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Abstract: The synthesis of a new family of phosphorus dendrimers built from an octasubstituted metal-
free phthalocyanine core is described up to generation 5. This core is used as a sensor and a probe for
analyzing the properties of the internal structure and the influence of each structural part (core, branches,
surface) upon the whole structure. UV—visible spectra show both a hyperchromic and bathochromic effect
on the Q-bands with increasing generation, indicating that the chromophore is more isolated, and that the
dendritic shell mimics a highly polar solvent. There is no evidence for aggregation, except for generation
0, showing again the isolation of the core. However, the dendritic shell is permeable to aqueous acids and
bases, as demonstrated by the reversible splitting of the Q-band in an acidic medium (neutral form of the
phthalocyanine) and the single Q-band in a basic medium (dianionic form), even for generation 4. The
fluorescence quantum yield for the neutral form increases with increasing generation. The dianionic form
of generation 0 is poorly fluorescent, whereas generations 3 and 4 (G; and G,) exhibit better fluorescence.
The cores of G; and G, are highly sensitive optical sensors for H;O* and OH~. These experiments are
carried out in THF/water mixtures, and the influence of water on the structure has been checked. The
hydrodynamic radius of generation 4 is measured by NMR diffusion (pulse gradient spin—echo) experiments.
Ry varies from 35.4 A at 4 mol % of water to 32.5 A at 64 mol % of water in THF, indicating the hydrophobic
nature of these dendrimers.

Introduction nanoenvironments, reminiscent of that found in enzymes and

Dendritic-type architectures are frequently encountered in the Proteins, can be achieved. To yield a better understanding of
biological world, as illustrated by the branches and roots of the properties imparted by each component to the whole
plants or the neural networks of the higher organisms. The Structure and of the influence of each part on the others, it is
reason for this omnipresence is believed to be a functional Nighly desirable to introduce environmental probes within the
optimization in terms of exchange and distribution of energy dendritic framework, particularly at the level of the core.
and of information. Dendrimetsconstitute a small-scale  Previous works in this field have highlighted the concept of
artificial model of these natural dendritic architectures, and they Sité isolation of the core, leading to enhanced photophysical
can be viewed as optimized structures for maximized interac- Properties or catalytic effectsThe choice of the type of probe
tions, both within their network and with the external media, 0cated at the core is of crucial importance; ideally, it should
as illustrated for instance by their enhanced solubility when 0e able to afford different types of information, and the variation
compared to linear polyme?sThe three structural components  ©f its response upon modification of the local environment
of dendrimers, namely an interior core, repeating branching units Should be detectable by several techniques. In most cases, the
radially attached to the core, and functional terminal groups functional probe located at the core is either a photoresponsive
attached to the outermost branching units, can be tuned at will. System, an electroactive system, or a combination of both, found
A fine control of the overall size (the generation), shape, and for instance for porphyrin cores, whose utility has been
properties of the dendrimer, creating special three-dimensionalreécognized very earlyand which are still widely used as cores

- — of dendrimers.In contrast, relatively few dendrimers incorpo-

. Sgﬁ/fr'gﬁfé'ggucfusgyaﬁf rating a phthalocyanine core have been synthesized so far, and

(1) (a) Frehet, J. M. J., Tomalia, D. A., EdBendrimers and Other Dendritic most physicochemical studies were carried out with either their
Polymers John Wiley and 3‘5’&2 Chichester, U.K. 2001. (b) Newkome, - metallic complexefsor with a silicon derivativélocated within
Concepts, Syntheses, Applicationtiley VCH: Weinheim, Germany, ~ the central macrocycle, even for those that were initially
2001. (c) Majoral, J. P.; Caminade, A. @hem. Re. 1999 99, 845.

(2) Hawker, C. J.; Malmstm, E. E.; Frank, C. W.; Kampf, J. B. Am. Chem.
S0c.1997 119, 9903. (3) Hecht, S.; Frehet, J. M. JAngew. Chem., Int. E®00], 40, 74.
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synthesized fre@7v-"8 However, metal-free phthalocyanines
should afford information not only about their degree of steric
isolation but also about the modification of basicity or acidity
and local polarity, induced by the influence of the dendritic
branches.

In this paper we report the synthesis and characterization of

a series of phosphorus dendrinfessluble in organic solvents

and built from a metal-free phthalocyanine core as well as the

information deduced from the modification of their photochemi-

cal and diffusional properties. This work is a complement and
a very large extension of the work we have previously reported
concerning a micellelike water-soluble phosphorus dendrimer

possessing hydrophilic end groups and a pthlalocyanine'€ore,

whose photo- and physicochemical properties were not studied.

Results and Discussion

) . Figure 1. ORTEP view of compoun@.
SynthesesMost of the dendrimers possessing a phthalocya-

nine core are synthesized by the cyclotetramerization of dinitriles Scheme 1
bearing a dendritic substituent; only a few of them are 9 H

synthesized by growing branches from a preexisting function-

alized phthalocyanin@P?Furthermore, in all cases except ctie,

the phthalocyanine cores are tetrasubstituted. However, thisC'

tetrasubstitution induces complications due to regioisorffers;

thus, we chose to use an octasubstituted phthalocyanine to avoid
these problems. The dendrimer core is an octaformyl phthalo-
cyanine, whose synthesis is inspired by the work done by

Wohrle et all! Dichlorophthalonitrilel is reacted with 2 equiv

(4) (a) Dandliker, P. J.; Diederich, F.; Gisselbrecht, J. P.; Louati, A.; Gross,
M.

