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Versatile and efficient functionalisation of multiallylic dendronised
polymers: can dense packing be reached?
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Surface modification of a multiallylic dendronised polymer was
performed using hydrosilylation, hydroboration or radical addi-
tion of thiols to cover the polymer with various functional
moieties; surface congestion is expected to occur when bulky
groups are grafted.

Polymer-analogous reactions are well known and abundantly
used to confer or adjust specific properties on polymer materi-
als.! Not much work has been devoted, however, on grafting
polymers with a very high density of functional groups, i.e.
containing more than two functional groups per monomer
repeat unit. Dendritic architectures are unique materials for
hyperfunctionalisation because they offer a large number of
potentially reactive branches at the dendron periphery.> More-
over, the preferred end-branches distribution at the outer
surface of the macromolecule, associated with a sterically-
induced shape persistency of dendritic structures, allows for
the preparation of surface-functionalised nano-objects.>>

Dendronised polymers (denpols) are a particular case of
branched linear polymers where a dendron is carried on each
monomer repeat unit.* When sterically demanding dendrons
are tightly attached to the polymer backbone, these denpols
are shown to adopt a wormlike morphology.>®

Some dendronised polymers with peripheral functional
groups have already been reported.* They were prepared by
using a stepwise building of the dendron onto a preformed
polymer or else by polymerisation of a dendritic macromono-
mer. Typical examples of reactive functional groups that have
been introduced at the dendron periphery are (protected)
amines,’ (protected) hydroxyls® and allyls.**!° Although these
functionalities are quite valuable for chemical modification,
they have not been much exploited to functionalise the surface
of the denpols.””®!" In this context, only a few publications
report on the preparation of functional denpols via a post-
polymerisation process.”!!
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In this communication, we describe a simple and straight-
forward hyperfunctionalisation of multiallylic dendronised
polymers by means of hydrosilylation reaction, radical addi-
tion of thiols and hydroboration reaction. By using either of
the above cited reactions, it is possible to graft a large variety
of functional groups onto the allyl end-branches. The surface
functionalisation of the denpols by siloxane moieties, per-
fluorinated chains, oligo(ethylene glycol) chains and hydroxyl
groups are given here as examples.

The starting multiallylic denpols poly(G1-allyl) are polysty-
renes substituted by two allyl-ended carbosilane dendrons as
shown in Scheme 1. They were prepared by living anionic
polymerisation of the dendritic styrene precursors, as already
published.'® The use of a living polymerisation technique
could offer well-defined denpols of monomodal molecular
weight distribution and of low polydispersity. It also permitted
to produce dendronised block-copolymers. All surface-
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Scheme 1 Example of surface-functionalisation of the multiallylic
dendronised polymers. Reagents and conditions: (i) 1,1,2,2,3,3,3-hep-
tamethyltrisiloxane, Karstedt catalyst, toluene; (ii) 3,3.4.4,5,5,6,6,
7,7,8,8,8-tridecafluoro-1-octanethiol, AIBN, heptane; (iii) 2-meth-
oxy(2-ethoxy(2-ethoxy))-1-ethanethiol, AIBN, toluene; (iv) (a) 9-BBN,
THF, (b) NaOH, H,0,.
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Table 1 Characteristics of the functionalised polymers

Functionalisation, f (%)

Functionalised Elemental
polymer M, /Da  PDI° 'HNMR analysis‘
Poly(G1-Sij) 51100 1.13 85 79 (Si)
Poly(G1-Fg) 64000  nd® 100 98 (F)
Poly(G1-EG3) 36400 1.21 97 97 (S)
Poly(G1-OH) nd* nd® >95 97 (C)

“ Unless specified, measured by multi-angle laser light scattering
(MALLS).  Polydispersity calculated from SEC refractometer re-
sults. © From elemental analysis (Si: silicium, F: fluorine, S: sulfur,
C: carbon). ¢ From MALDI-TOF. ¢ Not determined owing to inso-
lubility reasons.

functionalisations presented here were performed on multi-
allylic polymers of same characteristics (M, = 13200 Da, PDI
= 1.11). The resulting functional polymers were characterised
by different techniques (see synthesis and characterisation data
in ESIt). Table 1 gives the measured values of the molecular
weight, polydispersity and grafting content.

