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ABSTRACT: Dendronized polyferrocenylsilanes were synthesized by a substitution reaction of reactive poly-
(ferrocenylchloromethylsilane) with monodendrons with a focal hydroxy group. The resulting dendronized polymers
were studied byH NMR, differential scanning calorimetry (DSC), and polarized optical microscopy (POM). To
facilitate the direct visualization of single polymer chains by atomic force microscopy (AFM), an interaction
chromatography technique (IC) was used to fractionate the polydisperse polymers to separate the high molecular
weight dendronized PFSs. AFM studies of the fractionated high molecular weight PFSs revealed a spherical
cocoon for the single chains of the dendronized polymer as well as elongated single-chain structures. The cocoon
of the dendronized PFS could be interesting as a unimolecular micelle with the transition-metal-rich core which
is isolated by the dense outer layer of the dendrons.

Introduction activity, semiconductivity, and the ability to function as precur-
. . ... sors to catalysts for the growth of carbon nanotubes have been
Dendronized polymers are linear polymers that have dendritic e o : : .

studied’:® Since the discovery of thermal ring-opening poly-

side groups in every repeat uhiis the size of the dendron merization of [1]-silaferrocenophan@sarious other polymer-
(the generation of the dendron) increases, the steric repulsion, P A poly

between neighboring dendrons increases. Above the critical size'za.t'or.1 techniques s.uch as tran5|t|on-meta]-cqtalyzed, living
of the dendron, the polymer backbone would be stiffened and anionic, antljophotolytlc.r.mg-opemng polymerization havg been
turned into a cylindrical shape. This molecular cylinder could d_eveloped’: The tran_s|t|on-me_tal-cat_alyzed polymerlzatl_on of
be a useful nanosized entity for building novel functional s!laferrocenophanes IS c_)f pgrtlcular interest because this tech-
materials’ Also, because of the high density of the functional nique allows the polymerization of the_ferrocelrlophane monomer
groups at the periphery of the dendron side chains, the containing a reactive group such as-Si group. The resulting .
dendronized polymers could be useful scaffolds for drug polymer, poly(ferrocenylchloromethylsilane), can be readily

