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Abstract : Well-defined thermoresponsive amphiphilic statistical copolymers based on N-
vinylcaprolactam (VCL) and vinyl acetate (VAc) were successfully synthesized by
RAFT/MADIX polymerization mediated by O-ethyl-S-(1-
ethoxycarbonyl)ethyldithiocarbonate chain transfer agent at 65°C. We achieved the synthesis
of a series of copolymers with controlled molar masses and low dispersities over a wide range
of monomer feed ratios (0 < fvaco < 1). Both conventional linearization methods and a nonlinear
least square methods (NLLS) were applied to estimate reliable values of reactivity ratios for
VAc and VCL radical polymerization in regards to the disparate values previously reported in
the literature. The highest measurement precision was observed for the NLLS method based on
the integrated form of the copolymerization equation developed by Skeist. The calculated
values of the reactivity ratios (rvac = 0.33 = 0.10 and rvcL = 0.29 + 0.15) perfectly fitted the
drift in monomer feed ratio versus conversion. The VCL and VAc monomer units are
distributed homogeneously along the copolymer chains. Both the cloud point temperatures and
glass transition temperatures evolve linearly with the copolymer composition. Analyses of the
aqueous solutions of the amphiphilic copolymers by means of dynamic and static light
scattering show that P(VAc-co-VCL) copolymers undergo a reversible temperature-induced
conformational change between large aggregates (T > Tcioud point) and either unimers for Fyac

inferior t0 0.3 (Nagg = 1, Dn ~ 7 nm) or small aggregates for Fvac = 0.53 (Nagg = 3, Dn ~ 14 nm).



INTRODUCTION

Thermoresponsive polymers are polymers that undergo a conformation phase transition in
response to a change of temperature.l’ 2 Among the several well-known thermoresponsive
polymers, poly(N-vinylcaprolactam) (PVCL) has raised an increasing interest over the last
years as reported in recent reviews.>> This biocompatible polymer with lower critical solution
temperature (LCST) in water ranging between 30 - 40 °C,> © is attractive for different
applications such as delivery systems,* or particle stabilization.” An effective means of tuning
the temperature in which the change of PVCL-chain solvation state occurs is to control both the
polymer chain length,®*! and the introduction of co-monomers in the polymer chain.1%%3
Among the different co-monomers that can be used to tune the phase transition temperature of
PVCL chains in water, vinyl acetate (VAC) is an attractive co-monomer due to the wide range
of applications of poly(vinyl acetate), which is used as a binder for wound dressing, in latex
paints, in the paper industry and as a versatile adhesive.'* 1> Moreover, PVAc is a precursor of
poly(vinyl alcohol) which is a biocompatible and biodegradable polymer of interest for
biomedical applications, as a stabilizer of colloidal systems or as a superabsorber.'> ® During
the last decades, controlled radical polymerization (CRP), also recently named reversible-
deactivation radical polymerization (RDRP),!" has been extensively investigated to precisely
control molecular weight, dispersity, architecture and microstructure of a wide range of
(co)polymers.’® The most developed CRP techniques are nitroxide mediated polymerization
(NMP),2® atom transfer radical polymerization (ATRP),% copper(0)-mediated radical
polymerization,? 22 reversible addition-fragmentation chain transfer (RAFT)?® 24 including
macromolecular design via the interchange of xanthates (MADIX),? reversible iodine transfer
polymerization (RITP)?® and organometallic-mediated radical polymerization (OMRP).%
Despite the interest of poly(vinyl esters) and poly(vinyl amides) for a range of applications, the
controlled radical polymerization of unconjugated monomers has long been recognized as a
challenge due to the difficulty in controlling the equilibrium between the unstabilized radical
and the dormant species.> * In the recent years, improvements in RAFT/MADIX
polymerization,® 283 OMRP, '3 3537 RITP%® and ATRP,% “° offered opportunities to control the
polymerization of the so-called less activated monomers (LAM) such as vinyl acetate, N-
vinylcaprolactam (VCL) or N-vinylpyrrolidone (VP). RAFT/MADIX polymerization afforded
the possibility to synthesize various LAM-based copolymers such as block copolymers (PVAc-
b-PVCL,*°, PVCL-b-PVP*) or statistical copolymers (P(VP-stat-VCL)* “2). Among
controlling the molar mass and dispersity via RDRP, copolymerization kinetics and associated

effect on copolymer composition assist in the design of statistical copolymers with suitable
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performances. Indeed, both copolymer composition and monomer distribution of statistical
polymer sequences can affect properties such as phase transition temperature,® 12 13 block-
statistical copolymer self-assembly,** %4 cyclization®® and rheological properties of copolymers
self-assembled either in water*® or in bulk.*” *® It requires the most accurate values of the
reactivity ratios. However, the discrepancy between the values of reactivity ratios reported in
the literature for VAc and VCL copolymerization (rvac = 0.63 and rvcr = 0.31 (bulk),*®® ryac
=0.36 and rvcr = 1.06 (bulk)!? % ryac = 0.35 and ryce = 2.5 (media not reported),®® ryac = 0.3
and rveL = 2.2 (ethanol),*® ryac = 0.3 and rveL = 1.3 (butanol)* provides uncertainty in the
monomer sequence along the chain. This might limit the development of more complex
materials based on VAc and VVCL copolymers. It is thus of interest to explore how effective is
RAFT/MADIX polymerization at controlling the copolymerization of VAc and VCL
monomers for various initial monomer feed compositions. Special attention is dedicated to the
copolymer compositions. Non-linear least square methods and linearization methods are
examined to accurately determine the reactivity ratio of VAc and VCL. The influence of the
P(VAc-co-VCL) copolymer composition on glass transition temperature, phase transition

temperature, and copolymer self-assembly is investigated.

