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ABSTRACT: We describe here the first example of an iterative convergent strategy for the synthesis of
dendritically branched polymers involving condensation coupling reactions of iABcromonomers. The
macromonomers were synthesized by living anionic polymerization, initiated wight-Butyldimethylsiloxy-1-
propyllithium and end capped with 1,1-bis{@r-butyldimethylsiloxyphenyl) ethylene. Following a deprotection
reaction, the macromonomer, functionalized with two phenol groups and one primary alcohol group, can be built
up into a dendritic structure by a series of Williamson coupling reactions and subsequent end group modification
reactions. Since th@endrtic structures are built up fromacdomonomers we have coined the term “DendriMac”

to describe these branched polymers. In this paper, we will discuss the synthesis of the macromonomer, the
iterative reaction sequence and merits of a convergent strategy. Some preliminary characterization data will also
be reported.

Introduction functionalization and deprotection. The polydispersity of the
resulting structures remained relatively narrow with values in
the range 1.061.16. Hirao also adopted a divergent strategy
to synthesize dendrimer-like poly(methyl methacrylate) (PMMA).
In this case a series of iterative steps involving a coupling

polymers3-5 and H-shaped polymefs, has contributed much reactipn ofa-.functionalized ]iving anionic PMMA with ben.zyl
to understanding and prediction of the relationship between Promide moieties was carried out. Up to seven generations of
structure and properties. More recently numerous strategies hav@'@nching was attained with narrow molecular weight distribu-
been devised to synthesize more complex branched architectured0NS (polydispersities of less than 1.05) although detecting
with various resulting structures and differing degrees of control, IMperfections in the structure would become a near impossibility
including syntheses of dendrigraft, dendritically branched, and @ higher generations, an inherent problem with divergent
arborescest13 polymers, much of this work has recently been strategies. Furthermore, |t_ is likely that this methodology could
reviewed by Gauthier and TeertsiaA number of examples not produce such welll-defmed structures from other monomers
of well-defined dendritically branched polymers, essentially SUch as styrene or dienes because of less favorable rates of
analogues of classical dendrimers with an additional polymer initiation in thes_e cases. The motivation for much of the_ above
chain between branch points have also been reported, notablyVork is to provide “model” long chain branched materials to
by Hadijichristidis!® Gnanot#16 Hedrick” and Hiraot819 Had- help elucidate the relationship between molecular architecture
jichristidis describes the synthesis of well-defined second and the physical properties of polymers, specifically the effect
generation dendritic polymers based on stepwise convergentof long-chain branching on rheology. Indeed the theoretical
anionic polymerization and chlorosilane coupling reactions and Prediction of the rheological properties of such structures has
while the resulting polymers are undoubtedly well-defined, the already been undertakéhTo facilitate the experimental valida-
nature of the chemistry, requiring multiple reaction steps to be tion (or otherwise) of the developed theories, structures with
carried out under high vacuum conditions means that attaining the highest degree of control over, not only the molecular weight
higher generations is likely to be challenging. Gnatohas and polydispersity of the final structure but also the molecular
most recently reported the synthesis of dendrimer-like polysty- weight and polydispersity between branch points and degree
rene by atom transfer radical polymerization (ATRP) by a of branching is desired. Imperfections in any of these parameters
divergent methodology. Using multifunctional calixarene-based must be minimized.
initiators for ATRP of Styl’ene and end group modification To try to meet this Cha”enge, we have adopted a different
re.aCtionS, third genel’ation de.ndl’.imel'-like structures were ob- approach to those described above and have adhered more
tained. However, the polymerizations had to be stopped at low ¢josely to the original concept of dendrimers as our model.
monomer conversions to prevent irreversible coupling reactions pendrimers were first synthesized in the 1980s via a step growth
between growing species and the polydispersity values of the condensation reaction of ABmonomers and numerous ex-
resulting structures were not narrow, in the region of £:25 = amples have been reported including alipifatand aromatic
1'.4. Hedr!ck followed a s!mllar divergent approach by living polyester$223 aliphati®* and aromatic polyethe?&;27 poly-
ring-opening polymerization ot-caprolactone followed by  5jkaneg8.29 polysilanes® and many more. The synthesis of
dendrimers aims to produce perfectly monodisperse molecules
* Corresponding author. E-mail I.r.hutchings@durham.ac.uk. and while we cannot hope to produce perfectly monodisperse