delivery3 Percec and co-workers demonstrated that the den_fu.nctionali.ze.d by the subst[tution reaction of the-&i group
dronized polymers possess either a spherical or a cylindrical with alkyllithiums and species with hydroxy groufss.
conformation depending on the size and the generation number Dendronized polymers containing polyferrocenylsilane back-
of the dendron side chathBecause of the large size of the bone could be an interesting class of materials due to the
individual chains, the dendronized polymer chains could be characteristics of the metallopolymer backb&hEurthermore,
directly visualized by techniques such as atomic force micros- the redox and catalytic activity of the PFS would be localized
copy. The |ayer of the Congested dendron side chains CanWithin Spherical or columnar nanostructure isolated from the
effectively isolate the polymer main chdifror example, Aida  surroundings due to the dense outer layer consisting of bulky
and co-workers reported this effect for dendronized luminescent dendritic side chains. This could provide a unique environment
poly(phenylene ethynylene)s (PPEs) with benzyl ether dendronfor the PES core with respect to the development of functional
side chaing. The luminescence intensity of the PPE backbone materials based on the templated growth of metal nanoparticles
in the solution was preserved upon increasing the concentrationwithin localized environments via a redox process involving
of the polymer. The dense layer of the dendron side chains the Fe(ll)/Fe(lll) couple:
provided effective isolation for the PPE backbone by preventing  In this paper we report the synthesis of dendronized PFSs
collisonal quenching between the PPE chains. by introducing the dendron side groups to the PFS backbone
Metal-containing polymers are a topic of interest due to their containing reactive SiCl groups. The resulting dendronized
unique properties arising from the presence of transition metal PFS were expected to possess a conformation dictated by the
atoms in the macromolecular structufeRolyferrocenylsilanes  size and the generation number of the dendron side groups. We
(PFSs) are a class of metallopolymers containing iron atoms inalso attempted to directly visualize single dendronized PFS
the main chair. Interesting properties of PFSs such as redox chains by using atomic force microscopy.
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a Perseptive Biosystems Voyage MALDI-TOF mass spectrometer (d, J = 8.7 Hz, Ph—CH,0—, 2H), 7.33 (d,J = 8.7 Hz,
using a 337 nm nitrogen laser for desorption and dithranol as the Ph—CH,0—, 4H), 7.42 (d,J = 8.7 Hz, CONH-Ph—, 2H), 7.54
matrix. FT-IR measurements were performed on a Perkin-Elmer (s, NH, 1H).13C (6, CDCk, 100 MHz): 171.96, 159.10, 159.05,
Spectrum One spectrometer. Thermal characterization was per-152.95, 152.71, 130.92, 130.33, 130.07, 129.39, 129.33, 128.54,
formed on a TA Instruments DSC 2920 modulated DSC equipped 122.34, 115.77, 114.53, 114.17, 107.36, 74.79, 71.46, 68.11,
with a refrigeration cooling unit. A Nikon Optiphoto2-Pol micro-  68.03, 31.94, 29.69, 29.64, 29.48, 29.45, 29.37, 29.34, 29.32, 26.09,
scope equipped with a Mettler FP82HT hot stage and a Nikon digital 22.71, 14.14. Mass (MALDI-TOF) for £gH;0;NOs: found 1086.9
camera were used for optical microscopy experiments. Molecular (M + H).
weights of polymers were measured on a Viscotek GPC max system D1-TEG. In a two-neck flask equipped with a reflux condenser,
(VE 2001 GPC solvent/sample module and TriSEC model 302 triple D1-COOH (4.96 g, 5 mmol) and CDI (0.97 g, 6 mmol) were
detector array) with THF as an eluent. AFM images were collected reacted in THF (60 mL) at room temperature for 4 h. The solution
using a Nanoscope llla multimode atomic force microscope (Veeco was cooled to GC, and then a solution of triethylene glycol (7.5
Metrology Group) in tapping mode. The specimens were prepared g, 50 mmol) in THF (50 mL) was added, while the temperature
by spin-casting of dilute polymer solutions on a mica substrate. was kept at C. This solution was stirred fol h at 0°C and
For electrochemical measurements, cyclic voltammetry was per- then stirred at 50C for 8 h. The solvents were removed under
formed using an Epsilon EC instrument equipped with an Au reduced pressure. The crude mixture was dissolved igOGHind
electrode and an Ag/AgCl reference electrode. All measurements extracted with water three times. The organic layer was dried with
were performed under a purifiedldtmosphere. The working elec-  anhydrous MgS@® The concentrated solution was precipitated in
trode, Au, was used in conjunction with a Pt wire as the counter acetone. A white glassy solid was obtained after filtering and drying
electrode. The data were obtained with a scan rate of 100 mV/s under vacuum for 24 h. Yield: 5.1 g (9194 NMR (6 = ppm,
at 22 °C. The solutions of polymer in Ci&l, (previously dried CDCl;, 300 MHz): 0.930.99 (m, CHsCH,—, 9H), 1.32 (s,
over Cah and distilled under B with a concentration of & 1073 CH3CH,—, 54H), 1.59-1.72 (m,—CH,CH,O—, 6H), 3.27-3.38
M and 0.1 M in [NBu][PFe] (previously recrystallized from (m, —OCH,CH,O—, 6H), 3.42-3.45 (t, —OCH,CH,OH, 2H),
EtOH and vacuum-dried) were used for the experiments. Ferrocene3.52-3.55 (t, —~OCH,CH,OH, 2H), 3.62-3.72 (m,—OCH,CH,O—,
was added as internal standard at the end of the each experimentsH), 4.35-4.38 (t, ~-COOCH,CH,O—, 2H), 4.87 (s, Pk CH,O—
and potentials are reported vs the ferrocene/ferrocenium couple.Ph, 4H), 5.26 (s, PARCH,0—Ph, 2H), 6.81 (d,J = 8.4 Hz,
Dynamic light scattering (DLS) measurements were performed PhCH,O—, 2H), 6.88 (d,J = 8.4 Hz,PhCH,O—, 4H), 7.29 (d,J
using a wide-angle light scattering photometer from the ALV-5000 = 8.4 Hz,PhCH,O—, 4H), 7.44 (d,J = 8.4 Hz,PhCH,O—, 2H),
system. The light source was a JDS Uniphase-Ne laser (632.8 7.83 (s,PhCOO—, 2H). Mass (MALDI-TOF) for GoH1og011: found
nm, 35 mW). Data were collected at 256 and were analyzed using  1126.1 (M+ H).
the CONTIN algorithm. D2-Ph. D2-COOH (10.4 g, 5 mmol), CDI (0.97 g, 6 mmol),
Synthesis of Dendrons with Various Focal GroupsAll reac- and 4-aminophenol (0.65 g, 6 mmol) were reacted in the same
tions were performed under a nitrogen atmosphere. All dendrons manner as foDO-Ph. After recrystallization in CHCl,/hexane
with a focal carboxylic acid groupD0-COOH, D1-COOH, and (2:8 vol), a white powder was obtained. Yield: 6.7 g (61%;.
D2-COOH) and a focal benzyl alcohol groupQ and D1) used NMR (6 = ppm, CDC}§, 400 MHz): 0.89-0.96 (m,CHsCH,—,
in this paper were prepared following the methods reported by 27H), 1.23-1.55 (m, CHCH,—, 162H), 1.72-1.82 (m, —CH,-
Percec et al® but with slight modifications. The synthesis of D1- CH,0—, 18H), 3.79-3.82 (m,—CH,CH,0—, 4H), 3.89-4.01 (m,
TEG has been reported by Percec etéal. —CH,CH,0O—, 14H), 5.06 (s, PARCH,O—, 4H), 5.08 (s, PH
DO-Ph. DO-COOH (6.75 g, 10 mmol) and 1'Zarbodiimidazole CH,0O—, 2H), 6.65 (sPh—CH,0—, 2H), 6.66 (sPh—CH,O—, 4H),
(CDI) (2.43 g, 11.5 mmol) were charged in a two-neck round- 6.76 (d,J = 8.8 Hz, CONH-Ph—OH, 2H), 7.20 (s,—Ph—
bottom flask equipped with a reflux condenser. 2-Butanone (60 CONH—, 2H), 7.35 (d,J = 8 Hz, CONH-Ph—OH, 2H), 7.70 (s,
mL) was added to the flask, and this solution was stirredib at NH, 1H). 13C (6, CDCl, 100 MHz): 165.44, 153.46, 153.33,
room temperature. 4-Aminophenol (1.64 g, 15 mmol) was added 153.04, 152.89, 141.52, 137.86, 137.77, 132.40, 131.74, 130.23,
to the reaction mixture, and the reaction was stirredbfb at 50°C. 122.61, 122.59, 115.86, 107.56, 106.36, 105.75, 75.22, 73.48, 73.42,
Upon cooling the solution to room temperature, a white precipitate 71.92, 69.15, 68.95, 31.98, 30.43, 29.83, 29.78, 29.73, 29.71, 29.62,
was formed. The precipitated powder was filtered, washed profusely 29.55, 29.53, 29.50, 29.45, 29.42, 26.27, 26.21, 22.73, 14.13. Mass
with 2-butanone, and dissolved in chloroform (150 mL). The chloro- (MALDI-TOF) for C142H245NO14: found 2192.4 (M+ H).
form solution was extracted with dilute aqueous HCI twice. The D2-TEG. D2-COOH (10.4 g, 5 mmol), CDI (0.97 g, 6 mmol),
organic layer was dried with anhydrous Mg$@hd then concen-  and triethylene glycol (7.5 g, 50 mmol) were reacted in the same
trated. Upon recrystallization in CH¢hexane (20/80 by volume),  manner as foD1-TEG. After precipitation in acetone, a white solid
a white powder was obtained. Yield: 7.2 g (94%).NMR (6 = was obtained. The crude solid was separated by column chroma-
ppm, CDC}, 300 MHz): 0.94 (t,J = 6.9 Hz, CH;CH,—, 9H), tography (SiQ, CH,Cl,/ethyl acetate (9:1 by vol)). A white glassy
1.32 (s, CHCH,—, 54H), 1.75-1.93 (m,—CH,CH,O—, 6H), 4.05- solid was obtained. Yield: 3.2 g (28%H NMR (6 = ppm, CDC},

