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Abstract

We investigated the linear viscoelastic properiiethe melt of a series of nearly monodisperse(pely
butyl acrylate)(PnBA) chains center-functionalizeith a bis-urea sticker group, able to self-assteia
by quadruple hydrogen bonding. All materials arsceelastic liquids at 40°C and their Newtonian
viscosity varies from 100 to 5000Pa.s. However ivsclearly that the viscosity changes non monot-
onously going through a minimum for a molecularghei(M,) of 20 kg/mol and a sticker density of
1.1 wt%. We found two regimes: For, M 20 kg/mol, the viscosity increases with decnegdvi,, the
linear viscoelastic properties change dramaticallgh temperature, forming a viscoelastic gel at 0°C
and flowing at 40°C and the strength of the stiska&ssociation controls the size of molecular aggre-
gates. However for M> 20 kg/mol, the viscosity increases with, the rheology is controlled by the
polymer dynamics and the stickers simply increbsadrminal relaxation time relative to unfunction-
alized PnBA of the same,Mas expected from sticky reptation theory. Desgar evidence of stick-
er-sticker interactions by FTIR, none of the matisrself-assemble at 20°C into structures withrglo
range order detectable by SAXS.

Introduction

During the last decade, supramolecular chemisisygiown its great potential for various applica-
tions in material science, with features such #shsaling"*® stimuli-responsivene$®r mechanical
strengtheniny®. The supramolecular materials are generally coegpo$ polymer chains or oligomers
functionalized by strongly interacting moieties.eEb moieties, sometimes called “stickers”, can-asso
ciate together by non covalent interactions (hydrolgonds, ionic, metal coordination...). As recently
pointed out by Seiffert and Sprakeiwo types of supramolecular polymers have bepitajly inves-
tigated: (1) entangled systems of supramoleculan4tizain polymers formed by assembly of ditopic
monomers and (2) covalent, permanent polymer bawdithat can undergo reversible association by
the interaction of “sticky” chain segments.



Systems of type 1, sometimes named “living polysheare subject to reversible, random chain
scission and recombination. This strongly affettsirt rheological properties, which have however
mostly been studied in solutibh®'®** The rheological properties of the latter systdies type 2)
have been thoroughly studied, in particular in it but with a strong emphasis on polymer chains
that bear at least two stickers per chain, in otdeallow for an efficient elastic behavtér®241>1
Many experimental and theoretical studies showed ith both cases the presence of these stickers
strongly affects the rheological properties. Inetyb systems, the molecular dynamics is usually de-
scribed by the Cates’ modélwhile the mechanism of “sticky reptation” develdggy Rubinstein and
Semeno'? is the most used theory for polymers with revéesitsoss-linkers. However, experimental
studies in the melt revealed that the combinatiogpotymer dynamics, sticker dynamics and dynamics
of possible aggregated structures makes interpoetaf the experimental data very diffictitt®. It is
therefore essential to systematically charactéheeheology of well-defined model systems wheee th
molecular weight of the polymer, the position of #ticker groups on the chain and the sticker aonce
tration are systematically varied.

Among the possible systems, our group has focusdtle past on self-assembly and adhesive
properties of polyisobutylene chains bearing alsisticker per chain located in its middle. In $@n
these chains self-associate into cylindrical stmesf® while in the melt they form highly dynamic
structures which show some long range order bel@Z%nd have very interesting properties as soft
adhesive¥.

Motivated by this first study, we now investigatestematically the viscoelasticity of supramolecu-
lar center-functionalized linear PnBA chains offeliént molecular weights (Scheme 1). PnBA is
widely used as a base polymer for soft adhe&i?éand its molecular weight can be conveniently con-
trolled by Controlled Free Radical Polymerizatibmthis system an increase in molar mass of the pol
ymer is equivalent to a dilution of the stickertatiwe to the polymer matrix. Thus, a transition be
tween two kinds of dynamics is expected to occua atitical molecular weight M Below M, the
density of stickers should be high enough to aka-assembly into large aggregates and the rheolog
ical properties should be regulated by the scisaimh relaxation of these aggregates. Beyonpdtié
stickers are dispersed in the PnBA melt and shbeldhve as localized and transient attachment points
between chains. In order to identify this transitive investigated a wide range of molecular weight
(5 to 115kg/mol) spanning from chains much shotbemuch longer than the critical entanglement
molecular weight M(Me ~ 20-30 kg/mol for PnBR).
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Scheme 1: Structure of the studied PnBA. They wgreghesized by ATRP according to Fonteneau et
al’® with molar masses ranging between 5 and 115kg/mol.



