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Amphiphilic Dendrimer-like Copolymers with High Chain Density by
Living Anionic Polymerization

Ke Zheng and Jun-Po He"

State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, Shanghai 200438, China

Abstract We report here a method for the preparation of amphiphilic dendrimer-like copolymers with dendritic polystyrene (PS) core
and protonated poly(2-vinyl pyridine) (P2VP) or poly(methacrylic acid) (PMAA) shell. The method employed the efficient coupling
reaction of anionic living polymer chains and chlorosilane. The synthesis started from a functionalized 3™ generation dendritic
polystyrene, G3PS-g-SiCl, used as the precursor. The dendrimer-like copolymer of styrene and 2-vinyl pyridine, G3PS-g-P2VP, was
synthesized by direct coupling of living P2VPLi to the precursor. The dendrimer-like copolymer of styrene and tert-butyl methacrylate,
G3PS-g-PrBMA, was synthesized by an indirect procedure in which a living polymer containing mainly PPBMA segment was attached to
the precursor. Both methods resulted in the formation of dendrimer-like copolymers with the high molecular weights (up to 8.5 x 10° Da),
large molecular sizes (diameter up to 73 nm), and dense shells (number of arms up to 1300). These products, G3PS-g-P2VP and G3PS-g-
P/BMA, were protonated with trifluoroacetic acid and acidic hydrolyzed, respectively. After transformation, amphiphilic dendrimer-like
copolymers, G3PS-g-P2VPH" and G3PS-g-PMAA, were obtained. Preliminary results on the solution properties of the amphiphilic

products were presented.
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INTRODUCTION

Dendrimer-like polymers are a unique class of dendrimers
where the branching points in neighboring generations are
connected by polymer chains.['® These polymers not only
exhibit globular molecular conformation and multiplicity of
the peripheral groups as regular dendrimers, but also possess
higher tunability on the molecular level such as the density of
branching, molecular weight, molecular size, etc.*1%]

The synthesis of the dendrimer-like polymers involves
either “core-first” divergent or “arm-first” convergent meth-
od.t:111 In the divergent method, the polymerization of
monomer is typically initiated by a multifunctional precur-
sor, and then each of the polymer chain-ends is arborized
by a branching agent to form at least two new initiation
sites.['2721]1 Usually, controlled/“living” radical polymeriza-
tions such as atom transfer radical polymerization (ATRP)
and ring opening polymerization (ROP) are used for chain
growth. Molecular weight growth along with generation is
achieved by repeating the polymerization process and chain-
end modification.[11716.22725] Tn the convergent method, the
coupling of living chains or dendrons is fulfilled by effici-
ent reactions such as carbanion-chlorosilane reaction,[26:27]
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Williamson etherification reaction,[28] and azide-alkyne cyc-
loaddition.[29-31]

Hirao and coworkers developed an iterative divergent
“grafting-to” methodology in which living anionic polymer
chains were prepared separately before being attached to the
termini of the preceding generations.[327351 This methodo-
logy rests on the quantitative deprotection to construct new
branching points followed by living anionic polymerization
to synthesize precisely controlled branching polymer chains.
Employing this methodology, a large number of well-defi-
ned and high-generation dendrimer-like polymers with mo-
lecular weight even higher than 1.0 x 107 Da have been syn-
thesized.[30]

In 2012, we explored a continuous approach by using the
reaction of a living anionic chain with monoadduct of 1,3-
bis(1-phenylvinyl)benzene (MDDPE) and sec-BuLi to con-
struct branch unit.[37 This process did not require protection
and deprotection, thus the synthetic efficiency was greatly
improved. However, the presence of multiple carbanion in
each molecule led to the formation of pseudo-gel, although
the situation was alleviated by addition of chelating agents.
In a subsequent contribution, we developed another facile di-
vergent end-grafting approach following Hirao’s divergent
“grafting-to” methodology. This approach utilized a living
block copolymer, polyisoprene-b-polystyrenyl lithium (PI-b-
PSLi), as the building block for target dendrimer-like poly-
mers.[33:391 The block copolymer contained very short PI seg-
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ment, e.g., 810 repeating units of isoprene, for epoxidation
and subsequent ring-opening addition with the incoming PI-
b-PSLi. Since the PI segment provided multiple sites (usu-
ally 4-7) for branching, this approach allowed the rapid in-
crease of molecular weight along with generation. Neverthe-
less, the approach suffered from the limitation of epoxy re-
activity. For instance, anionic living polymers with electron
withdrawing groups, such as poly(2-vinyl pyridine) and
polymethacrylates living chains, showed very low reactivity
with epoxy group.[#0]

