petroleum ether/
CH2Cl2 (from 70/30 to 0/100) affording 1.25 g of a yellow-
green powder which was used directly for the deprotection 
step. The compound was dissolved in a mixture of THF  
(50 mL) and EtOH (25 mL) and 10 mL of 0.5 M NaOH was 
added. The solution was stirred 20 min at room tempera-
ture and 0.5 M HCl aqueous solution (12 mL) was added. 
The solution was taken up in diethyl ether and washed 
with 10% NaHCO3 solution, dried and evaporated. The 
residue was chromatographed on silica using a petroleum 
ether/CH2Cl2 (40/60) mixture and afforded 6 as a yellow 
powder (620 mg, 19% yield from the 2,7-diethenyl-9,9-
dibutyl-9H-fluorene precursor). By NMR the presence 
of a small amount (ca. 10%) of minor isomers could be 
detected. mp 65–67 °C. 1H NMR (300 MHz, CDCl3): 
d, ppm 7.65 (d, J = 8.1 Hz, 2H), 7.46 (m, 8H), 7.13 (d, 
J = 16.2 Hz, 2H), 7.03 (d, J = 16.2 Hz, 1H), 7.01 (d,  
J = 16.2 Hz, 1H), 6.81 (m, 6H), 6.78 (d, J = 8.1 Hz, 2H), 
6.68 (d, J = 8.1 Hz, 2H), 4.50 (s, 1H), 4.13 (t, J = 6.1 Hz, 
2H), 3.77 (t, J = 6.1 Hz, 2H), 3.55 (q, J = 7.0 Hz, 2H), 
3.34 (t, J = 6.9 Hz, 4H), 2.05 (m, 4H), 1.64 (m, 4H), 1.41 
(m, 4H), 1.27 (t, J = 7.0 Hz, 3H), 1.14 (m, 4H), 1.01 (t,  
J = 7.2 Hz, 6H), 0.73 (t, J = 7.3 Hz, 6H), 0.71 (m, 4H). 13C 
NMR (100 MHz, CDCl3): d, ppm 153.16, 151.68, 149.88, 
140.28, 140.06, 137.32, 137.06, 128.92, 128.32, 128.02, 
127.92, 126.66, 125.94, 125.23, 125.01, 124.63, 120.44, 
120.34, 119.82, 116.31, 115.83, 112.11, 111.94, 66.36, 
55.03, 51.05, 50.02, 45.94, 40.69, 29.77, 26.21, 23.39, 
20.62, 14.28, 14.08, 12.64. Anal. calcd. for C55H68N2O2; 
C: 83.71, H: 8.69, N: 3.55%. Found C: 83.45, H: 8.39, N: 
3.41. HRMS (FD): m/z calcd. for C55H68N2O2 788.5281. 
Found 788.5255.

Compound 8. A commercial vinylmagnesium 
bromide solution (25 mL, 1 M in THF) was slowly added 
under argon to a degazed mixture of 2,7-diiodo-9,9-
dibutyl-9H-fluorene (4 g, 7.54 mmole) and PdCl2dppf 
(246 mg, 302 mmole) in dry THF (50 mL) at room 
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temperature. The suspension was stirred for 12 h and 
hydrolyzed with ammonium chloride solution (10% in 
water). Extraction with diethyl ether and subsequent 
column chromatography on silica (eluent: petroleum 
ether) afforded a white solid (1.92 g, 77%) that had to be 
used rapidly in the following step due to its polymerization 
ability. mp 75 °C. 1H NMR (300 MHz, CDCl3): d, ppm 
7.62 (d, J = 7.8 Hz, 2H), 7.39 (d, J = 7.8 Hz, 2H), 7.36 
(s, 2H), 6.80 (dd, J = 11.8 Hz, J = 17.7 Hz, 2H), 5.79 (d,  
J = 17.4 Hz, 2H), 5.26 (d, J = 11.4 Hz, 2H), 1.97 (m, 4H), 
1.08 (m, 4H), 0.67 (t, J = 7.2 Hz, 6H), 0.62 (m, 4H).