EXPERIMENTAL PART

Materials

Vinyl acetate (VAc, Sigma Aldrich, 99%") was mixed with inhibitor removers (Sigma Aldrich,
0.1 g of inhibitor remover for 50 mL of VAc) for 30 minutes prior to be filtered and used for
polymerization. N-vinylcaprolactam (VCL, Sigma Aldrich, 98%) was distilled under reduce
pressure (P = 0.05 mmHg) in the presence of hydroquinone (Sigma Aldrich, 99%"). Azobis-
isobutyronitrile (AIBN, Sigma Aldrich, 98%), 1,3,5-trioxane (Sigma Aldrich, > 99%), diethyl
ether (Sigma Aldrich, > 99.8%) were used as received. The O-ethyl-S-(1-

ethoxycarbonyl)ethyldithiocarbonate molecular transfer agent was synthesized according to a

previously described procedure® (purity: 93 %).

General procedure for the synthesis of P(VAc-co-VCL) statistical copolymer

Polymerizations were performed with a total of 5 g of monomers, varying the initial molar
fraction of VAc and VCL from fvaco = 0 to 1. The initial concentration of xanthate agent was
ranging from 1.6 to 2.4 mol.L! and the ratio between monomer concentration and xanthate

agent concentration ranged between 420 and 460 (Table S.1. in Supporting Information).



In a typical experiment (Expt 6 in Table 1), xanthate agent (36.5 mg, 1.10 x 10 mol), AIBN
(5.4 mg, 3.30 x 10°® mol), VCL (2.00 g, 1.44 x 102 mol), 1,3,5-trioxane (0.887 g, 9.86 x 107
mol) and VAc (3.04 g, 3.53 x 102 mol) were introduced in a 10 mL round bottom flask and
stirred magnetically. The mixture was degased by nitrogen bubbling during three minutes in an
ice bath. The flask was weighed before and after degasing to ensure the absence of VAc
evaporation during this step. A sample was withdrawn under nitrogen at time t=0. The round
bottom flask was placed into an oil bath previously heated to 65°C. Samples were withdrawn
every hour until the reaction was stopped (6 hours) by cooling down in an ice-water bath and
introduction of oxygen in the mixture. Individual conversions of monomers were calculated
from nuclear magnetic resonance spectra using 1, 3, 5-trioxane as internal standard (equation
1).

(1 1Hmono./l 1Htriox.)

Xmono+ = (I 1Hmono_/1 .

£ Equation 1
triox.)o
l11triox COrresponds to the integral of one proton of 1,3,5-trioxane (5.1 ppm, 6 H) used as internal
standard and l1H,mono COrresponds to either the integral of the proton of VCL monomer at 3.6
ppm (l1nver, 2 H) or VAc monomer at 7.1-7.4 ppm (linvac = 17.1-7.4 ppm — l1nvel/2) (see H

NMR spectrum of a crude sample in Figure S.1 in Supporting Information).

The final overall molar and weight conversions (respectively named Xm and Xw) were calculated
from the monomer individual conversions (Xmono., €quation 1) according to equation 2 and

equation 3 (no and mo are respectively the initial number of moles and the initial mass of each

monomer).
X * N, +x *N .
Xm — VAc 0,VAC VCL 0,VCL Equat|0n 2
No,vac T Mo,vcL
X *m, + x *m -
Xw — VAc 0,VAC VCL 0,VCL Equatlon 3

Mmo,vAc + Mo,vCcL
The molar fraction of the VAc monomer incorporated into the copolymer (Fvac) was calculated
from the monomer individual conversion (xvac, equation 1) and the initial number of moles of

monomers (no,vac and novct), according to equation 4.

XVAc* No,VAc

F = Equation 4
VAc XVAc* Mo,VAc T XVCL* Mo ,VCL g

The weight fraction of VAc in the copolymer (wvac) was obtained from equation 5, considering
the molar fraction of the monomers in the copolymer (Fmono, €quation 4) and the molar masses

of each monomer (Mvcr = 139 g.mol™ and Mvac = 86 g.mol™).



Fyac* Myac
Fyac* Myac + FycL* MycL

Wyae = Equation 5

Characterization method

Nuclear Magnetic Resonance (NMR) spectroscopy. NMR spectra were recorded using a
Bruker 400 MHz spectrometer at 25 °C. 'H measurements were performed at frequencies of
400 MHz and BC measurements at 100 MHz. Deuterated dimethyl sulfoxide DMSO-dgs and
deuterated chloroform CDCl3 were used as solvents for respectively the crude and precipitated
polymers.

Dynamic Light Scattering (DLS). The measurements of the hydrodynamic diameter Dy as a
function of the temperature for the P(VAc-co-VCL) copolymers dispersed in deionized water
at5g.L™, were carried out on a Nano-ZS, Model ZEN3600 (Malvern, UK) zetasizer at an angle
of 173°. A He-Ne 4.0mW power laser was used, operating at a wavelength of 633 nm. For

evaluation of the data, the DTS (Nano) program was used. The hydrodynamic diameters were

calculated from the diffusion coefficient using the Stokes-Einstein equation D = 3kBT where
h

D
T is absolute temperature, 7 the viscosity of the solvent, ks the Boltzmann constant and D is the
diffusion coefficient. The hydrodynamic diameters of the the P(VAc-co-VCL) copolymers
were also measured accurately using the a ALV setup (Langen, Germany). The values of Dy
below the cloud point were calculated from the diffusion coefficient using the Stokes-Einstein

equation and was extrapolated to zero concentration and zero-q values.