Angew. Chem., Int. Ed. Engll995 34, 2725. (b) Sadamoto, R.;
Tomioka, N.; Aida, T.J. Am. Chem. S0d.996 118 3978. (c) Jiang, D
L.; Aida, T. Chem. Commurl996 1523. (d) Tomoyose, Y.; Jiang, D. L.;
Jin, R. H.; Aida, T.; Yamashita, T.; Horie, K.; Yashima, E.; Okamoto, Y.
Macromoleculesl996 29, 5236. (e) Bhyrappa, P.; Young, J. K.; Moore,
J. S.; Suslick, K. SJ. Am. Chem. S0d.996 118 5708. (f) Bhyrappa, P.;
Young, J. K.; Moore, J. S.; Suslick, K. 8. Mol. Catal. A: Chem1996
113 109.

(5) (a) Hasobe, T.; Kashiwagi, Y.; Absalom, M. A.; Sly, J.; Hosomizu, K;
Crossley, M. J.; Imahori, H.; Kamat, P. V.; FukuzumiAslo. Mater.2004
16, 975. (b) Vestberg, R.; Nystno, A.; Lindgren, M.; Malmstfe, E.; Hult,

A. Chem. Mater2004 16, 2794. (c) Yamaguchi, T.; Ishii, N.; Tashiro,
K.; Aida, T.J. Am. Chem. So2003 125 13934. (d) Zimmerman, S. C.;
Zharov, |.; Wendland, M. S.; Rakow, N. A.; Suslick, K. 8.Am. Chem.
Soc.2003 125 13504. (e) Choi, M. S.; Aida, T.; Luo, H.; Araki, Y.; Ito,
O. Angew. Chem., Int. EQR003 42, 4060. (f) Kim, Y.; Mayer, M. F.;
Zimmerman, S. CAngew. Chem., Int. ER003 42, 1121. (g) Finikova,
0O.; Galkin, A.; Rozhkov, V.; Cordero, M.; Haegerhaell, C.; Vinogradov,
S.J. Am. Chem. SoQ003 125 4882. (h) Imaoka, T.; Horiguchi, H.;
Yamamoto, K.J. Am. Chem. So2003 125 340.

(6) (a) Kimura, M.; Nakada, K.; Yamaguchi, Y.; Hanabusa, K.; Shirai, H.;
Kobayashi, N.Chem. Commun1997, 1215. (b) Kimura, M.; Sugihara,
Y.; Muto, T.; Hanabusa, K.; Shirai, H.; Kobayashi, 8hem. Eur. J1999
5, 3495. (c) Ng, A. C. H.; Li, X. Y.; Ng, D. K. PMacromolecule€999
32, 5292. (d) Li, X. Y.; He, X;; Ng, A. C. H.; Wu, C.; Ng, D. K. P.
Macromolecule200Q 33, 2119. (e) Sheng, Z.; Ye, X.; Zheng, Z.; Yu, S;
Ng, D. K. P.; Ngai, T.; Wu, CMacromolecule2002 35, 3681. (f) Kagusa,
K.; Matsuura, N.; Inoue, K.; Handa, M.; Sugimori, T. Isa, K.; Nakata, M.
Chem. Lett2002 352. (g) Kagusa, K.; Akita, T.; Matsuura, N.; Handa,
M.; Sugimori, T.Chem. Lett.2002 966. (h) Ng, D. K. P.C. R. Chim.
2003 6, 903. (i) Akai, I.; Nakao, H.; Kanemoto, K.; Karasawa, T.;
Hashimoto, H.; Kimura, MJ. Lumin.2005 112 449.

(7) (a) Brewis, M.; Clarkson, G. J.; Goddard, V.; Helliwell, M.; Holder, A.
M.; McKeown, N. B.Angew. Chem., Int. EA998 37, 1092. (b) McKeown,
N. B. Adv. Mater.1999 11, 67. (c) Brewis, M.; Clarkson, G. J.; Helliwell,
M.; Holder, A. M.; McKeown, N. B.Chem. Eur. J200Q 6, 4630. (d)
Brewis, M.; Hassan, B. M.; Li, H.; Makhseed, S.; McKeown, N. B.;
Thompson, NJ. Porphyrins Phthalocyanine®00Q 4, 460. (e) Brewis,
M.; Helliwell, M.; McKeown, N. B.; Reynolds, S.; Shawcross, A.
Tetrahedron Lett2001, 42, 813. (f) Brewis, M.; Helliwell, M.; McKeown,
N. B. Tetrahedror2003 59, 3863. (g) Uchiyama, T.; Ishii, K.; Nonomura,
T.; Kobayashi, N.; Isoda, SChem. Eur. 32003 9, 5757.

(8) (a) Brewis, M.; Clarkson, G. J.; Holder, A. M.; McKeown, N. Bhem.
Commun1998 969. (b) Kernag, C. A.; McGrath, D. \Chem. Commun.
2003 1048.

(9) Caminade, A. M.; Majoral, J. FAcc. Chem. Re004 37, 341.

(10) Leclaire, J.; Coppel, Y.; Caminade, A. M.; Majoral, J.J? Am. Chem.
S0c.2004 126, 2304.

