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Abstract

N,N-dimethylacrylamide (DMA) and N-acryloxysuccinimide (NAS) were copolymerized by the reversible addition–fragmentation chain

transfer (RAFT) polymerization technique, to obtain random and block copolymer precursors onto which different side-groups may be

statistically grafted via the reactive NAS units. These reactive copolymers have interesting applications in various fields such as coatings and

paints, water purification and biology. Random poly(DMA-co-NAS) copolymer chains were synthesized with a 75/25 molar ratio, high

conversion, an excellent molecular weight (MW) control from 5000 to 130 000 g molK1, and low polydispersity index (Mw/Mn!1.1).

Poly(DMA-b-NAS) block copolymers were synthesized by a two step method, in which a poly(DMA) homopolymer was prepared first and

then used as macro-chain transfer agent to polymerize NAS. For example, a poly(DMA-b-NAS) sample was obtained with an average

molecular weight of 44 300/7400 g molK1 corresponding to 447 DMA and 44 NAS units. Such block copolymers had not yet been

synthesized by any controlled polymerization technique. They can be used to prepare polymers with exactly the same backbone and an

increasing number of different side groups (e.g. hydrophobic, ionic or fluorescent).

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Water-soluble copolymers bearing multiple reactive

functions have been synthesized in the past years to

introduce a large variety of side-groups along the chain

backbone. The multifunctional polymers obtained in this

way can be useful in various fields, such as water born

coatings and paints [1], oil recovery [2], stabilization of

colloidal dispersions [3–6], water purification [7], paper

production and coating [8,9], as well as in biomedical

applications [2,10].

These polymers are generally based on the statistical
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copolymerization of a hydrophilic monomer with a reactive

monomer such as N-methacryloxysuccinimide (N-MAS) or

N-acryloxysuccinimide (NAS), which are very efficient

activated ester derivatives [11]. For instance, NAS has been

copolymerized with N-vinyl pyrrolidone [12], acrylamide

[13], N-isopropylacrylamide [14–17], N-acryloylmorpho-

line [18,19], and N,N-dimethylacrylamide [20,21] to yield

water-soluble copolymers which were further substituted by

alkyl chains and dyes [14,20,21], carbohydrates [13,19a],

enzymes [18], monoclonal antibodies [15,16], immunoglo-

bulins [17], nucleotides [19b] and DNA fragments [12].

Usually, such copolymers are synthesized by conventional

free radical polymerization.

However, if one wishes to get chains homogeneous in

size and with a predetermined molecular weight, it is

necessary to use a living/controlled polymerization tech-

nique. Recently, controlled radical polymerization (CRP)
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Scheme 2. Different possible microstructures of DMA/NAS copolymer

chains synthesized by RAFT polymerization and with the same global

composition: (1) random copolymer; (2) gradient copolymer; (3) block

copolymer.
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has enlarged the possibility of MW control to a wide variety

of monomers which could not be polymerized by living

ionic polymerizations. The main CRP techniques, NMP

(nitroxide mediated polymerization) [22], ATRP (atom

transfer radical polymerization) [23,24] and RAFT (revers-

ible addition–fragmentation chain transfer) [25–27], can all

be applied to functional monomers, i.e. monomers bearing

potentially reactive side-groups (hydroxyl, carboxyl,

amino), however, with different levels of versatility.

Few of these CRP techniques have been used so far to

polymerize N-MAS or NAS. Recently, N-MAS was

polymerized by ATRP in the presence of CuBr/2,2 0-

bypiridine [28], and CuBr/N-(n-propyl)-2-pyridylmethani-

mine [29] as metal/ligand system. It was also polymerized

by RAFT in the presence of various dithiocarbamates and

dithiobenzoates as chain transfer agents (CTA) [30].

Whereas ATRP resulted in a good control of the polymer

molecular weight distribution, RAFT led to a rather poor

control (Mw/MnO1.5). Alternatively, we copolymerized

NAS with N-acryloylmorpholine (NAM) by RAFT using

carboxymethyl dithiobenzoate and tert-butyl dithiobenzoate

(t-BDB) as CTA [31,32]. Both dithiobenzoates led to

poly(NAM-co-NAS) water-soluble random copolymers

with controlled MW. In addition, very low polydispersity

indices (Mw/Mn!1.10) were obtained in the case of t-BDB

[32].

