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Abstract

Preparation of associating multiblock copolymer electrolytes mediated by radical
addition—fragmentation chain transfer (RAFT) technique has been evaluated and
reported in this investigation. The synthesization of copolymers was performed
at room temperature in 1,4-dioxane using redox catalyst: tert-butyl hydroperoxide
and ascorbic acid as initiator. The copolymers are composed of a large hydrophilic
block formed with acrylic acid and ethyl acrylate and a short hydrophobic segment
of lauryl acrylate. A symmetrical RAFT chain transfer agent was used in order to
incorporate a greater number of blocks by chain extension of macroagent, triblock
and pentablock copolymers. Once obtained, the resultant polymers were thoroughly
characterized by nuclear magnetic resonance, size exclusion chromatography, differ-
ential scanning calorimetry and rheometry with the aim to determine the structure—
property relationship. The influence of hydrophobic length was demonstrated and
played a significant role in the rheological properties of copolymers.

Introduction

In the last five decades, the synthesis of associating water-soluble copolymer elec-
trolytes has experienced an extraordinary upgrowth. This is particularly due to the
interests for these polymers and their applications in specific areas such as: cosmet-
ics, oil recovery, water treatments, coatings, paints and Li-ion battery [1-6]. These
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polymers are constituted with a large hydrophilic backbone and a short hydropho-
bic block (usually < 5%, mol) which can induce a physical cross-linking in aqueous
solution and the resulting network displays significant rheological features [7-9].
The reversible physical cross-linking depends on the number and length of hydro-
phobic block inserted to the backbone polymer chains, and can produce two types
of interactions: intramolecular (same chain) or intermolecular (different chains) [10,
11]. It is worth mentioning that the type of interactions in aqueous media is strongly
attached to the critical aggregation concentration of the media and the concentration
of polymer which lead to defined regimen: dilute (C < C*) and semi-dilute (C* < C)
giving rise to the intra- or intermolecular interactions, respectively [12, 13].

In general, water-soluble-associating polymers are classified according to differ-
ent parameters such as: nature of both hydrophobic and hydrophilic block, the topol-
ogy of resulting polymer (i.e., the position of hydrophobic block in the backbone of
polymer), origin of polymer and the preparation methods. With regard to the posi-
tion of the hydrophobic groups, these are classified into three types: telechelic [14],
multi-stickers [15] and combined polymers [16]. Considering the nature of each
block, these polymers could be divided in three classes: thermo-responsive [17, 18],
hydrophobically modified [19] and electrolytes [20]. Based on the ion content, asso-
ciating polymer electrolytes are mainly governed by electronic static interactions
without omitting their thermodynamic properties [21]. Associating polymer electro-
lytes are mainly characterized by their weak solubility at low pH (acidic media) and
start to solubilize by increasing their ionization degrees [22]. Associating polymer
electrolytes are obtained by both free radical polymerization (FRP) [23] and revers-
ible deactivation radical polymerization (RDRP) techniques [24—29] and gained sig-
nificant interest due to their potential applications in electrochemical systems [30],
drug delivery and rheological modifiers or core—shell nanostructures for paints and
coatings areas [31].

Recently, Yu et al. [32] reported the synthesis of a terpolymer made of acryla-
mide, sodium acrylate and dodecyl polyoxyethylene acrylate, and the resulting
associative polymer exhibited interesting rheological properties and can be used in
enhanced oil recovery as an antisalt oil displacement agent. Perrier et al. reported
the synthesis of well-defined anionic multiblock copolymer of N-hydroxyethyl
acrylamide (HEAm), 4-acryloylmorpholine (NAM) and 2-acrylamido-2-methylpro-
panesulfonic acid sodium salt (AMPS) via RAFT polymerization under thermal ini-
tiation with no mention of their rheological properties [33]. On the other side, they
also prepared multiblock copolymer using acrylamide and acrylate monomers under
redox initiation at room temperature (25 °C) but the authors did not provide any
information in regard to the rheological properties of resulting polymers [34, 35].
Recently, we reported the synthesis of associating multiblock copolymer made of
methacrylic acid, ethyl acrylate and octadecyl methacrylate under RAFT conditions
at 70 °C, and rheological properties are studied after dissolution of polymer in basic
media (pH~9.0) [36].

