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Synthesis of amphiphilic diblock copolymers 

derived from renewable dextran by nitroxide 

mediated polymerization: towards hierarchically 

structured honeycomb porous films 

 

 

Senbin Chen, Marie-Hélène Alves, Maud Save and Laurent Billon* 

A dextran-based macroalkoxyamine was designed by a two steps end functionalization of the 

initial polysaccharide. Nitroxide mediated polymerization of styrene (S) and methyl methacrylate 

(MMA) afforded both dextran-b-P(S-co-MMA) and dextran-b-PS amphiphilic linear diblock 

copolymers. We subsequently investigated their ability to generate honeycomb structured films 

using “Breath Figure” (BF) technique, a method involving the condensation of water droplets 

during rapid evaporation of a polymer solution under humid conditions. The quality of pore 

ordering of resultant films was characterized by different microscopy techniques (optical, 

scanning electron (SEM) and atomic force (AFM) microscopies). While non-spherical pores were 

observed for dextran-b-P(S-co-MMA) copolymers, an organized pattern of spherical pores was 

produced with dextran-b-PS amphiphilic copolymers leading to ordered porous bio-hybrid films. 

The Flory-Huggins interaction parameter χ of the couple PS/dextran is sufficiently high to induce 

a nanophase separation in between the pores, leading to a hierarchically structured honeycomb 

film based on renewable dextran block. 

Introduction 

Polysaccharides are an important class of biological natural 

polymers, its abundant, biodegradable and inexpensive 

characters have recently attracted remarkable attention. 

However, the extension of polysaccharides scope in materials 

applications is limited by the lack of properties inherent to 

natural polymers.1 Aiming at implanting novel chemical and 

physical properties on polysaccharides, numerous efforts have 

been paid on their chemical modification by synthetic 

hydrophobic moieties. In particular, great successes have been 

achieved by utilizing the grafting strategy from the 

polysaccharide backbone.1 In contrast, linear diblock 

copolymer structures combining polysaccharide and synthetic 

segments have been far less explored in comparison to grafted 

structures, until now.1-2  

Three main routes towards the design of polysaccharide-based 

block copolymers were systematically summarized by Schatz 

and Lecommandoux.2 The first route involves the end-to-end 

coupling reaction between polysaccharide and synthetic blocks 

by effective reductive amination,3-4 popular azide-alkyne 

cycloaddition (CuAAC)5-10 or oxime condensation click 

chemistry.11 The second one is based on the in vitro enzymatic 

polymerization of glucosidic units initiated from end-capped 

synthetic polymers.12-14 The third route relies on polymerizing 

the synthetic block from the polysaccharide segment adequately 

functionalized at its reducing end. This straightforward pathway 

was already reported by utilizing ring-opening polymerization 

(ROP),15 conventional radical polymerization16-17 and 

controlled radical polymerizations (CRP or RDRP for 

reversible deactivation radical polymerization), such as atom 

transfer radical polymerization (ATRP),18-22 and reversible 

addition fragmentation chain transfer (RAFT) techniques.23 

Among the CRP techniques, nitroxide mediated polymerization 

(NMP) technique is interesting for its ability to create radicals 
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and controlling agent by a simple thermal dissociation of an 

alkoxyamine in the absence of either metallic catalyst or 

additional initiator.24 A few examples reported the use of NMP 

to synthesize grafted amphiphilic copolymers based either on 

chitosan25-26 or on β-cyclodextrin,27 but to the best of our 

knowledge, NMP has not been implemented yet to synthesize 

polysaccharide-based linear amphiphilic copolymers.  

The marriage of sugar based copolymers including 

glycopolymers or natural polysaccharides, with versatile and 

innovative “Breath Figure” BF method has stimulated wide 

interests.28-30 For instance, honeycomb structured films 

prepared from amphiphilic grafted polysaccharide copolymers 

have been described, mainly by hydrophobically modifying 

cellulose.31-32 Polystyrene comb polymers built from cellulose 

backbones were used to prepare honeycomb structured films.31 

It was suggested that the regularity of the porous films was 

influenced by the density, the length and the chemical nature of 

polymer grafts.31-32 Based on regioselectively modified 2,6-

(dimethylthexylsilyl) cellulose with ethylene glycol side chains, 

regular honeycomb structured films were also prepared by 

Kadla et al..33 The authors further investigated the site-specific 

modification of robust open framework cellulosic structures 

using “click” chemistry.34 Meanwhile, by synthesizing 

polystyrene-b-poly(2-(β-D-galactosyloxy)ethyl methacrylate-

co-styrene) linear amphiphilic block copolymers by NMP, our 

group successfully prepared lectin recognizable glyco-based 

biomaterials in the form of porous films relying on BF 

technique.35 In the same vein, aiming at investigating the 

influence of the amphiphilic glyco-copolymer microstructure 

on the honeycomb film formation by BF method, block, 

statistical, and gradient copolymers carrying glycopolymers 

were investigated, considering that a high hydrophobic fraction 

is required for honeycomb film formation.36 Mixing 

poly(methyl methacrylate) and amphiphilic glycopolymers was 

described as an approach to control the topography and the 

functionality of polymeric surfaces in porous films obtained by 

BF technique.37 

As summarized above, honeycomb films based on natural 

polysaccharides mainly involved grafted copolymers. However, 

the microphase separation observed in amphiphilic block 

copolymers based on a natural hydrophilic oligosaccharide and 

a hydrophobic synthetic polymer was attractive to design 

nanostructured continuous polymer films.5, 7 Moreover, we 

previously demonstrated that hierarchically structured 

honeycomb films can be successfully prepared through the 

“Breath Figure” BF process involving coil-coil diblock 

copolymers able to self-assemble into nano-segregated 

structures.38-40 

Herein, we present for the first time a straightforward 

methodology for the synthesis of two different linear 

amphiphilic diblock copolymers based on dextran as a first 

block and either poly(methyl methacrylate-co-styrene) 