Static Light Scattering (SLS). Light Scattering measurements were performed on a ALV setup
(Langen, Germany), consisted of a 22 mW He—Ne laser, operating at a wavelength of 1 =632.8
nm, an ALV CGS/8F goniometer, an ALV High QE APD detector, and an ALV 5000/EPP
multibit, multiautocorrelator. All the measurements were carried out at temperature below the
cloud point, for scattering angles, 4, ranging from 30° to 150°. For P(VAc-co-VCL) copolymers
with Fvac inferior to 0.3, the measurements were performed at polymer concentrations ranging
between 1 g.L and 20 g.L* while for the P(VAc-co-VCL) copolymer with Fyac of 0.53, the
temperature of measurement was set at 10°C at polymer concentrations range of 1 -4 g.L™. The
weight average molar mass of the scatterers (Mw) was determined using the Zimm equation
(equation 6). The average scattered intensity of the sample (lsampie) is measured in relation to
the average scattered intensity of the solvent (lsoivent) and a standard (lstandara). The Rayleigh ratio

(Re) of the sample, which corresponds to the normalized contribution of the sample to the



scattering intensity, is then determined based on the known Rayleigh ratio of the standard
(Ro.standard, here we used toluene with Re Toluene = 2.79 x 10 cm't), equation 7. K.c/Re can then
be determined using equations 6 to 9, taking into account the wavelength of the laser (A1), the
refractive index of the standard (nstandard), the refractive index increment (dn/dc) of the sample

and Avogadro’s number (Na).

K. 2R2 1 )
=194 —424,c Equation6
Rg 3M,, My,
_ Isampie~Isolent .
Re = I—Re,standard Equation 7
standard

K = 4n2n§tandard(dn/dc)2
N A%

Equation 8

4 in? i
q= %Sln; Equatlon 9

For all of the samples, the resulting distribution of relaxation times obtained via DLS was
bimodal. To account for the presence of the larger aggregates in the SLS experiments, the
relative scattered intensity contributions from fast and slow mode of relaxation were determined
from the DLS data, which allowed for the calculation of the Rayleigh ratio for the fast mode

only (Rofast)- >

I 1e(0)=Isorvent (8) .
RB,fast = Afast(e) Samisiandarj(g;,nt RH,standard Equatlon 10

Afast (0) is the scattered intensity contribution from the fast mode of relaxation at a given
scattering angle determined by DLS, lsample, lsolvent, 8nd lstandara are the scattered intensities at
angle 0, by the sample, solvent, and reference liquid, respectively, and R standard IS the Rayleigh
ratio for the toluene used as the standard. The K.c/Ro s Values were averaged across the
different g-values and plotted versus concentration to determine the absolute weight-average
molar mass (Mw, aggregate) (Figure S.2, Supporting Information). The aggregation number was
calculated as follows: Nagg = Mw,aggregate/Mw,polymer, With Mw,polymer COrresponding to My of the
copolymer measured by SEC in THF from MALLS detector.

The specific refractive index increment values (dn/dc) of the agueous solutions of copolymers
were determined at 20°C with a T-rEX (Wyatt) differential refractometer, operating at a
wavelength of 1 = 632 nm, at concentration ranging form 0.2 to 1 g.L™%. The following values
were measured: dn/dc = 0.177 + 0.001 mL.g" (Fvac = 0.28), dn/dc = 0.171 + 0.005 mL.g*
(Fvac = 0.19) and dn/dc = 0.163 + 0.008 mL.g™* (PVCL). According to these values, the dn/dc



of the copolymer with Fyac = 0.53 was extrapolated at 0.186 mL.g™ (Figure S.3, Supporting

Information).

Size Exclusion Chromatography (SEC).

The SEC system operates in THF, at 30°C (flow rate: ImL.min). The SEC apparatus is
equipped with a Viscotek VE 1122 automatic injector, a set of shodex columns (KF 801, KF
8025, KF 804 et KF 806 from Waters) working in series, a Wyatt Heleos 1l Multi Angle Laser
Light Scaterring detector (MALLS, 18 angles, 40 = 664.4 nm), a refractive index (RI) detector
Viscotek VE 3580 and a Viscotek VE 3210 UV-visible detector. Toluene was used as flow
marker. All (co)polymer samples were prepared at 5 g.L™ concentrations. The number-average
molar mass (Mn) and molar mass distribution (D) were obtained from MALLS data using the
Mi value of each slice of the chromatogram (see equation 6 at zero concentration). The
experimental M, were compared to the theoretical number average molar masses of the
copolymers calculated from equation 11.

(moyac + moycL) / Vrotal
w ([Xanthate]0+0.6*[AIBN]O*(l—e_kd*t))

My theo. = Mxanthate + X Equation 11

Where Mxanthate COrresponds to the molar mass of the molecular xanthate agent (Mxanthate = 222
g.mol ™), X is the final overall weight conversion (see equation 3), kq is the AIBN dissociation
constant into dimethylformamide at 60°C (k¢ = 6.45 x 10° s1)° t corresponds to the
polymerization time, [Xanthate]o and [AIBN]o are respectively the initial concentrations of the
chain-transfer agent and the initiator. mo,vac and mo,vcL are the initial weight of monomers (in

g) and Votal (L) is the initial volume of the reaction mixture.