The physical properties of branched polymers differ signifi-
cantly from linear polymers of equivalent molecular weight.
The design and synthesis of new, well-defined molecular
architectures, such as star branched polyrhémikto star
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Scheme 1. Synthesis of ABMacromonomer-(OH);

-

CeH, X—0

X—0"""\Li + n
TMEDA

Li
99
n-1

(I

CHs Si— =X L 2.MeOH

THF/HCI1

(\2} av)

dendritically branched long chain polymers, adapting the structure-property correlation studies. The iterative nature of
synthetic strategies adopted to synthesize dendrimers shouldhe methodology coupled with the prepolymerization of the
serve to minimize imperfections and polydispersity. macromonomers means that in theory (but not yet in reality)

We describe here a strategy to synthesize long-ctlam the molecular weight might be varied from generation to
dritically branched polymers by the condensation coupling of generation and furthermore the type of polymer may be varied
an AB, maaomonomer and coin the term DendriMacs to from generation to generation making this a very versatile
describe them. While the resulting structures are similar to many methodology.

described above, the nature of the synthetic strategy sets them | outline the approach described involves the synthesis of
apart. The macromonomers are synthesized by living anionic well-defined AB, macromonomers by anionic polymerization
polymerization and as such are well-defined in terms of both ysing a lithium initiator containing a protected primary alcohol
molecular weight and polydispersity and the DendriMacs are fynctionality. The living polymer is then end capped with a
produced in an iterative convergent approach via a series ofgiphenylethylene derivative containing two protected phenol
condensation coupling reactions. There are numerous example@roups_ Following deprotection of the functional groups and
in the literature of coupling reactions that could be exploited to ¢gnversion of the primary alcohol group into an alkyl chloride,

synthesize DendriMacs: for example, esterificafiort? Wil- the macromonomer can be built up into a DendriMac via a
liamson reaction between an alkoxide and a halide to yield an convergent strategy.

ether linkage?~27 Suzuki coupling reaction between a boronic

acid and a halid&! "3 We have used a Williamson coupling  Experimental Section

reaction to yield an ether linkage in a fashion similar to that ) _ _
used by Frehet in the synthesis of classical hyperbranched and ~Materials. Benzene (HPLC grade, Aldrich) and styrene (Aldrich)
dendritic polyetherd®2634This has been shown to be viable Were both dried and degassed over &&Mdrich), styrene was
by Frechet who used this coupling reaction to successfully further purified with dibutylmagnesium immediately prior to use.

ixth tion dendri ith inal molecul N,N,N',N'-Tetramethylethylenediamine (Aldrich) and t&+-bu-
prépare a sixth géeneration dendrimer with a nominal molecutar tyldimethylsiloxy-1-propyllithium, 0.7 M in cyclohexane (InitiaLi

weight of 13542 Da and hyperbranched polyethers with 143" FMC Corporation) were used as received. 1,1-Bistd-
molecular weights (by light scattering) in excess of 100 000 pytyldimethylsiloxyphenyl)ethylene was synthesized in two steps
Da. Furthermore, we have recently exploited this reaction to from dihydroxybenzophenone according to the procedure of Quirk
successfully synthesize a series of highly but less well-defined and Wang® Thionyl chloride (99-%, Aldrich) and pyridine
(hyper)branched polystyrenes, HyperMacs, in a “one-pot” (anhydrous, Aldrich) were used as received. THF was purified by
polycondensation of analogous ABnacromonomer® The passing the solvent through a system of columns designed to remove
ether linkage is stable and the functionalities required on the Poth protic impurities and oxyget.18-Crown-6-ether and potas-
macromonomer can be readily introduced with the aid of some Sium carbonate powder, 325 mesh (both Aldrich) were dried in a
simple protection/deprotection and end group modification vacuum oven and stored in a v.acuum des.lccator. )
chemistry. The use of anionic polymerization for the synthesis _Measurements.Molecular weight analysis was carried out by
of the condensation macromonomers in the present work allows S1Z€ €xclusion chromatography (SEC) on a Viscotek TDA 302 with
the synthesis of macromonomers with molecular weights from refractive index, viscosity and light scattering detectors. A value