In spite of aforementioned advances, the preparation of associating multiblock
copolymer electrolytes under redox RAFT polymerization condition has not been
reported. In this manuscript, we describe the synthesis of associating multiblock
copolymer electrolytes performed under redox RAFT polymerization at room
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temperature (25 °C) in organic solution media. The associating multiblock copol-
ymers electrolytes with defined architectures made of long hydrophilic block of
acrylic acid and ethyl acrylate (AA-co-EA) and short hydrophobic block of lauryl
acrylate (LA) were prepared. The resultant copolymers withdrawn from each polym-
erization step were characterized by different techniques as SEC, NMR, UV, DSC
and rheology in the aim to determine their structures and rheological properties.

Experimental section
Materials

Ethyl acrylate (EA, Sigma-Aldrich, 99%) was purified under vacuum pump to
remove the inhibitor MEHQ and stored at O °C before using. Acrylic acid (AA,
Sigma-Aldrich, Anhydrous, 99%), lauryl acrylate (LA, Sigma-Aldrich, 90%), tert-
butyl hydroperoxide solution (TBHP, Luperox®, 70% in H,O), L-ascorbic acid
(AcAs, Sigma-Aldrich, 99%), 1,4-dioxane (Sigma-Aldrich, anhydrous, 99.8%), tri-
methylsilyldiazomethane solution (TMSCHN,, Sigma-Aldrich, 2.0 M in hexane),
sodium (Na, Sigma-Aldrich, 99.9%), benzophenone (Sigma-Aldrich, 99%), deuter-
ated dimethyl sulfoxide (DMSO-d,, Sigma-Aldrich, 99.9%), ethyl ether (Jalmek,
anhydrous, 99%), carbon disulfide (CS2, Sigma-Aldrich, 99.9%), hydrochloric
acid solution (HCI, Sigma-Aldrich, 37%), chloroform (Riedel-de Haen, 99%), hex-
ane (Macron Fine Chemical, 95%), tetrabutylammonium hydrogensulfate (Sigma-
Aldrich, 97%), acetone (JT Baker, 99.6%) and sodium hydroxide (NaOH, Sigma-
Aldrich, 98%) were used as received. Tetrahydrofuran (THF, Jalmek, 99%) was
purified by distillation using a mixture of sodium benzophenone. RAFT chain trans-
fer agent and S,S’-Bis (a,a'-dimethyl-a"-acetic acid)-trithiocarbonate (DMAT) were
synthesized as reported elsewhere [37].

Synthesis of water-soluble associating polyelectrolytes
Synthesis of polyelectrolyte P(EA-co-AA) (RF)

In the first step, the macroagent (RF) was synthesized through a copolymerization
of ethyl acrylate (EA) and acrylic acid (AA). In a typical experiment: EA (58.13 g,
0.58 mol), AA (41.85 g, 0.58 mol) and DMAT (1.128 g, 4% 1073 mol) of TBHP
(0.0523 g, 5.8%x1073 mol) and 1,4-dioxane (405.15 g, 4.6 mol) were introduced
to a vessel (three-neck glass jacketed reactor of 500 mL) equipped with mechani-
cal agitation, condenser, septa, and adapted to a thermostated bath. The condenser
was used to avoid the evaporation of monomer. The system was deoxygenated by
bubbling nitrogen (N,) during 30 min. A deoxygenated solution of AsAc (0.05 g,
2.8 % 10™* mol) dissolved in DMF was added (via a syringe) to the mixture for start-
ing the polymerization. The reaction was carried out at a temperature of 25 °C dur-
ing 24 h.
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At the end of the predetermined time, the reactor was opened to the atmosphere
and polymer was recovered by precipitation in ethyl ether (three times). The mate-
rial was then dried under vacuum at 50 °C for 24 h, characterized using different
techniques such as: SEC, '"H NMR, rheology and DSC. Conversion was determined
by gravimetry and results are given in Table 1.

Synthesis of the Triblock P ((EA-co-AA)-b-LA-b-(EA-co-AA)) (RF2)

For the preparation of triblock copolymer electrolyte (second step-RF2), the chain
extension was performed using a similar procedure than macroagent (RF). A solu-
tion of RF (30 g, 1.233x 107> mol), LA (6.16 g of, 0.0256 mol), TBHP (3.17 x 10~
g,2.46x 1077 mol) was dissolved in 1,4-dioxane (144.6 g, 1.64 mol) and introduced
to a three-neck glass jacketed reactor (250 mL) equipped with mechanical agitation,
condenser, septa, and adapted to a thermostated bath. The mixture was deoxygenated
using bubbling N, during 30 min. A deoxygenated solution of AsAc (2.17x10™* g,
1232 % 1077 mol) diluted in DMF was withdrawn to a precursor solution and added
to the mixture for starting the polymerization process. The reaction was carried out
at a temperature of 25 °C during 24 h. Final polymer was recovered by precipitation
in ethyl ether (three times) dried under vacuum at 50 °C for 24 h and characterized.
Conversion was determined by gravimetry. Results from characterization are given
in Table 1.