(11) Wihrle, D.; Eskes, M.; Shigehara, K.; Yamada,3ynthesi4993 2, 194.
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of hydroxybenzaldehyde sodium s&tin the first step. The
temperature (70, 110, or 15C) and the duration of heating
(120 or 48 h) were optimized to determine the best conditions
to isolate the bisformylphthalonitrild (Scheme 1). Heating at
110°C for 48 h leads to a 97% disubstitutiotd(NMR control),

and compound is isolated in 65% yield after washings with
water. Single crystals a3 suitable for X-ray diffraction were
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obtained by slow evaporation in THF/pentane at room temper- 2). This means that the known tendency of phthalocyanines to
ature. The ORTEP drawing of the X-ray structure is shown in stack, which causes their insolubility, is largely diminished, even
Figure 1. The benzaldehyde groups are not coplanar with thefor the first generation. All compounds up to the fifth generation
phthalonitrile moieties; thus, there is no stacking phenomenon 4-Gs are isolated in nearly quantitative yields. The completion
at this step in the solid state and, therefore, neither in solution. of the reaction in each case is monitored by NM®. NMR is
The next step consists of the cyclization reaction of 4 equiv useful for the nucleophilic substitutiod{G, — 4-G;,), which
of compound3 in refluxing 1-pentanol in the presence of DBU. induces a slight but clearly detectable shieldig) (= —0.3
This procedure affords metal-free phthalocyanines (Pc) in ppm) of the signal corresponding to the phosphorus that
relatively good yields. Here, the phthalocyaniéés; is iso- undergoes the reaction. A deshielded signgd (= 6 ppm),
lated in 56% yield, as a poorly soluble dark-green powder. Due corresponding to the monosubstitution reaction, is detected
to this poor solubility, only low-quality NMR spectra could be during the course of the reaction; it totally disappears when the
obtained in solution, but compoun#tG; is unambiguously reaction has gone to completioHd NMR is useful for the
characterized by mass spectrometry (FA®, = 1474). Starting condensation reactio{G, — 4-Gn+1), which induces the
from the aldehydes, the dendrimer is grown by our classical total disappearance of the signal corresponding to the aldehydes,
two-step method? whose first step is a condensation reaction also detected by3C NMR and IR spectroscopies.
with the phosphorhydrazidg Generally, these reactions afford Having this series of phosphorus dendrimers soluble in
the condensation products in nearly quantitative yields. How- organic solvent 4-G,), we studied their UV-visible and
ever, the first-generatiof-G is isolated in only 37% yield after  fluorescence properties, using the phthalocyanine core as a
work up, due to the poor solubility éf-G;. Dendrimer4-G; is sensor and a probe.
much more soluble thaa-Gy; it is characterized by'P, 'H, gy —visible Absorption Spectroscopy.UV —visible absorp-
and**C NMR and IR spectroscopies; no trace of aldehyde is tjon spectroscopy is an easy and informative way to study
detected, showing the completion of the condensation reactions.pthalocyanines and to detect changes in their environment. The
The next steps, i.e., the nucleophilic substitution of CI by ;7 transitions of the 14-electron aromatic phthalocyanine ring
hydroxybenzaldehyde sodium sajtthe condensation reaction  4re characterized by two types of absorption bands, named B-
of the aldehyde with the phosphorhydrazifieand then the  anq Q-bands, centered-a800 and~670 nm, and correspond-
repetition of both steps, occur without any problem (Scheme jhg 10 S, — Sy and § — S transitions, respectively. For the
(12) (@) Launay, N.; Caminade, A. M.: Lahana, R.. Majoral, AfRyew. Chen. dendritic phthalocyanines describeolllhere, the near-UV band
Int. Ed. Engl.1994 33, 1589. (b) Launay, N.; Caminade, A. M.; Majoral, ~ Should correspond to the superposition of the B-band of the
J. P.J. Am. Chem. S04.995 117, 3282. () Lartigue, M. L., Donnadieu,  core gnd of the absorption band characteristic of the arylhy-

B.; Galliot, C.; Caminade, A. M.; Majoral, J. P.; Fayet, JIM&cromolecules R .
1997, 30, 7335. drazones constituting the skeleton of the dendrimer. We have

15764 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005
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Table 1. Spectral Characteristics of Dendrimers 4-G}, in CHCI3 ([C] = 1.00 x 1075 mol L%); Wavelength, Molar Absorption Coefficient (log

€), Q-Band Energy, and Energy Difference between the Splitted Bands

B-band Q-band
A (nm) (log € (M~*cm™Y)) A (nm) [Q, cm™Y] (log € (M~t cm™) splitiing (Q, - Q)
dendrimer Q,0,) Q40,1 Q,(0,0) Q40,0) (em™)
4-Gpa 275 (4.25) 608 637 663 [15080] 699 [14300] 777
348 (3.99) (4.20) (4.37) (4.65) (4.67)
4-G; 259 607 643 667 [14990] 701 [14270] 727
(5.71) (4.07) (4.27) (4.66) (4.71)
4-Gj 264 274 611 643 672 [14880] 704 [14200] 676
(6.16) (6.16) (4.36) (4.52) (4.97) (5.02)
4-G, 263 277 611 643 672 [14880] 704 [14200] 676
(6.48) (6.48) (4.46) (4.62) (5.07) (5.11)
aThe e values given for-Gj are the apparent values, not corrected for the effects of aggregation
€ (mol'l.L.cm'l) [ (mol".L.cm")
14105 ——————————————— - el
] 4-G €704/8620
. |aey 4Gy o|1:210% N o7,
3.010 1.210 J—— hooa
4 4-G* 06l /
2510° 1105 810 ;
4 0.5+
2.010° 8104 410 1
0.4
9 0 12 3 4n
1510 4 610 0 1 2 3 4n 4-G', |
i 4-G'g I
6 410* '
Lo10 0 50 100 150 200 250 300 !
Number of aryl groups 4| )
5.010° 210 !
4-G'y |
0.0 ‘ ‘ ‘ S 3 650 800
250 350 450 550 650 750 nm 550 600 700 750 Anm