statistical copolymer or polystyrene as second block. For that 

purpose, the dextran chain end will be derivatized to introduce 

a SG1-based alkoxyamine able to initiate and control the 

subsequent polymerization of S and MMA by nitroxide 

mediated polymerization (NMP). Both types of diblock 

copolymers, i.e. dextran-b-P(S-co-MMA) and dextran-b-PS, 

will subsequently be subjected to BF method to fabricate 

honeycomb structured films. In the present work, the effect of 

the nature of the hydrophobic block on pore shape and 

organization in the honeycomb films will be investigated. The 

ability of a dextran-based diblock copolymer to create internal 

nanostructure will be discussed. 

Experimental Part 

Materials.  

Hexylenediamine (aldrich, 98 %), NaBH3CN (aldrich, 95 %), N-

hydroxysuccinimide (NHS, aldrich, 98 %), N,N′-

dicyclohexylcarbodiimide (DCC, aldrich, 99 %), 1,1,1,3,3,3-

hexamethyldisilazane (HMDS, Aldrich, 99.9 %), triethylamine 

(TEA, aldrich, 99 %), 1,3,5-trioxane (aldrich, 99 %) and 

trifluoroacetic acid (TFA, aldrich, 99 %) were used as received. N-

(2-Methylpropyl)-N-(1- diethylphosphono- 2,2-dimethylpropyl)-O-

(2-carboxylprop-2-yl) hydroxylamine initiator (so-called 

BlocBuilder®, 99 %, named BB) and the N-tert-butyl-N-(1-diethyl 

phosphono-2,2-dimethylpropyl) nitroxide (SG1, 88.4 %) were kindly 

provided by Arkema (France). Dextran (Dextran 4 Techn. Grade, 

Mn = 2600 g.mol-1, Mw/Mn = 1.46, and number-average degree of 

polymerization DPn = 16 was determined by SEC using H2O as 

eluent in previous report) was purchased from Serva Electrophoresis. 

Diethyl phosphite (aldrich, 98 %) was distilled before use, styrene 

(S, aldrich, 99 %) and methyl methacrylate (MMA, aldrich, 98.5 %) 

were freshly deinhibited using an inhibitor remover. Unless 

otherwise indicated the other chemicals were used without further 

purification. 

Characterization Methods. 

NMR spectra were recorded using a Bruker 400 MHz 

spectrometer at 25 oC. 1H and 31P measurements were 

performed at frequencies of 400.13 and 161.98 MHz, 

respectively. CDCl3, DMSO-d6 or a mixture of DMSO-d6 with 

CDCl3 or pyridine-d5 was used as solvent. 

The polymers were characterized of by Size Exclusion 

Chromatography (SEC) running in THF at 30 oC (flow rate: 1 

mL.min-1) or in DMF + LiCl (5 g.L-1) at 50 oC (flow rate: 0.5 

mL.min-1) as eluent, equipped with a Viscotek VE 1121 

automatic injector, three columns (Waters HR0.5, HR2 and 

HR0.5), and a differential refractive index detector (Viscotek 

VE3580). SEC columns were calibrated against PMMA and PS 

standards for dextran-b-P(S-co-MMA) and silylated dextran-b-

PS, respectively. 

Pictures from optical microscopy were taken in reflection with 

a Leica DM/LM microscope equipped with ×100 optic and a 

Leica DFC280 video camera. The regular image treatments 

were performed with the Image Manager IM50 software. The 

2-Dimensional Fast Fourier Transform was performed with the 

2D FFT function available on Igor Pro® software. 

Scanning electron microscopy (SEM) images were achieved 

using an Electroscan E3 scanning microscope, operated at an 
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accelerating voltage of 25 keV. Electron micrographs of the 

sample were recorded at different magnifications, ranging from 

500 to 3000. 

Images by atomic force microscopy (AFM) were performed on 

the Multi mode 8 (BrükerNano) using triangular silicon nitrid 

cantilevers from Brüker-probe (ScanAsyst-Air). The images 

were scanned in PeakForce QNM (Quantitative 

NanoMechanics), an extension of Peak Force TappingTM 

mode, under ambient conditions. The height channel displays 

topographical images of the samples and the peak force below 

the baseline shows an adhesion map of sample. 

SYNTHESIS OF END-GROUP AMINATED DEXTRAN: DEXTRAN-

NH2. 

Dextran-NH2 was synthesized according to literature method 

with slight modification.41 Dextran (1.0 g, Mn = 2600 g.mol-1, 

0.4 mmol) dissolved in 2 mL distilled water, was treated with 

hexylenediamine (1 mL, 8 mmol, 20 eq.) and stirred for 2 h. 