4.09 (m,—CH,CH,0O—, 6H), 6.85 (dJ = 8.7 Hz, -CONH—Ph— 300 MHz): 0.88-0.095 (m, CHsCH,—, 27H), 1.25-1.56 (br,
OH, 2H), 7.09 (sPh—NHCO—PhOH, 2H), 7.44 (dJ = 8.7 Hz, CH3CH,—, 162H), 1.76-1.83 (m,—CH,CH,O—, 18H), 3.62-3.65
Ph—CONH-Ph, 2H), 7.74 (br, NH, 1H)13C NMR (6, CDCl, (m, —CH,CH,—OH, 2H), 3.72-3.75 (m, —OCH,CH,O—, 6H),

100 MHz): 166.15, 153.37, 153.23, 141.43, 130.28, 129.69, 122.98,3.76-3.80 (m, —CH,CH,CH,O—, 4H), 3.84-3.87 (m, —OCH,-
115.93, 105.82, 73.61, 69.45, 31.96, 31.95, 30.34, 29.78, 29.75,CH,0OH, 2H), 3.96-4.02 (m,—CH,CH,CH,0—, 14H), 4.49-4.52
29.73,29.69, 29.67, 29.61, 29.44, 29.42, 29.39, 26.11, 22.71, 14.13(m, —Ph—COO-CH,CH,O—, 2H), 5.07 (s, PAhCH,O—, 6H), 6.36
Mass (MALDI-TOF) for GgHgsNOs: found 767.4 (MH+ H), 788.9 (s, Ph—CH,O—, 2H), 6.67 (s,Ph—CH,O—, 4H), 7.46 (s,—Ph—
(M + Na). COO-, 2H). 13C (9, CDCk, 100 MHz): 166.06, 153.28, 153.04,
D1-Ph. D1-COOH (4.96 g, 5 mmol), CDI (0.97 g, 6 mmol),  152.06, 142.71, 137.87, 137.81, 132.41, 131.73, 125.17, 109.82,
and 4-aminophenol (0.65 g, 6 mmol) were reacted in the same 106.21, 105.81, 105.74, 75.17, 73.41, 73.33, 72.51, 71.72, 70.71,
manner forDO-Ph. After recrystallization in ChCl,/hexane (2:8 70.39, 69.31, 69.10, 68.91, 64.03, 61.78, 31.96, 30.46, 30.44, 31.96,
by volume), a white powder was obtained. Yield: 4.2 g (77%). 30.46, 30.44, 29.85, 29.82, 29.81, 29.80, 29.78, 29.72, 29.70, 29.62,