Synthesis of the Pentablock P((EA-co-AA)-b-LA-b-(EA-co-AA)-b-LA-b-(EA-co-AA))
(RF3)

In the third step, the chain extension of triblock copolymer (RF2) was performed
by the copolymerization of EA and AA. RF2 (19 g, 7.26x 10~ mol), (EA 11.05 g,
0.11 mol), AA (7.72 g, 0.11 mol) and TBHP (5.71x 107 g, 6.33x 1077 mol from a
precursor solution) were dissolved in 1,4-dioxane (152 g, 1.72 mol) and introduced
to a flask (three-neck glass jacketed reactor 250 mL) adapted to a thermostated

Table 1 Redox RAFT copolymerization of AA, EA, and LA for synthesizing multiblock copolymers
electrolytes at room temperature (25 °C) using 1,4-dioxane for 24 h

Copolymers Copolymers Molar composi-  Conver- My, M sec MM
tion (%)* sion (g mol™)° (g mol~1)¢
(%)
RF PAA/PEA 43.5/56.5 87 22,000 24,300 1.24
RF2 PAA/PEA/PLA  41.4/53.6/5.0 82 26,100 24,900 1.31
RF3 PAA/PEA/PLA 43.9/53.4/2.7 85 48,250 28,300 1.43
RF4 PAA/PEA/PLA 42.8/52.1/5.1 84 51,620 32,200 1.42

Determined by using "H NMR chemical shifts and the equation I/a+1/2b+1/3c = 100
®Determined by gravimetry

“Determined by using this equation M ., =[Monomer]/[RAFT] X conversion/100+M,, CTA
4Determined by THF-SEC using PS as standards without Mark—Houwink corrections
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bath. The mixture was deoxygenated by bubbling N, during 30 min and kept
under mechanical agitation. A deoxygenated solution of AsAc (5.58x107° g,
3.166x 1077 mol from a precursor solution) diluted in DMF was added to the mix-
ture (via syringe) for starting the polymerization. The reaction was carried out at a
temperature of 25 °C during 24 h.

After a predetermined time (24 h), the reactor was opened to atmosphere and
the resultant polymer was recovered by precipitation in ethyl ether (three times)
and dried under vacuum at 50 °C for 24 h. The conversion was then calculated by
gravimetry, and the yellowish polymer was characterized by different techniques
(aforementioned). Data from analyses are given in Table 1.

Synthesis of the Heptablock P((EA-co-AA)-b-LA-b-(EA-co-AA)-b-LA-b-(EA-co-AA)-b-L
A-b-(EA-co-AA)) (RF4)

The heptablock copolymer (RF4) was obtained by chain extension of pentablock
copolymer (RF3) by polymerization of LA (fourth step). RF3 (10 g, 1.66x 10~ mol),
LA (0.833 g, 3.465x 107> mol) and TBHP (3.0x 1075 g, 3.332x 1077 mol from a
precursor solution) were dissolved in 1,4-dioxane (43.33 g, 0.5 mol) and introduced
to a flask (three-neck glass jacketed reactor 100 mL) adapted to a thermostated
bath. The mixture was kept under mechanical agitation and deoxygenated by bub-
bling N, during 30 min. Forthwith, a deoxygenated solution of AsAc (2934x 107> g,
1.66x 10~ mol from a precursor) diluted in DMF was added to the mixture for
starting the polymerization. The reaction was carried out under agitation at 25 °C
for 24 h. The reaction was carried out at a temperature of 25 °C during 24 h.

The resultant polymer was recovered by precipitation in ethyl ether (three times)
and dried under vacuum at 50 °C for 24 h. The conversion of yellowish polymer was
calculated by gravimetry. Final polymer was characterized by different techniques,
and data are given in Table 1.