The linear rheological properties for this sera#sbis-urea sticker center-functionalized PnBAs
were characterized over a wide range of tempemtuB9°C to 50°C) and the data were analyzed by
constructing master curves and by comparing theth thiose of unfunctionalized PnBA. All these
results are then discussed in light of existing eled

Experimental

The polymers were synthesized by ATRP via a fenet initiator approach, as reported by Fon-
teneau et &f. The number average molar massavid molar mass distributidd (B = My/M,with the
weight average molar mass,Mwere determined by size exclusion chromatogrg®BC) in tetrahy-
drofuran, with a refractive index detector and &/gtyrene calibration curve for samples PnBAX5 and
PnBAX8 or with a triple detection set-up for théet samples (see Figure S1 for representative SEC
curves). The average degree of polymerization DPPtha sticker densitsin the polymer matrix are
then estimated: DP = (M Mg)/Myp, and®s= MJ/M,, with the molar mass Mf the sticker and the mo-
lar mass N, of the butylacrylate monomers. The glass tranmsit@mperature Jwas determined by
DSC with a Q2000 calorimeter (TA Instruments) aai@ of 20°C/min. In order to detect any residual

solvent in PnBAX after synthesis, samples are aealjoy NMR H (Bruker Avance 200) (see Figure
S2).

Samples M(g/mol) | b DP D (Wt%0) Ty (°C)
PnBAX5 5400 1.18( 38 4.1 -49
PnBAX8 7500 1.23| 54 2.9 -47.5
PnBAX20 | 19800 1.23| 150 11 -48.7
PnBAX40 | 43000 1.2 | 330 0.51 -46.6
PnBAX60 | 60400 1.22( 470 0.36 -48.7
PnBAX115 | 115000 1.34( 890 0.19 -49.4
PnBA107 107000 14| 840 0 -54.8

Table 1: Characteristics of the samples: numberageemolar mass Mmolar mass distributioB,

sticker densityds in the polymer matrix, average degree of polymeioraDP and glass transition
temperature J.

Dynamic rheological measurements were performed stress-controlled rheometer from Anton
Paar equipped with a parallel plate geometry (dtam®.0 or 25 mm, gap 1 to 2 mm). Frequency
sweeps (0.02 to 20Hz) were carried out in the livescoelastic regime over a large temperaturegang
(50 to -30°C) in order to construct master cunAdsthe end of the measurements, a frequency sweep
is carried out at 25°C to check that the supranubdecstructure of PNnBAX did not vary during the
rheological study, which could last up to 2 days:. &l samples, the same frequency dependence of G’
and G” at 25°C was observed, as shown in FigurldSBnBAX5. PnBAX were also characterized by
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thermogravimetric analysis (TGA) to check theirrthal stability over the investigated temperature
range (see Figure S4) and were found to lose weigjlgtat T > 270°C.

Results
M, dependence of the viscoelastic properties

Figure 1 shows frequency sweeps performed onre@-sticker center-functionalized PnBAs in the
linear regime at 20°C. Figure 1a shows the rheoldgiroperties of the lower molecular weight poly-
mers and it is clear that, while all three are @&astic fluids, the viscosity* and terminal relaxation
time 14, defined as 1) at the crossing point between the storage modsiwsd the loss modulus G”
increase with decreasing molecular weight. On thetrary Figure 1b shows that for higher molar
massespn* and ty increase with molecular weight (data for PnBAX6@ aot shown for clarity but
follow a similar trend). Maybe more directly reviegl is the value of the complex viscosity at w =
1 rad/s and T = 20°C as a function of moleculamgheor sticker concentration (Figure 2).
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Figure 1: Frequency sweeps at 20°C in the linegintes for My, < 20kg/mol (A) and for M
>40kg/mol (B). G’: full symbols; G”: hollow symbols.
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Figure 2: Evolution ofi*(w=1rad/s) at 20°C versusMr sticker concentration

The results show two regimes with a clear minimantomplex viscosity. Yet the graph is
markedly asymmetric. For Mw < 20 kg/mol, the visgpsncreases steeply with increasing sticker
concentration, while for Mw > 20 kg/mol correspamglito ~1 wt% of stickers the weaker increase in
viscosity with increasing molecular weight is doettie increase in molecular size and to the pregres
sive entanglement of the PnBA chains. The asymnietoghavior is also seen by a quick glance at the
temperature dependence of the two materials wehtbhest and lowest sticker concentration. Figure
3 shows the linear viscoelastic properties of Pndand PnBAX115 at three different temperatures.
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Figure 3: Storage modulus G’ and damping factowtarG”/G’ as a function of frequency at 0°C,
20°C and 40°C for PnBAX5 (A) and PnBAX115 (B). Gulid line symbols; G’/G’: dashed lines.



While for PnBAX115 a horizontal shift clearly leatts a master curve, for PnBAX5 (Figure 3a) the
much more pronounced temperature dependence ssiggelsange in structure.

Master Curves at low Temperature

In linear rheology, the construction of mastervesr using the time-temperature superposition
principle is in principle only possible when theteraal structure does not depend on temperature. As
discussed by Seiffert et®athis condition is not easily fulfilled for suprafecular systems which are
composed of aggregates or networks assembled bifenmuin covalent bonds. However, the success-
ful or unsuccessful construction of such curvea good probe of molecular dynamics and structure
for a given material. In particular, this methodswacently used by different authdré?**to identi-
fy the sticker contribution to the chain dynamics.