Since RAFT appears to be more efficient than NMP [33–

36] and ATRP [37–40] concerning CRP of acrylamide

monomers [41–50], it was chosen to copolymerize NAS

with another bi-substituted acrylamide derivative, dimethy-

lacrylamide (DMA). Poly(DMA) is a nonionic water-

soluble polymer known to be biocompatible [51]. It has

been polymerized by RAFT as a homopolymer [26,44,45]

and as a copolymer with styrene [52] and with a

zwitterionic acrylamide derivative [53]. It has also been

polymerized by RAFT in the form of brushes from silica

substrates [43].

Here we present for the first time the synthesis of DMA-

based reactive copolymers with controlled architecture and

MW, that can be used as well-controlled polymer precursors

to prepare different substituted polymers. First, we carried

out the RAFT process to obtain reactive random copolymers

of DMA and NAS, poly(DMA-co-NAS), using tert-butyl

dithiobenzoate (t-BDB) as CTA (Scheme 1).

In addition, we also synthesized DMA/NAS block

copolymers, poly(DMA-b-NAS) by the RAFT process. To

our knowledge, such block copolymers have not been
Scheme 1. Structure of the monomers, N-acryloxysuccinimide (NAS) (1),

N,N-dimethylacrylamide (DMA) (2) and of the dithioester, tert-butyl

dithiobenzoate (t-BDB) (3).
synthesized by RAFT or any of the other controlled

polymerization techniques. These reactive block copoly-

mers are extremely interesting since they can be used to

subsequently prepare various families of block copolymers

from the same reactive ‘mother’ chain, by substituting a

varying number of activated ester side groups by chosen

species. Moreover, these reactive block copolymer struc-

tures can be prepared with the same MW, the same low

polydispersity and the same number of reactive groups as

the corresponding random copolymers (Scheme 2). Com-

parisons between the two structures may provide useful

information about the influence of the number and/or the

localization of a given side-group on the final properties of

the corresponding copolymer.
2. Experimental section
2.1. Materials

N,N-dimethylacrylamide (DMA, Aldrich, 99%) was

distilled under reduced pressure (75 8C; 10 mmHg) to

remove the inhibitor. The comonomer, N-acryloxysuccini-

mide (NAS) was synthesized as previously published [54].

2,2 0-Azobis(isobutyronitrile) (AIBN, Fluka, 98%) and 2,2 0-

Azobis(2,4-dimethylvaleronitrile) (V-65, WAKO, 98%)

were purified by recrystallization from ethanol. 1,4-Dioxane

(Acros, 99%) was distilled over LiAlH4 (110 8C) and stored

at 4 8C under nitrogen. Trioxane (Acros, 99%), tetrahy-

drofurane (SDS, 99%), diethyl ether (SDS, 99.5%) and
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dichloromethane (SDS, 99.9%) were used without further

purification. tert-Butyl dithiobenzoate (t-BDB) was syn-

thesized by a one-step process resulting in very high yield

and purity [31,47].
2.2. General polymerization procedure

Monomer(s), chain transfer agent (t-BDB or macro-

CTA), initiator, dioxane and trioxane were introduced in a

schlenk tube equipped with a magnetic stirrer (Table 1). The

mixture was degassed by five freeze–pump–thaw cycles and

then heated under nitrogen in a thermostated oil bath.

Samples were periodically withdrawn from the polymeriz-

ation medium for analyses.

To follow the kinetics, individual monomer conversions

were determined by 1H NMR (Bruker Avance 200 MHz

spectrometer). Trioxane, which has no influence on the free

radical process, was used as internal reference [55].

Typically, 500 mL of deuterated chloroform, CDCl3, con-

taining tetramethylsilane (TMS), were added to 120 mL of

each sample.

