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Abstract 

Atom-transfer radical polymerization (ATRP) was investigated to polymerize a styrene 

monomer carrying carbosilane dendrons with 6 terminal allyl branches. Polymers with a 

monomodal molar mass distribution and low polydispersity have been produced, while by 

comparison the free-radical polymerization technique led to chain transfer early in the 

polymerization. Steric effect brought by the dendrons result in a slow polymerization rate, 

leading to an apparent saturation of the degree of polymerization. By pushing up the 

polymerization conditions (eg. increase of temperature or concentration), interchain couplings 

started to take place, most likely from reactions at the allyl branches. These results are very 

similar to the ones previously reported for the anionic polymerization of this same multi-

allylic dendronized monomer. 
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Introduction 

 Polymers carrying functional groups within a precise molecular architecture remain a 

topical issue of high interest as they often constitute the starting point to the preparation of 

advanced or “smart” materials for various applications in nanotechnology, bioscience and 

others…[1] In this respect, dendronized polymers with imbedded side-chain functionalities 

constitute quite innovative molecular platforms due to their ability to adopt by steric effect a 

cylindrical-shaped morphology, and to the high number of functional groups that can be 

introduced at the inner branches or/and at the outer periphery.[2,3] In that context, functional 

dendronized polymers has drawn a strong attention for applications in various fields, 

including biomaterials,[4] catalysis,[5] drug delivery,[6] waste treatment,[7] sensors[8] and 

energy storage.[9]  

 Nevertheless, the preparation of well-defined functional dendronized polymers 

represents a quite challenging task due to the considerable steric constraints brought by the 

bulky dendrons attached to the polymer backbone, and also to the high density of potentially 

sensitive functional groups.[10,11] So far, two efficient synthetic methods have already been 

developed for the synthesis of this novel class of polymers: i) the macromonomer approach, 

for which the preformed dendronized monomer (or a precursor) is directly polymerized, and 

ii) the grafting method, for which the desired dendron units are attached (at once or via a 

stepwise procedure) to the polymer backbone either by a convergent (“graft to route”) or 

divergent (“graft onto route”) manner.[2] The macromonomer approach is usually preferred 

when a perfect dendron structure is targeted, but the trade-off is generally the difficulty to 

achieve high DPs.[12-14] Among all polymerization techniques, however, ring-opening 

metathesis polymerization has proven to be quite efficient in producing dendronized polymers 

of high DPs and of narrow polydispersity.[15,16] 

 Regarding functional dendronized polymers, only a few of them have been prepared 

via a controlled polymerization technique of dendritic macromonomers, so far.[2] For 

instance, atom transfer radical polymerization (ATRP), reversible addition−fragmentation 

chain-transfer polymerization (RAFT) and ring-opening metathesis polymerization (ROMP) 

techniques were used to polymerize dendritic monomers carrying protected hydroxyl[14,16-

19] and amine[20] end-branches. Anionic polymerization technique was also reported by us to 

polymerize dendronized monomers fitted with allyl end-branches.[21]  

 In the specific case of the allyl-ended dendritic monomers polymerized anionically, a 

slow polymerization rate was observed, leading to an apparent saturation of DP, the value of 

which being directly correlated to the bulkiness of the dendritic monomer.[21] Optimization 



of the experimental conditions (better solvent, higher temperature…) was shown to provide 

polymers with significantly higher molar masses, but with slightly increased polydispersity, 

which was explained by the emergence of intermolecular transfer reactions. The 

polymerization of multi-allylic dendronized monomers represents in itself a fundamental 

interest indeed, in order to understand and differentiate the reactivity of the vinyl groups in an 

overcrowded environment, in particular. Moreover, the resulting multi-allyl branched 

polymers constitute valuable intermediates towards the preparation of surface-functionalized 

”nanocylinders”, as the peripheral allyl branches enable a post-polymerization 

functionalization via a number of straightforward reactions (eg. thiol radical addition,[22] 

epoxidation,[23] olefin metathesis,[24] hydrosilylation[12]….). We indeed demonstrated the 

preparation of cylindrical-like particles covered by siloxane chains, perfluorinated chains or 

else by ethyleneglycol chains, leading all to unique properties.[7,25,26] It is clear that a huge 

variety of functional monomers can be directly polymerized by controlled radical 

polymerization (CRP), without passing through an intermediate post-polymer 

functionalization.[27] However, the post-modification of allyl-branched polymer remains of 

high interest in a number of cases, such as i) for the introduction of highly bulky terminal 

groups,[25] ii) for rapidly preparing series of homologues,[7,26] iii) when the functional 

monomers can hardly be synthesized[25] or else, iv) when CRP process is not compatible 

with the functional groups or atoms present on the monomers (eg. bromide and iodine atoms). 