. of 0.185 (obtained from Viscotek) was used for the/dd of
a few hundred to tens of thousands of grams per mole, offering polystyrene. 2x 300 mm PLgel 5m mixed C columns (with a

the_ possibility of varying the molecular weight betW(_aen branch |inear range of molecular weight from 200 to 2 000 000 g THpol
points from below the entanglement molecular weid, to were employed; THF was used as the eluent with a flow rate of
many timesMe thereby enabling a “tuning” of the molecular 1.0 mL/min at a temperature of 3C€. The coupling reactions were
parameters of the branched polymers to facilitate their use in monitored and further analyzed by SEC using a Viscotek 200 8'5\/
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Scheme 2. Synthesis of Alkyl Chloride End Functionalized
Polystyrene, the Peripheral Macromonomer
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a refractive index detector and >3 300 mL PLgel 5um 10* A
high-resolution columns (with an effective molecular weight range
of 10 000-600 000 g mot?), THF was used as the eluent at a flow
rate of 1.0 mL/min*H NMR analysis was carried out on either a
Varian Inova-500 MHz or Mercury-400 MHz spectrometer using
CsDs as a solvent. Spectra were referenced to the tracesld§ C
(7.2 ppm) present in theDe.

Synthesis of Protected AB Macromonomer-(OH)s (1V,
Scheme 1) Anionic polymerizations were carried out using standard
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Scheme 3. Convergent Approach for the Synthesis of
Dendritically Branched Polystyrene.
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reprecipitated once more into methanol and dried in vacuo. Yield:
>95%. My, = 10 900 g mot!; My, = 11 500 g mot?; PDI = 1.05.

IH NMR (CgDg): CH,OSi 6 3.36, Si(CH),C(CHs)3 6 1.0, CH-
OSi(CH;)2.C(CHg)3 ¢ 0.0.

Following deprotection with HCI in THF, as described above,
the primary alcohol group was converted into an alkyl chloride
according to the general procedure described below.

Chlorination of Primary Alcohol Group. In a 500 mL round-
bottom flask, 10 g of the deprotected macromonomer (10 900 g
mol1, 9.2 x 10~* mol) was dissolved in 100 mL of benzene under
an inert atmosphere of nitrogen gas. To this solution was added
0.58 g (7.4x 1073 mol) pyridine and the mixture stirred for 15
min before cooling to OC with an ice/water bath. To the stirring

high vacuum techniques, at room temperature with benzene as thesolution was added 1.1 g (9:2 102 mol) of thionyl chloride over

solvent and a typical reaction was as follows; benzene (500 mL) @ period of 5 min before allowing the rgaction mixture to rise to
and styrene (50 g, 0.48 mol) were distilled, under vacuum, into a foom temperature over an hour. The mixture was then warmed to
1-liter reaction flask. To the monomer solution was added tetra- 55 °C and stirred at this temperature overnight. A small aliquot

methylethylenediamine (TMEDA) 1 mol equiv with respect to
lithium initiator and then 3ert-butyldimethylsiloxy-1-propyllithium,
0.7 M in cyclohexanel] as the initiator, the latter being injected
through a septum. For a targét, of 15 000 g mof! we used 0.5
mL (3.3 mmol) TMEDA and 4.8 mL initiator (3.3 mmol). Upon
addition of the initiator to the reaction mixture, the orange/red color
of living polystyryllithium was observed. The solution was stirred
for 1 h to allow complete conversion before a small sample of
polymer solution (for molecular weight/nmr analysis) was removed

was then removed fdH NMR analysis (in GDg) which confirmed

that the signal for the C}HOH (3.15 ppm) had been completely
replaced by a new signal for GHCI at 2.9 ppm. The remaining
polymer was recovered in quantitative yield by precipitation into
methanol. The product was collected by filtration, redissolved in
toluene, and passed through a column of alumina to remove any
residual traces of pyridine or thionyl chloride. The purified material
was precipitated into methanol, collected by filtration and dried to
constant mass in vacuo at 8Q for several days.