IH NMR (6 = ppm, CDC}, 300 MHz): 0.91 (tJ = 7.2 Hz,CHs- 29.54,29.49, 29.44, 29.43, 29.42, 26.25, 26.24, 26.20, 22.72, 14.13.
CH,—, 9H), 1.28-1.55 (br, CHCH,—, 54H), 1.75-1.87 (m,—CH_- Mass (MALDI-TOF) for G4H»500:7 found 2234.2 (M+ H).
CH,0—, 6H), 3.92-4.04 (m, —CH,CH,0—, 6H), 5.05 (s, Pk PFS-MeO. Poly(chloromethyl ferrocenylsilanePFS-CI) was

CH,O—Ph, 2H), 5.08 (s, PACH,O—Ph, 4H), 6.79 (dJ = 8.7 prepared and purified as reported previoddlyFor analytical
Hz, CONH-Ph—0OH), 6.83 (d,J = 9 Hz, Ph—CH,0—, 2H), 6.91 purposes, the reactive chlorine group on the silicon atom was
(d,J = 8.7 Hz,Ph—CH,0O—, 4H), 7.13 (sPh—COO—, 2H), 7.28 substituted with a methoxy group by a reaction with methanoI:C'B)V



7924 Kim et al. Macromolecules, Vol. 39, No. 23, 2006

a 25 mL of toluene solution oPFS-CI (1 g) under a nitrogen polymer was purified in the same manner as RFS-D1-Ph

atmosphere were added triethylamine (1 mL) and methanol (1 mL). Yield: 0.53 g (39%)*H NMR (6 = ppm, GDg, 300 MHz): 0.74-

The mixture was stirred for 24 h at room temperature and was then0.83 (br, CH3Si, 3H), 0.93-1.02 (m, CH;CH,—, 9H), 1.35 (s,

precipitated into methanol (200 mL). A yellow precipitant was CH3;CH,—, 54H), 1.83-1.77 (m,—CH,CH,CH,0—, 6H), 3.59 (br

collected, washed with methanol, and vacuum-dried for 24 h at s, —OCH,CH,0O—, 6H), 3.60-3.80 (m, —CH,O—(alkyl), 6H,

room temperature. Yield: 0.82 4 NMR (6 = ppm, GDs, 300 —0OCH,CH,0Si, 4H), 3.93 (br~CH,CH,0Si, 2H), 4.23-4.58 (m,

MHz): 0.66-0.73 (m,CHz—Si, 3H), 3.50 (s,CH;—0-Si, 3H), Cp, 8H), 4.87 (s, PRCH,O—Ph, 4H), 5.23 (s, PARCH,O—Ph, 2H),

4.21-4.43 (m,Cp, 8H). GPC (PS standard, THFM, = 24 550 6.82 (d,J = 8.4 Hz,—O—Ph—CH,0O—, 2H), 6.91 (d,J = 8.4 Hz,

g/mol, My,/M,, = 2.13. —0O—Ph—CH,0—, 4H), 7.33 (d,J = 8.4 Hz, —O—Ph—CH,0—,
PFS-DO0. The reaction was performed under a nitrogen atmo- 4H), 7.44 (d,J = 8.4 Hz, —-O—Ph—CH,O—, 2H), 7.77 (s,Ph—

sphere. Toluene (30 mL) and triethylamine (1 mL) were added in COO—CH,—, 2H). GPC (PS standard, THFM, = 145 000 g/mol,

a Schlenk flask withiPFS-Cl (0.52 g) andDO0 (1.58 g, 2.4 mmol). Mw/M,, = 2.00.

The reaction mixture was stirred for 24 h at room temperature. ) )

After 24 h, methanol (1 mL) was added in the flask, and the solution Results and Discussion

was further stirred fo4 h atroom temperature. The resulting Synthesis of the Dendrons and Dendronized PFSJhe

solution was precipitated into methanol (300 mL). An amber parent polymer, poly(chloromethylferrocenylsilanBfFS-Cl),

gummy solid was obtained, and the collected polymer was \as prepared by a transition-metal-catalyzed polymerization of

redissolved in THF (30 mL). THF solution was precipitated into - romethyl-[1]-silaferrocenylsilane in toluene in the presence

methanol (250 mL). An amber polymer was collected and vacuum- ; h . .
dried for 24 h at room temperature. Yield: 1.18 g (66%)NMR of Karstedt's catalyst and triethylsilane as a capping adent.