The calculated number average molecular weight, Mcalc
n ,

is defined as [32]:
Mcalc
n Z

½DMA�0MDMAConversionDMA C ½NAS�0MNASConversionNAS
½CTA�0

CMCTA ð1Þ
where MDMA and MNAS are the molecular weights of DMA

and NAS monomers, and MCTA is the molecular weight of

the chain transfer agent. Thus, for each experiment, the

monomer to CTA molar ratio was chosen such as to give the

desired Mn value.

The global conversion was calculated from the individual

monomer conversions:
Table 1

Experimental conditions for random and diblock DMA/NAS copolymer synthes

transfer agent (CTA)

Experiment 1A 1B

Temperature (8C) 60 60

Initiator (I) V-65 V-65

[DMA] (mol LK1) 1.24 1.24

[NAS] (mol LK1) 0.31 0.31

[M]/[CTA]c 884 632

[CTA]/[I] 3.3 3.3

Targeted Mn
d (g molK1) 100 000 71 400

a MacroCTAZpoly(DMA) with MnZ44 600 g molK1, Mw/MnZ1.17.
b MacroCTAZpoly(DMA) with MnZ44 300 g molK1, Mw/MnZ1.02.
c [M]Ztotal monomer concentration.
d Targeted Mn for 100% conversion.
Global ConversionZ 1K
M

M0

Z
½DMA�0ConversionDMA C ½NAS�0ConversionNAS

½DMA�0 C ½NAS�0
:

(2)
2.3. Characterization of the polymer samples

Polymer samples were precipitated in diethyl ether,

recovered by filtration, washed several times with the same

solvent and finally dried under vacuum up to constant

weight. The complete elimination of residual monomers

was confirmed by 1H NMR.

Number average molecular weight (Mn) and polydisper-

sity index (Mw/Mn) of poly(DMA) and of the random

poly(DMA-co-NAS) were determined by aqueous size

exclusion chromatography (ASEC) (borate buffer pHZ
9.3, 0.05 mol LK1, two Waters UltraHydrogel columns

2000 and 500 Å, a DRI Waters 410 differential refract-

ometer and a Wyatt three-angle MiniDAWN light scattering

detector). Analysis was performed by injection of 200 mL of

polymer solution (5 mg mLK1) in borate buffer. The

specific refractive index increments (dn/dc) for poly(DMA)

and poly(DMA-co-NAS) (75:25) were measured in the

same eluent using a NFT ScanRef monocolor interferometer

operating at 633 nm (0.157 and 0.150, respectively). The

molecular weight and polydispersity data were determined

using the Wyatt ASTRA SEC/LS software package.

The block copolymers samples of poly(DMA-b-NAS)

were analyzed (before precipitation) by size exclusion

chromatography (SEC) in THF, using a Waters column

(Styragel HR4E). The flow rate was maintained at

1 mL minK1 using a Waters 1515 isocratic pump. Analysis

was performed by injection of 20 mL of polymer solution

(5 mg mLK1) in THF. Detection was performed using a

Waters 2410 differential refractometer. The number average

molecular weight (Mn) of the block copolymers was

determined (after precipitation in diethyl ether) from the
1H NMR spectrum (Varian Unity 300 MHz spectrometer) of

the corresponding polymer solutions (10 mg mLK1) in D2O.
is by RAFT polymerization in dioxane in the presence of t-BDB as chain

2 3 4a 5b

60 90 90 90

V-65 AIBN AIBN AIBN

1.24 1.55 0 0

0.31 0 0.95 0.95

4420 788 72 72

3.3 10 3.3 10

500 000 78 000 12 200 12 200
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3. Results and discussion
Fig. 1. Above: time evolution of the individual monomer conversion for

copolymerization of DMA (C) with NAS (6) in dioxane at 60 8C using t-

BDB. (Experiment 1A: [M]0/[CTA]0Z884, [M]0Z1.6 mol LK1 and

[CTA]0/[V-65]0Z3.3). Below: DMA and NAS feed molar composition

versus total conversion: experiment 1A (closed symbols) and theoretical

values for rDMAZ0.36 and rNASZ0.6 (open symbols).
3.1. Poly(DMA-co-NAS) random copolymers