Characterization

"H NMR spectra of copolymers were recorded in a Bruker advance 500 MHz
spectrometer in DMSO-d, at room temperature, and chemical shift values (6) are
reported in ppm. The integral values of the § were used to determine the composi-
tion molar of associating multiblock copolymer electrolytes. Ultraviolet (UV—vis-
ible) spectra were recorded using a Shimadzu 2401 UV-visible spectrophotometer,
and samples are dissolved in DMSO. Size exclusion chromatography (SEC) was
carried out on an Agilent technologies HPLC system equipped with ultravio-
let and refractive index detectors. Before SEC analysis, samples were methylated
as reported elsewhere [38] and latter was dissolved in dried THF and filtered in a
20 um pore size. The system used consisted of a column series (10%, 10° and 10° A)
and THF as the eluent at a flow rate of 1 mL min~! at 40 °C. The molecular weights
(M, and M,,) and molecular weight distribution (D =M,/M,) were determined using
polystyrene standards (from 162-3,900,000 g mol~") for column calibration with-
out Mark—Houwink corrections. Thermal analyses were carried out on a differential
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scanning calorimetry (DSC) instrument (TA instrument model Discovery Series)
using N, at a flow of 50 mL/min, a scanning rate of 10 °C/min and a temperature
range from — 80 to 250 °C.

Preparation of samples for characterization
SEC

The samples were prepared by dissolution of methylated polymer in dried THF with
a concentration of 1 mgxmL. The sample was passed through a 0.2 pm filter before
analysis. The methylation process was performed as reported [38] using TMSCHN,
as methylating agent.

Rheology

Sample from each polymer reaction (RF, RF2, RF3 and RF4) was dissolved in dis-
tilled water for obtaining a solution of 20 wt%. The latter was diluted in order to
prepare solutions with different concentrations from 0.1 to 20 wt%. The polymer
RF displayed solubility in water, notwithstanding the copolymers (RF2, RF3 and
RF4) were not soluble. For this reason, the solution of these samples was neutral-
ized dropping a solution of ammonium hydroxide (30%). Solutions of all polymers
exhibited a complete solubility at pH ca. to 9.0. The solutions were kept under agita-
tion for 24 h.

Results and discussion

The RAFT polymerization is characterized by high livingness of thiocarbonyl end
chain that is primordial for synthesizing well-defined architectures and good control
of the molecular weight and molecular weight distribution of prepared polymers.
Despite the advantages, McCormick et al. investigated and demonstrated the effect
of thermal condition on RAFT end chain fidelity which could be involved in the
chain extension process for obtaining complex copolymers [39]. For this reason, in
the present manuscript, we report the preparation of associating multiblock copoly-
mers using redox RAFT technique (Scheme 1) at room temperature. The polymeri-
zation reactions were carried out in 1,4-dioxane using redox initiation. Low concen-
tration of redox initiators has been used with the aim to achieve a high livingness
end chain and maintain the molecular weight distribution values below 1.5. The
symmetric chain transfer agent S,S'-bis (a,a’-dimethyl-a”-acetic acid)-trithiocarbon-
ate (DMAT) was selected in order to acquire as many block as possible with the
minimum number of steps.

The polymerization reactions of both hydrophilic and hydrophobic blocks lead
to high monomer consumption (>80%) after 24 h. Nevertheless, it is worth men-
tioning that the synthesis of hydrophilic block using unpurified EA exhibits a low
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Scheme 1 Schematic pathway for synthesizing associating multiblock copolymers electrolytes using a
redox RAFT polymerization

conversion (<40%) and a poor control on the polymerization process under similar
conditions. The polymerization reaction conditions and results are given in Table 1.

THF-SEC was used to measure the molecular weights and molecular weight dis-
tributions of resultant polymers after methylation using TMSCHN,. SEC trace of
macroagent (RF) (PAA-co-PEA) displays a monomodal chromatogram showing a
narrow dispersity (D =1.2), whereas the copolymer RF2 exhibits a shoulder at low
molecular weight which caused an increase in the molecular weight distribution.
The copolymer RF3 and RF4 do not display a shoulder as clear as RF2, notwith-
standing their molecular weight distributions are not as symmetrical as RF. Further,
data from the molecular weights of the copolymers RF3 and RF4 mismatch with
the targeted, and this discrepancy can be attributed to the following factors: (a) SEC
analysis conditions using Mark—Houwink—Sakurada parameters o and k of polysty-
rene as calibration standard curve, (b) degradation of thiocarbonylthio group during
the methylation process. (Figure 1).