Hydrosilylation allows the grafting of many different types
of silyl derivatives, via the addition (usually platinum-cata-
lysed) of a silane (Si—H) functionality onto an insaturation
(generally an w-olefin).'? The addition is highly regioselective
and essentially leads to anti-Markovnikov’s type of addition.
This reaction was used here to graft a short siloxane moiety
(1,1,3,3,5,5,5-heptamethyltrisiloxane) using Karsdedt
catalyst.'?” It was found that in average, more than five
siloxane chains could be grafted by a monomer unit of
Poly(G1-Si3). This corresponds to a very high siloxane content
when considering the close attachment of the sterically de-
manding'?® siloxane moiety and the required platinum inser-
tion complex intermediate.'?> Moreover, the functionalisation
was found to proceed without polymer coupling as demon-
strated by the polydispersity which remained unaffected
through the functionalisation process (PDI = 1.13 vs. 1.11)
(see Fig. 1). To our knowledge, this Poly(G1-Si3) polymer
contains the highest siloxane chain density ever grafted on a
polymer.

poly(G1-Si,) poly(G1-EG,) poly(G1-allyl)
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Fig. 1 SEC peaks of the starting multiallylic polymer poly(G1-allyl)
and its silylated (poly(G1-Siz)) and PEGylated (poly(G1-EG3))
analogues.

Radical addition of thiols is well-known for the chemical
modification of olefin-based polymers. It has already been
used to graft polymers with fluorinated chains'® or with
carboxylic groups.!® In particular, Frey and co-workers
showed its remarkable effectiveness to functionalise dendri-
mers with perfluorinated chains up to the third generation.'¢
In this work we used radical addition of thiols to introduce
both perfluorinated and oligo(ethylene glycol) chains to pro-
duce Poly(G1-Fg) and Poly(G1-EG3), respectively.!” Radicals
were generated by thermal decomposition of AIBN initiator.
The experimental conditions were found to be crucial for
avoiding side-reactions such as polymer inter-chain couplings
(see Fig. 1). The addition of both types of chains proceeded
almost to completion as shown by the results obtained from
NMR, FTIR and elemental analysis (Table 1). The MALDI-
TOF mass spectrum of poly(G1-F¢) (Fig. 2) even allows to
visualise the few missing mercaptan chains (Mg sy = 380.0
Da) onto the entirely substituted polymer fractions (the mo-
lecular weight of the perfluorinated monomer repeat unit is
2800.3 Da).

Hydroboration of alkenes represents another versatile
method of functionalisation.'® The most convenient 9-borabi-
cyclo[3.3.1Jnonane (9-BBN) reagent is known to exhibit a
remarkable chemo- and regio-selectivity during hydroboration
reaction. The resulting organoboranes then constitute valu-
able intermediates since they can be converted to C-O, C-N,
C-S, C-Hal... or C-C bonds."®"” We herein report the
transformation of allyls into propanol chains via the hydro-
boration with 9-BBN, with a subsequent oxidation'®* with
H,0,/OH™ to produce the polymer poly(G1-OH). This pro-
cedure already proved to be quite successful in the polyhy-
droxylation of carbosilane dendrimers, up to the third
generation.”® Applied to our denpols, this hydration-like
reaction was found to proceed almost quantitatively
(>95%), giving an anti-Markovnikov type of addition,
exclusively.