Synthesis of poly(DMA-co-NAS) random copolymers

with a 80/20 monomer molar ratio was performed by RAFT

polymerization in dioxane using tert-butyl dithiobenzoate as

CTA (experiments 1A, 1B and 2, Table 1). This dithioester
was chosen because of its efficiency in polymerizing

acrylamide derivatives [47,50,56]. The [M]/[CTA] ratios

were calculated for a targeted Mn of 70 000 (experiment 1A)

and 50 000 (experiment 1B) at 70% conversion. In the

chosen conditions, polymer samples have generally low

Mw/Mn values until 70% conversion [57]. Experiment 2 was

performed to check if it was possible to use RAFT to obtain

poly(DMA-co-NAS) chains with high MW and low

polydispersity as for NAM homopolymer [58].

Individual monomer conversions were determined by 1H

NMR according to a procedure described by D’Agosto et al.

[55] (Fig. 1 for experiment 1A). With this dithioester, the

polymerization proceeds rather fast with conversion reach-

ing 45% for DMA and 70% for NAS after 2 h 30 min (half-

life of V-65 at 60 8C), then slowing down and leveling off at

80 and 95%, respectively. The conversion of NAS is faster

than that of DMA.

Although the reactivity ratios of the DMA/NAS comono-

mer pair are not known in conventional copolymerization, we

assumed that they would be close to those of the NAM/NAS

pair (since NAM is also a water soluble bisubstituted

acrylamide derivative), rNAMZ0.75 and rNASZ0.63 [55].

Furthermore, it was recently reported that during RAFT

copolymerization of the NAM/NAS pair, the apparent

reactivity ratios were identical to the corresponding reactivity

ratios in conventional copolymerization [32]. Therefore, we

assumed that the DMA/NAS RAFT copolymerization could

also be described by the terminal model and used the

integrated Meyer–Lowry equation (Eq. (3)) [59] to predict

the values of the apparent reactivity ratios from the plot of the

DMA and NAS feed molar composition (fDMA and fNAS,

respectively) versus total conversion.

1K
M

M0

Z 1K
fDMA

ðfDMAÞ0

� �a fNAS
ðfNASÞ0

� �b ðfDMAÞ0 Kd

fDMA Kd

� �g

with aZ
rNAS

ð1KrNASÞ
bZ

rDMA

ð1KrDMAÞ

gZ
ð1KrDMArNASÞ

ð1KrDMAÞð1KrNASÞ

dZ
ð1KrNASÞ

ð2KrDMA KrNASÞ
: ð3Þ

We used rNAM and rNAS values as initial guess to perform a

course grid mapping of the parameter space (considering

values of rDMA and rNAS over a large range). The
corresponding feed molar compositions were evaluated for

increasing total conversion, using Eqs. (2) and (3), and

compared to the experimental values obtained from

experiment 1A using the mean square error. The fitting

was quite insensitive to the value of rNAS. To minimize this

problem, we performed an independent iterative minimiz-

ation of the two parameters by weighted regression. We

obtained rDMAZ0.36G0.04 and rNASZ0.6G0.3 (the

estimation of the errors is only indicative since the fit was

non-linear), with an excellent agreement between the

calculated and experimental values (Fig. 1, below).

The apparent reactivity ratios obtained for the DMA/

NAS RAFT copolymerization are relatively close to the

values for the NAM/NAS pair. Such values indicate that the

reactivity of a macroradical terminated either by a DMA

unit or by a NAS unit towards the other monomer is similar:

in both cases, cross-propagation is favored over homo-

propagation (r!1), this behavior being slightly stronger for

a DMA terminated macroradical.



Fig. 3. Kinetic plot for RAFT copolymerization of DMA with NAS in

dioxane at 60 8C using t-BDB. (Experiment 1A: [M]0/[CTA]0Z884,

[M]0Z1.6 mol LK1 and [CTA]0/[V-65]0Z3.3).
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The conversion plateau visible in Fig. 1 (above) is

probably due to initiator depletion; a higher plateau value

would be obtained by increasing monomer concentration

[57].