and terminated with nitrogen sparged methanol. To the remaining  Synthesis of G1-Branched PolystyreneA G1-branched poly-

living polymer solution was added 1,1-bis{@r-butyldimethylsi-
loxyphenyl)ethylenel(l ) (1.5 mol equiv with respect to lithium)

styrene was synthesized by reacting alkyl chloride end function-
alized polystyrene, PS-CV(I , Scheme 2) with the ABpolystyrene

as a solution in benzene. The reaction was stirred at room condensation macromonomer PS-(@H)V, Scheme 1) in a

temperature for 5 days before the reaction was terminated with Williamson coupling reaction. The polymer chains being joined
nitrogen sparged methanol. The polymer was recovered by pre-through an arytalkyl ether linkage formed by the reaction of the
cipitation in methanol, redissolved in benzene, reprecipitated once alkyl chloride with the phenol functionalities (Scheme 3). The

more into methanol and dried in vacuo. Yiel#:95%.M,, = 15 900
g mol; My, = 16 700 g mot?; PDI = 1.05.'H NMR (C¢Ds):
CH,0Si 6 3.36, HC(Ph) 6 3.5, Si(CH),C(CH)3 6 1.0, ArOSi-
(CH3),C(CHs) 6 0.1, CHOSI(CH;),C(CHg)s 6 0.0.

Synthesis of AB Macromonomer-(OH); (V). The AB, mac-
romonomer with all three alcohol groups protected teyt-
butyldimethylsilyl (TBDMS) groups was dissolved in THF (10%

synthetic procedure is as follows: All coupling reactions were
carried out under an inert atmosphere of either argon or nitrogen.
PS-CI M, 10900 g mot?, 30.3 g, 2.8x 103 mol), PS-(OH)

(M;, 16 200 g mot?, 20.0 g, 1.2x 10-2 mol), potassium carbonate
(0.68 g, 4.9x 10-3 mol), and 18-crown-6-ether (1.3 g, 4:910°3

mol) were dissolved in 250 mL of DMF. The solution temperature
was raised to reflux using an oil bath and the reaction mixture was

w/v solution). To the solution was added dropwise, concentrated stirred vigorously. The progress of the reaction was followed by
HCI (37 wt %), mole ratio of acid:protected alcohol was 5:1. The extracting small samples periodically and subjecting the sample to
solution was then warmed to reflux and stirred at reflux overnight. size exclusion chromatography analysis. The reaction was complete
The solution was cooled and the polymer recovered by precipitation after 2 h. The mixture was then cooled and the polymer recovered
into methanol, redissolved in benzene, reprecipitated once moreby precipitation into methanol. The product was redissolved in

into methanol and dried in vacuo at %0 for 2 days. Yield: >95%.
IH NMR (CsDg): CH,OH ¢ 3.15, HO-Ph$ 3.7-3.8.
Synthesis of Alkyl Chloride End-Functionalized Polystyrene

benzene and reprecipitated once again into methanol before drying
in vacuo. The G1-OH (Scheme 3) branched polymer was isolated
from the excess PS-Cl and any partially coupled polymer by

(VII, Scheme 2).Polystyrene was synthesized as described above, fractionation using toluene/methanol as the solvent/nonsolvent

initiated with 3tert-butyldimethylsiloxy-1-propyllithium in the
presence of TMEDA. After 1 h, the living polymeidl§ was

combination. Yield: 26.0 g (56%M, = 38 900 g motlt; M,
41 300 g mot?; PDI = 1.06. The G1-OH was converted to G1-Cl

terminated with nitrogen sparged methanol. The polymer was (Scheme 3) by transformation of the primary alcohol group to an

recovered by precipitation in methanol, redissolved in benzene,

alkyl chloride moiety using thionyl chloride according to tEIGDV
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Scheme 4. Synthesis of G1 and G2 DendriMacs by coupling
reaction of G1-Cl and G2-Cl Dendritically Branched Polymers
to 1,1,1-Tris(4-hydroxyphenyl)ethane
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procedure described above. Following purification a portion of G1-