(6 = ppm, GDs, 300 MHz): 0.78-0.87 (br,CHs—Si, 3H), 0.95- For the molecular weight analysBFS-Clwas further reacted

1.04 (M, CHs—CH,CH,—, 9H), 1.39 (s,—CH,CH,CH,, 54H), with the excess of methanol to yield air- and moisture-stable
1.57-2.02 (m,—CH,CH,0—, 6H), 3.99-4.03 (m,—CH,CH,O—, polymer,PFS-MeOQ. The complete substition of SICI groups
6H), 4.24-4.57 (m,Cp, 8H), 4.94 (s, PRCH,0O—, 2H), 6.82 (s, on the polymer backbone was confirmed by comparison of the
Ph, 2H). GPC (PS standard, THFNM, = 96 470 g/molM/M, = IH NMR integration of the methoxy peak (3.5 ppm) and the
1.83. methyl peak (0.7 ppm) of the polymer backbone. The molecular

PFS-DO0-Ph.The polymer was synthesized in the same manner weight (M) obtained by GPC in a triple detection mode was
as forPFS-DQ A reaction mixture comprisin@FS-Cl (0.52 g) 24 450 g/mol, and the polydispersity index (PDI) was 2.13. We

and DO-Ph (1.83 g, 2.4 mmol) in toluene was precipitated iNt0 4|0y lated the number-average degree of polymerization of 95
methanol. A yellow powder was collected and redissolved in THF based on the molecular weight BES-MeO

(30 mL). The THF solution was precipitated into acetone (250 mL). .
A yellow powder was collected, washed with acetone, and vacuum- The alkoxy benzyl ether dendrons were synthesized by the

dried for 24 h at room temperature. Yield: 1.7 g (85%).NMR literature method reported by Percec and co-workeigle

(0 = ppm, GDg, 300 MHz): 0.76-0.90 (br,CHsSi, 3H), 0.90- prepared the dendrons up to the second generation. For the
1.09 (m,CHsCH,—, 9H), 1.30-2.05 (br, CHCH,—, —CH,CH,0—, macromolecular reaction betweBfS-Cland the dendrons, the
60H), 3.75-4.05 (br,—CH,CH,O—, 6H), 4.05-4.70 (br,Cp, 8H), carboxylic acid group at the focal point of the dendron was
7.05-7.12 (br,~CONH—-Ph—0OSi, 2H), 7.56-7.73 (br,—Ph—0Si, changed to a hydroxy group. The dendrons with a focal car-

2H), 7.80-8.05 (br,Ph, 2H). FT-IR (cyclohexane, cn): 1640 boxylic acid group were reacted with 1-darbonyldiimidazole
(amide I), 1581 (amide I1), 3300 (NH stretching). GPC (PS standard, (cDJ) and then an excess amount of 4-aminophenol or trieth-
THFE:IESMBT 9F>1FSS4?:|%mSOZH\$V/21Ar:d=Dll.(727'25 0, 2.3 mmol) were ylene glycol. After purification, the dendrons with a focal
reacted for 48 h as described above. During‘the reaction, the flaskgygggﬁsgtfg p;t\:vuecr&:)ebsta(l)r;?g emd%?%?gﬁsml?g:dra};etxr/:iildssﬁjg? ure

was cooled to 0C and warmed to room temperature several times Th hesized dend ith a focal hvd
to force the reaction to completion by the precipitation of resulting e synthesized dendrons with a focal hydroxy group were

ammonium chloride salt. The polymer solution was precipitated "€acted with the parent polymétfS-Cl, in toluene. The series

into methanol and acetone. Yield: 0.98 g (40%).NMR (6 = of the dendrons based on the second-generation dendron with
ppm, GDs, 300 MHz): 0.81+0.86 (br,CH,Si, 3H), 0.95-0.99 (m, 3,4,5-tris(alkoxybenzyl) groups at the peripheB2} did not
CH3CH,—, 9H), 1.35 (s, CHCH,—, 54H), 1.66-1.70 (m,—CH,- give a high degree of substitution under any reaction conditions.

CH,O—, 6H), 3.62-3.78 (m,~CH,CH,0—, 6H), 4.28-4.62 (m, Compared to the dendrons with 4-alkoxybenzyl peripheral
Cp, 8H), 4.91 (s, PhCHO—Si, 2H), 5.02 (s, PhCH,0O—Ph, 4H), groups D1), the dendrons based @2 would be bulkier than
5.22 (s, Ph-CH,0—Ph, 2H), 6.83 (dJ = 8.4 Hz,~O—Ph-CH,—, D1 due to the presence of the long alkoxy chains at the 3- and
ing g'ig ((ZIT]P:h_SOl_HSZI’ éﬁéﬁfé_ﬁd’zﬁ)&? r;'(c?‘;ihg:rm 5-positions of the peripheral phenyl groupShe severe steric
O—I5h;CH2 12H). GPC ('PS standaré’ THI—lM;]= 13’8 400'g/moi hmdrance and repulsion between thg dgndrqns basdd?on
My/M,, = 177, ' ’ might be thg reason for the low substitution yield.