The average NAS copolymer composition was calcu-

lated from the 1H NMR conversion measurements accord-

ing to Eq. (4) and plotted versus the total monomer

conversion (Fig. 2).

dNAS

dNAS CdDMA

Z
½NAS�0ConversionNAS

½NAS�0ConversionNAS C ½DMA�0ConversionDMA

(4)

Below 20% conversion, copolymer chains are rich in NAS

units. Then, incorporation of NAS decreases so that the

average NAS copolymer composition stabilizes between 20

and 30 mol%. Taking into account that all the chains are

growing at the same time, such behavior is indicative of

copolymer chains with a slight gradient composition: richer

in NAS units at the a-end.
Fig. 3 shows the time evolution of LnðM0=MÞ (where M is

the total monomer concentration). An induction time of

about 20 min is clearly visible, similarly to what was

already observed for several other monomer/CTA pairs

[46,57,60]. After this induction period, a linear increase of

LnðM0=MÞ with time is observed for about 3 h, confirming

that the concentration of radical species remains constant

until about 60% conversion. At higher conversions, the

evolution is no longer linear indicating that the radical

concentration has decreased. Such an observation is due to

the decrease in the rate of radical generation caused by the

decrease in both the initiator concentration and the AIBN

efficiency factor. Consequently, generation of primary
Fig. 2. N-acryloxysuccinimide average copolymer composition in poly

(DMA-co-NAS) during copolymerization in dioxane at 60 8C using t-BDB.

The initial comonomer molar ratio is 0.2 (- - -). (Experiment 1A: [M]0/

[CTA]0Z884, [M]0Z1.6 mol LK1 and [CTA]0/[V-65]0Z3.3).
radicals no longer balances the loss of propagating radicals

via irreversible termination reactions.

The molecular weights of the various samples were

determined by aqueous SEC with on-line light scattering

detection, allowing us to obtain absolute molecular weight

values, more accurate than the relative values from PEO or

polysaccharide standards (which do not reflect the behavior

of polyacrylamide polymers in aqueous phase). The

knowledge of the absolute molecular weights of the random

poly(DMA-co-NAS) copolymers gives us a better control

over the number of side groups that are later introduced onto

the polymer backbone.

The SEC traces of these samples are shown in Fig. 4. The

peaks are shifted towards higher molecular weights as
Fig. 4. Evolution of aqueous size exclusion chromatograms with conversion

(global conversion calculated from the individual conversions determined

by 1H NMR), for poly(DMA-co-NAS) samples obtained by RAFT

polymerization at 60 8C in the presence of t-BDB. (Experiment 1A: [M]0/

[CTA]0Z884, [M]0Z1.6 mol LK1 and [CTA]0/[V-65]0Z3.3).
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conversion increases. At 68% conversion, there is a

noticeable broader distribution (higher polydispersity),

indicating the presence of shorter chains.

The molecular weight and polydispersity values deter-

mined from the SEC traces are shown in Fig. 5 versus global

conversion. The Mn values increase linearly until 70%

conversion, to reach 70 000 g molK1 with Mw/Mn!1.10.

These values are in agreement with the predicted molecular

weights. Above 70% conversion, Mn values are slightly

smaller than the targeted ones and the polydispersity

increases, probably due to the presence of irreversible

transfer and termination reactions.

These results were reproduced on a second RAFT

copolymerization (experiment 1B) where the same con-

ditions were used, except for the monomer/CTA ratio of

632, to target MnZ50 000 g molK1 at 70% conversion.

Moreover, in another experiment (experiment 2), it was

possible to reach MnZ130 000 g molK1 with Mw/Mn%1.15

(40% conversion).

These experiments show that random poly(DMA-co-

NAS) copolymer chains can be synthesized with both an

excellent control of molecular weight (from 5000 to

130 000 g molK1) and a small compositional drift. More-

over, it is possible to continue the polymerization until
Fig. 5. Experimental number-average molecular weight, Mn (above) and

polydispersity Mw/Mn (below) versus total monomer conversion for DMA/

NAS copolymerization at 60 8C in the presence of t-BDB. The calculated

Mn is ploted for comparison (–). (Experiment 1A: [M]0/[CTA]0Z884,

[M]0Z1.6 mol LK1 and [CTA]0/[V-65]0Z3.3).
relatively high conversions, ca. 70%, (i.e. only a small

amount of functional monomer is lost), while keeping a

good compositional homogeneity along the chains. Finally,

not only the chains are almost monodisperse, but they are

also homogeneous in composition and microstructure, with

a similar NAS distribution along the whole chains.