Cl was used for the synthesis of G2-branched polystyrene.
Synthesis of G2-Branched PolystyreneG1-Cl (M,, 37 300 g

mol~1, 9.0 g, 2.4x 10~4 mol), PS-(OH) (M, 16 200 g mot?, 1.6

0, 9.8x 10°mol), potassium carbonate (0.055 g, %90~ mol),

and 18-crown-6-ether (0.10 g, 3:9 10~4 mol) were dissolved in

50 mL of DMF. The solution temperature was raised to reflux using

an oil bath, and the reaction mixture was stirred vigorously

overnight. The mixture was then cooled and the polymer recovered

by precipitation into methanol. The product was redissolved in
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from the excess G1-Cl and any partially coupled polymer by
fractionation using toluene/methanol as the solvent/nonsolvent
combination. Yield: 0.25 g (7%M, = 284 900 g mot!; My,
298 700 g mot?; PDI = 1.05

Results and Discussion

In a recent publicatio®? we discussed the synthesis of
HyperMacs, long chain branched polymers prepared by the
coupling of AB, condensation macromonomers in a one-pot
polycondensation. The resulting polymers are highly but ir-
regularly branched architectures, polydisperse in both molecular
weight and degree of branching; essentially HyperMacs are long
chain branched analogues of hyperbranched polymers. In the
present publication we describe the synthesis of well-defined,
low polydispersity dendrimer-like branched polymers, only
differing from dendrimers by the presence of a well-defined
polystyrene chain between branch points.

Anionic polymerization is a living polymerization technique
with no intrinsic termination reaction and results in polymers
of well-defined molecular weight and narrow polydispersity.
The living nature of the polymerization also allows for the
introduction of functional groups at either end of the polymer
chain by using suitable initiators and terminating agents, AB
condensation macromonomers have been prepared using a
commercially available lithium initiator (containing a protected
primary alcohol functionality). The living polymerization was
end capped with a readily synthesized diphenylethylene deriva-
tive containing two protected phenol groups in a controlled
termination reaction. Following deprotection of the alcohol
groups, the AB macromonomers can be used to build up
dendritically branched polymeric architectures. The macromono-
mers are joined together by via an ether linkage formed by a
Williamson coupling reaction.

Synthesis of MacromonomersWhen considering not only
the design but also the synthesis of the macromonomer building

benzene and reprecipitated once again into methanol before dryingolocks, our prime objectives were to quantitatively introduce

in vacuo. The G2-OH (Scheme 3) branched polymer was isolated
from the excess G1-Cl and any partially coupled polymer by
fractionation using toluene/methanol as the solvent/nonsolvent
combination. Yield: 3.5 g (37.2%M, = 95 100 g mot!; M, =
97 600 g mot?!; PDI = 1.03. The G2-OH was converted to G2-Cl
by transformation of the primary alcohol group to an alkyl chloride
moiety using thionyl chloride according to the procedure described
above.

Synthesis of G1 DendriMac.G1-Cl (M, 37 300 g mot?, 2.0
g, 5.4x 10-5mol), 1,1,1-tris(4-hydroxyphenyl)ethane (4.6 mg, 1.5
x 1075 mol), potassium carbonate (0.012 g, &9.0-° mol), and
18-crown-6-ether (0.24 g, 8.2 10-° mol) were dissolved in 10
mL of DMF. The solution temperature was raised to reflux using
an oil bath and the reaction mixture was stirred vigorously for 4 h.
The mixture was then cooled and the polymer recovered by
precipitation into methanol. The product was redissolved in benzene
and reprecipitated once again into methanol before drying in vacuo.
The G1-DendriMac (Scheme 4) polymer was isolated from the
excess G1-Cl and any partially coupled polymer by fractionation
using toluene/methanol as the solvent/nonsolvent combination.
Yield: 0.3 g (15%)M, = 119 300 g mot’; M,, = 123 700 g mot?;
PDI = 1.04.