 In this study our objective is to investigate whether the aforementioned multiallylic 

dendronized polymers could be prepared by a (controlled) radical polymerization technique.  

Since the seminal work of Matyjaszewski who demonstrated the excellent ATRP 

polymerization control by using allyl-halide type initiator,[28] the radical polymerization of 

asymmetric multi-vinylic monomers has been intensively investigated and has shown to be 

quite challenging indeed, as the least reactive vinyl groups can also be involved in competing 

chain transfer reactions. This issue has been intensively investigated for -olefin 

methacrylate[29-31] and -olefin styrene[32-35] monomers by ATRP or RAFT techniques, 

in particular. At least for low conversions, these monomers could be polymerized in a 

controlled manner and the olefin branches could be preserved, leading to well-defined alkene-

branched polymers with low polydispersities.  

 In this line, we describe herein the preparation of multi-allylic dendronized polymers 

by using the ATRP technique. The monomer is a styrene derivative substituted by two 

carbosilane dendrons (G1bis) of first generation and terminated with functional allyl groups 

as shown in Scheme 1. This report aims at investigating the (ATRP) polymerization of the 



dendritic monomer G1bis to the corresponding Poly(G1bis), by varying different conditions 

(type of initiator, temperature, solvent…). Free radical polymerization (FRP) of G1bis is also 

used for comparison. Finally, the characteristics of the multiallylic polymers Poly(G1bis) 

obtained by ATRP are compared to the ones previously prepared by anionic 

polymerization.[21] To the best of our knowledge, this is the first report of polymers carrying 

multiple -olefin branches prepared via a “controlled” radical polymerization technique. 

 

EXPERIMENTAL SECTION 

Materials. The monomer G1bis was prepared from the commercially available methyl 3,5-

dihydroxybenzoate in a multistep synthesis, as previously reported.[21] 2,2’-Azobis(2-

methylpropionitrile) (AIBN) was purchased from Aldrich and was freshly recrystallized from 

methanol prior to use. Copper(I) bromide (CuBr), 2-bromopropionitrile (BrPN), malononitrile 

(MN), and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) were purchased from 

Aldrich. Ethyl α-bromoisobutyrate (EBriB) and p-toluenesulfonyl chloride (TsCl) were 

purchased from Alfa Aesar and Acros, respectively. Toluene was dried over KOH overnight 

and then distilled over sodium/benzophenone. Dimethoxyethane (DME) was provided by 

Aldrich (anhydrous and inhibitor-free) and used as received. 

Instrumentation. Isolation of the polymers was performed by passing the crude 

polymerization mixtures through a column filled with a SX1 Bio-Beads SEC gel (Bio-Rad) 

and eluted with THF by gravity flow. Both 
1
H (300 MHz) and 

13
C (100 MHz) NMR spectra 

were measured in CDCl3 solvent (unless specified) using a Bruker AC300 spectrometer. 

Molecular weight determinations were performed in the analytical department of the Institute 

Charles Sadron (ICS) by size exclusion chromatography (SEC). The analysis was carried out 

on a Shimadzu chromatograph fitted with five PLGel 10 μm Mixed B columns (styrene-

divinylbenzene polymer gel) and by using three detection modes: a differential refractometer 

(RI) detector (Shimadzu RID-10A) calibrated with polystyrene standards, a UV detector (λ = 

254 and 280 nm), and a multi-angle laser light scattering (MALLS) detector (Wyatt TREOS, 

λ = 632.8 nm). 

Free radical polymerization (FRP) procedure. The polymerization of monomer G1bis was 

carried out with AIBN as initiator in a degassed sealed tube. Monomer G1bis (1 eq), AIBN 

(0.02 eq), and dry toluene (0.3 M monomer concentration) were placed in a dry glass ampoule 

equipped with a magnetic stirring bar, and the solution was degassed by five freeze-pump-

thaw cycles. Then, the ampoule was flame-sealed under reduced pressure and the mixture was 



stirred at 60°C for 4, 8, or 24 hours. At the desired time, the crude polymerization mixture 

was cooled down and passed through a column filled with SEC gel (eluent THF) to isolate the 

polymer fraction from the unreacted monomer. Then, the polymer fraction was concentrated, 

dried under vacuum, and characterized by SEC chromatography. The conversion was 

calculated from the amount of the recovered polymer and monomer fractions. 