3.2. Poly(DMA-b-NAS) block copolymers

In order to synthesize poly(DMA-b-NAS) block copoly-

mers, a two step method was used. Poly(DMA) homo-

polymer was prepared first and then used as macroCTA to

polymerize NAS. We chose to polymerize DMA first

because poly(DMA) has a wider range of solubility than

poly(NAS) and since the targeted block copolymers have a

longer poly(DMA) block than the poly(NAS) one.

Poly(DMA) was synthesized in the presence of t-BDB,

with a t-BDB/initiator ratio of 10 (experiment 3). This high

ratio was chosen to maximize the number of dithioester end-

capped chains in order to minimize the amount of ‘dead’

first block chains remaining in the block copolymer sample.

The polymerization proceeded smoothly, with 60% conver-

sion reached after 2 h at 90 8C (Fig. 6) and an induction

period (!10 min) shorter than that observed for the

copolymerization carried out at 60 8C (20 min). The

decrease in induction period with the increase in polym-

erization temperature was previously observed for poly

(NAM) homopolymers [57]. After 2 h, less than 1% of

AIBN remained (the half-life of AIBN is 20 min at 90 8C),

and therefore polymerization slowed down, with the

corresponding conversion determining the value of the

conversion plateau.

Molecular weights increased linearly until 70% conver-

sion with Mw/Mn!1.20 (Fig. 7). In addition, the experi-

mental absolute molecular weight values were in good
Fig. 6. Time evolution of the monomer conversion for homopolymerization

of DMA in dioxane at 90 8C using t-BDB. (Experiment 3: [M]0/[CTA]0Z
788, [M]0Z1.6 mol LK1 and [CTA]0/[AIBN]0Z10).



Fig. 7. Experimental number-average molecular weight Mn (above) and

polydispersity Mw/Mn (below) versus conversion for homopolymerization

of DMA in dioxane at 90 8C using t-BDB. The calculated Mn is ploted for

comparison (–). (Experiment 3: [M]0/[CTA]0Z788, [M]0Z1.6 mol LK1

and [CTA]0/[AIBN]0Z10).

Fig. 8. Time evolution of the NAS conversion during synthesis of

poly(DMA-b-NAS) in dioxane at 90 8C, using poly(DMA) samples as

macroCTA, with MnZ44 600 g molK1, Mw/MnZ1.17 (experiment 4, C)

and MnZ44 300 g molK1, Mw/MnZ1.02 (experiment 5,D). (Experiment 4:

[macroCTA]0/[AIBN]0Z3.3, [M]0/[macroCTA]0Z72 and [M]0Z
1 mol LK1; Experiment 5: [macroCTA]0/[AIBN]0Z10, [M]0/

[macroCTA]0Z72 and [M]0Z1 mol LK1).

Fig. 9. Evolution of SEC chromatograms (THF) with NAS conversion

(determined by 1H NMR) for RAFT synthesis of poly(DMA-b-NAS) block

copolymer, in dioxane at 90 8C in the presence of poly(DMA) macroCTA

(MnZ44 600 g molK1; experiment 4: [M]0/[macroCTA]0Z72, [M]0Z
1 mol LK1 and [macroCTA]0/[AIBN]0Z3.3).
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agreement with the targeted Mn values, confirming the good

control of poly(DMA) RAFT polymerization.

The last poly(DMA) sample of experiment 3 (66%

conversion, MnZ44 600 g molK1, XnZ450, Mw/MnZ1.17)

was used as macroCTA in the RAFT polymerization of

NAS (Table 1, experiment 4). In parallel, another poly

(DMA) sample synthesized in the same conditions as

experiment 3 (55% conversion, MnZ44 300 g molK1, XnZ
447, Mw/MnZ1.02) was also used (Table 1, experiment 5).