The refractive index increments (dn/dc) of the P(VAc-co-VCL) copolymers synthesized by

bulk copolymerization were determined using equation 12.

dn dn .
(d/dC) copo = Wyac (5)%0 + Wy (;)PVCL Equation 12

The values of dn/dc of PVCL and PVAc homopolymers were respectively taken from
references ® and °: (dn/dc)pvcr = 0.109 mL.g*t and (dn/dc)evac = 0.0582 mL.g™2. In order to
confirm the dn/dc calculation from equation 12, the dn/dc value was also measured
experimentally by SEC via the plot of the RI area of the chromatogram versus the copolymer
concentration (see Figure S.4, Supporting Information). The experimental dn/dc value of
P(VAco63-c0-VCLo37) copolymer (expt 6 in Table 1) (dn/dcexp. = 0.084 mL.gt) was in good



agreement with the dn/dc calculated using equation 12 (dn/dccaic. = 0.082 mL.g™). Therefore,

for the series of P(VAc-co-VCL) copolymers, dn/dc values were calculated from equation 12.

Differential Scanning Calorimetry (DSC). DSC measurements were carried out using the
Q100 apparatus from TA instruments. Analysis were conducted at a heating rate of 10°C/min,
under nitrogen gas flow, from 0°C to 200°C. The measurements method included a first heating
step from 0 to 200°C at 10°C/min, a cooling step from 200 to 0°C at 10°C/min and a second
heating step from 0 to 200°C at 10°C/min. Glass transition temperatures (Tg) of the
(co)polymers were measured during the second heating step. (Co)polymers were dried under

vacuum for 24h prior analysis.

Turbidimetry analysis. Turbidimetry measurements of the (co)polymers solutions (0.3 wt%
in water) were performed with a Shimadzu UV-2450PC spectrophotometer, from 13 °C to 33°C
(heating/cooling rate: 0.5 °C.min®). Transmittance at 500 nm was plotted versus the
temperature. The minimum of the first-order derivative fit of transmittance versus temperature

was considered as the temperature of cloud point (T¢p) (see Figure 9).

RESULTS AND DISCUSSION

RAFT/MADIX copolymerization of VAc/VCL: evaluation of control

First, the level of control of RAFT/MADIX (co)polymerization of vinyl acetate and N-
vinylcaprolactam mediated by the O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate transfer
agent (Scheme 1) was investigated. The polymerizations were carried out in bulk at 65 °C with
varying initial monomer feed ratios (fvac,o) as reported in Table S.1 (Supporting Information).
Both VAc and VCL monomers being liquid at 65°C, the polymerization was performed in bulk
in order to limit the use of toxic and/or flammable polar solvents such as 1,4-dioxane,
chloroform, N,N-dimethylformamide or anisole, which were previously used as solvents for
RAFT (co)polymerization of VCL with other less activated monomers.” % 10.12,30

(@]
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o)\

Bulk, 65°C
Scheme 1. Synthesis of P(VAc-co-VCL) copolymers by RAFT/MADIX polymerization
mediated by O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate (= xanthate chain transfer
agent, CTA) in bulk.




The semilogarithmic Kkinetic plots of the overall molar monomer conversion versus time are
linear in the initial range of conversions but some plots curve upwards for higher conversions
indicating a steady increase in propagating radical concentration (Figure 1). Such an inhibition
period of 60 to 180 minutes was observed in the kinetic plots. Such inhibition period was
previously observed in xanthate-mediated vinyl acetate polymerization and was ascribed to the
vulnerability of the reactive vinyl acetate propagating radical towards oxygen and by-products
generated during the CTA synthesis.?® 2° The induction period may also be due to initial
selective formation of monoadduct but the length of the inhibition period did not show a specific
trend with the initial VAc molar feed ratio. A similar range of molar conversion in monomers
(40 — 60 %) was reached within 6 hours of RAFT polymerization carried out at 65°C for the
entire range of the initial VAc feed composition (0 < fvac < 1, Table 1). Note that a significant
increase in the time required to reach 30 % monomer conversion for Co-MRP copolymerization
of VAc and VCL was previously reported for fyaco > 0.4 (48 to 115 h).23
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Figure 1. Semilogarythmic plots of overall molar monomer conversion (Xm) versus time : X
fVAc,o = 0, O fVAc,o = 0.15, O fVAc,o = 0.30, + fVAc,o = 0.52, [l fVAc,o = 0.62, A fVAc,o = 0.71, o
fvaco=10.87 and * fuaco=1 (expt 1-8 in Table 1).

The experimental molar masses of the series of P(VAc-co-VCL) copolymers increase linearly
with the overall monomer weight conversion (Figure 2) in accordance with equation 11. The
low dispersity (D) values of the final (co)polymers which range between 1.25 and 1.04 are
consistent with a controlled character of the RAFT/MADIX (co)polymerization mediated by
O-ethyl-S-(1-ethoxycarbonyl)ethyldithiocarbonate chain transfer agent (Table 1). Moreover,



the decrease of dispersity (Figure 2) and the shift of SEC chromatograms toward low elution
volumes throughout the copolymerization reactions (Figure 3) both support the controlled
character of the RAFT copolymerizations at each monomer feed ratio.
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Figure 2. Evolution of MnmaLLs and dispersity versus the overall weight conversion (Xw) for:

O fVAc,o = 0.15, @) fVAc,o = 0.30, + fVAc,o = 0.52, O fVAc,o = 0.62, A fVAc,o = 0.71, o fVAc,o =0.87
(expt 2-7 in Table 1).
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Figure 3. Evolution of the size exclusion chromatograms with monomer conversion for

xanthate mediated VAc/VCL copolymerization with fuaco= 0.62 (expt 5 in Table 1).