We hereby report the synthesis of dendrimer-like copoly-
mers containing polystyrene/poly(fert-butyl methacrylate)
and polystyrene/poly(2-vinyl pyridine) via new routes based
on anionic polymerization and chlorosilane coupling. The
advantage of the present route is to prepare dendrimer-like
polymers with high molecular weights as well as high den-
sity of the peripheral segments and functionalities. Thus, for
each dendrimer-like molecule, approximately 1300 seg-
ments of poly(fert-butyl methacrylate) and poly(2-vinyl
pyridine) were respectively introduced as out-sphere to dend-
ritic polystyrene precursors. The obtained dendrimer-like co-
polymers were easily transformed into amphiphilic dendri-
mer-like copolymers with ionic shell by protonation of P2VP
to poly(2-vinylpyridinium trifluoroacetate) and hydrolysis of
PBMA segments to poly(methacrylic acid), respectively.

EXPERIMENTAL

Materials

n-Butyllithium (#-BuLi, 2.5 mol/L solution in hexane,
Aldrich), sec-butyllithium (sec-BuLi, 1.3 mol/L solution in
cyclohexane, Aldrich), di-n-butylmagnesium (MgBuz, 1.0
mol/L in heptane, Aldrich), tri-n-octylaluminum (25 wt% in
hexane, Aldrich), and trifluoroacetic acid (TFA, 99%,
Adamas) were used as received. Calcium hydride (CaHa,
99%), toluene (99%), and anhydrous methanol (99%) were
purchased from National Pharmaceutical and used as re-
ceived. Tetrahydrofuran (THF, National Pharmaceutical) was
refluxed over CaH: and distillated from »n-BuLi on the
vacuum line before use. Styrene (St, 99%, Adamas), alpha-
methylstyrene (a-MeSt, 99%, Adamas), 2-vinylpyridine
(2VP, 97%, TCI), and tert-butyl methacrylate ((BMA, 98%,
TCI) were distilled over CaHz and stored at —20 °C. St and
o-MeSt were further distilled over MgBuz on the vacuum
line before use. 2VP and ‘BMA were further distilled over
tri-n-octylaluminum on the vacuum line before use. 1,1-Di-
phenylethylene (DPE, 98%, Alfa Aesar) was purified by
silica gel column using petroleum ether as the eluent.
Lithium chloride (LiCl, 99%) was purchased from Aldrich,
and was dried by vacuum oven (40 °C, 24 h) before use.
1,3-Bis(1-phenylvinyl)benzene (MDDPE) was synthesized
according to a previous method.’”] The 3" generation
dendritic polystyrene with multiple peripheral chlorosilane
groups, G3PS-g-SiCl, was prepared through iterative anion-
ic polymerization, hydrosilation, and coupling reaction, as
reported elsewhere.[*!] The molecular weight was measured
after the chlorosilane groups were deactivated by n-BuLi
(G3PS-g-nBu: Mhgec = 4.6 x 10° Da, D = 1.39, My MALLS =
2.0 x 10° Da).