Figure 3. Q-band of dendrimerd-G;,. (Left insert) Value of at 670 nm
(®) and 700 nm(@) versus the generatiom) (Right insert) Ratio of the
value ofe at 704 and 620 nm versus generatio (

Figure 2. UV —uvisible absorption spectra of dendrime¥s5;, in CHCls.
(Insert) Variation of the value of (mol~* L cm™) at 264 nm with the
number of aryl groups.

already shown that the molar absorption coefficiedepends increase is linear for the maxima of the absorption of both bands
on the number of chromophoric units, in an essentially additive centered at-670 and~700 nm, except foA-Gg, presumably
way, for dendrimers having azobenzene units in the brariéhes; because of a different electronic effect of the substituents of
the same behavior is observed for the sedi€s), 4-Gj, 4-G the chromophoric units (aldehydes #Gj versus hydrazones
in chloroform, and thus each branch and each segment of thefor all the others) (Figure 3, left insert). The very high value
branch is electronically independent (Table 1). The strong band measured for the molar absorption coefficient of the Q-band of
in the UV area is mainly due to the aryl groups constituting the 4-G, shows that the chromophore is highly isolated; similar
skeleton of the dendrimer (Figure 2), and the increase isf values were already reported for chromophores encapsulated
directly linked to the multiplication of their number with in liposomest® or in a liposome/dendrimer systéth.
growing generations, except fdrGj which does not possess The isolation of the chromophoric unit is also confirmed by
any arylhydrazone groups (Figure 2, insert). Thus, the B-band Figure 3; except for4-G;, there is no evidence for any
of the phthalocyanine is hidden and cannot offer any interesting aggregation phenomenon, which should give a very broad band
information. On the other hand and very interestingly, the at~620 nm. The ratio of the intensity of the absorption at 704
dendritic skeleton is totally transparent in the area of the Q-band.and 620 nm, depending on the generatignis practically

The spectra of dendrime®-G,, 4-G}, 4-Gj, and 4-G, in constant fom = 1, 3, and 4 but is different fon = 0 (Figure
chloroform in the visible area are gathered in Figure 3. In all 3, right insert), indicating that the aggregation band is super-
cases, the Q-band is splitted into two componen(®.Q) and posed to the vibrational band in the latter case. These data can
Q«(0,0), giving two main absorptions at670 and~700 nm, be correlated to the observation made previously concerning
as expected for thB,, symmetry of neutral phthalocyanines; the poor solubility of4-G, compared to those of-G;—4-G;.
two vibrational bands ¢§0,1) and Q0,1) are also observed at The last point to be emphasized concerning Figure 3 is the
~610 and ~640 nm, respectively. The energy difference slight bathochromic effect observed for the maxima of absorp-
between the 0,0) and Q(0,0) bands decreases with the energy tion of the Q-band when generationincreases. Reichardt
of the Q-band (see splitting in Table 1), as previously reported proposed a relation between a solvatochromic effect and changes
for “classical” phthalocyanine¥. At first glance, the most salient  in a polarity parameterE;(30)), which increases with the
feature of Figure 3 is the hyperchromic effect observed when polarity of the solvent. With all spectra éfG;, being recorded
the number of generation increases from 1 to 4 (Table 1). This in the same solvent (CHg)| the observed bathochromic effect

(13) Sebastian, R. M.; Blais, J. C.; Caminade, A. M.; Majoral, Lifem. Eur.
J. 2002 8, 2172.

(14) Kobayashi, N.; Sasaki, N.; Higashi, Y.; Osa,lfiorg. Chem.1995 34,
1636.

(15) (a) Dhami, S.; Philips, DJ. Photochem. Photobiol., 2996 100, 77. (b)
Dhami, S.; Cosa, J. J.; Bishop, M.; Philips, Dangmuir 1996 12, 293.