Since it was obtained at a lower conversion than the

previous one, it was less polydisperse. In both cases, a

theoretical poly(NAS) block of 12 200 g molK1 (XnZ72)

was targeted at 100% conversion, in order to get a block of

XnZ50 at 70% conversion (i.e. a molar ratio of DMA/NAS

equal to 0.9/0.1). In order to solubilize the first block, the

polymerizationmedium had to be diluted to about 1 mol LK1.

Two values of macroCTA/initiator ratio were used, 3.3

(experiment 4) and 10 (experiment 5) in order to investigate

the influence of this ratio on the final polymer composition.

The use of a higher ratio should decrease the probability of

initiating new chains and thus should reduce the amount of

poly(NAS) homopolymer formed in parallel to the diblock

copolymer.

During the synthesis of the second block, the conversion
versus time curves (Fig. 8) indicate a very fast polymeriz-

ation with 70% conversion reached in 15 min (slower in the

case of the macroCTA/AIBN ratio of 10, as expected [57]).

The corresponding samples have monomodal SEC traces

(Fig. 9). The shift of the peaks away from the peak of

poly(DMA) confirm the formation of block copolymer

chains. For the higher conversion samples (89 and 94%), a

shoulder is visible, corresponding to a small amount of

poly(NAS) synthesized in parallel (for both experiments). It

is noteworthy that the poly(DMA-b-NAS) block copolymer

has an opposite behavior on the chromatography column

compared to that of the poly(DMA) block. Due to the

different nature of the two blocks, their hydrodynamic
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volume is not comparable. In addition, there might be

interactions between these block copolymers and the

stationary phase of the column. However, this analysis has

only a qualitative interest, since it is not recommended to

determine the MW of block copolymers by SEC, especially

when the two blocks are very different. Therefore, we used
1H NMR to determine the MW values of the block

copolymer samples.

In fact, taking into account the absolute MW of the

poly(DMA) block, the MW of the second block can be

easily calculated from the 1H NMR spectrum of the block

copolymer (Fig. 10), after determination of the poly(DMA-

b-NAS) molar composition. The diblock molar composition

was calculated from the ratio of the integrals of area A (3.5–

2.2 ppm) to area B (2.2–1.1 ppm), in Fig. 10. Area B was

assigned to the superposition of the methylene protons of

the main chain (two protons of DMA and two protons of

NAS units); the other protons (seven of DMA and five

of NAS units) were assigned to area A, based on the spectra

of poly(DMA) (Fig. 11) and of poly(NAS).

In this study, D2O was used as deuterated solvent

(instead of CDCl3) to improve the resolution of the spectra.

The polymer solutions were prepared just before the

analysis to avoid hydrolysis of the NAS units. The small

peak at 2.75 ppm, attributed to the CH2 protons of

N-hydroxysuccinimide (NHS) indicates that there was

some hydrolysis of the activated ester functions. Never-

theless, it does not have influence on the determination of

the poly(DMA-b-NAS) molar composition since the four
Fig. 10. 1H NMR spectrum (300 MHz, D2O) of a purified poly(DMA-b-NAS) sam

the presence of poly(DMA) macroCTA (MnZ44 300 g molK1, experiment 5: [M
protons of the succinimide cycle are located in the same area

(A) for both the NHS and the NAS units.

For experiments 4 and 5, the MW of the poly(NAS) block

(Table 2) is in the same order as the targeted value, especially

for experiment 5. Moreover, copolymer 5 has a NAS content

(9 mol%) very close to the target composition (10 mol%). The

difference between block copolymers 4 and 5 is related to the

[CTA]/[AIBN] ratio used in each experiment, 3.3 and 10,

respectively (Table 1). In experiment 4, the concentration of

initiator was 3 times higher than in 5, so the amount of

poly(NAS) synthesized in parallel to the block copolymer was

higher. This explains the large difference between the Mn

value determined from NMR analysis of the diblock after

precipitation and that determined from conversion data.

SEC chromatograms of experiment 5 (before precipi-

tation) show that the peak of poly(NAS) homopolymer is

smaller than in experiment 4 (Fig. 9), confirming that the

formation of poly(NAS) homopolymer was lower. In

addition, the polydispersity of the first block used in

experiment 5 was very small (Mw/MnZ1.02), and so, a

better controlled block copolymer was expected.