NaBH3CN (125 mg, 2 mmol) was then added, and the reaction 

mixture was continuously stirred at room temperature 

overnight. The solution was precipitated in MeOH two times, 

after filtration and dried under vacuum, the obtained product 

dextran-NH2 was characterized by 1H NMR spectrometry. 

 

SYNTHESIS OF MACRO INITIATOR: DEXTRAN-SG1.  

The preparation of a BlocBuilder derived alkoxyamine 

bearing a N-succinimidyl (NHS) ester group (named NHS-BB 

in) was synthesized according to reference.42 In a nitrogen 

conditioned flask equipped with a magnetic stirrer, BlocBuilder (5 

g, 13.1 mmol) and N-hydroxysuccinimide (1.81 g, 15.7 mmol) were 

dissolved in THF (20 mL). After cooling to 0 oC, a degassed 

solution of DCC (3 g, 14.4 mmol) in THF (5 mL) was added. The 

reaction was stirred at 0 oC for 1.5 h and then at room temperature 

for one night, the reaction mixture was filtered in order to remove 

the precipitated N,N’-dicyclohexylurea (DCU), the solution was 

concentrated under reduced pressure and precipitation was 

performed in pentane. The obtained solid was dried and used for the 

functionalization of dextran-NH2 without further purification. 

Freshly synthesized dextran-NH2 (1.0 g, 0.33 mmol) and NHS-

BB (0.8 g, 1.7 mmol, 5 eq.) were mixed together in 5 mL dried 

DMSO, then stirred at RT for 1 day. The reaction solution was 

subsequently precipitated in methanol. The white precipitation 

(dextran-SG1) was collected and dried under vacuum, then 

characterized by 1H and 31P NMR. The average functionality of 

dextran-SG1 given by 1H NMR (65 %, see calculation in 

supporting information) was chosen for further calculation of 

alkoxyamine concentration. The average value provided by 31P 

NMR is in the same range (61 %, see ESI) but was not 

considered due to the additional error introduced by considering 

the mass of the introduced sample.   

 

COPOLYMERIZATION OF MMA AND STYRENE MEDIATED BY 

DEXTRAN-SG1. 

Solution copolymerization was mediated by dextran-SG1 at 90 
oC in DMSO. A mixture of MMA (2.5 g, 2.5 × 10-2 mol), 

styrene (0.78 g, 7.5 × 10-3 mol), SG1 (0.002 g, 6.5 × 10-6 mol), 

dextran-SG1 (0.30 g, functionality = 65%, 6.5 × 10-5 mol of 

alkoxyamine), 1,3,5-trioxane (127 mg, 1.4 × 10-3 mol) and 15 

mL DMSO was typically transferred into a flask sealed with 

rubber septum, deoxygenated by nitrogen bubbling for 30 min 

at room temperature, then immersed in a thermostated oil bath. 

Samples were periodically withdrawn to follow the monomer 

consumption using 1,3,5-trioxane as an internal reference by 1H 

NMR. The reaction was stopped by plunging the flask into 

liquid nitrogen. The polymer was subsequently precipitated 

twice into methanol in order to eliminate the residual monomer 

and 1,3,5-trioxane. The recovered polymer was dissolved in 

DMSO/DMF (1/2, v/v) and further extensively dialyzed against 

distilled water using a dialysis tubing (molecular weight cut-

off: 6000-8000 g.mol-1) for 3 days to remove free dextran. The 

obtained polymers were dried and characterized by 1H NMR 

and SEC.  

The molar mass and composition of purified dextran-b-P(S-co-

MMA) were evaluated by 1H NMR (Figure 3) from the ratios 

of the intensities of the three following peaks: 4.70 ppm (15 

anomeric protons of the dextran backbone), 6.50-7.60 ppm 

(5nH aromatic protons of PS, with n being the degree of 

polymerization of PS) and 0.08-2.10 ppm (5mH CH3-, -CH2- of 

PMMA, 3nH -CH-, -CH2- of PS, with m being the degree of 

polymerization of PMMA, 38H of SG1 group of dextran-SG1) 

(see calculation in Electronic Supplementary Information 

(ESI)). 

 

POLYMERIZATION OF STYRENE MEDIATED BY DEXTRAN-SG1. 

Solution polymerization of styrene was mediated by dextran-

SG1 at 120 oC in the mixture of DMSO/DMF. Typically, the 

solution polymerization of styrene (3.0 g, 2.9 × 10-2 mol) was 

carried out using dextran-SG1 (0.30 g, functionality = 65 %, 6.5 

× 10-5 mol), DMSO (7mL), DMF (13 mL) and 1,3,5-trioxane 

(127 mg, 1.4 × 10-3 mol) as an internal reference for the 

measurement of styrene consumption via 1H NMR. A stock 

solution was transferred into flask sealed with rubber septum, 

deoxygenated by nitrogen bubbling for 30 minutes at 0 oC, then 

immersed in a thermostated oil bath. Samples were periodically 

withdrawn to follow the monomer consumption by 1H NMR. 

The reaction was stopped by plunging the flask into liquid 

nitrogen. The polymer was subsequently precipitated twice into 

ethanol in order to eliminate the residual monomer and 1,3,5-

trioxane. The obtained precipitation was dissolved in 

DMSO/DMF (1/2, v/v) and further extensively dialyzed against 

distilled water using a dialysis tubing (molecular weight cut-

off: 6000-8000 g.mol-1) for 3 days to remove free dextran. The 

obtained polymers were dried and characterized by 1H NMR 

and SEC.  