Photophysical studies

All photophysical properties were analyzed with 
freshly prepared air equilibrated solutions at room 
temperature (293 K). UV-vis absorption spectra were 
recorded using a Jasco V-570 spectrophotometer. Steady-
state fluorescence measurements were performed on 
dilute solutions (optical density < 0.1) contained in 
standard 1 cm quartz cuvettes using a Horiba (FluoroLog 
or FluoroMax) spectroflurometer in photon-counting 
mode. Fully corrected emission spectra were obtained for 
each compound at lex = labs

max with an optical density at 
lex ≤ 0.1 to minimize internal absorption. Fluorescence 
quantum yields were measured according to literature 
procedures [35], using fluorescein in 0.1 M NaOH (Ff = 
0.9), or cresyl violet in MeOH (Ff = 0.54). Measurement 
of singlet oxygen quantum yields (FD) was performed 
on a Fluorolog-3(Horiba Jobin Yvon) spectrometer 
using a 450W Xe lamp. The emission at 1272 nm was 
detected using a liquid nitrogen cooled Ge-detector 
model (EO-817L, North Coast Scientific Co). Singlet 
oxygen quantum yields FD were determined in toluene 
solutions, using tetraphenylporphyrin (TPP) in toluene 
as reference solution (FD TPP = 0.68) and were estimated 
from 1O2 luminescence at 1272 nm [36]. Fluorescence 
decays were measured in a time-correlated single photon 
counting (TCSPC) configuration, under excitation from 
selected nanoLED (370, 455 or 570 nm). The instrument 
response was determined by measuring the light scattered 
by a Ludox suspension. The lifetime values were obtained 
from the reconvolution fit analysis of the decay profiles; 
the quality of the fits was judged by the reduced c2 value 
(c2 < 1.1). The reported lifetimes are within ±0.1 ns.

Two-photon absorption

TPA cross sections (s2) were determined from the 
two-photon excited fluorescence (TPEF) cross sections 
(s2Ff) and the fluorescence emission quantum yield 
(Ff). TPEF cross sections were measured relative to 
fluorescein in 0.01 M aqueous NaOH for 715–980 nm, 
using the well-established method described by Xu and 
Webb and the appropriate solvent-related refractive 
index corrections [37]. The quadratic dependence of 
the fluorescence intensity on the excitation power was 
checked for each sample and all wavelengths, indicating 

that the measurements were carried out in intensity 
regimes where one-photon absorption, saturation or 
photodegradation did not occur. 

Measurements were conducted using excitation 
sources delivering fs pulses. This is preferred in order 
to avoid excited state absorption during the pulse 
duration, a phenomenon which has been shown to lead 
to overestimated TPA cross section values. To span the 
700–980 nm range, a Nd:YLF-pumped Ti:sapphire oscil-
lator was used generating 150 fs pulses at a 76 MHz 
rate. The excitation was focused into the cuvette through 
a microscope objective (10X, NA 0.25). The fluorescence 
was detected in epifluorescence mode via a dichroic 
mirror (Chroma 675dcxru) and a barrier filter (Chroma 
e650sp-2p) by a compact CCD spectrometer module 
BWTek BTC112E. Total fluorescence intensities were 
obtained by integrating the corrected emission. The 
experimental uncertainty of the action cross section values 
determined by this method has been estimated to be ±10%.

CONCLUSION

In this work, we demonstrate that the engineering 
strategy which relies on covalently grafting quadrupolar 
chromophoric subunits based on a fluorenyl core and 
having electron-donating end-groups onto a TTP 
porphyrin is effective in both ensuring improved two-
photon absorption in the NIR region of interest for 
bioapplications (thanks to antenna effect) as well as 
maintaining the excellent sensitizing properties of the 
porphyrin subunit and its fluorescence properties. As a 
result, the triad model compound shows both enhanced 
two-photon brightness and two-photon induced singlet 
oxygen generation (both being increased by an order of 
magnitude as compared to the single porphyrin). This 
strategy will be extended to other triad systems with 
quadrupolar chromophoric subunits showing larger two-
photon absorption cross sections. This could be done in 
particular by keeping the main design (i.e. fluorene core 
and donating end-groups) but extending and tuning the 
p-connector [30]. 

Further developments will include encapsulation of 
the triad into biocompatible nanocarriers to preserve their 
photophysical properties while ensuring bioavailability 
and offering the possibility to include surface of targeting 
units for cancer therapy. Such cooperative triad system 
would offer major prospect for theranostics.
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