The experimental M, are greater than the theoretical ones, which implies that the RAFT agent
is not fully consumed during the course of the polymerization. The xanthate CTA exhibits the
characteristic absorption band of a dithiocarbonate group at 2 = 355 nm (see Figure S.5a in
Supporting Information). Thus, the presence of an additional peak at low elution volume (35.5
mL) observed in the UV-visible SEC traces of the final copolymers (recorded at A = 355 nm)
confirms the incomplete consumption of the xanthate chain transfer agent (CTA) (see Figure
S.5b, Supporting Information). The efficiency of the xanthate CTA, calculated on the basis of
the ratio between theoretical and experimental M, rises with the increase of the initial VAc
molar fraction (Table 1). Such enhancement of CTA efficiency is supported by the analysis of
the UV-visible traces of the SEC chromatograms of the final copolymers which depict a
decrease in the relative height of the residual CTA peak for higher initial VAc molar fractions
(see Figure S.5b in Supporting Information). In summary, both the increase of xanthate
efficiency and the decrease of dispersity values (Table 1) by increasing fvaco from 0 to 1
converge to show that the chain transfer constant to xanthate agent (Cy = ku/Kp) is higher for
RAFT polymerization of VAc than of VCL. A value of Ci of 25 was reported for O-ethyl-S-
(1-ethoxycarbonyl)ethyldithiocarbonate mediated VAc polymerization,®® but no value of Chas
been reported for the RAFT polymerization of VCL mediated by this xanthate agent. While an

increase of dispersity values for higher levels of VAc was reported for the synthesis of P(VAc-
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co-VCL) copolymers by Co-MRP,'? the present work shows a better control of RAFT
VCL/VAc copolymerization by increasing the initial VAc feed ratio.

Table 1. Final compositions and macromolecular features of the P(VAc-co-VCL) copolymers
synthesized by RAFT/MADIX copolymerization in bulk at 65°C.

Expt fvaco® XmP Xu® Fvac® dn/dcpolymer® Mntheo® MnmALLS? PwmaLLs? Mn,theo/ Mn,MALLS
% % mL.g*t g.mol* g.mol™
1 0 56 56 0 0.109 30519 45330 1.12 0.67
2 0.15 41 41 0.19 0.103 20510 48190 1.19 0.43
3 030 51 52 0.28 0.099 25237 51530 1.25 0.49
4 052 56 57 049 0.090 23669 32840 1.11 0.72
5 062 63 66 053 0.088 25504 35370 1.10 0.72
6 071 56 59 0.63 0.083 23029 28650 1.08 0.80
7 087 59 60 0.83 0.071 21695 25660 1.08 0.85
8 1 63 63 1 0.058 21085 23380 1.04 0.90

fvaco IS the VAc molar fraction in the initial mixture; ® Xm is the overall monomer molar
conversion at 6h, equation 2; ¢ X is the overall monomer weight conversion at 6h, equation 3;
d Fyacis the molar fraction of the monomer into the copolymer, equation 4; ¢ Refractive index
increment of the copolymer in THF determined from equation 12;  Theoretical number-average
molar mass from equation 11; 9 VValues obtained from the SEC analysis with a MALLS detector.

The perfect overlay of the UV-visible (1 = 355 nm) and RI traces of the SEC chromatograms
observed for the series of P(VAc-co-VCL) copolymers depicts the presence of the
dithiocarbonate chain-end and so the living character on the entire molar mass distribution (see

Figure S.6, Supporting Information).

Determination of reactivity ratios and P(VAc-co-VCL) microstructure.

Reactivity ratios are most often calculated using a linearization of the Mayo-Lewis equation®’
(either the differential or integrated form). The Kelen-Tiidos (KT) method is one of the most
common methods (see details in Supporting Information).>® The authors later modified the
method in order to limit large systemic error in calculation due to the low conversion
assumption. The extended Kelen-Tudos method takes into account the individual monomer
conversions.> As reported in Table 2, similar values of reactivity ratios were calculated from
either the Kelen-Tidos method or the extended Kelen-Tidos method for RAFT
copolymerization of VAc and VCL performed in bulk at 65°C (Table 1) (rvac = 0.43 and rvct
= 0.20 Table 2). Nonlinear least square (NLLS) methods can also be used to determine the
reactivity ratios (see details in Supporting Information).8-%® The sum of the squares of the
residuals was minimized to set the values of reactivity ratios fitting the experimental copolymer

composition, Fvac calculated from the individual monomer conversion (equation 4) with the
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theoretical copolymer composition calculated from the Mayo-Lewis equation® (Fvac, theo,
equation 13).