The molar mass of pure dextran-b-PS was evaluated by 1H 

NMR (Figure 5B) from the ratios of the intensities of the two 

following peaks: at 5.21 ppm (15 anomeric protons of the 

dextran backbone), 0.90-2.45 ppm (3nH -CH-, -CH2- of PS, 
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with n being the degree of polymerization of PS and 38H of 

SG1 group of dextran-SG1). 

 

SILYLATION OF DEXTRAN AND DEXTRAN-b-PS. 

Silylation reaction of OH groups in the dextran backbone was 

performed according to literature method 43 using 1,1,1,3,3,3-

hexamethyldisilazane as protecting agent. Typically, dried dextran-

b-PS was dissolved by freshly dried DMSO/THF (1/1, v/v) in a N2-

purged flask, equipped with a stopcock and connected to an oil valve 

for ammoniac evolution, then HMDS (4 eq to OH groups of dextran) 

and TEA (0.2 eq to OH groups of dextran) were added. The reaction 

medium was subsequently stirred at 60 oC for 48h. Then the reaction 

solution was concentrated and recovered by precipitation in EtOH to 

afford expected silylated-dextran-b-PS. The degree of silylation for 

different block polymers was ranging between 85 and 100 % (see 

example in Figure S2 in ESI). 

Preparation of copolymer porous films. 

The preparation of the porous structure using the “Breath 

Figure” BF approach was conducted in a Perspex glove box 

with relative humidity (RH) control, between 50 and 75% of 

RH at 20 oC. The humid air flow was set at 2 L.min-1. 5-15 mg 

of polymers were first stirred overnight in 1mL of CHCl3. The 

resultant cloudy solution was then sonicated for 15 min to form 

a homogeneous solution before casting onto a glass substrate in 

the Perspex box. The porous films were usually obtained within 

30 seconds due to the high solvent volatility. 

 

Results and discussion 

The biohybrid block copolymers containing a renewable 

polysaccharide block and a synthetic polymer block were 

designed by a three steps procedure. First, the initial dextran 

was end-modified in two steps to introduce the SG1-based 

alkoxyamine (Scheme 1) before the further chain extension of 

the dextran-SG1 macronitiator by NMP polymerization of 

styrene and methyl methacrylate. 
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Scheme 1. Route for synthesis of dextran-SG1 macroalkoxyamine. 

SYNTHESIS OF DEXTRAN-SG1 MACRO-ALKOXYAMINE. The 

synthesis of dextran-SG1 was realized as described in Scheme 

1, without employing any protection/deprotection strategy or 

metal catalyst. 

The ω-functionalization of dextran was primarily tailored by 

introducing an amine group via effective reductive amination. 

After purification of the amino-dextran (dextran-NH2) by 

precipitating the polymer into methanol, the recovered white 

solid was analysed by proton NMR (Figure 1). The effective 

incorporation of hexylenediamine was first evidenced by the 

appearance of the peaks at chemical shifts of 1.35 ppm (–NH-

CH2-CH2-CH2-CH2-CH2-CH2-NH2) and 1.22 ppm (–NH-CH2-

CH2-CH2-CH2-CH2-CH2-NH2) characteristic of eight protons of 

hexylenediamine moiety (Figure 1C). The protons of –NH-

CH2 and -CH2-NH2 methyne groups are embedded in the signals 

of DMSO and dextran. .In agreement with previous results,21, 23, 

41 the reductive amination of dextran with a molar excess of 

hexylenediamine in the presence of sodium cyanoborohydride 

was quantitative. The presence of an amine group in ω-position 

of dextran chain was further exploited to generate the dextran-

SG1 macroalkoxyamine by amidation reaction between an 

activated ester (NHS-BB) and an amine group. For that 

purpose, the BlocBuilder derived alkoxyamine bearing a N-

succinimidyl (NHS) ester group (named BB-NHS in Scheme 1) 

was first synthesized according to reference.42 

After the purification step by precipitation into methanol, the   

SG1 
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Figure 1. Overlay of 
1
H NMR spectra recorded in DMSO-d6 at 25

o
C of: A: BlocBuilder®, B: initial dextran, C: dextran-NH2, D: dextran-SG1. 

obtained white solid (dextran-SG1) was analysed by 1H NMR 

(Figure 1D). The evidence of successful incorporation of SG1-

based alkoxyamine was provided by the appearance of the 

typical peaks of BlocBuilder® at chemical shifts ranging 

between 1.0 and 1.62 ppm (Figure 1A & D). The degree of 

functionalization was subsequently determined from relative 

integration of dextran-SG1 end group peaks (from 0.91 to 1.62 

ppm) and the peak of anomeric protons of dextran (from 4.58 to 

4.76 ppm) (Figure 1D). The degree of functionalization was 

calculated as being 65 % (detail of calculation in ESI). Thanks 

to the phosphorous atom of the N-tert-butyl-N-(1-diethyl 

phosphono-2,2-dimethylpropyl) nitroxide, so-called SG1, it was 

also possible to calculate the degree of functionalization of 

dextran-SG1 by 31P NMR analysis. A degree of 

functionalization of 61 % was calculated from the integrations 

of both peaks at chemical shift of δ = 27.0 ppm and δ = 8.4 

ppm corresponding respectively to dextran-SG1 and the freshly 

distilled diethyl phosphite as internal reference (Figure S1 in 

ESI). These both results are in good agreement and reveal the 

successful chemical modification of dextran by the SG1-based 

alkoxyamine. 