Measurements

'H-NMR measurement was performed on a Bruker (400
MHz) NMR instrument using CDCl3 as the solvent and tetra-
methylsilane as an interior reference. The number-average
molecular weight (Mn,cpc) was estimated by gel permeation
chromatography (GPC) composed of two columns (Agilent
PolarGel-M Serial No. 0006305291-17 and Agilent Polar-
Gel-L Serial No. 0006180094-7). DMF was used as eluent
(flow rate: 1.0 mL/min, 50 °C), and the calibration curves for
GPC analyses were obtained using PMMA as standards.
When THF was used as the eluent (flow rate: 1.0 mL/min,
35 °C), GPC analysis was performed through three TSK gel
columns (pore size 1.5, 3.0, and 20.0 nm), calibrated by
narrow polystyrene standards. The absolute molecular weight
(MwmaLLs) and gyration radius (Rg) were obtained by
DAWN HELEOS in the online mode (GPC-MALLS), and
dn/dc value was determined by Optilab rEX in the off-line
mode. Fourier transform infrared spectroscopy (FTIR) was
performed on a Thermofisher Nicolet 6700 Fourier trans-
formation infrared spectrometer (potassium bromide pellet).
Hydrodynamic radius (Ru) was obtained by dynamic light
scattering (DLS). The experiments were carried out on an
ALV/CGS-3 Goniometer system equipped with a multi-t
digital correlator (ALV-7004) and a He-Ne laser light source
(4 = 632.8 nm) at a fixed scattering angle of 90°. Three
preparative TSK gel columns (G4000H, G2500H, and
G1000H) and an Optilab rEX (Wyatt) detector were used for
the purification of dendrimer-like copolymer. THF was used
as the eluent at a flow rate of 4.0 mL/min at 35 °C.

Synthesis of Dendrimer-like Polymer (G4-PS)

A flask was dried by six cycles of evacuating/heating
with hot air/Ar-purging. Dry THF (200 mL) and St (14 mL,
0.122 mol) were added with dry syringes. The flask was
cooled to approximately —80 °C, followed by adding 1 mL of
sec-BuLi (1.3 mmol). St was polymerized for 20 min,
yielding PSLi (PS: MnGpc = 10.5 x 103 Da, ® = 1.08). Then,
G3PS-g-SiCl (1 g) in toluene was added to the solution of
PSLi, and the reaction stood 30 min before termination by
degassed methanol. G4-PS was obtained by fractionation
using toluene/methanol and precipitation in methanol
(Mncpc = 8.0 x 10° Da, D = 1.32, MwmarLs = 1.5 x 107 Da).

Synthesis of Dendrimer-like Copolymer Containing
Polystyrene and Poly(2-vinyl pyridine)

G3PS-g-P2VP was synthesized by the coupling reaction of
G3PS-g-SiCl with P2VPLi. First, the apparatus was dried by
six cycles of evacuating/heating with hot air/Ar-purging,
then 100 mL of THF and 0.25 mL of DPE (1.4 mmol) were
added to a flask with dry syringes. After the flask was placed
in a bath kept at approximately —80 °C, 1 mL of sec-BuLi
(1.3 mmol) was added, and the mixture was allowed to
react for 20 min, yielding DPHLi. Further, 4.2 mL of 2VP
(40 mmol) was added to the flask, and the polymerization
was continued for 30 min to afford P2VPLi (P2VP: MuGpc =
3.9 x 10° Da, P = 1.09). Subsequently, P2VPLi was used as
living arms to react with G3PS-g-SiCl (1 g), and the reaction
stood for 30 min. Finally, G3PS-g-P2VP was purified by
fractionation using toluene/n-hexane (Mn,gpc = 9.8 % 10° Da,
D =1.39, MymaLLs = 6.0 x 10° Da).

https://doi.org/10.1007/s10118-019-2247-7
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Preparation of Amphiphilic Dendrimer-like Copolymer
by Protonation of P2VP Segments

Two strategies were used for transforming G3PS-g-P2VP in-
to amphiphilic dendrimer-like copolymer, G3PS-g-P2VPH",
In the first method, the copolymer was directly dissolved in
0.1 mol/L trifluoroacetic acid (TFA) aqueous solution. In the
second method, G3PS-g-P2VP was dissolved in THF fol-
lowed by addition of TFA. The mixture was stirred at am-
bient temperature for 24 h and then diluted with 0.1 mol/L
TFA aqueous solution of 10-fold volume. Finally, THF was
removed by dialysis.

Synthesis of Dendrimer-like Copolymer Containing
Polystyrene and Poly(zert-butyl methacrylate)
G3PS-g-PrBMA was synthesized by the coupling of G3PS-
g-SiCl with living polymer containing mainly PPBMA seg-
ment, PIBMA-b-P2VPLi. First, 4.6 mL of sec-BuLi (6.0
mmol) was slowly dropped into 200 mL THF solution of
MDDPE (1.88 g, 6.6 mmol) with vigorous stirring at
approximately —80 °C for 30 min to afford the monoadduct
of MDDPE. Then, 0.6 g of LiCl and 30 mL of BMA were
added to the flask. The mixture was stirred for 60 min and
the reaction was quenched with degassed methanol.