To comment on the steric effects brought by the denpol
hyperfunctionalisation, it is clear that grafting a high density
of (bulky) chains, closely attached to the backbone, as de-
scribed here, may lead to a congestion of the macromolecule.
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Fig. 2 MALDI-TOF mass spectrum of the perfluorinated polymer
poly(G1-Fg). Entirely substituted polymer fractions (all allyl branches
of all repeat units are functionalised) are indicated by an asterisk (¥*).
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To assess the congestion phenomenon, the available surface
for grafting was evaluated using a straight geometrical
approach. Knowing this surface and the transverse molecular
area of the functional groups, their maximum number can
then be estimated. Thus, considering that the starting multi-
allylic denpol adopts a cylindrical interface for functionalisa-
tion (assuming the polymer is fully stretched and of infinite
length), the available area for functionalisation X can be
calculated from eqn (1), where /4 is the maximum distance
between each monomer repeat unit (7 = 2.54 A); V is the
volume of the multiallylic monomer repeat unit and was
calculated from dilatometric measurements (¥ = 860 A3).
The maximum number (1) of functional groups that can be
grafted onto the surface 2 can then be deduced from eqn (2)

> =2VnVh (1)

n=2Xlc ?2)

where o, is the transverse molecular area of the functional
groups (¢ = 41 A? for oligo(dimethylsiloxane) chain,'? 31 A?
for fluorocarbon chain,?' and ~21 A? for ethylene glycol
chain®' or hydroxyl group). This calculation indicates that
the maximum number of chains that can be grafted (per
monomer repeat unit) is n = 4.0 siloxane chains, 6.6 per-
fluorinated chains and 7.8 oligo(ethylene glycol) chains or
hydroxyl groups. These results clearly show that the polymer
grafted with siloxane chains (the most sterically demanding)
should be congested. Moreover, the fact that it was possible to
exceed the limit average number of grafted chains (~5.0 vs.
4.0) can be explained from (i) a deformation of the grafting
interface that may no longer be cylindrical and (ii) a contribu-
tion of the end polymer chains (the macromolecule has a finite
degree of polymerisation: DP, ~ 25) which allows the den-
drons at both extremities of the polymer to relax and absorb
overcrowding.

To conclude, allyl functionalised denpols are demonstrated
to be a versatile platform toward highly functionalised poly-
mers. The peripheral allyl branches allow the grafting of a
broad variety of functional groups by means of hydrosilyla-
tion, hydroboration or radical addition of mercaptans. De-
spite the high steric hindrance, the grafting efficiency was
excellent, leading to a quasi-complete conversion of the allyl
groups. In the case of the most sterically demanding siloxane
chains, a surface congestion of the polymer is expected to be
reached. Covering the surface of the polymer with such a high
density of functional groups (up to six per monomer repeat
unit) naturally provides the polymer with remarkable proper-
ties in many domains. For instance, covering the denpols with
siloxane or perfluorinated chains induces a liquid-crystal
supramolecular organisation of the polymers; moreover, cov-
ering the denpols with ethylene glycol chains confers to
polymers a sharp and reversible temperature-induced demix-
tion in water (i.e. a low critical solution temperature: LCST).
The detailed properties of these surface-functionalised denpols
will be described in subsequent papers.

The authors thank Drs B. Donnio and B. Heinrich for
fruitful discussions about congestion aspects brought about
functionalisation, and Dr J. M. Strub (ECPM-Strasbourg) for
carrying the mass spectra analyses.

Notes and references

1 A. Akelah, J. Mater. Sci., 1986, 21, 2977-3001.

2 (a) J. M. J. Fréchet and D. A. Tomalia in Dendrimers and Other

Dendritic Polymers, John Wiley & Sons Ltd, Chichester, UK, 2001,

ch. I, pp. 1-44; (b) D. K. Smith, Chem. Commun., 2006, 34-44.

See examples in (a) K. Inoue, Prog. Polym. Sci., 2000, 25, 453-571;

(b) G. R. Newkome, C. N. Moorefield and F. Vogtle, in Dendri-

mers and Dendrons: Concepts, Synthesis, Applications, Wiley-VCH,

Weinheim, 2001.

4 (a) A. D. Schliiter and J. P. Rabe, Angew. Chem., Int. Ed., 2000, 39,

864-883; (b) H. Frauenrath, Prog. Polym. Sci., 2005, 30, 325-384.

(a) S. A. Prokhorova, S. S. Sheiko, M. Méller, C.-H. Ahn and V.

Percec, Macromol. Rapid Commun., 1998, 19, 359-366; (b) S.