Atom-transfer radical polymerization (ATRP) procedure. All polymerization runs of 

monomer G1-bis were carried out with EBriB, BPrN, or TsCl as initiator, PMDETA as 

ligand, and CuBr in a degassed sealed tube. Monomer G1bis (25 eq), initiator (1 eq), 

PMDETA (3 eq), CuBr (1 eq), and dry toluene at different monomer concentrations from 0.75 

M to 1.9 M (bulk) were placed in a dry glass ampoule equipped with a magnetic stirring bar, 

and the solution was degassed by five freeze-pump-thaw cycles. Then, the ampoule was 

flame-sealed under reduced pressure and the mixture was stirred at 65 or 90°C for 40 hours. 

The polymerization mixture was cooled down and filtered through a pad of alumina. After 

concentration, the filtrate was passed through a column filled with SEC gel (eluent THF) to 

recover the polymer fraction from the unreacted monomer. Finally, the polymer fraction was 

concentrated, dried under vacuum, and characterized by NMR and SEC chromatography. The 

conversion was calculated from the amount of the recovered polymer and monomer fractions. 

The ATRP kinetic investigation was conducted into a Schlenk flask (argon atmosphere) at 

[G1bis]0/[CuBr]0/[PMDETA]0/[Initiator]0 = 25/1/3/1, in dry toluene (C = 1.2 M monomer 

concentration) at 65°C. The aliquots taken at different time were filtered through alumina and 

the filtrate was concentrated and dried, before analysis by SEC. The conversion was 

determined from the comparison of the (renormalized) areas corresponding to the polymer 

and monomer fraction signals obtained by SEC-RI detection. 

 

Results and discussion 

The styrene dendritic monomer G1bis considered in this study is substituted by two 

carbosilane dendrons and carries a total of six allyl terminal branches. This monomer has been 

polymerized by FRP and ATRP with the aim to produce the multiallylic dendronized polymer 

Poly(G1bis), as shown in Scheme 1. The resulting polymers have been characterized by 
1
H 

and 
13

C-NMR, as well as by SEC in order to analyse the shape of the molar mass distribution 

and to determine the molar mass, conversion, and polydispersity. In the first part of the report 

is described the attempts of polymerization by FRP. The results of the investigations by 

ATRP are extensively described in the second part. 



 

 

Scheme 1. Polymerization of allyl-branched dendritic monomer G1bis under FRP (conditions 

1) or ATRP (conditions 2). 

 

 

Free radical polymerization  

G1bis has been polymerized by classical FRP, by using AIBN (2 mol %) as radical promoter 

(Scheme 1). The polymerizations were performed in sealed tubes at a low monomer 

concentration (0.3 M) in toluene at 60°C, and at different reaction times (4, 8, and 24 hours). 

The characterization results and the SEC elution traces of the resulting polymers are given in 

Table 1 and Figure 1, respectively. As a first observation, all polymers showed a high 

solubility in toluene. After 4 hours of reaction (entry 1), only a small amount of polymer was 

produced (14% conversion), which was characterized by a moderate degree of polymerization 

(DPn = 90) and a clear multimodal mass distribution (Figure 1). The increase of reaction time 

to 8 hours raised the conversion to 31%, but offered polymers of similar characteristics. 

Further increase of the reaction time to 24 hours improved both the conversion (72%) and 

DPn (420), but led to a significant aggravation of chain-transfer reactions, as deduced by the 

broad molecular weight distribution (Ð = 4.3) and the multimodal shape signal on the SEC 

trace (Figure 1). These results clearly show that FRP technique is not suitable to polymerize 

our multiallylic G1bis monomer, as interchain couplings -most likely involving couplings to 

allyl branches- are already observed at the early stage of the reaction. 

 

Table 1: FRP of monomer G1bis using AIBN (2 mol.%) in toluene (0.3 M) at 60°C and at 

different polymerization times. 
a
 Mass-average molar mass measured from multi-angle laser 

light scattering (MALLS) detector. 