In order to ascertain the effect of methylation on the molecular weight values,
both methylated and original polymer RF2 were dissolved in DMSO and charac-
terized by UV—visible. Result shows that the thiocarbonylthio group disappeared to
methylated polymer, whereas a large signal was observed at 310 cm™" in the UV—vis
spectra of original polymer (Fig. 2) and confirms our recent investigation on the
metamorphosis of thiocarbonylthio toward TMSCHN, [40]. On the other hand, the
SEC traces shown in Fig. 1 show a shift toward higher molecular weight after each
chain extension reaction to form tri-, penta- and heptablock copolymers despite the
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Fig. 1 THF-SEC traces of
associating multiblock copoly-

mers electrolytes performed at —__RF
40 °C using PS as standards —RF2
calibration column: RF (blue), ——RF3
RF2 (red), RF3 (black) and RF4 RF4
(yellow) (color figure online)
T T T T T T T v T
6.0 6.5 7.0 7.5 8.0

Retention time (min)

——Baseline DMSO
——RF2

0.5 ----- RF2 Methylated

Absorbance

~~~~~~~~~~~~~~

280 320 360
Wavelength (nm)

Fig.2 UV-visible spectra of original RF2 (red) and RF2-methylated (dashed) (color figure online)

molecular weights obtained by THF-SEC are widely lower than targeted. Notwith-
standing, the increase in the molecular weight of polymers could confirm the pres-
ence of thiocarbonylthio end group and the insertion of new block to the backbone
of polymer.

Spectroscopic analysis (NMR) was performed to determine the structure and
molar composition of acquired associating copolymer electrolytes. '"H NMR analysis
of associating copolymers electrolytes was carried out at room temperature (25 °C)
in DMSO-d, without further modification, and spectra are shown in Fig. 3. In the 'H
NMR of RF corresponding to the macroagent PAA-co-PEA, the chemical shift (6)
of hydroxyl proton of acrylic acid is observed at 12.3 ppm. Two other signals related
to residual solvent DMF and 1,4-dioxane were detected at 7.9 and 3.8 ppm, respec-
tively. The methylene CH, linked to the ester group of ethyl acrylate is observed at
0=4.0 ppm. The methylene of acrylic acid and ethyl acrylate are overlapped and
detected at 2.2 ppm ca. to the deuterated solvent DMSO-d,. The methylene of the
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Fig.3 'H NMR spectra of associating multiblock copolymers electrolytes in DMSO-dg: Macroagent (RF,
blue), triblock (RF2, red), pentablock (RF3, black) and heptablock (RF4, yellow) copolymers (color fig-
ure online)

backbone polymer is observed between 1.8 and 1.2 ppm, respectively. 'H NMR
spectra of copolymers (RF2, RF3 and RF4) displayed similar 6 than RF which con-
firm the presence of AA and EA. Moreover, a novel d is observed at 0.8 ppm and
ascribed to the methyl group (CH;) of lauryl acrylate. The presence of this signal
plays an essential role and confirms the insertion of hydrophobic block to the back-
bone of associating copolymer electrolytes.

The integral values of selected chemical shifts allowed to determine the molar
composition of each copolymer electrolytes. For calculating, the integral value of
three specific chemical shifts is considered: the proton of acid group at 12.3 ppm,
the methylene (two protons of CH,) linked to acrylate group (I/2) of both EA and
LA and methyl group (three protons of CH;) of LA (I/3). As given in Table 1, the
molar composition of EA/AA in the macroagent (RF) is 44 and 56%, respectively.
This result presumes a major conversion of EA during the redox RAFT polym-
erization of both monomers. In the case of multibock copolymers (RF2, RF3 and
RF4) featured by the incorporation PLA block, the molar composition percentage
obtained for each polymer describes the formation of desired multiblock copolymers
(Table 1). Based on the composition values obtained through NMR spectra, we con-
clude these values matched with the expected in the theoretical molecular weights.

Differential scanning calorimetry

To confirm the structure of resultant materials, DSC analysis was attentively per-
formed. Figure 4 exhibits the DSC curves of all copolymers electrolytes. The DSC
curve of macroagent (RF) shows only one Tg ca. to 26 °C (blue line), whereas the
T, of homopolymers PAA and PEA is 105 and —24 °C, respectively [41]. Then, the
presence of one T, presumes the formation of a random copolymer PAA-co-PEA.
The thermogram of triblock copolymer (RF2) (red line) exhibits two transitions
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Fig.4 DSC thermograms of associating multiblock copolymers electrolytes: macroagent (RF, blue), tri-
block (RF2, red), pentablock (RF3, black) and heptablock (RF4, yellow) (color figure online)

temperature at — 18 and 52 °C which confirm the incorporation of a new block to
the copolymer structure. Despite the pentablock copolymer (RF3) holds in fact two