2
TAX A"+ faXfB
2 2
TAX fA“+2X faX fp+ 1B X fB

Fa, theo. = Equation 13

The theoretical data of the Fvac = f(fvac,0) plots fit the experimental data for values of reactivity
ratios of rvac = 0.37 and rvc. = 0.16 (Figure 4). This S profile is in good agreement with the
evolution of the individual monomer conversion versus time displayed in Figure 4. Indeed, for

(1-7rycL)

initial VAc fraction below the azeotropic composition (fyacoazeotropic = 5 =
s (2-rycL-Tvac)

0.57), VAc is more rapidly consumed than VCL while the opposite trend is observed for fvaco
higher than fvac,0, azeotropic (Figure 4).
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Figure 4. Experimental values of Fyaco (@) versus fvacoand evolution of monomer individual
conversions with time for different monomer initial molar feed ratios. The black curve
corresponds to the non-linear fit of Lewis-Mayo equation with ryac = 0.37 and ryc = 0.16. The

dotted line is the azeotropic curve. The error bar was set on the basis of the error bar from NMR
technique used to determine Fvac,o.

The second nonlinear least squares method is based on the integrated form of the
copolymerization equation.5* ® Equation 14 accurately describes the drift of the monomer feed

ratio (fvac) over the course of copolymerization in relationship with the values of reactivity
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ratios. This composition drift model provides an enhanced number of analyzed experimental

data and therefore the curve fitting method decreases the uncertainty of reactivity ratio

measurements.
a B

fa /B fao—8) :

Xm=1- (—) X (—) X (—=——— Equation 14
m fao T80 ( fa-o ) Eq
Where Xn is the overall molar monomer conversion, = —2—, g = —& = —1-TaX7s
1-78 1-71a (1-rp)x(1-rp)
and § = 5 1; rBr . The composition of the monomer feed was calculated from equation 15.
—TA—TIB

fa S0 X (A-%a) Equation 15

= Faox (- xa) +(1- fao) X (1- xp)

The experimental values of fvac and Xm were fitted to the integrated form of the copolymer
composition equation (equation 14) using the visualization of the sum of squares space
method.%! % We calculated the reactivity ratios as rvac = 0.33 and rvc. = 0.29. The point
estimates and 95% joint confidence interval are displayed in Figure 5. The interval for ryac
(0.24-0.45) is slightly narrower than for rvcL (0.15-0.49).
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Figure 5. Reactivity ratios (points) and 95% joint confidence regions (lines) for
copolymerizations of VAc and VCL. Blue: data of the present work. Red: data from reference
13 (open circle: reported reactivity ratios; closed circle and line: best estimate and 95% joint
confidence region from NLLS fitting of Skeist equation of their experimental data). Black:
circles data from reference *° in various solvents and square from references ** (solvent not
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specified). Inset: reactivity ratios calculated from this work using various methods: KT: Kelen-
Tudés at low conversion; EKT: Extended Kelen-Tudds; LM: fitting Lewis-Mayo at low
conversion; NLLS: NLLS fitting to Skeist equation (with 95% joint confidence region).

The theoretical plots of fvac versus Xm perfectly fit the experimental data during the course of
polymerization for the whole series of VAc/VCL copolymerizations (Figure 6). The
composition drift is rather limited for initial VAc molar fraction above 0.5, but it is slightly
more pronounced for lower initial fractions of VAc (fvaco < 0.4). Regarding plots of Figure 6,
the formation of statistical copolymers with homogeneously distributed VAc and VCL units is
expected as the overall monomer conversion was limited to 70 % for the series of copolymers
(Table 1).
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Figure 6. Variation of the VAc composition in the monomer feed (fvac) versus the molar
conversion. Symbols: plots of experimental data of fvac (equation 15) versus Xm, < fvaco =
0.15, O fvaco=0.30, + fvaco=0.52, [] fvaco=0.62, A fvaco=0.71, @ fvaco=0.87; The dotted
lines correspond to the calculated values of Xm (equation 14) for given theoretical values of
fvac.

Table 2 summarizes the values of reactivity ratio of VAc and VCL calculated in the present
work with linearization techniques or nonlinear least squares methods. As depicted in Figure
5, the three sets of reactivity ratios calculated from KT, extended KT and Lewis Mayo NLLS
method (equation 13) were at the close outer limit of the 95% joint confidence interval (Figure
5). The two first methods take into account the copolymer composition at low conversion. As
previously reported by Klumpermann et al.,%” the RAFT agent can influence the monomer
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selectivity at the early stages of polymerization. Also, previous studies revealed an impact of
the RDRP equilibrium implemented by reversible termination on the copolymer composition
for very low monomer conversion.®® Not only did the reactivity ratios reported in the literature
exhibit discrepancy between their values, their values were out of the range of the present 95%
joint confidence interval. One reason for very different reactivity ratios between this work and
the study of Kermagoret et al.'®* might be accounted to the difference between RAFT

polymerization and Co-MRP.

Table 2. VAc and VCL reactivity ratio values calculated from the different methods.

Method rvac rvcL
Kelen-Tudos (KT) 0.42 0.19
Extended Kelen-Tidos (e-KT) 0.45 0.21
NLLS method based on Lewis-Mayo equation (equation 13) 0.37 0.16
NLLS method based on the integrated form of the 0.33 0.29

copolymerization equation (equation 14)

P(VAc-co-VCL) copolymers with different monomer compositions (expt 5 and 7 in Table 1)
were analyzed by 3C NMR and the spectra were compared to PVCL and PVAc spectra. The
integrality of the spectra is shown in Figure S.7 (Supporting Information) and two zones of
interest are displayed in Figure 7. It can be noticed that the characteristic signal of each
polymeric unit is influenced by the presence of the neighbor comonomer distributed
homogeneously along the chain. For instance, the methine signal (CHy, 65 — 70 ppm, Figure
7.b) of PVAC broadens by increasing the fraction of VCL.
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Figure 7. *C NMR spectra of PVAc, PVCL, P(VACo19-C0-VClLos1) (expt 2 in Table 1),
P(VACo53-C0-VCLo47) (expt 5 in Table 1) and P(VAcosg3-c0-VCLo17) (expt 7 in Table 1)
(co)polymers in CDCls: (a) zoom on the PVAc and PVVCL carbonyl signal range; (b) zoom on
the PVAc methine signal range.