Synthesis of G2 DendriMac.G2-Cl (M,, 95 100 g mot?, 3.5
g, 3.7x 105 mol), 1,1,1-tris(4-hydroxyphenyl)ethane (4.6 mg, 1.5
x 1075 mol), potassium carbonate (0.012 g, &9.0-° mol), and
18-crown-6-ether (0.24 g, 8.2 10> mol) were dissolved in 10
mL of DMF. The solution temperature was raised to reflux using
an oil bath and the reaction mixture was stirred vigorously
overnight. The mixture was then cooled and the polymer recovered
by precipitation into methanol. The product was redissolved in

the relevant functionalities that would facilitate subsequent
Williamson coupling reactions but also to retain good control
over both the molecular weight and the polydispersity of the
macromonomers. Since we have adopted a convergent approach
to the synthesis of the DendriMacs, the macromonomer forming
the peripheral generation, only requires a single “A” functional-
ity rather than the ABfunctionality of the other macromono-
mers. The synthetic outline for the synthesis of both the AB
macromonomer and the peripheral macromonomer are shown
in Schemes 1 and 2. A full account of the synthesis of the
macromonomers is discussed elsewtiere.

Synthesis of DendriMacs.There are essentially two general
strategies for the synthesis of dendrimers; a divergent and
convergent approach. The earliest exani§l&sof dendrimer
synthesis were carried out via a divergent approach in which
the molecule is built from the inside out. As the number of
generations increases there is a rapid increase in the number
reactive sites at the chain ends and with each reaction step
potential problems increase. First, any incomplete reaction of
these terminal groups leads to imperfections in the subsequent
generation and the probability of these occurring increases as
the growing molecule increases in generations. Furthermore,
as the number of reactive groups increase it can become
progressively more difficult to detect any possible imperfections,
especially in the case of the macromolecular dendritically
branched polymer of the type described here, where the
concentration of chain ends is very low with respect to the

benzene and reprecipitated once again into methanol before dryingmolecular mass. An alternative convergent approach for den-

in vacuo. The G2-DendriMac (Scheme 4) polymer was isolated

drimer synthesis was first reported by Hawker antcheg in CDV
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19902° This approach offers distinct advantages in that the Figure 2. SEC chromatogram of G2-OH before and after fractionation.
molecule is built from what will ultimately become the periphery 54 after fractionation are shown in Figures 1 and 2, respec-
and, at each step, growth is designed to occur via few reactiontive|y_
steps. Furthermore, in the case of long chain branched analogues C-alkylation is a well-known potential side reaction to the
of dendrimers, each coupling reaction can be followed by size giher formation of a Williamson Coupling reaction and the
exclusion chromatography. Incomplete reaction results in par- ¢sice of solvent is very important in achieving efficiency of
tially coupled material which is easily detected and imperfectly reaction and a low level of C-alkylation. Since the macromono-
branched material can be removed by fractionation. We have o, coupling reaction will be promoted when carried out in a
adopted a convergent strategy analogous to that of Hawker a”dgood solvent for the polymer and Feuer and H8aggest
Fréchet to construct dendritically branched polystyrene by an ot ether formation is favored (and C-alkylation minimized)
iterative series of Williamson coupling reactions and end group py the use of aprotic solvents with a high dielectric constant
modification reactions (Scheme 3). we concluded that solvents such as THF and DMF would be

The Williamson coupling reactions occur between the alkyl suitable candidates and the use of both has been investigated.
chloride functionality present on one macromonomer and the The coupling reactions proceed very rapidly in refluxing DMF,
phenol functionalities present on the other macromonomer. reaching completion in a matter of a few hours but the extent
Under the mild basic conditions no reaction occurs with the of reaction is, we believe, somewhat limited by side reactions
primary alcohol group which after coupling and fractionation between the macromonomer and impurities generated by heating
can be converted to an alkyl chloride for the subsequent coupling DMF. In work carried out in parallel to this on the synthesis of
reaction. In each coupling reaction a small excess of the alkyl HyperMacs, and previously reporf&dt was concluded that
chloride functionalized polymer is used with respect to the AB  heating DMF to reflux results in its partial degradation and one
macromonomer and this excess and any partially coupled of the well-known products of this degradatitindimethyl-
polymer can be separated from the desired product by fraction-amine, could react with the alkyl chloride functionality of the
ation of a 2% wi/v toluene solution of the polymer mixture macromonomer. The Williamson polycondensation reactions
using methanol as the nonsolvent. SEC chromatograms (RIresulting in the formation of polystyrene HyperMacs were
detector response) of the G1-OH and G2-OH polymers before similarly rapid when carried out in DMF but in all cases t&BV
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Figure 3. SEC chromatogram of G1 DendriMac (a) before and (b) after fractionation.