PLA blocks, the thermogram of this copolymer (RF3) presents only one 7, at 20 °C.
The presence of one transition temperature in RF3 can be attributed to the low molar
composition (ca. to 2.7%) and/or chain length of PLA (shorter than RF2) which
could inhibit the detection of any transition for the PLA segment in this polymer.
Finally, the thermogram of heptablock copolymer (RF4) exhibits two transitions
temperature at — 9 and 25 °C and confirms once again the insertion of a novel PLA
block to the backbone of polymer. It is worth mentioning that the 7, of a homopoly-
mer PLA is closed to —3 °C and plays an important role in the transition tempera-
ture of synthesized associating copolymers [27]. The low T, of PLA (between — 18
and —9 °C) incorporated to the backbone may have also affected the hydrodynamic
volume of polymers and THF-SEC analysis which was carried out at 40 °C.

Rheological properties of associating water-soluble polymers in aqueous solution

The rheological properties of synthesized copolymers were performed in aque-
ous solution at different concentration range from 0.1 to 20 wt%, and the findings
allowed to determine the effect of hydrophobic block on the viscosity and the regime
concentration of these copolymers. These analyses were carried out at room tem-
perature (25 °C) using a thermostated recirculation bath. Depending on the viscosity
of copolymers, two geometric instruments were used: cone plate (50 mm 2°) and
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double gap. The polymer RF is relatively soluble in deionized water and its pH is
ca. to 3.5, while the copolymers RF2, RF3 and RF4 are entirely insoluble in deion-
ized water. To solubilize the copolymers, hydroxide ammonium solution 2.0 M was
added dropwise up until a total dissolution of polymer. The pH of solution was con-
tinuously monitored as well as the physical aspect of solution moves from translu-
cent to a transparent solution by addition of basic solution and the pH shows a value
near to 9.0. Despite the high solubility of RF in deionized water, his pH was also
adjusted at 9.0 in the purpose to perform the rheological analyses under similar con-
ditions than copolymers.

Figure 5 displays the viscosity versus shear rate of copolymer electrolytes in
aqueous solution at different concentration using a shear rate range from 0.001 to
1000 s~!. For the polymer RF, the viscosity increases according to the concentration
of solution growth up from 1 to 20 wt%, and data show a Newtonian motion what-
ever the measured concentration. This weak augmentation observed in the viscosity
of MA (from 0.0015 to 0.033 Pa S) is generally assigned to the increase in the con-
centration which could induce to the steric hindrance of polymer in solution. In the
case of the triblock copolymer electrolyte (RF2) featured by the incorporation of a
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Fig.5 Apparent viscosity (77) as a function of shear rate () at different concentrations of polymer (C) for
polyelectrolytes a RF, b RF1, ¢ RF3 and d RF4
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hydrophobic block (8 units) of LA (M,=1900 g mol™!) in the polymeric chain, the
result from the viscosity versus shear rate of this copolymer exhibits a substantial
increase in the viscosity compared to his former polymer RF. The viscosity of RF2
shows a Newtonian motion at low concentration (1-8 wt%). By increasing the con-
centration from 10 to 20 wt%, the viscosity of RF2 displays two different behaviors:
a Newtonian motion at low shear rate (0.1-60 s™') and a shear-thinning behavior
characterized by a shrinking on the viscosity when the shear rate increases, and this
behavior is more pronounced at high concentration of polymer. Taking into account
the viscosity values of both RF and RF2, we can observe that at a similar concentra-
tion (20 wt%), the viscosity of RF2 (1.5 Pa S) increases two magnitude orders in
comparison with the viscosity of RF (0.033 Pa S) in spite of the insertion only on
hydrophobic block PLA to the backbone polymer.

The pentablock copolymer, recognized in Fig. 4c as RF3, is made of three large
hydrophilic block (PAA-co-PEA) and two short hydrophobic block (PLA). We tried
to dissolve the polymer (RF3) at different concentration. However, 4 wt% represents
the highest concentration where the resulting polymer becomes soluble in an aque-
ous solution. The viscosity of this copolymer was measured at different concentra-
tions <to 4 wt % and result show a Newtonian motion at low shear rate then a pseu-
doplastic behavior at high shear rate. The sample RF3 dissolved at 4 wt% was also
submitted to rheological analysis and result displays a rheo-thickener behavior at
low shear rate (0.001-0.4 s~!) characterized by an increase in the viscosity of poly-