COPOLYMERIZATION OF S/MMA MEDIATED BY DEXTRAN-

SG1. Although successful syntheses of linear block copolymers 

containing dextran have been previously reported by different 

controlled radical polymerization (CRP) techniques, the 

employed strategies required either protection/deprotection 

steps of dextran prior to ATRP polymerization carried out in 

homogeneous media,21 or relied on RAFT polymerization 

performed in aqueous dispersed media (emulsion 

polymerization), which resulted in higher dispersity values.23 A 

combination of oxime click reaction and ATRP has been 

recently applied to synthesize dextran-b-poly(2-

(dimethylamino)ethyl methacrylate) diblock copolymer in 

homogeneous media (DMSO solvent) but in the absence of 

polysaccharide protection/deprotection steps.22 The purpose of 

the present work is first to synthesize dextran-b-(PMMA-co-S) 

block copolymers by NMP in DMSO as both dextran and 

PMMA blocks are soluble in this solvent. The absence of 
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metallic catalyst in NMP is advantageous to reduce the 

purification steps of the final copolymer. According to 

literature, the addition of a minimum of 4-10 mol-% of styrene 

is required for controlling MMA polymerization initiated by 

BlocBuilder® alkoxyamine,44-45 by reducing the fraction of 

irreversible terminations between the propagating radicals and 

β-hydrogen transfer from a propagating radical to a free-SG1 

nitroxide.44, 46 In the present work, the initial fraction of styrene 

(fS) was set at 23 mol-% for the synthesis of dextran-b-

(PMMA-co-S) block copolymers by NMP carried out in DMSO 

at 90 °C (Table 1). The initial experimental conditions, final 

monomer conversions and features of the synthesized 

copolymers are gathered in Table 1. 

Figure 2 shows linearity of first order kinetic plot for the 

S/MMA copolymerization initiated by dextran-SG1 

macroalkoxyamine, which is indicative of a constant 

concentration of propagating radicals. Through linear trend of 

the number-average molar mass (Mn) of the copolymer versus 

conversion, the controlled nature of polymerization was further 

indicated by the shift of the unimodal SEC traces towards lower 

elution volume together with the decrease of the copolymer 

dispersity values (Ð = Mw/Mn) as conversion increases (Figure 

2). It can be noticed that reasonable average dispersity values

Table 1. Experimental conditions and results for synthesis of dextran-b-P(S-co-MMA) and dextran-b-PS block copolymers by NMP.

a Polymerization carried out in DMSO (15 mL) at 90 oC, [M]0/[I]0 = 500, 10 mol % of free SG1 was added. b Polymerization carried out in DMSO (7 mL) and 

DMF (13 mL) at 120 oC, with [M]0/[I]0 = 440. c Initial concentration of alkoxyamine initiator calculated as follows: [I]0 = ((mdextran-SG1/Mn,dextran-SG1) × 0.65]/V, 
as the alkoxyamine functionality of dextran-SG1 is 65 %. d Initial molar fraction of styrene in the co-monomer mixture. e Overall monomer conversion from 
1H NMR. f Molar fraction of styrene in the final copolymers calculated by 1H NMR. g Theoretical number-average molar mass was evaluated from the 

following equation: Mn,theo = Mn,dextran-SG1 + conv. × ([M]0/[I]0) × MM. 
 h Mn determined from 1H NMR. i Mn from SEC in DMF. j Mn of dextran-b-P(MMA-co-S) 

copolymer measured by SEC in DMF. k Mn of dextran-b-PS copolymer deduced from Mn of silylated dextran-b-PS measured by SEC in THF.  

 
Figure 2. NMP copolymerization of MMA/S initiated by dextran-SG1 (T = 90 °C, 

DMSO), (top left) first-order kinetic plots, (top right) Mn,SEC (squares), dispersity Ð 

(triangles) and Mn,theo (straight line) versus conversion, (bottom) evolution of the 

SEC traces (Expts 1-4 of Table 1). 

were obtained (Ð = 1.54 – 1.61 in Table 1) if bearing in mind 

that initiation took place from a polydisperse dextran-SG1 

macroalkoxyamine (Ð dextran = 1.46). 

As reported in Table 1, the values of the experimental molar 

masses are systematically above the theoretical ones 

(Mn,theo/Mn,SEC < 1) despite the fact that the functionality of the 

dextran-SG1 macro-alkoxyamine was considered in the 

calculation of theoretical molar masses. This reveals incomplete 

consumption of dextran-SG1 alkoxyamine but the initiation 

efficiency increases with monomer conversion (see increasing 

values of Mn,theo/Mn,SEC in Table 1). The values of the styrene 

fraction in the final dextran-b-P(Sn-co-MMAm) copolymers (FS) 

were calculated on the basis of the degrees of polymerization of 

each monomer, the later n and m values being calculated from 

the integrations of proton NMR peaks of the purified 

copolymers (see Figure 3 and calculation in ESI). The 

experimental values of FS (Table 1) are in accordance with the 

theoretical FS values calculated from Lewis-Mayo equation 

versus conversion (see Figure S3 in ESI for theoretical plots 

using rS = 0.489, rMMA = 0.493).47 

 

POLYMERIZATION OF STYRENE MEDIATED BY DEXTRAN-SG1. 