The product, PIBMA-b-sec-BuDDPE, was obtained by
slowly dropping the above solution to 10-fold volume of
methanol/water (Viethanol: Vvater = 7:3) mixture at —20 °C (Pt-
BMA-b-sec-BuDDPE: M, gpc = 3.8 x 103 Da, P = 1.12).
Subsequently, 5 g of vacuum-dried PIBMA-b-sec-BuDDPE
(1.1 mmol DPE type double bond) was dissolved in THF
and the solution was mixed with the polymerization solution
of a-MeSt (0.5 mL) and sec-BuLi (0.8 mL) in THF
(PaMeStLi). The solution became dark red and the reaction
of PaMeStLi with DPE type double bond proceeded at ap-
proximately —80 °C for 1 h before the addition of 0.5 mL of
2VP. The polymerization stood for 10 min, giving PABMA-
b-P2VPLi (PBMA-b-P2VP: M, cpc = 4.5 x 10° Da, D =
1.12). Finally, G3PS-g-SiCl was added to the solution. The
coupling reaction was allowed to proceed for 30 min and
quenched with degassed methanol. The product, G3PS-g-
PrBMA, was purified by preparative GPC (M, gpc = 7.4
105 Da, B = 1.38, My, marrs = 8.5 x 106 Da).

Preparation of Amphiphilic Dendrimer-like Copolymer
by Hydrolysis of P BMA Segments

G3PS-g-PIBMA (0.5 g) was dissolved in 50 mL of 1,4-
dioxane, and then 5 mL of concentrated HCl was dropped
into the flask under stirring. The solution was refluxed at
85 °C for 6 h. Finally, dioxane and HCI were removed by
dialysis using 0.1 mol/L NaOH aqueous solution or 0.1
mol/L NaOH aqueous solution containing 0.1 mol/L NaCl.

RESULTS AND DISCUSSION

The synthetic route to amphiphilic dendrimer-like copoly-
mers was based on the coupling reaction between carbanion
with chlorosilane, as shown in Scheme 1. This chemistry was
used for the preparation of dendrimer-like polystyrene core
(G3PS-g-SiCl).[*") The coupling reaction of living poly(2-
vinyl pyridine)Li with peripheral Si-Cl went smoothly,
whereas the reaction of living poly(tert-butyl methacrylate)-

Li and Si—Cl formed labile linkage Si—C(CH3)(COO?Bu)
which was unstable in protic solvents. Therefore, the attach-
ment of PIBMA segment was performed through a specially
designed procedure (vide infra).

Synthesis of Dendrimer-like Copolymer G3PS-g-P2VP
Dendrimer-like copolymer with P2VP as the out sphere was
simply prepared by coupling living anionic P2VP chains to
G3PS-g-SiCl. P2VPLi was prepared by living anionic poly-
merization of 2VP initiated by the adduct of sec-BuLi and
DPE (DPHLIi). The designed molecular weight of P2VP was
3.2 x 103 Da, while the measured values by GPC and MA-
LLS on samples taken from the polymerization system were
Mygpc = 3.9 x 10° Da and Mwmarts = 3.1 x 103 Da, respec-
tively. The coupling reaction was performed by charging a
toluene solution of G3PS-g-SiCl into living P2VPLi solution
in THF at approximately —80 °C. The deep red color of the
solution remarkably faded within 5 min. The reaction was
kept for 30 min to ensure a high grafting efficiency, and the
final reaction mixture was quenched with methanol.

Fig. 1 shows the GPC results of dendrimer-like polymers
before and after grafting with P2VPLi. The excessive P2VP
chains were removed through fractionation by non-solvent
(n-hexane) titration. The purified product exhibits a sharp
and monomodal peak shifting to high molecular weight com-
pared with G3PS. The molecular weight of G3PS-g-P2VP
measured by GPC and MALLS was 9.8 x 105 and 6.0 x
106 Da, respectively, remarkably larger than that of G3PS.
Furthermore, the striking difference between the results of
GPC and MALLS indicates a much smaller hydrodynamic
volume relative to linear standards due to the dense branch-
ing in the dendrimer-like product. Note that the molecular
weight (M, gpc) of G3PS in Fig. 1 is different from M, gpc in
Table 1, because these results were obtained from GPC with
different eluents.