(16) (a) Dimroth, K.; Reichardt, C.; Siepmann, T.; BohimannLigbigs Ann.
Chem.1963 611, 1. (b) Reichardt, CChem. Re. 1994 94, 2319.
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Amax NM Complete protonation or deprotonation of the pyrrole nitrogens
706 has been reported to induce a unique Q-band absorption,
] restoringD4, symmetry2® whereas the monoanionic and mono-
T---- 4-G'3,4-G'4in CHClg-================- cationic derivatives also exhibit a splitted Q-band, but these
species are generally considered as energetically less fa¥ored
(Figure 5).
The experiments were first conducted wihG; in THF,
which is both a good solvent for dendrimerss;, and miscible
with water. The initial spectrum o#-Gj in THF closely
resembles that in CHg(Figure 6a), and no change is observed
when bases such as NEir DBU are added in stoichiometric
amounts (2 equiv pe4-Gp). Thus, the thermodynamic stable
form of 4-G; in THF is the neutral form (2 NH and 2:Nor
the four central pyrrole rings). On the other hand, the addition
AR D of 2 equiv of strong bases, such as sodium or potassium
hydroxide, in water to generation O in THF induces dramatic
° * changes of the Q-band, which merges in a single band, as
Q*'o S Q expected for a totally deprotonated dianionic phthalocyanine
o o (Figure 6b). An increased amount of aggregated phthalocyanines
Figure 4. Bold straight line: variation of thémax value of the Q-band of is observed. characterized by a band-680 nm. The addition
4-Gj in various solvents versus theEr(30) Reichardt's parametéf. ’ y . .
DMF*: 4-G, has a single Q-band; the corresponding data are not plotted. Of HCI allows for the recovering of a splitted Q-band,
Dotted horizontal lines:Amax of the Q-band of4-G}, 4-Gj, and4-Gj in characteristic of the neutral phthalocyanine (Figure 6c). The
CHCI;; dotted vertical lines: estimation of the polarity induced by the protonation of the four pyrrole nitrogens, which would give a
branches, deduced from the intercept with the bold line. . . ’ .
single Q-band, is never observed, even when an excess of acid
is used, whatever the acid (HCI, trifluoroacetic acid, 88y).

-

& e
8
S

4 N\
*?(\0 Q?‘ OQ\O

might be related to changes in polarity induced by the dendritic . : .
layers upon the core. To estimate the modification of the local AnOther deprotonation/protonation cycle has been done, adding

polarity induced by the branches, we plotted first the variation Successively KOH and HCI (Figure 6d.e); the phenomena
of the Amax value of the Q-band o4-G,, recorded at-700 nm observed are the same as for. the fII’S.t cygle but with an increased
in solvents of different polarities, versus thEi(30) parameters ~ @mount of aggregated species, which is presumably a hydro-
(Figure 4) as a calibration curve; a linear correlation (as expectedPobic effect due to the increased polarity of the sol¥ent
from Dimroth and Reichard’s model) is observed. No value m_duced by an increased amount of water in THF added together
could be obtained in DMF, which affords a single-band spectrum with KOH and HC.

different from all the other (splitted) spectra and which should ~ Surprisingly, dendrimers-G; and 4-G, in THF gave a
correspond to a deprotonated species; this phenomenon will bednique Q-band (see Figure 7a, #4G), whereas they gave a
emphasized in the next paragraph. Dendrime@, (n = 1) splitted Q-band in CHGI Thus,_ it seems that the stable form
can be considered to be madef3, encapsulated within a  Of the cores 0f4-G; and 4-G; in THF is the deprotonated,
dendritic solvation sphere; this approximation is often used for doubly negatively charged form. This finding has to be related
dendritic system&’ Thus, plotting thelmay values measured for 0 astrong increase of the local polarity induced by the branches
4-G!, (n = 1) in CHCk on the straight line of Figure 4 (dotted ~ toward the core, as deduced previously from Figure 4. The
lines) gives information about the influence of the dendritic shell @ddition of 1 equiv of water induces a partial protonation; Figure
upon the chromophoric core. This shell mimics a highly polar 7P displays a spectrum corresponding to the superposition of a
solvent, the branches of bothGj and4-G; in CHCl; seem to unique Q-band and a splitted Q-band, indicating that at least

have an influence close to that of DMF upon the phthalocyanine tWO species exist in the THRvater solution. The addition of
core, but no deprotonation is observed in CHCI HCI totally affords the neutral species, characterized by the

However, the particular behavior ¢fG} in DMF incited us ~ SPlitted Q-band (Figure 7c). As already observed4ds;, no
to have a deeper insight on the acido/basicity properties of the Protonation of the four-pyrole nitrogen could be detected here,
phthalocyanine ring. Contrarily to porphyrins, this type of €ven with an excess of acid. Deprotonation and protonation
property is much less studied for phthalocyanines, especially €ycles can be carried out farG; with KOH and HCI (Figure
in an organic environmenr The four pyrrole nitrogen atoms ~ /d—f). The phenomena observed are the same a8-fgf but
can theoretically undergo protonation/deprotonation reactions, With one noticeable difference: no aggregation problem is
which modify the symmetry of the phthalocyanine ring and observed fod-G;, confirming the protecting effect induced by
affect particularly the Q-band’s shape and location. Although the dendritic shell toward the core.
metalated phthalocyanines exhibit a sole Q-band, the corre- Thus, it can be concluded from these data that the dendritic
sponding free-base band is classically splitted. This fact is shell influences the i, of the core.
characteristic of the free-base symmetry, whicBig whereas
metalation induces @4, symmetry of the aromatic rin¥.