In this part, the ability of dextran-SG1 macro-alkoxyamine was 

investigated to efficiently initiate and control styrene 

polymerization to afford dextran-b-PS linear block copolymers.  

A previous investigation of dextran-b-PS copolymer self-

assembly as a function of both PS weight fraction and nature of 
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g 

g.mol-1 

Mn,NMR 
h 
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Ð Mn,theo

Mn, SEC

Final copolymer 

1a 3.5 1.35 0.4 0.23 8.4 0.29 6 700 12 000 11 100 j 1.61 0.56 Dext-b-P(S26-co-MMA59) 

2a 3.5 1.35 0.4 0.23 19.5 0.28 12 400 17 300 16 900 j 1.59 0.71 Dext-b-P(S47-co-MMA111) 

3a 3.5 1.35 0.4 0.23 29.5 0.26 17 400 25 200 20 500 j 1.54 0.69 Dext-b-P(S67-co-MMA181) 

4a 3.5 1.35 0.4 0.23 40.1 0.24 22 600 28 400 28 400 j 1.55 0.80 Dext-b-P(S71-co-MMA211) 

5b 2.8 0 1.24 1.00 17.1 1 10 400 15 300 18 600 k 1.56 0.68 Dext-b-PS123 

6b 2.8 0 1.24 1.00 24.9 1 14 100 19 900 21 700 k 1.55 0.71 Dext-b-PS167 

7b 2.8 0 1.24 1.00 35.8 1 19 100 25 600 23 400 k 1.55 0.74 Dext-b-PS220 

8b 2.8 0 1.24 1.00 49.4 1 25 300 29 000 31 700 k 1.54 0.87 Dext-b-PS254 
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solvent highlighted the incomplete solubility of such diblock 

copolymers in DMSO, THF and water.19 In the present work, 

the dextran-b-PS diblock copolymers were synthesized by 

chain extension of dextran-SG1 via styrene NMP carried out at 

120°C in a mixture of DMF/DMSO (65/35, v/v) to fully 

solubilise the dextran-b-PS (Expts 5-8 in Table 1).  

 

 
Figure 3. 

1
H NMR spectrum of dextran-b-P(S-co-MMA) recorded at 25

o
C in 

DMSO-d6 (Expt 3 of Table 1). 

As evidenced in Figure 4, styrene polymerization mediated by 

dextran-SG1 highlighted a linear relationship. In a similar 

manner as for S/MMA NMP copolymerization described 

above, NMP of styrene mediated by dextran-SG1 exhibited 

features of a controlled polymerization. Indeed, Figure 4 shows 

linear relationship of both logarithmic monomer conversion 

versus time and Mn versus conversion plots, with monomodal 

SEC chromatograms of dextran-b-PS copolymers (Ð ∼ 1.55). 

 
Figure 4. NMP polymerization of S initiated by dextran-SG1 (T = 120 °C, 

DMF/DMSO (65/35, v/v)): (top left) first-order kinetic plots, (top right) Mn,SEC 

(squares), dispersity Ð (triangles) and Mn,theo (straight line) versus conversion, 

(bottom) evolution of the SEC traces (Expts 5-8 of Table 1). 

As observed for the synthesis of dextran-b-P(S-co-MMA) 

copolymers, an increase of the dextran-SG1 alkoxyamine 

initiation efficiency with monomer conversion is observed for 

NMP of styrene (see Table 1, the value of Mn,theo/Mn,SEC  

increases from 0.68 to 0.87). Finally, the deviating Mn and the 

relatively high dispersity values could be as a consequence of 

the combination of both factors, i.e. the initial dispersity value 

of the dextran-SG1 (Ðdextran = 1.46) and the incomplete 

consumption of dextran-SG1 alkoxyamine after chain 

extension, which leads to the presence of 10 to 30% of residual 

dextran in block copolymers. 

It is worth noting that the 1H NMR peaks of dextran were 

extremely broadened and not easily observed for the dextran-b-

PS copolymer recorded in the mixture of DMSO-d6 and CDCl3 

(Figure 5A); by analogy with previous study.27 Signals of 

dextran appeared along with aromatic protons in PS chain when 

a mixture of DMSO-d6 and pyridine-d5 were employed as 

solvent (Figure 5B). Aiming at further clearly identifying each 

signal, a drop of trifluoroacetic acid (TFA) was added in the 

DMSO-d6 and pyridine-d5 polymer solution, resulting in 

disappearance of peaks corresponding to OH groups in dextran 

backbone and water (Figure 5C). 

 

PREPARATION OF HONEYCOMB STRUCTURED POROUS FILMS. 

The synthesized dextran-b-P(S-co-MMA) and dextran-b-PS 

diblock copolymers were used to elaborate honeycomb 

structured films using BF approach. Optical microscopy, 

scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) were the techniques of choice to examine 

the pore organization at the surface of the polymeric films. 