PFS-D1-Ph. PFS-CI(0.26 g) andD1-Ph (1.24 g, 1.15 mmol) The reaction between the dendrons base®@andD1 and
were reacted for 48 h in toluene with occasional cooling f€0  the PFS-Clgave the dendronized polymers with high degrees
The solution was precipitated into methanol, and the collected Of substitution. The substitution reaction was performed by
polymer was dissolved in THF. The THF solution was precipitated stirring PFS-Cl and the corresponding dendrons in toluene in
into acetone. The collected polymer was washed with acetone.the presence of triethylamine for 248 h. After the reaction,
Vacuum drying yielded a yellow solid. Yield: 0.54 g (41% the remaining S+Cl groups ofPFS-Clwere quenched by add-
NMR (6 = ppm, GDg, 300 MHz): 0.76-0.80 (br,CH;Si, 3H), ing excess of methanol to the reaction mixtdté NMR spectra
O'?:?-|(g;b’ogH)’6|1-|'25;%g—so(gr’sgﬂtg:wgﬁéﬂ)blﬁ%&'83, (bz_r of the synthesized dendronized polymers showed no trace of
46 (lir CE) 8l—i) 4 %'3 (;5 Ph'CHZOSFIF\ 4H)2 5 228 (S' Ph%’sz— the signal from the unreacted -SCI groups (Figure 2).

P.h, 2|_’|)’ 6.55-6.95 (br’,Ph), 796-7.55 (br’, F;h). FT-IR (cyclo- Molecular Welghts of dendronized polymers s_howed re.asonable
hexane, cmb): 1640 (amide 1), 1585 (amide I), 3287 (NH agreements with the calculated molecular weights obtained from

stretching). GPC (PS standard, THRYl, = 110 500 g/molM,/ the degree of polymerization of the par@#S-MeQO. The GPC

M, = 1.90. traces also showed no significant change in the polydispersity
PFS-D1-TEG. PFS-CI(0.26 g) andD1-TEG (1.29 g, 1.15 indices, suggesting that the substitution was complete (Table
mmol) were reacted for 48 h with occasional cooling tt The 1).

Ccbv
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Figure 1. Alkoxy benzyl ether dendrons with various focal hydroxy groups.

Scheme 1. Synthesis of the Parent Polymers, PFS-CI and PFS-MeO, and the Dendronized Polymer, PFS-DO, by the Substitution
Reaction with PFS-CI and the Dendron with a Focal Hydroxy Group
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Solubility of Synthesized Dendronized Polymers in Or-
ganic Solvents All dendronized polymers were easily soluble
in organic solvents such as @&l,, CHCkL, THF, and cyclo-
hexane. Since the parent polymd?§.S-ClandPFS-MeO, are
insoluble in cyclohexane, the good solubility of dendronized DO-Ph and PFS-D1-Ph Both solutions showed amide bands
polymers in cyclohexane could be an indication of the high at 1644-1645 and 15481545 cnt!, which are characteristic
degree of substitution of the cyclohexane-soluble dendrons with for the hydrogen-bonded amide group. The apparent hydrody-
flexible alkoxy chains on the PFS backbone. The apparent namic radii ofPFS-DO-PhandPFS-D1-Phin cyclohexane were
hydrodynamic radii ofPFS-D1 and PFS-D1-TEG in cyclo-
hexane were determined by dynamic light scatterPigS-D1
showed a hydrodynamic radius of 6.6 nm (polydispersity: 0.14), hydrodynamic radii were observed (12 nm RifS-DO-Phand
and PFS-D1-TEG showed an apparent hydrodynamic radius 37 nm for PFS-D1-Ph.
of 6.8 nm (polydispersity: 0.18). The results suggest that both
PFS-DlandPFS-D1-TEGare soluble in cyclohexane without

significant aggregation.

CDCl; solutions of dendronized polymeRFS-D0-Phand
PFS-D1-Phshowed significant peak broadness in tHENMR.

OCi2Has Ci2H2sQ OCqaHps
C12H250 OC12Has
OCy2Hzs
Et3Si : o OH , TEA Et3Si Y
m| Fe ¥ m| Fe 7
@_Sl' H toluene, RT, 24 h @_Sl' H
n n
PFS-CI PFS-DO

We therefore suspected that the amide group oDX®&Ph and
D1-Ph might hydrogen bond with the amide groups of neigh-
boring dendrons. The presence of the hydrogen bonding was
confirmed by the FT-IR result of cyclohexane solution$é&fS-

measured by dynamic light scattering. Compared to the hydro-
dynamic radius oPFS-D1-TEGin cyclohexane (6.8 nm), larger