From the MALLS-measured molecular weights of G3PS-
g-P2VP and G3PS, and the molecular weight of P2VP, one
can estimate the number of P2VP arms attached to the dend-
ritic molecule, Ny obs. = (6033 —2032) x 103)/(3.1 x 10%) =
1300. Considering the number of Si—Cl groups in the pre-
cursor being 2200,[*11 the efficiency of the grafting reaction
was 59%. This rather low value of grafting efficiency is due
to the steric hindrance caused by overcrowding of peripheral
segments in the precursor.[38] Despite imperfection, the mo-
lecular weight distribution of the final product was narrow
due to the homogenous distribution of defects in the dendri-
tic molecules.

The dendrimer-like copolymers were also characterized by
TH-NMR spectroscopy. As shown in Fig. 2, the signal at
8.00-8.50 ppm is assigned to aromatic proton adjacent to the
nitrogen atom. From integration, the molar ratio of 2VP to St
units in G3PS-g-P2VP was calculated to be 1.78:1, in close
agreement with the value calculated from molecular weight
(MALLS, ((6033 —2032) x 10%)/(2032 x 103) = 1.97:1).

Therefore, these results demonstrate that the present coup-
ling chemistry has afforded dendrimer-like copolymer of
styrene and 2VP, with the latter as the main component con-
stituting the peripheral part of the globular molecule.

https://doi.org/10.1007/s10118-019-2247-7
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aqueous solution

%G)Na

G3PS-g-PMAA

Scheme 1
dendrimer-like G3PS-g-PMAA

Synthesis of Dendrimer-like Copolymer G3PS-g-P/BMA

G3PS-g-SiCl was also used as precursor to prepare dendri-
mer-like copolymer of styrene and /BMA via chlorosilane
coupling reaction. Unfortunately, although G3PS-g-PrBMA
was able to be synthesized by the coupling reaction between
living anionic PPBMA chain and G3PS-g-SiCl, it appeared to
be unstable in protic solvents, such as water and methanol.
The reason was that the formed Si—C(CH3)(COOBu)

Synthetic routes to dendrimer-like polymers: (a) G4-PS, (b) amphiphilic dendrimer-like G3PS-g-P2VPH?*, and (c¢) amphiphilic

moiety would be subject to hydrolysis or alcoholysis, which
thus made Si—C cleave.[*?]

To overcome this problem, we designed a special 4-
step process to introduce PIBMA segments. As shown in
Scheme 1(c), the first step was to synthesize a monoadduct
of MDDPE and sec-BuLi. The reaction was quantitative in
THF, using slightly excessive feed amount of MDDPE.[37]
The second step was the polymerization of tBMA initiated

https://doi.org/10.1007/s10118-019-2247-7
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------ (a) G3PS
[ (b) P2VP
A -=- (c) G3PS-g-P2VP

M, %107 ®

., (Da)
(@) 364.7 120
i) 39 1.09
Pl (o) 9823 139
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9 10 11 12 13 14 15 16
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Fig. 1 GPC curves of dendrimer-like polymers (DMF was used as
the eluent). G3PS-g-P2VP was purified by removing the excess
P2VP, as shown in the inset.
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Fig. 2 'H-NMR spectrum of G3PS-g-P2VP (in CDCl3)

Table 1 Characterization results of polymers involved in the present work *

b c

Sample le\{)n;?l)(%a) 1/11‘61\,4? é]ljsa) pd (g:l]/jg) Narm,thero. © Narmobs.©  Ru (nm) Rg(nm) Rg/Ru

G3PS 4554 2032 1.31 0.1885 260 220 21.6 - -

G3PS-g-nBu 456.4 2034 1.39 0.1839 - - - - -
G4-PS 804.1 14550 1.32 0.2034 2200 1300 47.8 40.5 0.847