 

 

 

 

Figure 1: SEC elution traces of Poly(G1bis) obtained from FRP (2 mol.% AIBN in toluene, 

monomer concentration C = 0.3 M, at 65°C) at different reaction times. 

 

Atom-Transfer Radical Polymerization  

The polymerization of G1bis has then been performed by ATRP. In order to optimize the 

conditions of polymerization, several key parameters have been investigated, namely the type 

of initiator, the monomer concentration, the polarity of the solvent, the temperature, and the 

use of a rate-accelerating additive. All conditions and results are summarized in Table 2. 

Given the bulkiness of G1bis and the expected low propagation rate, every polymerization 

run was performed by using a low [G1bis]0/[Initiator]0 ratio of 25, and for a duration of 40 

hours. The polymerization was consistently mediated with the widely used 

[CuBr]/[PMDETA] catalytic system, with a molar ratio [CuBr]0/[PMDETA]0/[Initiator]0 = 

1/3/1 (Scheme 2 and Table 2).  

The type of initiator is of high importance indeed, as it determines the number of growing 

chains. To obtain well-defined polymers with a low polydispersity, it is essential the initiation 

be fast, and transfer and termination steps be negligible.[36] In this work, three well-known 

Entry 
Time 
(h) 

Conv.  
(%) 

𝑀𝑚
a 

(MALLS) 
Ð 𝐷𝑃𝑛 

1 4 14 100000 2.10 90 

2 8 31 110000 2.50 85 

3 24 72 950000 4.30 420 



initiators of styrene polymerization by ATRP were selected: p-toluenesulfonyl chloride 

(TsCl), 2-bromopropionitrile (BrPN), and ethyl α-bromoisobutyrate (EtBriB). TsCl belongs to 

the sulfonyle halide class of initiators and exhibits a very high rate constant of initiation as 

compared to propagation.[37] BrPN and EtBriB are common -halonitrile and -bromoester 

types of initiators, respectively, having different activation rate constants (kact = 23 and 2.7 M
-

1
s

-1
 for BrPN and EtBriB, respectively).[38] Unless specified, all polymerizations were 

performed at 65°C in dry toluene at a monomer concentration C of 1.2 M. 

 

 



 

Table 2: ATRP of monomer G1bis with [PMDETA]:[CuBr]:[Initiator] = 3:1:1 after 40 hours reaction ; 
a
 Number molar mass determined by THF-

SEC with MALLS detector and from Ð (RI detector); 
b
 Calculated as 𝑀𝑛(theo) = Conv.  Molar mass of G1bis  [M0]:[initiator]; 

c 
Indication of 

gelification (Gel) or SEC trace shape with Mono (monomodal), Bi (bimodal), Multi (multimodal); 
e
 Bulk polymerization; 

f
 Utilisation of 

malononitrile as rate-accelerating additive. 

Entry Initiator Solvent 
Conc.  

(mol.L-1) 
Temp.  

(°C) 
Conv.  
(%) 

𝑀𝑛
a 

(MALLS) 

𝑀𝑛
b 

(theo) 
Ð 𝐷𝑃𝑛 Observation c 

1 TsCl Toluene 1.2 65 10 4800 1300 1.24   9 Mono 

2 BrPN Toluene 1.2 65 29 12000 3800 1.25 23 Mono 

3 BrPN Toluene 1.5 65 55 20400 / 2.03 39 Multi 

4 EtBriB Toluene 0.75 65 21 5050 2700 1.09 10 Mono 

5 EtBriB Toluene 1.2 65 52 10800 6800 1.17 21 Mono 

6 EtBriB Toluene 1.5 65 55 10900 / 1.17 21 Bi 

7 EtBriB d 1.9d 65 / / / / / Gel 

8 EtBriB Toluene 1.2 90 61 16300 / 1.63 31 Bi 

9 EtBriB DME 1.2 65 / / / / / Gel 

10 EtBriB e Toluene 1.2 65 85 39600 / 2.65 76 Multi 

11 EtBriB e Toluene 0.75 65 30 15900 3900 1.07 30 Mono 

 

 

 



The first examination of the results reported in Table 2 shows that the monomer G1bis could 

be efficiently polymerized by ATRP and that monomodal SEC traces with a low 

polydispersity (Ð) value could be obtained. However, the results drastically depend on the 

conditions of polymerization. Overall, despite a long reaction time (40 hours) at 65°C, the 

conversion remained low and the degrees of polymerization obtained (9 < DPn < 76) were 

found to deviate largely from the expected DPn ([M]0/[I]0 = 25). These observations primarily 

show a very low propagation rate, obviously arising from the high bulkiness of the monomers. 