Previous studies indicated that the regularity of pores fabricated 

by amphiphilic copolymers were dependent on the ratio of the 

volumic fractions of both hydrophobic and hydrophilic 

moieties. This is due to the disturbing water condensation effect 

inside the hydrophilic part of inverse polymeric micelles 

formed in the organic solvent required for BF method.28, 30, 48-49 

As described in the first part of this work, a series of 

amphiphilic block copolymers with different length of 

hydrophobic block were synthesized. Figure 6 presents images 

of porous films prepared at constant relative humidity of 60 % 

from chloroform solutions of different copolymers with an 

increasing length of the hydrophobic P(S-co-PMMA) block. 
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Figure 5. Overlay view of 

1
H NMR spectra of dextran-b-PS recorded at 25

o
C in 

different solvents: (A) DMSO-d6/CDCl3 (2/1, v/v), (B) DMSO-d6/pyridine-d5 (3/7, 

v/v), (C) DMSO-d6/pyridine-d5 (3/7, v/v) + a drop of TFA. 

 
Figure 6. Optical microscopy pictures of porous films obtained from (A) Dext-b-

P(S47-co-MMA111), (B) Dext-b-P(S67-co-MMA181) and (C) Dext-b-P(S71-co-MMA211) 

in CHCl3 (5 g.L
-1

) at relative humidity of 60% (scale bare = 20 µm). 

Under such experimental conditions, no ordered pattern of 

pores can be generated in all the films of dextran-b-P(S-co-

PMMA) copolymer and non-spherical pores are observed. 

It is well known that BF process is highly sensitive towards 

relative humidity.28-29, 50 Therefore, the relative humidity levels 

were ranged between 50 and 75 % while keeping all other 

parameters constant, as depicted in Figure 7. As expected, the 

pore size increased with increasing relative humidity favouring 

water condensation onto the cold film surface. Nevertheless, the 

pores are not organized in a structured pattern. 

 
Figure 7. Optical microscopy pictures of porous films prepared from Dext-b-P(S67-

co-MMA181) in CHCl3 at 5 g.L
-1

 at varying relative humidity: (A) 50 %, (B) 60 % and 

(C) 75 % (scale bare = 20 µm). 

During BF process, it has been well-established that the pore 

size is also influenced by the polymer concentration of 

amphiphilic copolymer.48,  51 Dextran-b-P(S-co-MMA) 

copolymer solutions of different concentrations ranging 

between 5 and 15 g.L-1 were casted under relative humidity of 

60 % (Figure 8). The obvious decrease of pore diameter from 

ca. 5 µm down to 2 µm was observed when increasing 

copolymer concentration from 5 to 15 g.L-1.  

 
Figure 8. Optical microscopy pictures of porous films from obtained from Dext-b-

P(S67-co-MMA181) in CHCl3 (5 g.L
-1

)
 
at relative humidity of 60 % and varying 

concentration, (A): 5 g.L
-1

, (B): 10 g.L
-1

 and (C): 15 g.L
-1 

(scale bare = 20 µm). 

 
Figure 9. Optical microscopy (A) (scale bare = 20 µm) and AFM (B) pictures of 

porous films obtained from Dext-b-P(S71-co-MMA211) (Expt 4 in Table 1) in CHCl3 

(15 g.L
-1

) at relative humidity of 70 %. 

The non-spherical shape of the pores was confirmed by AFM 

imaging of the dextran-b-P(S71-co-MMA211) porous films 

(Figure 9). 

In the BF process involving condensation of water droplets at 

the surface of polymer solution, the pore morphology can be 

influenced by surface tensions of water droplet (γw), polymer 

solution (γp) and interfacial tension between the polymer 

solution and water droplets (γw/p).
52-53  From the spreading 

coefficient expressed by Harkins et al.54 (S = γp – (γw + γw/p), 

the nature of the polymer might influence the shape of the 

condensed water droplets via the value of γw/p.
53 Wang et al.55 

reported lower interfacial tension between PMMA and aqueous 

phases in comparison with interfacial tension between PS and 

aqueous phases. In addition the lower hydrophobicity of 

PMMA in comparison with PS can reduce the fast polymer 

precipitation required in the BF process.29, 56 Such different 

behaviour might favour coalescence of water droplets during 

dextran-b-P(S-co-MMA) films formation. Indeed, non-

spherical and larger pore sizes (D ∼ 2 - 5 µm) are observed for 

dextran-b-P(S-co-MMA) porous films while dextran-b-PS 

amphiphilic copolymers are able to generate smaller spherical 

pores (D ∼ 1 - 3 µm) as depicted below (Figure 10C, Figure 

11, Figure 12).  

We further examined the preparation of films cast from 

solutions of dextran-b-PS copolymer in chloroform. Indeed, 

polystyrene homopolymer or PS-based diblock copolymers are 
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popular candidates to prepare honeycomb structured films.29, 50, 

57-58 Taking advantage of amphiphilic block copolymers 

containing PS as hydrophobic block, honeycomb structured 

films have been successfully prepared by several groups.49, 59-65 

As displayed in Figure 10, the PS block length strongly 

influences the pore ordering. Indeed, an ordered pattern of 

pores was obtained in the case of dextran-b-PS254 exhibiting the 

longest PS block, with average pore of size of 2 µm (Figure 

10C). 

 

 
Figure 10. Optical microscopy pictures of porous films from obtained from (A) 

Dext-b-PS123 (Expt 5 of Table 1) (B) Dext-b-PS167 (Expt 6 of Table 1) (C) Dext-b-

PS254 (Expt 8 of Table 1) CHCl3 solutions (15 g.L
-1

) at relative humidity of 60% 

(scale bare = 20 µm). 