(19) Stillman, M.; Nyokong, T. IrPhthalocyaninesLeznoff, C. C., Lever, A.
B. P., Eds.; Wiley-VCH: Weinheim, Germany, 1989; Vol. 1.
(20) (a) Clarke, J. A.; Dawson, P. J.; Grigg, R.; Rochester, Q. 1&hem. Soc.,

(17) (a) Hawker, C. J.; Wooley, K. L.; Feket, J. M. J.J. Am. Chem. Soc. Perkin Trans. 21973 414. (b) Hambright, P.; Fleischer, E. Borg. Chem.
1993 115 4375. (b) Devadoss, C.; Barathi, P.; Moore JABgew. Chem., 197Q 9, 1757. (c) Brault, D.; Neta, Rl. Phys. Cheml983 87, 3320. (d)
Int. Ed. Engl.1997, 36, 1633. Ojadi, E. C. A;; Linschitz, H.; Gouterman, M.; Walters, R. I.; Lindsey, J.

(18) Weitman, H.; Schatz, S.; Gottlieb, H. E.; Kobayashi, N.; Ehrenberg, B. S.; Wagner, R. W.; Droupadi, P. R.; Wang, W.Phys. Chem1993 87,
Photochem. PhotobioR001, 73, 473. 3320.
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Figure 5. Protonation and deprotonation of phthalocyanines, influence on the symmetry and on the appearance of the Q-band.
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Figure 7. Variation of the Q-band 04-G} in THF, depending on the acido/basicity, with successive addition of acid andebiage! cm™1) versust (nm).

Fluorescence Due to the particular behavior of the phtha- HCI 104 M (1/1000 v/v HO/THF) to the solution of dendrimer.
locyanine core in THF, the steady-state fluorescence propertiesFirst, it was checked that the excitation spectra did not vary
of the series4-G, (n = 0, 3, 4) were investigated in this  with the emission wavelength, confirming that there was a single
solvent. Taking into account the high-sensitivity of the central emitting species. Second, it was checked that the position of
chromophore to pH (see above), the fluorescence experimentghe emission spectrum did not depend on the excitation
of the neutral species were carried out by adding first aqueouswavelength. Having verified both points, the fluorescence

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15767



ARTICLES Leclaire et al.

Table 2. Fluorescence Characteristics of Dendrimers 4-G}, low intensity appeared fot-G; and4-G, at 684 and 686 nm,

Aem T k Ko respectively. The quantum yield of this new band increased for
dendrimer ~ (nm) Pyg (ns) (10°s7) (10°s™) the highest generations of the dianionic species because it passed

4-G, from 0.03 for4-Gj to 0.11 for4-G,, illustrating here also an
033002 45:05 0.73+:0.11 1.49+0.23 increased isolation. To the best of our knowledge, no fluores-
0.03:001 <03 cence data of dianionic metal-free phthalocyanines has been
neutral 704 0.4% 0.02 456(;3:& 03 0865009 114t0411 reported so far. The observation of this new band, pl_ractically
dianionic 684 0.020.01 <03 : : : ’ _undetectable for_ the small cpmpoum}Gb t_)ut _relatlvely
intense for4-G,, illustrates again the protective influence of

4G, "
46+03 092+010 1.26+0.13 the dendritic shell.

neutral 700
dianionic 682

neutral 708 0.42:0.02

dianionic 686 0.140.01 <0.3 On the other hand, it has been often reported previously that
the luminescence of phthalocyanines is totally quenched in
6 6 water, due to aggregation in polar solvetitddowever, this

aggregation is always accompanied by a broadening and a large
blue-shift of the absorption Q-band, which is not observed here
for 4-G;, dendrimers of high generations; thus, aggregation of
the phthalocyanine rings due to the presence of water is unlikely
to explain the phenomenon observed. This phenomenon is also
not related to the interaction of the phthalocyanine core with
T water. Indeed, the “tiny” amount of water added at the beginning
to ensure the neutrality of the phthalocyanine ring is, in fact,
very large compared to the amount of dendrimer (from 21 000
to 41 000 molecules of water for one moleculede; to 4-
G,), and it does not quench fluorescence. Furthermore, no
decrease of fluorescence is observed when slightly acidic water
is added, even in larger amounts than for the experiments done
with basic water. It can be also noted that when neutral water
is added to the THF solution, the decrease of fluorescence
intensity observed is closely related to the formation of the
) ] ) o deprotonated species. Thus, the dramatic modification of the
properties were investigated by exciting in the Q-band of the forescence is most likely due to the chemical modification of
central chromophore at 646 nm. An intense unresolved emission,q phthalocyanine induced by deprotonation. In fact, the core
band accompanied by a weak vibrational component was o these dendrimers is a highly sensitive sensor to detect
ot_)served for the three compounds §tudied. A slight bathochro-optica”y HO* and OH- without any interference of quenching
mic effect was observed for the emission from 700 to 708 nm phenomena due to aggregation, contrary to classical phthalo-
when the generation (the size) of the dendrimer increased fromcyanines.
4-Gy t0 4-G, (Table 2). This slight increase has to be related to e high fluorescence efficiency of the neutral species in THF
an increased local polarity, as already demonstrated from theg)iowed an easy determination of the fluorescence lifetimes
absorption spectra. measured by a stroboscopic technique (Table 2). In each case,
The quantum yield®) of the fluorescence o4-G;, 4-G;, the decay was found to be monoexponential, witf? aalue
and 4-G, was measured using 3;8iethyloxatricarbocyanine  |o\yer than 1.25 that indicates the quality of the fit. Lifetime
iodide (DOTCI) in absolute ethanol as a referefices—g, values of a few nanoseconds were measured in relatively good
was found to be higher for the dendrimér$;, and4-G, than accordance with the values already reported for nondendritic
for the parent specied-G, despite a longer emission wave- phihalocyanine® This corroborates the quasi-absence of influ-
length (Table 2). This result seems to contradict a correlation gce of the phosphorus dendrimer skeletonzppreviously
previously reported between short wavelengths and high quan-shown for pyrene derivatives grafted to the internal lagérs.
tum yields for a series of nondendritic phthalocyanffiesid On the other hand, the fluorescence lifetime of the dianionic
illustrates the specificity of dendrimers. The relatively high species is too short to be measured by this technique. For the
values obtained show that each phthalocyanine is isolated frompa tral form, kinetic data concerning the chromophoric core
the others by the dendritic shell, which inhibits the quenching \yere obtained fron®/r for the radiative deexcitation constant
due to self-assembly. However, despite its physical isolation, k- (Table 2). An increase d€ with the generation number was
the phthalocyanine core remains very sensitive to its environ- ohserved. One possibility is that this effect corresponds to an
ment. Indeed, the modifications that occur in basic conditions improvement of the emissive properties of the phthalocyanine,