mer. This behavior was previously reported [8] and is attributed to the breakdown
of intramolecular interactions at low shear rate that give rise to the formation of
additional intermolecular interactions which leads to the increase in the viscosity at
low shear rate range. This unexpected increase observed on the viscosity of RF3 at a
concentration of 4 wt% could also be ascribed to number and length of hydrophobic
chain inserted to the backbone of polymer. Further, we observe that the viscosity of
RF3 at 4 wt% (7=10 Pa S) increase three magnitude order versus the viscosity of
the former polymer RF2 (7=0.013 Pa S) at the same concentration.

Regarding heptablock copolymer electrolyte (RF4) distinguished by incorpora-
tion of novel hydrophobic block to the polymeric chains of RF3, the solubility of
solution decreases at 2 wt% and diluted samples were submitted to rheological anal-
yses at a concentration range from 0.01 to 2 wt%. The viscosity data acquired for
sample ranged from 0.01 to 1 wt% showed a Newtonian behavior at low shear rate
with a significant increase in the viscosity values; further, the viscosity of polymer
displays a pseudoplastic motion at higher shear rate. Based on the shear rate range
used in the rheological analysis of previous polymer RF3, in the case of RF4, we do
not observe a Newtonian nor rheo-thickener behavior for the polymer sample meas-
ured at a concentration of 2 wt%. Notwithstanding, the viscosity of this polymer
displays a pseudoplastic behavior for this stated shear rate range with an increase in
the viscosity of this polymer compared to the former polymer RF3. Considering the
viscosity obtained both copolymer electrolytes RF3 and RF4 at same concentration
(2 wt%), we observe that the viscosity value of RF4 (=100 Pa S) increases three
magnitude order in comparison with the RF3 (7=0.2 Pa s) and this higher viscosity
value could be attributed to the number of hydrophobic block (three) incorporated to
the backbone.
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Concentration regimes

For a better understanding of the rheological properties of aforementioned associ-
ating multiblock copolymer electrolytes, a series of rheological studies were per-
formed considering a definite concentration range for each water-soluble associ-
ating multiblock copolymer electrolytes. The most important finding acquired in
this study is the ability to determine the concentration regimes of each polymer
which correspond to the entanglement level of studied polymer at different con-
centration. This information plays an important role in the rheological behavior
of polymer since the concentration regime describes the correlation between pol-
ymeric chains and the hydrophobic interactions into the system.

Considering the concentration value of polymer associating namely (C), this
latter fundamentally describes two potential interactions: (1) the presence of
intramolecular interactions when concentration of polymer is lower than the criti-
cal aggregation concentration (C*) which leads to unentangle between polymeric
chains. (2) formation of the intermolecular interactions when the concentration
of polymer is higher than C* and the intermolecular interactions generally come
from the interactions between hydrophobic segment of different macromole-
cule chains and leads to entanglement therefore an increase in the viscosity of
polymer.

Before any discussions about the results from the concentration regimes of
associating multiblock copolymer electrolytes obtained in this investigation, it
seems important to remind some features related to original (without hydropho-
bic segment) polymer and their rheological properties defined at different concen-
tration regimes:

(1) Dilute regime C < C*, where C* is the overlap concentration where the zero
shear viscosity is to the order of solvent.

(2) Semi-dilute unentangled regime C* < C < C,, in this case C, represents the con-
centration where the macromolecules are close one to the other without giving
rise to a physical association. At this concentration regime, the polymer gener-
ally displays a greater viscosity than its former. It is important to note that C./C*
ratio is generally is in the order of 5-10 [42].

(3) Semi-dilute entangled regime C, < C< C**. At this concentration regime, the
rheological properties of polymers are described by reptation model and depend
on the concentration of polymer with an exponential slope near 4.

(4) Concentrated regime is defined as the point where the polymer concentration is
above the C**. At this concentration regime, the reptation model is preserved
but rheological property of polymer is different due to the polymer concentration
and interactions in the solution.

Figure 6 shows viscosities at zero shear rate (7,) versus the polymer concen-