 
Figure 11. Optical microscopy pictures of porous films obtained from Dext-b-

PS254 in CHCl3 at 15 g.L
-1

 and varying humidity (A): 50 %, (B): 60 % and (C): 75 % 

(scale bare = 20 µm). 

Solutions of dextran-b-PS254 in chloroform were casted at 

different humidity levels ranging from 50 % to 75%. As 

expected, the optical microscopy images of Figure 11 show an 

increase of pore diameters from D ~ 1.3 µm up to ~ 3.0 µm 

with increasing relative humidity RH from 50 % to 75 %. 

The hexagonal arrangements of pores in dextran-b-PS254 

honeycomb films was confirmed by optical microscopy and 

SEM images in Figure 12A. A spherical shape of pores was 

also observed by SEM and AFM in dextran-b-PS254 films (inset 

Figure 12A and Figure 12B). Here, we can mention that the 

ratio between hydrophobic/hydrophilic blocks has already been 

investigated by Malkoch et al. to show the importance of the 

level of hydrophobicity of amphiphilic copolymers in the 

preparation of porous films by BF process.66 For a poly(ε-

caprolactone)-b-poly(ethylene glycol) block copolymer (PEG50-

b-PCL60) with 77 wt-% of hydrophobic component, a partial 

coverage of the glass substrate was observed while the more 

hydrophobic PEG50-b-PCL240 copolymer with 93 wt-% of 

hydrophobic component enabled the formation of a 

homogeneous porous film with a diameter of circular pores of 

ca. 3 µm. The same trend is observed in the present study with 

dextran-b-PS123 and dextran-b-PS254, respectively.  

A nanostructuration in between the pores is observed in 

dextran-b-PS254 honeycomb film (Figure 12C), leading to a 

hierarchically structured honeycomb film. This suggests that 

the Flory-Huggins interaction parameter (χ) of the PS/dextran 

couple is high enough to induce spontaneously nanophase 

separation during the fast solvent evaporation. Borsali et al.7 

described the self-assembly of block copolymers composed of 

naturally derived oligosaccharides coupled to a silicon-

containing polystyrene derivative (poly(para-

trimethylsilylstyrene)). These block copolymers exhibiting high 

χ values, so low degrees of polymerization (DP) of both the 

oligosaccharides and the PTMSS blocks (DP ≈ 7 and 26, 

respectively) were sufficient to enable the formation of nano-

domains of oligosaccharides of 5 nm size and row spacing 

between features of 11.4 nm, both associated to the length of 

the PTMSS.7 In the present work, despite the very fast process 

of film formation (less than 2 minutes) and the absence of any 

annealing step, we observed by AFM the formation of 8-9 nm 

feature diameters separated by average row spacing of 30 nm.  

 
Figure 12. Optical microscopy (A), SEM (A, inset) and AFM (B, C) pictures of 

honeycomb films obtained from solutions of Dext-b-PS254 in CHCl3 (15 g.L
-1

)
 
at 

relative humidity of 50%. 

Herein, the higher nanostructure dimensions in comparison 

with the ones reported in reference 7 are directly correlated to 

the higher degrees of polymerization of each block, i.e. 16 and 

254, for both dextran and PS blocks, respectively. This multi-

scale ordered porous film represents the first example of 

hierarchically honeycomb film based on bio-hybrid amphiphilic 

block copolymer. These diblock copolymers could offer the 

possibility to create a second nano-porosity by thermal 

degradation of the dextran block of the sugar-based diblock 

copolymer. 

Conclusions 

Novel unprotected dextran-SG1 macro-alkoxyamine have been 

designed to afford, for the first time, the controlled character of 

styrene and methyl methacrylate polymerizations by Nitroxide 

Mediated Polymerization to synthesize amphiphilic diblock 

copolymers. The ability of dextran-b-P(S-co-MMA) and 

dextran-b-PS amphiphilic linear block copolymers toward the 

formation of honeycomb structured films using “Breath Figure” 

BF technique was investigated. The pore ordering quality of 

resultant films was characterized by optical microscopy, SEM 

and AFM. It was concluded that it was not possible to produce 

ordered pattern of pores in the dextran-b-P(S-co-PMMA) 

porous films while dextran-b-PS copolymers led to the 

formation of ordered honeycomb films under suitable 

30 nm 

8-9 nm 
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experimental conditions. Such behaviour was discussed in 

terms of different interfacial tension between the hydrophobic 

PMMA or PS solution and water droplets. The lower 

hydrophobicity of PMMA in comparison with PS can reduce 

the fast polymer precipitation required in the BF process, 

leading to water droplet coalescence during dextran-b-P(S-co-

MMA) films formation producing non-spherical pores. The use 

of more hydrophobic dextran-b-PS leads to spherical pores, 

highly organized in a hexagonal pattern. Moreover the high 

Flory-Huggins interaction parameter χ of the PS/dextran couple 

induces spontaneously a nanophase separation in between the 

pores during the fast solvent evaporation, designing a 

hierarchically structured honeycomb film. The hierarchical 

structure is due to the dextran-b-PS self-assembly into 

segregated nanodomains which represents the first example of 

hierarchically honeycomb structured film based on bio-hybrid 

amphiphilic block copolymer. 
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