Considering the chemical structure of the dendronized PFS,
especiallyPFS-D1-Ph which has amide groups near the junc-
tion between PFS backbone and the focal point of the dendrons,
the interaction between the amide groups of the dendrons would
favor intramolecular hydrogen bonding over intermolec%zﬂv
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Figure 2. Comparison ofH NMR spectra (in @Ds) of the parent PFSRFS-MeO), the dendron@1-TEG), and the dendronized PFBRS-D1-

TEG). The dendronized PFS shows no trace of MeD protons at 3.5 ppm, indicating the complete reaction betweeISaind hydroxyl group
of the dendron.
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Table 1. Molecular Weight Characterization of a Parent and Table 2. Thermal Properties of Dendrons and Dendronized PFS3s
Dendronized Polymers
dendron/
polymer Mhn (g/moly PDIR DPy? theor MW polymer phase transition note
PFS-MeO 24500 2.13 95 na DO-Ph k: 101.6°C: Hex: 113.9°C: |
PFS-DO 96 400 1.83 95 85 000 I: 104.8°C: Hex: 73.6°C: k 5°C ramp rates
PFS-DO-Ph 91 500 1.77 95 94 500 D1-Ph k: 52.4°C: k: 89.2°C: Hex: 5°C ramp rates
PFS-D1 138 400 1.77 95 114 500 104.9°C: |
PFS-D1-Ph 110500 1.90 95 124 000 D2-Ph k: 88.9°C: M: 125.3°C: |
PFS-D1-TEG 145 000 2.00 95 128 200 1: 119.0°C: M: 89.2°C: k 5°C ramp rates
aMolecular weights and polydispersity indices were obtained from the D1-TEG :‘5570740((:: ::))((.' 35343:in 5°C ram
h ; : 157, : :38.4°C: p rates
GPC in a triple detection modéThe number-average degree of poly- PES-DO T —6.2°C 10°C ramp rates
merization was calculated based on the number-average molecular weight PES-DO-Ph Tgﬁ 78 doc 10°C ramp rates
of parent polymer PFS-MeO.Theoretical molecular weights were calcu- PFS-D1 TZ 31.9°C 10°C ramp rates
lated based on the degree of polymerization of PFS-MeO. PES-D1-Ph T4 55.3°C 10°C ramp rates
PFS-D1-TEG Ty 14.3°C 10°C ramp rates

hydrogen bonding. We assumed that the intramolecular hydro-
gen bonding ofPFS-D1-Ph could stiffen the overall chain
conformation of the dendronized PFS so that the shape of the

PFS-D1-Phwould be cylindrical. Therefore, the large apparent 5 |iquid crystalline phase without showing the phase transition
hydrodynamic radius of the dendronized PFS in cyclohexane signal in DSCL8 Therefore, we looked for the thermal transition
probably reflects the rotational motion of the cylindrical chain  of the dendronized PESs with a polarized optical microscope.
of the dendronized PFS, even though we could not completely Only weak birefringence of the polymePFS-D1-Ph was
rule out the possibility of the aggregation of the chains via inter- gpserved by polarized optical microscopy after cooling the
molecular hydrogen bonding between the dendronized PFSponmer from 120 to 100C and annealing at 10TC for 2 h
chains. (Figure 3). Longer annealing times did not increase the
Characterization of Liquid Crystalline Properties of Den- birefringence ofPFS-D1-Ph For a hexagonal packed liquid
dronized PFS.The alkoxy benzyl ether dendrons used in this crystalline phase, the alkoxy benzyl ether dendrons should be
study are thermotropic mesogelisor examples, the dendrons  stacked at less thaa 4 A distance!” The large distance (ca.
DO0-Ph, D1-Ph, andD1-TEG showed a focal conic birefringent 6.4 A) between the neighboring silicon atoms in the PFS
texture under the polarized optical microscopy, suggesting thatbackboné® might prevent the dendrons from stacking into a
the dendrons form a hexagonal-packed liquid crystalline struc- dense liquid crystalline phase.
ture (Table 2). AFM Studies of the Dendronized PFSsBecause of the
We anticipated that the dendronized PFS with the liquid presence of bulky dendron side groups on the backbone,
crystalline dendron side groups could also form thermotropic dendronized polymers could offer the possibility of direct vis-
liquid crystalline phases. However, the DSC traces of the ualization by scanning force microscopy (SFM) and atomic force
dendronized polymers did not show any first-order transition microscopy (AFM). We chose dendronized PFSs with bulkier
but only showed a glass transition of the polymer. Frécimel dendrons based dnl for the AFM observation. The polydis-
co-workers reported that some liquid crystalline polymers form perse nature of the dendronized PR®%/M, ~ 2) was expecte(&:DV

ak = crystalline, Hex= hexagonal phase identified by polarized optical
microscopy, M= unidentified mesophase, and= isotropic melt.
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Figure 3. Optical birefringence texture of dendr@1-Ph (A) and the dendronized polym@FS-D1-Ph(B). PFS-D1-Phwas annealed at 10@
for 2 h.
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Figure 4. GPC traces of fractionated dendronized polym&S-D1-TEG by IC-HPLC.