Forster, I. Neubert, A. D. Schliiter and P. Lindner, Macromole-

cules, 1999, 32, 4043-4049; (¢) P. M. Welch and F. W. Welch, Nano

Lett., 2006, 6, 19221927, and references therein.

6 N. Ouali, S. Méry, A. Skoulios and L. Noirez, Macromolecules,

2000, 33, 6185-6193.

7 See for examples: (@) R. Yin, Y. Zhu, D. A. Tomalia and H. Ibuki,

J. Am. Chem. Soc., 1998, 120, 2678-2679; (b) S. Vetter, S. Koch

and A. D. Schliiter, J. Polym. Sci., Part A: Polym. Chem., 2001, 39,

1940-1954.

See for examples: (a) R. Klopsch, P. Franke and A. D. Schliiter,

Chem.—FEur. J., 1996, 2, 1330-1334; (b) S. M. Grayson and J. M. J.

Fréchet, Macromolecules, 2001, 34, 6542-6544.

9 (a) C. Kim and S. J. Kang, J. Polym. Sci., Part A: Polym. Chem.,
2000, 38, 724-729; (b) C. Kim and S. J. Kang, J. Polym. Sci., Part
A: Polym. Chem., 2002, 40, 976-982.

10 F. Moingeon, P. Masson and S. Méry, Macromolecules, 2007, 40,
55-64.

11 See for examples: (@) B. M. J. M. Suijkerbuijk, L. Shu, R.J. M. K.
Gebbink, A. D. Schliiter and G. van Koten, Organometallics, 2003,
22,4175-4177; (b) M. Yoshida, Z. M. Fresco, S. Ohnishi and J. M.
J. Fréchet, Macromolecules, 2005, 38, 334-344; (¢) N. Canilho, E.
Kasémi, R. Messenga and A. D. Schliiter, J. Am. Chem. Soc., 2006,
128, 13998-13999; (d) J. L. Mynar, T. L. Choi, M. Yoshida, V.
Kim, C. J. Hawker and J. M. J. Fréchet, Chem. Commun., 2005,
5169-5171.

12 (@) B. Marciniec, in Comprehensive Handbook of Hydrosilylation,
Pergamon Press, Oxford, 1992; (b) J. Stein, L. N. Lewis, Y. Gao
and R. A. Scott, J. Am. Chem. Soc., 1999, 121, 3693-3703.

13 The transverse molecular area of a linear oligo(dimethylsiloxane) is
approximately twice that of a linear paraffinic chain: D. Guillon,
M. A. Osipov, S. Méry, M. Siffert, J. F. Nicoud, C. Bourgogne and
P. Sebastido, J. Mater. Chem., 2001, 11, 2700-2708.

14 B. Boutevin, Y. Hervaud and M. Nouiri, Eur. Polym. J., 1990, 26,
877-882.

15 B. Boutevin, E. Fleury, J. P. Parisi and Y. Piétrasanta, Makromol.
Chem., 1989, 190, 2363-2372.

16 K. Lorenz, H. Frey B. Stiihn and R. Miilhaupt, Macromolecules,
1997, 30, 6860-6868.

17 A recent publication reports denpols functionalised by ethylene
glycols chains, which were prepared by polymerisation: W. Li, A.
Zhang and A. D. Schliiter, Macromolecules, 2008, 41, 43—49.

18 R. S. Dhillon, in Hydroboration and Organic Synthesis, Springer,
Berlin, 2007.

19 (a) J. Weill-Raynal, Synthesis, 1976, 633-651; (b) N. Miyaura, T.
Ishiyama, H. Sasaki, M. Ishikawa, M. Satoh and A. Suzuki, J. Am.
Chem. Soc., 1989, 111, 314-321; (¢) T. C. Chung, M. Raate, E.
Berluche and D. N. Schulz, Macromolecules, 1988, 21, 1903-1907.

20 K. Lorenz, R. Miilhaupt, H. Frey, U. Rapp and F. J. Mayer-

Posner, Macromolecules, 1995, 28, 6657-6661.

Obtained from dilatometric measurements.

w

W

oo

2

—_

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 1341-1343 | 1343