P2VP 3.9 3.1 1.09 0.1362 - - - - -
G3PS-g-P2VP 982.3 6033 1.39 0.1401 2200 1300 329 31.6 0.960

PBMA-b-sec-BuDDPE 3.8 4.6 1.12 0.0546 - - - - -

PrBMA-b-P2VP 4.5 5.1 1.12 0.0586 - - - - -
G3PS-g-PrBMA 741.0 8524 1.38 0.0603 2200 1300 36.5 33.8 0.926

2 For G3PS, G3PS-g-nBu, and G4-PS, THF was used as the eluent of GPC, their dn/dc, Ru, and Ry values were measured in THF; For P2VP, G3PS-g-P2VP,
PBMA-b-sec-BuDDPE, PBMA-b-P2VP, and G3PS-g-PfBMA, DMF was used as the eluent of GPC, their dn/dc, R, and R values were measured in DMF;
b My Gpc was determined by GPC; © My marLs was determined by MALLS; ¢ P was calculated by GPC curve; ¢ Narmthero. is the total number of Si—Cl groups
in its precusor; " Narm,obs. = (Mw.MaLLs (G1) — MwmaLLs (Gn — 1))/MwmaLLs (Arm(n)), where 7 is the generation number (the value should not be so accurate; a

number of 1300 represents the average value of the arm number.)

by the monoadduct, giving the polymer containing a DPE
type double bond at the chain end, PIBMA-b-sec-BuDDPE.
The residual MDDPE was dormant during fBMA polymeriz-
ation and was removed by precipitation in methanol/water
after the polymerization. The third step involved the addi-
tion reaction of PaMeStLi to the DPE type double bond to
form a DPE anion. PaMeStLi was chosen because it would
not attack the ester group of PIBMA during the reaction pro-
cess.[431 DP of PaMeStLi was very low, i.e. 3—5, so that it
would not cause much change to the property dominated by
the PIBMA segments. The fourth step was a seeding process
involving the polymerization of 2VP initiated by the DPE
anion. This step was necessary because we found that the
coupling efficiency between G3PS-g-SiCl and DPE anion
was very low, possibly due to steric hindrance of the two
phenyl rings. After seeding a short segment of 2VP (DP ca.
5), the anionic species bearing the PPBMA chain, simply de-
noted as PPBMA-b-P2VPLIi, was easily attached to G3PS-g-
SiCl to form stable dendrimer-like copolymer. All the reac-
tions in the above steps were fast and can be completed with-
in short periods ranging from several minutes to one hour.
Fig. 3 shows the GPC results of dendrimer-like polymers
before and after the coupling reaction with living anionic
polymer chain containing PBMA segment. The excessive
grafting chain was removed by preparative GPC. It is clear

—— (a) G3PS

———-(b) PIBMA-b-sec-BuDDPE
- (c) PP BMA-b-P2VP

- - - (d) G3PS-g-PrBMA

(0

o)

3

M, x 107,

(Da)
(a) 364.7 1.20
(b) 3.8 112
(¢) 45 112
(d) 741.0 1.38

1 1
9 10 11 12 13 14 15 16
Retention time (min)

Fig. 3 GPC curves of dendrimer-like polymers (DMF was used as
the eluent). G3PS-g-PrBMA was purified by removing the excess
PrBMA-b-P2VP, as shown in the inset.

that the molecular weight of PIBMA-b-P2VP was similar to
that of PrBMA-b-sec-BuDDPE, because the molecular
weights of PaMeSt segment and P2VP segment are very
low. Moreover, the molecular weights of polymers from
G3PS to G3PS-g-PrBMA shift to higher molecular weight
side while keeping narrow molecular weight distribution.
The molecular weights of G3PS-g-PrBMA measured by
GPC and MALLS were 7.4 x 105 and 8.5 x 10° Da, respect-
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ively. From the MALLS-measured molecular weights of
G3PS-g-PBMA and G3PS, and the molecular weight of
PBMA-b-P2VP, Nymobs. Was calculated to be ((8524 —
2032) x 103)/(5.1 x 10%) = 1300. The efficiency of the graft-
ing reaction was around 60% due to the steric hindrance
caused by overcrowded peripheral segments in the precursor.
Furthermore, the molecular weight of PIBMA measured by
MALLS was 4.6 x 103 Da, so the content of PABMA in
G3PS-g-PrBMA was 69%.