Secondly, these results point out a non-quantitative initiation step and the potential presence 

of transfer reactions, as confirmed by the appearance of multimodal distribution and gel 

formation in some runs. The initiation step was systematically found to be incomplete, in 

other words not all molecules of initiator give a polymer chain, as evidenced from the 

difference Mn(MALLS) > Mn(theo) (in table 2 are reported the Mn(theo) values only for polymers 

with monomodal shape distribution). A possible explanation is based on an intrinsically low 

initiation efficiency caused by the poor accessibility of the bulky monomer. Another 

explanation may arise from the reactional mixture preparation we used. Due to the high 

viscosity of the monomer and the procedure used (sealed tubes under vacuum), all reagents 

are mixed together at once, before starting the deoxygenation process. In this case, the active 

Cu(I) complex mixed with the alkyl halide should probably produce many radicals even at 

low temperature, leading to a loss of some initiator by radical termination at the early stage of 

the sample preparation. This phenomenon was further discussed below. 

Let us now examine the influence of the conditions of polymerization on the characteristics of 

the polymers. Among the three initiators investigated, TsCl (entry 1) was the least efficient, as 

it led to the lowest conversion (9%) and the lowest degree of polymerization (DPn = 9). The 

use of the -halonitrile BrPN initiator under the same conditions (entry 2), turned to be more 

efficient, as it led to a slightly higher conversion (29%) and DP (DPn = 23). With BrPN 

initiator again, a small increase of the monomer concentration, from 1.2 to 1.5 M in run 3, 

could further improve the degree of polymerization (DPn = 39), but with a detrimental 

increase of the polydispersity index (Ð = 1.25 to 2.03). The SEC analysis of the polymers 

issued from entries 2 and 3 shows that the increase of concentration was sufficient to promote 

inter-chains couplings, as deduced from the change from a monomodal (entry 2) to a 

multimodal (entry 3) mass distribution. Comparison of entries 2 and 5 shows that a higher 

yield (52% vs 29%) was obtained when substituting initiator BrPN for EtBriB, whilst the 

resulting polymers were relatively similar in terms of molecular weight characteristics. 

Logically, the comparison of the ratio Mn(MALLS)/Mn(theo) should be able to give an insight 



about the initiation efficiency of the initiators. A ratio higher than 1 was calculated for all 

initiators (from 1.5 to 4), but we note that the lowest (and best) values were obtained for 

EtBriB initiator (< 2). This statement should indicate better initiator efficiency for EtBriB, but 

it should be considered very carefully, as the number of polymerization runs to be considered 

was very small. The apparent better initiation efficiency observed for EtBriB might also 

reflect its low ATRP equilibrium constant (KATRP). Actually, EtBriB shows the lowest KATRP 

value (7.510
-8

) as compared to BrPN (5.910
-7

),[38] and most likely also to TsCl,[38,39]. 

EtBriB should then the initiator that reduces the most efficiently the risk of radical 

termination during the sample preparation, as previously discussed. Comparison of entries 5 

to 7 demonstrates that the increase of monomer concentration is directly responsible for the 

occurrence of inter-chains couplings, as evidenced by the change from a monomodal 

distribution (for C ≤ 1.2 M) to a bimodal one (for C = 1.5 M), to a fully crosslinked material 

(for C = 1.9 M, corresponding to bulk polymerization). In the literature, the emergence of 

chain-transfer reactions is classically correlated to the increase of monomer 

concentration.[40,41] Therefore, the challenge is to find the best compromise between a high 

concentration leading to a high conversion and DP, and a dilute medium in order to avoid 

chain-transfers. Here, it seems that the best compromise in terms of molecular weights 

characteristics is obtained at a concentration of C = 1.2 M (i.e. 625 g.L
-1

). The influence of 

temperature was also investigated. Whilst an increase of temperature from 60°C to 90°C 

(entry 8) enabled a slightly higher polymer yield, the major consequence was the emergence 

of inter-chains couplings, as evidenced by the change of modality of the SEC trace and the 

increase of the polydispersity value. Changing the polarity of the solvent turned out to be even 

more catastrophic, as the polymerization medium gelified when toluene was substituted for 