tration (C) from associating multiblock copolymers electrolytes obtained in this
work. The copolymer electrolyte (RF) obtained in the step 1 presents C* at a con-
centration 0.4 wt% then a semi-dilute regime untangled regime at a concentration
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below 4 wt%. In the case of dilute regime, the macromolecules dissolved in the
solution are isolated (due to the polymer concentration) and the viscosity basi-
cally is in the order of solvent. When the polymer concentration reached the semi-
dilute untangled regime, the macromolecules are closer without entanglement
between them and the viscosity of solution tends to increase. For the polymer RF,
it was not possible to find the semi-dilute entangled regime (C,) characterized by
the physical cross-linking which could be determined by the exponential slope 4.
The absence of both semi-dilute entangle and concentrated regime in the polymer
RF means that these concentration regimes could be found at a higher polymer
concentration than performed in this study (20 wt%).

The copolymer electrolytes (RF2), characterized by the insertion of one hydro-
phobic block (PLA) obtained in the step 2, display a semi-dilute unentangled regime
(Cn) at a polymer concentration ca. to 0.2 wt%. The method of calculating of Cy is
similar to C* and represents the point where to start the semi-dilute unentangled
regime. It worth mentioning that C* is used for original polymer associating (with-
out hydrophobic segment), whereas Cy refers to associating polymer modified with
at least one hydrophobic segment inserted to the backbone. Additional to the semi-
dilute unentangled regime, it was possible to obtain the polymer concentration value
(Cr=4 wt%) corresponding to the semi-dilute entangled regime using the exponen-
tial slope ca. 4. It worth mentioning that calculating C; and C, values is similar
than reported for C* and Cy, and in both cases, their values represent the initiating
point of semi-dilute entangled regime. For this polymer (RF2), it was not possible to
determine the concentrated regime under the analyses conditions (20 wt%).

Regarding associating copolymer electrolytes RF3 and RF4 obtained from step
3 and 4, the polymer concentration corresponding to the semi-dilute unentangled
regimen Cr is detected at 0.1 wt%; it means that the dilute regime is below this
concentration. We also found the semi-dilute entangled regime for both polymers at
Cn=0.65 and 0.25, respectively, and this regime is featured by the physical associ-
ating between macromolecules and the latter tends to form reversible cross-linking
network which increases the viscosity of polymer. In addition to the abovementioned

@ Springer



Polymer Bulletin (2020) 77:2539-2555 2553

regimes, the polymer RF3 exhibits a concentrated regime at a polymer concentration
greater than 2 wt%, whereas the concentrated regime of polymer RF4 is observed at
a polymer concentration greater than 1 wt%.

Conclusions

We describe the synthesis of different polymer electrolytes composed of AA, EA
and LA under RAFT polymerization using redox condition (TBHP/AsAc) at room
temperature (25 °C) in 1,4-dioxane. Yellowish color of resultant polymer was main-
tained which confirm the chain end fidelity of polymers, and multiblock copoly-
mer electrolytes (from macroagent-RF to heptablock-RF4) were obtained with a
high monomer consumption whatever the chain extension polymerization steps.
The molecular weight distributions obtained by size exclusion chromatography in
THF-SEC were kept<to 1.5, whereas the molecular weights of polymers exhibit
a discrepancy between the theoretical and experimental values except the macro-
agent (RF). This inconsistency could be attributed to different parameters such as:
the standard column curve of SEC, the Mark—Houwink—Sakurada constants and
the methylation process. Based on the NMR spectra and the composition of poly-
mer, we can affirm the incorporation of hydrophobic or hydrophilic block in each
chain extension. Final copolymer electrolytes, mainly the penta- (RF3) and hepta-
block (RF4) copolymers, demonstrated an excellent rheological property with an
important increase in the viscosity of these polymers from the insertion of novel
hydrophobic block to the backbone which give rise to the intermolecular interac-
tions. Also, the regime concentrations of polymer at dilute aqueous solution were
determined and confirmed the formation of cross-linking network through the
hydrophobic association between PLA blocks. Based on the rheological properties
of acquired multiblock copolymer electrolytes in the work, we suppose that these
copolymers (principally RF3 and RF4) could be employed as rheological modifiers
in the enhanced oil recovery process.
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