The successful synthesis of G3PS-g-PrBMA was also con-
firmed by FTIR.[*31 As shown in Fig. 4, the stretching vibra-
tion bands of C=0 and C—O bonds emerge at 1724 and
1142 cm™!, respectively. Moreover, the absorption peaks at
1392 and 1368 cm™! are the characteristics of fert-butyl
group.

Solution Properties of the Dendrimer-like Copolymers
after Respective Protonation and Hydrolysis

Protonation of P2VP segments at the periphery of G3PS-g-
P2VP was performed by treatment with TFA to prepare
amphiphilic dendrimer-like copolymer with multiple positive
charges, G3PS-g-P2VPH".[#4] G3PS-g-P2VP was either
directly dissolved in 0.1 mol/L TFA aqueous solution, or first
dissolved in THF and titrated with TFA, and finally diluted

G3PS

G3PS-g-PBMA

Transmittance

1724 139> \1142
1 1

1
3000 2400 1800
Wavenumber (cm ')

Fig. 4 FTIR spectra of G3PS and G3PS-g-PfBMA

1200 600

1
3600

with 10-fold volume of 0.1 mol/L TFA aqueous solution.
THF was removed by dialysis. As shown in Figs. 5(a) and
5(b), G3PS-g-P2VPH" exhibits the monodispersed size distri-
bution in TFA aqueous solution irrespective of the disso-
lution strategy applied. Nevertheless, both systems resulted
in Rys much larger than that of the copolymer before
protonation, indicating that aggregation happened in the

a b
R, (nm) PDI R,; (nm) PDI
948 0.11 739 0.13
1 1 1 1 1 1 1 1 1 1
10° 10 10 10° 10t 10° 10' 10 10° 10*
R;; (nm) R;; (nm)
¢ d
R, (nm) PDI R, (nm) PDI
245 047 16.5 0.27
1 1 1 1 1 1 1 1 1 1
10° 10 10 10° 10 10° 10 10 10° 10*
Ry; (nm) R, (nm)
Fig. 5 Hydrodynamic radius (Ru) and particle size polydispersity index (PDI) of amphiphilic dendrimer-like

copolymers measured by DLS: (a) G3PS-g-P2VP directly dissolved in 0.1 mol/L TFA aqueous solution; (b) G3PS-g-
P2VP dissolved in THF, titrated with TFA, and finally diluted with 0.1 mol/L TFA aqueous solution (THF was
removed by dialysis.); (¢) G3PS-g-PMAA in 0.1 mol/L NaOH aqueous solution; (d) G3PS-g-PMAA in 0.1 mol/L

NaOH aqueous solution containing 0.1 mol/L NaCl
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solution. It seems that aggregation in the former direct
dissolving system was more serious, thus giving even larger
Ru (94.8 nm versus 73.9 nm).

Hydrolysis of G3PS-g-P/BMA in boiling dioxane in the
presence of HCI yielded an amphiphilic dendrimer-like co-
polymer with multiple negative charges in periphery, G3PS-
g-PMAA. The hydrolyzed product was readily soluble in
0.1 mol/L NaOH aqueous solution. DLS result in Fig. 5(c)
shows two peaks, which are attributed to the aggregation of
G3PS-g-PMAA molecules. After adding NaCl into the solu-
tion to screen the negative charge, monodisperse size distri-
bution was observed with smaller Ry.[*¢] Notably, Ry is
much smaller than that of the precursor copolymer before
hydrolysis in the organic solvent. The reason is the remark-
able difference between the solubility of G3PS core in both
solvents. In THF, G3PS was solvated while in NaOH
aqueous solution, it heavily shrank.