DME (entry 9). In order to enhance the polymerization rate while preserving a narrow molar 

mass distribution, the use of malononitrile (MN) as a rate-accelerating additive, was 

investigated. Previously reported by Yousi and co-workers,[42] the addition of a catalytic 

amount of MN during ATRP of styrene (optimal molar ratio of MN/initiator 4/1) led to a 

remarkable rate enhancement while maintaining a low polydispersity value. Thus, G1bis was 

polymerized under the same conditions as for entry 5, but in presence of MN (MN/initiator 

4/1, entry 10). The results led to a higher polymerization rate, as demonstrated by the higher 

yield (85% vs 52%) and DPn (76 vs 21) achieved (compare entries 11 vs 5). However, 

significant chain-transfer was obtained for this run, as deduced from the high polydispersity 

value (Ð = 2.65) and the multimodal mass distribution. Finally, a last attempt with MN was 

performed at a lower concentration (0.75 M vs 1.2 M, entries 11 vs 10). Despite a moderate 



conversion (30%), the resulting polymer Poly(G1bis) displayed a relatively high degree of 

polymerization (DPn = 31) and a narrow mass distribution (Ð = 1.07) of monomodal shape. 

This last result demonstrates the positive effect of MN additive on the propagation rate, 

provided that the monomer concentration was sufficiently low.  

If one excludes the use of the rate accelerator MN, the best polymerization conditions of 

G1bis were observed for a monomer concentration C = 1.2 M, in toluene solvent at a 

temperature of 65°C and with BrPN or EtBriB as initiator (entries 2 or 5, respectively). Under 

these conditions, Poly(G1bis) was provided in good yield (up to 50% conversion) with DPn 

~20-25 and Ð < 1.25. The absence of significant transfer reactions is confirmed by the 

monomodal shape distribution in the SEC traces and the apparent preservation of the allyl 

branches in the 
1
H and 

13
C NMR spectra (Figure 2). It is also worth mentioning the 

remarkable solubility of PG1bis polymers in a broad range of solvents, including diethylether 

and hexane. 

 

 

 

 



 

Figure 2. 
1
H-NMR (top) and 

13
C NMR (bottom) spectra of Poly(G1bis) obtained from ATRP 

(entry 5). 

 

 

Based on these results, a kinetic investigation of the ATRP polymerization of G1bis was 

performed. This study was conducted in similar conditions as for entry 5 (Table 2) and in a 

time range up to 46 hours ([G1bis]0/[CuBr]0/[PMDETA]0/[EtBriB]0 = 25/1/3/1 ; T = 65°C ; C 

= 1.2 M). Figure 3 shows the SEC traces of the polymerization crude recorded at different 

reaction times. At t = 0, only a signal corresponding to monomer G1bis is detected (green 

curve). Then, upon increase of the reaction time (t = 2 hours), a new signal appears at a lower 

elution volume whilst the right-most signal is seen to decrease in intensity. It indicates that 

G1bis is consumed and that the corresponding polymer is formed. By further increasing the 

reaction time, the left-most signal is seen to increase in intensity and to shift to lower elution 

volumes. This is in agreement with an increase of the degree of polymerization and of an 

increase of conversion (see insert in Figure 3). At t = 36 and 46 hours, we note the presence of 

a shoulder in the SEC peaks which reveals the emergence of interchain couplings.  
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Figure 3. Evolution of the SEC traces as a function of time  during ATRP of monomer G1bis 

([G1bis]0/[CuBr]0/[PMDETA]0/[EtBriB]0 = 25/1/3/1; solvent: toluene; temperature: 65°C; 

monomer concentration: C = 1.2 M). In insert: polymer conversion with reaction time. 

 

 

The molecular weight (Mn) dependence with conversion shows three different regimes (Figure 

4): Mn is found to rapidly increase at low conversion (< 30%) then, between 30 to 60% its 

progression is slowed, and eventually seemingly diverges. The two first regimes can be 

explained by the monomer accessibility to the polymeric radical species. At the early stage of 

the polymerization, the oligomer growth is not limited by the steric effects, but as the size of 

the polymer increases (i.e. for DPn > 10), the steric constraints become much stronger and the 

propagation becomes limited by the monomer diffusion.[43] The last regime is correlated to 

the onset of interchain couplings (at ca. conversion > 60% and DPn > 25). The emergence of 

the competing interchain couplings at longer reactions times can be visualized from the 

shoulder formation in the polymer SEC peaks (figure 3) and from the slight increase of the 

polydispersity value (Figure 4) which remains, nevertheless, limited to Ð < 1.5. The 

dependency of 𝐿𝑛([𝑀]0/[𝑀]𝑡) on polymerization time (Figure 5) shows a first-order kinetics 

up to about 30 hours (𝑘𝑎𝑝𝑝 = 5 × 10−4  M-1
.s

-1
), then a deviation from linearity is observed, 

in agreement with the interchain coupling formation, as mentioned above. 