extent of reaction was limited by side reactiodsl NMR loss of material and in relatively modest yields. The yield of
analysis of one of the HyperMac reaction products showed that G1-OH after fractionation is 56%, and the yield of G2-OH is
despite the presence of “unreacted macromonomer” , there was37%. The lower yield of G2-OH is due to greater quantities of
no evidence of residual alkyl chloride functionality. It is apparent unreacted starting materials and partially coupled polymer in
that in the present work, the extent to which the coupling the reaction mixture, almost certainly the result of a higher
reactions proceed may be similarly limited by deleterious degree of side reaction because of a lower concentration (cf.
reactions with impurities generated by thermal decomposition DMF) of reactive functionalities on the higher molecular weight
of DMF. In Figure 2, the SEC chromatogram of unfractionated starting materials. With this in mind, we considered alternative
G2-OH, we can see that although the major component of this solvents. As previously mentioned the two principal require-
mixture is the desired product, confirmed by molecular weight ments for a solvent for this reaction is that (a) the solvent is a
analysis following purification, there is also present unreacted good solvent for polystyrene and (b) that the solvent is aprotic
starting material, both G1-ClI (at retention volume c. 14.25 mL) with a high dielectric constant. These constraints somewhat limit
and macromonomer-(Qfi(at retention volume 15 mL) as well  the choice. Other solvents that meet requirement b include
as partially coupled product evident as a shoulder to the main acetone, acetonitrile, and dimethyl sulfoxide all of which are
peak. However, one of the principal advantages of the conver- non solvents for polystyrene. The “textbook” good solvents for
gent methodology is that after each coupling reaction the crude polystyrene, toluene and benzene, both have very low dielectric
product mixture can be readily analyzed and purified and after constants, and therefore, the only other viable solvent we could
fractionation the desired materials are obtained with narrow investigate was tetrahydrofuran (THF). We found not surpris-
molecular weight distributions as evidenced by the SEC ingly that the rate of reaction in refluxing DMF was far higher
chromatograms in Figures 1 and 2. It should also be noted thatthan in refluxing THF, not only because of the difference in
while the fractionation process is very good at purifying the boiling point (153°C for DMF and 67°C for THF) but also
product of the coupling reactions, this process results in the because of the difference in dielectric constant (7.58 and 3&3%/
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Figure 4. SEC chromatogram of G2- DendriMac (a) before and (b) after fractionation.
Table 1. Theoretical and Actual Molecular Weight Data for Starting

Materials, Dendritically Branched Polystyrenes, G1-OH and G2-OH,
and Polystyrene G1 and G2 DendriMacs

Table 2. Intrinsic Viscosity and Branching Factor, ¢, Values for
Dendritically Branched Polystyrenes G1-OH, G2-OH, and G1- and
G2-DendriMac

SEC data [7]oddL g1 2 [7]in/dL g~1P ge
theoretical G1-OH 0.191 0.248 0.77
My/gmolt  My/gmolt My/gmol*  PDI G1-DendriMac 0.379 0.541 0.70
macromonomer-(OH) - 15 900 16700  1.05 SO ivac s BSiA o
macromonomer-Cl - 10900 11 500 1.05 ’ ’ )
G1-OH 37700 38 900 41300 1.06 aMeasured by SEC viscometryCalculated using the MarkHouwink
G1-DendriMac 117000 119000 124000 1.04 equation fj] = KM cg = []ud[1]iin-
G2-OH 94 000 96 000 98 000 1.03
G2-DendriMac 287 000 285 000 299 000 1.05

is undoubtedly due to undesirable side reactions between
impurities (generated from degrading DMF) and the alkyl
chloride functionality, as alluded to earlier. In the case of the
being favored by solvents with high dielectric constdfiti coupling of G2-Cl with THPE the crude product of the reaction
contrast to DMF, the reaction in THF proceeded very slowly, s a mixture of the desired product and partially coupled material,

after 150 min at reflux there was no apparent reaction and evenyith the desired product formed in less than 50% yield. In turn
after 5 days at reflux the extent of reaction was only a fraction

for THF and DMF at 25C respectively), the coupling reaction

of that observed in DMF.