It is interesting to compare the ratios of R,/Ry; of G4-PS,
G3PS-g-P2VP, and G3PS-g-PrBMA, which roughly reflect
the conformation of a polymer molecule in solution.[38:47-49]
G4-PS is a 4t generation of dendrimer-like homopolymers
made from the same G3PS precursor as did for the copoly-
mer, yet with longer segment of PS in the periphery. The res-

10 A (a) Ry=32.9 nm
0.8} Scattering angle Ry, (nm)
_ W —50° 322
‘; 0.6 ’ ---70° 32.6
~ - 90° 329
© ——110° 329
041 S 130° 32.8
021
LU T T A T SRR E
10 107 102 10" 10° 100 102 10° 10
Decay time (ms)
o B (a) Ry = 36.5 nm
08 “.. Scattering angle Ry (nm)
W —— 50 37.9
- A ---170° 37.0
= 0.6 i <. 90° 36.5
S BY -—-110° 36.5
04 4 -----130° 36.3
02t \
O D vt it T e e i
10 10° 102 10" 10° 10° 10* 10° 10*
Decay time (ms)
Fig. 6 Intensity correlation function curves of (A) dendrimer-like

G3PS-g-P2VP and (B) dendrimer-like G3PS-g-PfBMA in DMF at
different scattering angles. In (A), (a) is the distribution function
curve of G3PS-g-P2VP at the scattering angle of 90°; in (B), (a) is
the distribution function curve of G3PS-g-PfBMA at the scattering
angle of 90° (¢ = 5 mg/mL).

ults in THF or DMF are listed in Table 1. It was found that
the R /Ry value of G4-PS in THF is 0.847, indicating a mo-
lecular conformation close to a hard sphere, whereas those of
G3PS-g-P2VP and G3PS-g-PrBMA in DMF are 0.960 and
0.926, respectively, which were more close to hollow
sphere.[#7:48] Therefore, it seems that the dendrimer-like co-
polymers indeed adopted core-shell structure in the solution.
Unfortunately, R,/Ry values of G3PS-g-P2VPH" and G3PS-
g-PMAA are not obtained currently due to difficulties in
measuring dn/dc values.

DLS was employed to confirm the shape of dendrimer-
like polymer.[13.16] As shown in Fig. 6, the beginning values
of intensity correlation function curves at different scatter-
ing angles are very close to each other and Ry calculated by
the intensity correlation function is completely irrelevant to
the scattering angle. These results strongly indicate that
G3PS-g-P2VP and G3PS-g-PrBMA adopted spherical shape
in DMF with the Ry values of around 32.9 and 36.5 nm, re-
spectively.

CONCLUSIONS

Dendrimer-like copolymers of styrene/2VP and styrene/
BMA were synthesized, starting from a 3" generation den-
dritic polystyrene precursor, G3PS-g-SiCl, through a chlo-
rosilane coupling reaction with the living anionic polymer
species. For the copolymer of styrene and 2VP, direct
coupling between chlorosilane and P2VPLi worked well to
form the target dendrimer-like copolymer, G3PS-g-P2VP.
For the copolymer of styrene and tBMA, direct coupling led
to the formation of unstable product. Therefore, a specific 4-
step process was developed to attach PIBMA segments to
G3PS-g-SiCl for preparation of G3PS-g-P/BMA. Although
this process introduced oligo(aMeSt) and oligo(2VP) at the
same time with PfBMA, the content of the latter was
dominant. In general, these anionic coupling reactions led to
the preparation of dendrimer-like copolymers possessing a
dendritic polystyrene core, G3PS, and a dense periphery of
P2VP or PrBMA with up to 1300 number of arms. The
molecular weight was as high as 8.5 x 10° Da and molecular
diameter was as large as 73 nm. The molecular weight
distribution was narrow despite the presence of imperfection
due to steric hindrance or space limit around the branching
points. Furthermore, these products were converted into the
amphiphilic dendrimer-like copolymers by protonation with
TFA and acidic hydrolysis, respectively. The protonated and
hydrolyzed products, G3PS-g-P2VPH* and G3PS-g-PMAA,
were completely soluble in the 0.1 mol/L TFA aqueous so-
lution and 0.1 mol/L NaOH aqueous solution, respectively.
Thus, the present methodology provides a feasible way to
prepare amphiphilic dendrimer-like copolymers with the
dense shell. Although the detailed study on conformation of
the products is still under way, it is predictable that the
amphiphilic dendrimer-like copolymers can be applied as
cationic and anionic unimolecular micelles, nanocarriers and
nanoreactors for controlled release of organic substances, and
promoting organic reaction or polymerizations.
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