and which are evidenced by the UVisible spectra also have  agyting from increasing isolation. However, the difference in
a tremendous influence on fluorescence emission. The add|t|on|<r values is mainly due to the low quantum yield obtained for

of aqueous NaOH induced in all cases a dramatic decrease °f4-G() with respect to that of the other analogues, and the
the fluorescence intensity (Figure 8). The fluorescence G lifetimes are close for the three dendrimers considered, if taking
practically disappeared, whereas a new fluorescence band of
(23) Kroon, J. M.; Koehorst, R. B. M.; van Dijk, M.; Sanders, G. M.; Sut#ro

4G, | 4G,
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Figure 8. Variation of the fluorescence spectrum®f5; (2.0 x 1076 M,
left) and4-G}, (1.2 x 1078 M, right) induced by the addition of aqueous
NaOH to a solution of THF containing HCI 1®M (after correction of the
dilution). From top to bottom, [NaOH} 0; 9.95x 1075 1.98 x 1074
2.96x 1074 3.92x 1074 4.88x 1074 5.85x 1074 and 6.76x 1074 M.

(21) Georges, A.; Patonay, Galanta1997, 45, 285.
(22) Kobayashi, N.; Ogata, H.; Nonaka, N.; Luk'yanets, E.Ghem. Eur. J.
2003 9, 5123.
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(24) Brauge, L.; Caminade, A. M.; Majoral, J. P.; Slomkowski, S.; Wolszczak,
M. Macromolecule®001, 34, 5599.
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into account the experimental error. This situation is totally in Viscosity n (mPa.s)
line with the fact that the solution of thé-G; dendrimer 1.6
contains some aggregates that contribute to absorption but not
e . . 14 N

to emission, thus decreasing the fluorescence quantum yield
without affecting the fluorescence lifetime. In this case, the 1.2
difference found in thek, values would indirectly reflect the N
prevention of aggregation due to the dendritic shell in the highest e -
generations. As for the nonradiative deexcitation constant 0.8
obtained for the neutral species from1®)/z, it is found to [N | A
be poorly sensitive to the generation number. O'SA mA

It results from these fluorescence studies that water does not 0.4 THF + H,0 A
seem to play a central role in the phenomenon observed. This
finding could appear to contradict the results we reported 0.2 THF-d8 + D,0 + TMS + 4-G'y &
previously from the diffusion NMR experiments for a “micel- 0
lelike” water-soluble ammonium-terminated dendrimer whose 0| | (S0 ||| B | en:| || 170
branches were dramatically folded up upon the influence of molar-% of water in THF

waterl® The occurrence of a shrinkage here should modify the Figure 9. Viscosity of THF/water mixtures. Data deduced from NMR
fluorescence properties by an increased interaction of the Jifusion experiments on the TMS signal in the presencé-GY, (W). Data

) e ) = from the literaturé! (a).
branches with the core, which is not observed. Thus, diffusion

NMR measurements are carried out withG), to check if a Ry (nm)
contraction of the size upon the influence of water is observed 5.0
for these aldehyde-terminated dendrimers. 4.5

NMR Diffusion. High-field NMR experiments using pulse- 4.0
field gradient spirrecho sequences have already been used to 3.5 -I_._._._-*L 6-Gs
probe size and geometrical parameters of various dendrimerss g e
upon the influence of pRe temperaturé&® concentratior¥; or 25 i
type of branching® As indicated above, we have already shown
the usefulness of this technique to detect the dramatic increase
of the size of the water-soluble phosphorus dendrinde@s,
upon the addition of THF to watéf. Dendrimer4-G;,, which
is soluble in THF, affords the opportunity to carry out the
“reverse” experiment, that is studying the eventual variation of 0 = il == il il ==
the hydrodynamic radius upon addition of water to THF. Molar-% of water in THF

1.5
1.0
0.5

Figure 10. Variation of the hydrodynamic radius of dendrimde€s; ()

e e e e e _ 10 H A
pc<:@é”-w-m-géz@gwxj(o{;}gw-%AEGOQ:N—MN-'»S*Q)@—&N“{NEG\/\%HE«Z)»Z)Z)) and6-Gs (a),'° depending on the molar percentage of water in THF.
6-Gs e