The dendritically branched polymers G1-Cl and G2-CI can
be coupled to a multifunctional core, 1,1,1-tris(4-hydroxyphe-
nyl)ethane (THPE) by the same coupling reaction to give
dendrimer like branched polymers, DendriMacs, Scheme 4.
Hence a 2 gsample of G1-Cl was coupled to THPE via a
Williamson coupling reaction in DMF in the presence of

this means that, although pure product can be obtained via
fractionation, the yields become very low. In the earliest
reactions, that is the synthesis of G1-OH and G2-OH, the yields
after fractionation are very respectable, 56% for G1-OH and
nearly 40% for G2-OH. However, in the synthesis of G1 and
especially G2 DendriMac, the efficiency of the reaction did fall
away quite sharply.

We did consider increasing the amount of dendron with

potassium carbonate and 18-crown-6-ether. Although once agairespect to THPE but since the major loss of material is due to
the reaction was hampered to a certain extent by side reactionghe fractionation process we felt that while we might increase
the major product was the desired G1-DendriMac, which was the efficiency of the reaction, overall yields were unlikely to
subsequently purified by fractionation using toluene as the be much improved because of a greater proportion of contami-
solvent and methanol as the nonsolvent. The G2-Cl was nantto be removed by fractionation. It should be noted however
similarly reacted with THPE to form a G2-DendriMac, the SEC that in purifying (by fractionation) the G1 and G2 DendriMacs,
chromatograms of the G1-DendriMac and G2-DendriMac before our primary aim was to obtain sufficient pure DendriMac to
and after fractionation are shown in Figures 3 and 4. It can be allow characterization of the material rather than to maximize
seen that with the molecular weight of the polymer to be coupled the yield. The molecular weights of both the dendritically
having increased, the efficiency of the reaction decreases. Thisbranched polystyrenes (G1-OH and G2-OH) and the Gl@Bq/



Macromolecules, Vol. 39, No. 6, 2006

G-1
G-2

DendriMacs 2151

G-3

Figure 5. Dendrimer-like PMMA branched polymers reported by Hirao é€al.

G2 DendriMacs are shown in Table 1 and are in excellent

However, although we have demonstrated that the concept

agreement with the theoretical values based on the startingof synthesis of dendritically branched polymers via a convergent
materials. To further investigate the branched nature of the strategy is feasible, the coupling reactions are hampered by

molecular architectures, the branching fagowas calculated,

g being given by the ratio of the intrinsic viscosity of the
branched polymer]y: to the intrinsic viscosity of a linear
polymer f7]in of the same molecular weight*?Shown in Table

2 are the intrinsic viscosity values of the branched polymers,
obtained by SEC viscometry, the intrinsic viscosity of linear
polymers of identical molecular weight, calculated using the
Mark—Houwink equation with values ai = 0.712 andK =
12.8 x 1075dL/g (supplied by American Polymer Standards
Corporation) andy'. Unsurprisingly as the degree of branching
increases the value f decreases, but it is a little surprising

that there is only a modest difference between G1-OH and G2-

OH. However, the value of for G1 DendriMac falls to 0.7
and for G2-DendriMac to 0.55, demonstrating the increasingly
branched, compact structure.

For comparison we similarly obtainegl values for a series
of 4-arm polystyrene star branched polymers with molecular
weights from 52 000 to 830 000 g m@l The values off were
all in the region of 0.72 £0.02). Dendrimer-like branched
polymers synthesized by Hirao et’8lwith PMMA chains of
approximately 11 000 g mot between branch points but a
slightly different structure (see Figure 5) had a branching factor,
g of 0.80, 0.59, and 0.46 for G-1, G-2, and G-3, respectively.
Although it is not possible to make a direct comparison between
the DendriMacs synthesized in this paper with Hirao’s materials,

(probable) deleterious side reactions between the alkyl chloride
functionality on the polymer and impurities generated by heating
DMF (the reaction solvent). The effect of these side reactions
becomes more serious as the molecular weight of the polymer
increases due to the reduced concentration of halide with respect
to DMF. Work is ongoing to try and overcome this problem
which will be vital if useful amounts of these materials are to
be made for rheological investigations.
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