The copolymer compositions can be calculated on the basis of the integrals of the well-resolved
carbonyl signals at 170 — 180 ppm of each polymer unit of the P(VAc-co-VCL) copolymer
(Table S.2, Supporting Information). Such *C NMR compositions match the compositions
calculated either from the individual monomer conversions (Equation 4) or from the integrals
of the proton NMR spectra of the copolymers (Table S.2 and Figure S.8 in Supporting
Information). The P(VAc-co-VCL) final (co)polymers exhibit a unique glass transition
temperature (Tg) characterized by differential scanning calorimetry (Table S.3, Supporting
Information). The good agreement between the experimental Tgs of copolymers and the
theoretical ones calculated from Fox-Flory equation (equation 16) (see Figure 8 and Table S.3,
Supporting Information) confirms the homogeneous distribution of VAc and VCL monomer in
the P(VAc-co-VCL) chain.

1 _ Wyac + WyCL

Equation 16

Tg,theo P(VAc—co-VCL) Tg,PVAc Tg,PVCL
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Figure 8. Experimental glass transition temperature of the P(VAc-co-VCL) copolymers as a
function of the weight fraction of VAc in the copolymer (equation 5); Dotted line: theoretical
glass transition temperature of the copolymers calculated from equation 16.

Thermoresponsive self-assembly of P(VAc-co-VCL) copolymers in water.
Thermoresponsive polymers change their hydration state in water in response to a change of
temperature. Above the lower critical solution temperature (LCST), poly(N-vinylcaprolactam)
(PVCL) undergo a conformation phase transition in water between a soluble and insoluble state.
The polar amide group of PVCL creates favorable association with surrounding water
molecules by hydrogen bonding below the LCST and hydrophobic interactions (seven-
membered ring) predominates above the LCST.® % The phase transition temperature of PVCL
is in the physiological range (30- 40 °C) *® and can be tuned by the polymer concentration*°
and its molar mass.® The incorporation of a co-monomer unit is an additional parameter to
modify the temperature of cloud point (Tcp). As depicted in Figure 9, a dependence of the phase
transition temperature with the copolymer composition is observed by turbidimetry analysis.
For low VAc content (Fvac = 0 - 0.28), the polymers in water exhibit a sharp and reversible
thermal transition between a clear solution and a cloudy solution above a certain temperature
(Teloud point). This transition is broadened for a higher content of hydrophobic VAc (Fvac =0.53)
but reversibility is still observed. The hysteresis never exceeds 2 degrees (Figure 9).
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Figure 9. Transmittance at A = 500 nm versus temperature for aqueous solution (3 g.L!) of:
P(VACo53-c0-VCLo.47) copolymer (expt 5 in Table 1), P(VAco.2s-c0-VCLo.72) copolymer (expt
3in Table 1), P(VACo.19-c0-VCLog1) copolymer (expt 2 Table 1) and P(VCL) homopolymer
(expt 1 in Table 1); Full line (—): First heating, Dashed line (- - -): Cooling, Dotted line (---):
Second heating; Photos of the solutions below (left) and above (right) the cloud point.

The phase transition temperatures were also measured by means of dynamic light scattering
(DLS). Figure S.9 in Supporting Information shows the evolution of the hydrodynamic
diameter (Dn) as a function of temperature. The increase of Dn from 7 nm to 1.2 um for
P(VAco.19-c0-VCLosg1) reveals the formation of very large aggregates above the transition
temperature. The cloud point temperatures obtained by DLS were consistent with the ones
measured by UV-visible spectroscopy (Table 3). The increasing incorporation of hydrophobic
VAc units into PVCL thermoresponsive chains leads to a decrease of the copolymer cloud point
temperature (Figure S.10). As the hydrophobic composition of the copolymers is increased, the
hydrogen bonding effect between the copolymer chains and water is lowered while hydrophobic
interactions are enhanced, thus lowering the required energy to collapse (i.e., lower T¢p).1% 1
The characteristics of the P(VAc-co-VCL) copolymers dispersed in water were studied by
means of dynamic and static light scattering at a temperature below the cloud point temperature
(see Table 3).

Table 3. Characteristics of P(VAc-co-VCL) copolymers dispersed in water.

Tep, UV-vis 2 Tep, DLs® T¢  Mw,sts? ¢ DnpLs ¢
Expt Fvac oo °C °C  g.mol? Nagg. © 1y
2 019 274+04 32.7 25 52 100 1 6.9
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3 0.28 255%0.5 29.1 25 42200 1 5.6

5 053 21401 - 10 97600 3 22.5
& Cloud point temperature measured by UV-visible spectroscopy of solution of copolymers at
3 g.Lt in water, the given value is the average of the cloud point temperature values obtained
for the first heating, cooling, and second heating; ® Cloud point temperature measured by
dynamic light scattering of solution of copolymers at 5 g.L™* in water; ¢ Temperature of the
static light scattering measurements; ¢ Data measured on ALV setup (see experimental part,
SLS and DLS) at the temperature of measurement reported in this Table 3, which corresponds
to a temperature below the cloud point.