to hamper the observation of the conformation of the single solvent, the cocoon of the single chainsR¥S-D1-TEG may
chain of the dendronized PFS because the conformation of theconsist of the outer layer of densely packed dendron side chains
dendronized polymer could also be affected by the degree of and an inner domain of the compressed PFS backBofleis

the polymerization of the backboid&herefore, we fractionated  structure could be regarded as a single chain micelle which has
the polydisperse dendronized PFSs by an interaction-controlledthe dendron corona and the PFS chain core. Unimolecular
HPLC (IC) technique with CBCI,/CHsCN as an eluent and  micelles of dendrimers have been reported by Newkome et al.
Cig-bonded silica HPLC columns (Figure 4). IC is a unique and Fiehet et af?2 The observed cocoon of the single den-
technique to separate polydisperse polymers by using thedronized PFS chain could be interesting to study as a functional
specific interaction between the analyte and the column, which material due to the isolated core containing redox-active

is sensitive to the chemical structures of the polyAietigh ferrocene units (Figure 6).
molecular weight fractions of the dendronized PFSs were used We also investigated the conformation of the chainBes-
for the AFM experiments. D1 and PFS-D1-Ph DLS measurements fdPFS-D1-Phin

Our dynamic light scattering results for the solutions of the cyclohexane showed a hydrodynamic radius of 37 nm. The
dendronized PFS suggest that the polyRiEes-D1-TEG could cyclohexane solution dPFS-D1-Phwas spin-cast on a fresh-
exist as a single chain with a spherical shape in cyclohexanecleaved mica substrate and then studied by AFM. We observed
by showing a hydrodynamic radius of 7 nm with a narrow dendronized polymer chains as an elongated bar shape. The
polydispersity. For AFM experiments, dilute cyclohexane solu- lengths of the observed chains were-3® nm. The height of
tions of high molecular weight fractions d?FS-D1-TEG the observed polymer chain was ca. 1.5 nm (Figure 5C). The
(fraction 6 in Figure 4) were spin-cast on a fresh-cleaved mica elongated conformation dPFS-D1-Phcould be a result of
substrate. We observed slightly elongated particles with a lateraldominant intramolecular hydrogen bonding between the amide
size of ca. 16 nm and the height of ca. 2.4 nm (Figure 5B). It groups of the dendrons. However, the large distance between
should be noted that the observed dimensions could be affectedwo neighboring dendrons (ca. 6.4 A) on the PFS backbone may
by tip-induced and surface-induced deformation. We inferred prevent &FS-D1-Phchain from being folded into a dense stiff
that the actual shape BFS-D1-TEGwould be a small cocoon-  structure assisted by the close packing of the liquid crystalline
shaped ellipsoid with a longer diameter of ca. 8 nm and a shorterdendronsPFS-D1 did not reveal any defined conformations
diameter of ca. 6 nm. In cyclohexarfei-S-D1-TEG (fraction by AFM experiments. Figure 5A shows the AFM images
6) showed an apparent hydrodynamic radius of 7 nm by DLS observed from the dendronized PFSs on a mica substrate. We
measurements. observed spherical objects froRFS-D1dispersed on a mica

Considering the incompatibility of the PFS backbone with substrate but only in a low population. We did not observe any
cyclohexane and the good solubility of the dendron in this ordered state of dendronized PFS on a mica substrate by éBI\\/I/
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Figure 5. AFM images of fractionated and unfractionated dendronized polymers. The sample specimens were prepared by spin-casting the solutions
of polymers on a freshly cleaved mica substrate. RAB-D1(fractionatedM,, = 121 000 g/mol, CHGlsolution). (B)PFS-D1-TEG (fractionated,
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OHaCra A
gy
CraHasO. 0/ o, ~OHasCaz
SO O
Sy
o ~6 nm
0
o
~
L Me‘m °
fe
e n v
< >
PFS'D1 'TEG ~ 8 nm

Figure 6. Chemical structure oPFS-D1-TEG and the proposed cocoon structure of the single cR&8-D1-TEG in cyclohexane.

experiments due probably to low concentration of polymer broad waves characteristic of oxidation of ferrocene units affect-
solutions used for the sample preparation and the lack of theing the redox potential of nearest neighbors (Figuré® he
rigidity of the conformation of dendronized PFSs indicated by steric bulkiness around the ferrocene redox centers in the back-
weak liquid crystal formation. bone of dendronized PFSs could be the reason for broad waves
The redox activity oPFS-D1andPFS-D1-TEGwas studied observed by CV experiments as slow electron transfer would
by cyclic voltammetryPFS-D1andPFS-D1-TEGshowed two be anticipated. Nevertheless, the demonstrated redox ac&'Bt};
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