In Fig. 11, 1H NMR spectra of purified poly(DMA)

(experiment 3), poly(DMA-co-NAS) (experiment 1) and

poly(DMA-b-NAS) (experiment 5) in D2O are compared.

The shape of the peaks at 3.5–2.2 ppm and 2.2–1.1 ppm

(areas A and B in Fig. 10) is similar in the poly(DMA-b-

NAS) block copolymer and in the poly(DMA) homopoly-

mer, reflecting that the neighbourhood of most DMA units is

comparable in the two polymers.
ple (at 76% NAS conversion) obtained by RAFT polymerization at 90 8C in

]0/[macroCTA]0Z72, [M]0Z1 mol LK1 and [macroCTA]0/[AIBN]0Z10).



Fig. 11. 1H NMR spectra (300 MHz, D2O) of purified poly(DMA), poly(DMA-co-NAS) and poly(DMA-b-NAS) samples, synthesized by RAFT

polymerization (experiments 3, 1A and 5, respectively).
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On the other hand, in the random copolymer, poly(DMA-

co-NAS), these two areas have a different shape than the

corresponding ones in poly(DMA). In fact, these apparently

unresolved peaks result from the overlapping of several

effects, as explained for instance for region A: (i) the

presence of the resonances (e and f) of the NAS units (25%

of the whole units compared to 9% for the block copolymer)

in the same region as the resonances (b and c) of the DMA

units, (ii) a configurational effect in (DMA-DMA-DMA)

triads, already visible in the poly(DMA) spectrum and (iii)
Table 2

Characterization of poly(DMA-b-NAS) block copolymers synthesized using a po

Exp Poly(DMA) block Poly(NAS) block

Mn (g molK1)a (Mw/Mn) Mn (g molK1)b (% Conv

4 4 600 (1.17) 11 130 (92.1)

5 44 300 (1.02) 9 210 (76.3)

a Mn and Mw/Mn determined by SEC/LS.
b Determined from the NAS conversion, relative to targeted Mn.
c Determined by 1H NMR in D2O, from the diblock molar composition.
a compositional effect due to the influence of neighbour

NAS units onto the resonances of the DMA units (NAS-

DMA-DMA and NAS-DMA-NAS triads). This last effect

is only observed for random copolymers. Another

possibility would be the presence of inter- or intra-

molecular association phenomenon for the random

copolymer in D2O. However, it could not explain the

different shape of its NMR spectrum, since, in such a

case, a displacement of the resonances (and not new

resonances) would be obtained.
ly(DMA) macroCTA

Poly(DMA-b-NAS)

ersion) Mn (g molK1)c XnDMA/XnNAS (molar ratio)

5330 450/32 (94/6)

7370 447/44 (91/9)
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4. Conclusions

Reversible addition–fragmentation chain transfer

(RAFT) polymerization technique allowed us to copoly-

merize N,N-dimethylacrylamide (DMA) and N-acryloxy-

succinimide (NAS) with a very good control of molecular

weights for copolymers of different microstructures. The

obtained polymer precursors are both water- and organo-

soluble and can be used to prepare families of copolymers

onto which different side-groups may be statistically grafted

via the reactive NAS units. Random poly(DMA-co-NAS)

copolymers were synthesized with a 75/25 molar ratio, an

excellent molecular weight control (for Mn between 5000

and 130 000 g molK1) and low polydispersity (Mw/Mn!
1.1). We conclude that it is possible to reach relatively high

conversions (z70%) keeping a good control of molecular

weight and compositional homogeneity along the chain.

In addition, poly(DMA-b-NAS) block copolymers were

obtained by a two-step process. First, a poly(DMA)

homopolymer was prepared by RAFT. Then, it was used

as macroCTA to polymerize the second block. Poly(DMA-

b-NAS) was obtained with an average molecular weight of

44 300/7400 g molK1. These block copolymers could be

further substituted with various amounts of different side

groups and compared to the corresponding random

copolymers. For example, we prepared water soluble

fluorescent random and block copolymers that are being

studied by fluorescence techniques.
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