At all concentrations the DLS analyses of P(VAc-co-VCL) copolymers dispersed in water
revealed a main population of small aggregates (fast mode of relaxation) with hydrodynamic
diameter (Dn) of 5 to 22 nm, depending on the VAc content, and a minor population of larger
aggregates of Dn ~ 200 nm (slow mode of relaxation). It would be tempting to assign the slow
mode of relaxation to aggregates in equilibrium with the unimers. However, the weight
concentration of these large aggregates is negligible given that the scattered light intensity of
these aggregates varies only between 30 and 50 %. Indeed, the scattered light intensity being
proportional to both My, and the square of the scatter dimension (R¢2), the contribution of large
aggregates predominates even at very low fraction.>® Similar populations of large aggregates
were reported for poly(ethylene oxide) (PEO) end-capped with dodecyl groups and were
identified as spurious aggregates.> For P(VAc-co-VCL) amphiphilic copolymers with low
VAc content (Fvac < 0.3), the fast mode of relaxation corresponds to a value of the apparent Dn
below 7 nm. This suggests that the polymers are present as free polymer chains, which is
confirmed by an aggregation number of unity measured by SLS (Table 3). Note that the light
scattered by the minor larger aggregates was accounted in order to accurately determine the
absolute weight average molar mass (Mw) and aggregation number of the fast mode of
relaxation (see experimental section). For higher content of VAc (Fvac = 0.53), self-assembly
of the P(VAc-co-VCL) copolymer into aggregates of three polymer chains (Nagg = 3, see Table
3) was achieved. The hydrodynamic diameter of the aggregates, measured from the fast mode
of relaxation in DLS, was indeed larger (Dn ~ 20 nm). The steeper angular dependence of the
light scattered by the P(VAcos3-c0-VCLo.47) in comparison with the copolymers with lower
VAc content depicts the presence of aggregates for the more hydrophobic copolymer (Figure
S.2. in Supporting Information). These results show that a level of ca 50 mol-% of VAc is
required to induce non-covalent intermolecular hydrophobic interactions at temperature below

the could point, leading to supramolecular assembly.
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CONCLUSION

In summary, the copolymerization of N-vinylcaprolactam with the hydrophobic vinyl acetate is
successfully controlled by RAFT polymerization mediated by the O-ethyl-S-(1-
ethoxycarbonyl)ethyldithiocarbonate chain transfer agent to provide a series of well-defined
thermoresponsive poly(N-vinylcaprolactam-co-vinyl acetate) copolymers with tunable phase
transition temperatures and glass transition temperatures. Regardless the initial monomer feed
ratio, the synthesis of statistical copolymers fulfills the features of a controlled polymerization
with a linear increase of the molar masses and low dispersity values (B < 1.3). It should be
mentioned that the polymerization control is enhanced by increasing the initial VAc feed ratio.
We applied both conventional linearization methods and nonlinear least square methods to
estimate reliable values of reactivity ratios for VAc and VCL radical polymerization in regards
to the disparate values previously reported in the literature. The nonlinear least squares (NLLS)
method based on the integrated form of the copolymerization equation (Skeist equation)
provides values of reactivity ratios of rvac = 0.33 and rvc. = 0.29 with the azeotropic
composition calculated at fvac,o = 0.57. It should be mentioned that the reactivity ratio values
calculated either from linearization techniques such as Kelen-Tudos, extended Kelen-Tdos or
from nonlinear least-squares fitting, based on the Mayo—Lewis equation at low conversion, fall
on the outside limit of the 95% joint confidence region (0.24 <rvac<0.45;0.15 < rvcL < 0.49).
These results are important to provide information on the copolymer microstructure and clearly
indicate a limited monomer compositional drift in the synthesized P(VAc-co-VCL)
copolymers. Given the nearly constant composition in VAc and VCL along the polymer chains,
the *C NMR signal of the PVAc methine group is thus influenced by the monomer fraction
and the values of the copolymer glass transition (Tg) are in accordance with the theoretical Tg
of statistical copolymers calculated on the basis of the Fox-Flory law. Turbidimetry analyses of
the aqueous solutions of the amphiphilic P(VAc-co-VCL) copolymers indicated that the
copolymer composition fine tunes the cloud point temperature (Tcp) between 20 and 30 °C. A
linear decrease of the cloud point temperature of the aqueous copolymer solution was observed
with the increase of VAc molar fraction in the copolymer. It worth emphasizing that a sharp
and reversible temperature phase transition was observed for VCL-rich copolymers while a
broadening of this transition occurred for the more hydrophobic P(VAcos3-c0-VCLoa7).
Interestingly, the P(VAc-co-VCL) copolymers with VAc composition below 30 mol-% forms

unimers in water below T¢p, as judged by static light scattering measurements (Nagg = 1) and
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dynamic light scattering (Dn ~ 7 nm). Increasing the VAc content up to 53 mol-% is sufficient
to induce P(VAco53-c0-VCLo47) copolymer self-assembly into small aggregates (Nagg = 3, Dn
~ 20 nm) via intermolecular hydrophobic interactions at 10 °C (T < T¢p). The knowledge of the
minimum hydrophobic fraction resulting in association of P(VAc-co-VCL) chains at room
temperature opens perspectives towards the formation of thermoresponsive supramolecular
structures such as physically crosslinked colloidal particles synthesized by polymerization

induced copolymer self-assembly in aqueous dispersed media.’™
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