For this purpose, we have carried out a preliminary experiment

Self-diffusion NMR experiments (DOSY-type) give access Wwith TMS and NMeCl, both dissolved in a mixture of THHs
to diffusion coefficientsD, which are related to the hydrody- and DO (v/v). Applying the value of 2.9 A forRymwmes*
namic radiusRy (for spherical particles) by the StokeEinstein afforded a value of 1.9 A foRyws)
equationRy = kgT/67170D, wherekg is the Boltzmann constant, Self-diffusion NMR experiments are carried out with micro-
T the temperature in Kelvin, angp the dynamic viscosity of ~ molar amounts o#-G, ([C] = 9.2 x 10°° M) dissolved first in
the solvent. Because we have shown that the presence of thef'HF-dg in the presence of TMS. Small quantities of@are
dendrimer may modify the viscosity of the soluti#tthe value progressively added, and the diffusion data are recovered in each
of 5o is unknown. To circumvent this problem, a reference case. Hydrodynamic radii are deduced by applying the equation
whose hydrodynamic radius is invariant must be added to the shown above; the viscosity is also deduced by applying the
solution. In previous experiments, we used NMeas an Stokes-Einstein equation and using the data measured on TMS.
internal diffusion reference in water, but this compound is not We have previously shown that the unimolecular micelle-type/
soluble in pure THF. On the other hand, SiMEMS) is soluble amphiphilic dendrimeB-Gs induces dramatic changes in the
in organic solvents and has already been used as a referencwiscosity of water/THF mixtures due to the presence of positive
compound in DOSY studies to determine relative variations of charges on the end groufsThis phenomenon is not expected

hydrodynamic radius, using the equati®f/Rqcrms) = Drmsy to occur with the neutral dendrimérG, and is not observed.
D.2? Being interested in the absolute value of hydrodynamic Indeed, Figure 9 shows that there is a good correlation between
radius, it was necessary to have access to the val&g@fis). the values of viscosity obtained from the NMR data and the

values from the literaturé.

(25) s“k,’.l%, ()ngl-égﬁggg&- R g‘fs‘ﬁ’lkome' G. R.; Morris, K. F.; Johnson, C. . The variation of the hydrodynamic radius#1G, versus the

(26) Rietveld, I. B.; Bedeaux, IMacromolecule200Q 33, 7912. molar percentage of f» in THF-dg is shown in Figure 10. The

(27) Sagidullin, A. I.; Muzafarov, A. M.; Krykin, M. A.; Ozerin, A. N.; Skirda, ; ; i iy ;
V. D Ignateva, G. MMacfomolecula2002 35, 9472, first experiment is done after the addition of a small quantity

(28) (a) Hecht, S.; Vladimirov, N.; Fobet, J. M. JJ. Am. Chem. SoQ001
123 18. (b) Chasse, T. L.; Sachdeva, R.; Li, Q.; Li, Z.; Petrie, R. J.; Gorman, (30) Yoshii, N.; Miura, S.; Okazaki, SChem. Phys. LetR001, 345 195.
C.J. Am. Chem. So@003 125, 8250. (31) Landauer, O.; Mateescu, C.; lulian, O.; CosteanuR&. Roum. Chim.

(29) Cabrita, E. J.; Berger, $1agn. Reson. Chen2001, 39, S142. 1982 27, 603.
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of water in the NMR tube to have the same initial water/ isolated for higher generations, whereas a bathochromic effect
dendrimer ratio as that in the fluorescence experiments; the ratioindicates the high polarity of the skeleton. Furthermore, the
here is 44 000 BO/1 4-G, versus 41 000 kD/1 4-G, for the basicity of this skeleton is shown by the absence of the splitting
fluorescence experiments. The measured hydrodynamic radiusof the Q-band in THF for the high generations, and NMR
is 35.4 A at this step. Repetitive additions of wates@slightly diffusion experiments have shown the rather lipophilic character
modify the value ofRy, which is 32.5 A at 64 mol % of D of the branches.
in THF (Figure 10). This is the last point obtainable due to the It results from these data that the branches of these phos-
precipitation of4-G, when a higher percentage of water is phorus dendrimers exert their influence upon the core in terms
used. This slight shrinkage confirms the relatively hydrophobic of polarity, basicity, and lipophilicity in addition to a physical
character of these phosphorus dendrimers and the quasi-absendgolation. However, this does not mean a chemical isolation of
of influence of water on the structure and topology of these the core; indeed, the dendritic shell is permeable enough to allow
aldehyde-terminated dendrimers deduced from fluorescenceacids and bases to attain the core, reversibly, even for the fourth
experiments. Indeed, the largest amount of water used in thegeneration, as shown in particular by the dramatic changes in
latter case was 16 mol % of water in THF, corresponding to a the fluorescence properties. Thus, the phthalocyanine core of
zone in whichRy is quasi-constant. Gs and G can be considered as a sensitive optical sensor for
These data show that a small and even relatively large amountH;O* and OH-, without any interference or quenching.
of water in THF has only a slight influence on the hydrodynamic  |n fact, these complex macromolecules can be viewed as an
radius of lipophilic4-G), whereas a small amount of THF in  outline of intelligent systems, in interaction with their external

water had a tremendous influence on amphiplitiGs. Indeed,  environment and able to translate reversibly chemical or physical
a simple chemical modification of the surface groups induces information into optical or structural information.

totally different physicochemical behavior.
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