0 10 20 30 40 50
0

20

40

60

80

100

 

 

c
o
n
v
e
rs

io
n
 (

%
)

Time (hours)



0 10 20 30 40 50 60 70 80 90 100
0

5000

10000

15000

20000

Conversion (%)

M
n
 (

g
.m

o
l-1

)

1.0

1.2

1.4

1.6

1.8

2.0

P
o

ly
d

is
p

e
rs

it
y

 

Figure 4. Dependence of molecular weight (Mn) and polydispersity (Ð) on the monomer 

conversion for the polymerization of G1bis in toluene (C = 1.2 M) at 60°C with 

[G1bis]0/[CuBr]0/[PMDETA]0/[EtBriB]0 = [25]/[1]/[3]/[1]. 
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Figure 5. Kinetic plot for the polymerization of G1bis in toluene (C = 1.2 M) at 60°C with 

[G1bis]0/[CuBr]0/[PMDETA]0/[EtBriB]0 = [25]/[1]/[3]/[1].  

 



 

Overall, the ATRP polymerization kinetics of G1bis described above, strongly resemble the 

results previously obtained for same monomer by means of anionic polymerization.[20] In 

both cases, once the early oligomer regime is passed, the huge steric constraints brought by 

the highly branched G1bis monomer lead to a significant slowdown of the propagation. This 

effect is such that an apparent saturation of DP is observed. It is important to highlight that a 

similar polymer size limitation (i.e. DP ≈ 25-30) is observed, whichever ATRP or anionic 

polymerization conditions are used. This apparent stoppage of the propagation then leaves 

room to competing chain-transfer reactions (most likely taking place at the allyl branches), 

leading to an increase of the polymer polydispersity (Ð > 1.2) when extended reaction times 

or increased temperature are used. 

 

 

Conclusion 

Dendronized styrene monomer G1bis carrying six allyl branches were successfully 

polymerized under ATRP conditions. Multiallylic dendronized polymer Poly(G1bis) of 

monomodal molar mass distribution and low polydispersity (Ð ≤ 1.25) were thus been 

prepared. During the polymerization, the increasing steric effects brought by the bulky 

dendrons attached to the styrene units were found to drastically slow the polymer propagation, 

ultimately leading to an apparent saturation of DP. Surprisingly, the limitation was found for 

DP ≈ 25-30, similarly to what was found when the same G1bis monomer was polymerized by 

anionic polymerization. This observation tends to show that the polymer growth of sterically 

demanding monomers is first and foremost limited by steric factors (and diffusion), rather 

than by the polymerization technique.  

In order to obtain Poly(G1bis) polymers of high DPs with low polydispersities, the ATRP 

polymerization of G1bis required a high monomer concentration and a long reaction time. 

Best results were obtained by using EtBrIB or BrPN initiator, or alternatively in the presence 

of malononitrile as a rate-accelerator, provided that a lower monomer concentration was used. 

All attempts to target very high molecular weights (e.g. by increasing the temperature, the 

concentration or the reaction time) irremediably resulted in the formation of interchain 

couplings, as evidenced by the emergence of a multimodal SEC trace and of an increase of 

polydispersity. These couplings, most likely involving reactions at the allyl branches, were 

nevertheless substantially fewer than the ones observed when G1bis was polymerized by free-

radical polymerization. Notably, before the apparent stoppage of the polymer growth, it seems 



that most of the allyl branches are preserved during the polymerization, as evidenced by NMR 

and SEC analyses, in particular.  

To the best of our knowledge, these Poly(G1bis) polymers reported herein constitute the first 

example of polymers carrying multiple alkene pendants, prepared by a “controlled” radical 

polymerization technique. These results then pave the way to the preparation of well-defined 

polymers with multiple reactive alkene groups, as well as to the controlled-radical 

polymerization of sterically demanding macromonomers. 
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