As explained in the Supporting Information (segufés S5 and S6), horizontal shift factafs are
determined by superposing the @urves and then, if this first step works, veitsiaift factors
are determined by superposing the Gn@@T) curves. Since the tahcurves are more sensitive to
changes of dynamics or structures in the matetia¢s; will be presented first. The reference teraper
ture Te=7°C is the minimal temperature for which the sppsition of the experimental data works
for PNBAX20.

For the two lowest | the superposition of the tan(w, T) curves fails clearly at low temperature in
Figure 4. The plot highlights the decrease of theimum of tand in the zone of the elastic plateau
(tand < 1) and thus, the supramolecular polymers beconwe and more elastic as the temperature
decreases. As shown in Figure S7, the superpositithve viscoelastic moduli G’ and G” doesn’t work
either as one would expect.

For M, > 20kg/mol, the superposition of the tarfw, T) curves works well for the low temperatures
where the elastic plateau is observed over therempetal range of frequencies (see Figure 5). How-
ever, the superposition of tan(w, T) curves fails at higher temperatures whereethreaterials are
more viscous. Figure 5 highlights that the termiivak 14 (Tef) Of these supramolecular viscoelastic
fluids, determined at the end of the elastic platbg tand =1, increases with increasing molecular
weight and thus with the length of the side chafismty (Tef) = Lho ~ 3.10% at 20kg/molzy (Trer)
reachegy (Trer) = 1lo = 5s at 115kg/mol.

The dominant role of the dynamics of the side chairthe rheological response of the material gl hi
M, is confirmed by the horizontal shiftgradisplayed in Figure 6. These factors measuredvipr
>20kg/mol are surprisingly similar to those obtaifi@dour reference non functionalized PnBA107.



T.s=7°C

ref =

PnBAXS
¢ 30°C m 20°C A 10°C
v 0°C < -10°C % -14°C
PnBAXS

© 30°C m 20°C & 10°C
v 0°C g -10°C p -20°C

| | | | | | |
0.001  0.01 0.1 1 10 100 1000

amw {rad/s)

Figure 4: Attempts to superpose the &afw, T) curves for the two lowest M The dashed line (tah
=1) allows to identify the elastic plateau (tar1).

Tan &

Iy Y Te——
v ™ oam W T2k L2 [PnBAX20
2 + 7°C  [PnBAX60
v 0°C $ 40°C
d <L | oeape
B -20°C | m 20°C
< 3G | oA 10°C

PnBAxao | LY_2C
X 25°C
m 20°C
£ 10°C | BrpAX115
v 0°C :
5 v 0°C
4 -10°C ;
€l A 10°C
B -20°C .
<> _300(: . 20 C
o 30°C
$ 40°C
107 10" 10" 10" 10 10 10t 10°

amw (rad/s)

Figure 5: Attempts to superpose the daf, T) curves for N > 20kg/mol. The dashed line (tar~1)
allows to identify the elastic plateau (t&re1).



= = PnBA107
PnBAX20
PnBAX40
PnBAX60
PnBAX115
PnBAX5
PnBAX8

4
+ X HPvd

»
Te
X "Tiji_
> Ag
_2— &

+
X +
1

-40 -20 0 20
T:Tmf(rn

Figure 6: Horizontal shifts for the tamimaster curves showed in Figures 4 & 5.

For M, > 20kg/mol, G’ and G” master curves provide a shapof the viscoelastic properties over a
large frequency range atef=7°C. As illustrated by PnBAX20 and PnBAX40 in Figu7, a typical
response of lightly entangled polymer is observadtiiis M, range: a viscous regime at loya
(G'<G"), a viscoelastic part at intermediaigy@ (G” = G’) and then again a dissipative behavior at
high anw. The Figure 7 and S8 show clearly the appearahaa elastic plateau at intermediatg@

due to the increase of the length of the side chdihe vertical shifts required for the constructal

G’ and G” master curves are close to 1 for the stigated temperature range as observed PnBA ho-
mopolymers (see Figure S9).
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Figure 7: Master Curves for PnBAX20 and PnBAX4@ ¥7°C. G’ filled markers; G”: void markers.



Zero-shear Viscosity

While viscoelastic behaviors are observed belowréemperature, a liquid-like behavior is observed
at higher temperatures for all molecular weightestigated; the viscous modulus G” is always higher
than the elastic modulus G’ over the experimergafe of frequencies at40°C (see Figure S10).
The power law exponents at low frequency displagdéigure S11 are close to what is predicted for a
newtonian liquid (G'~»? & G” ~ ®). As G">10G’ in the terminal part of all relaxatiGpectra, the
complex viscosityn* measured at low frequency (0,1-1lrad/s) can besidened as the zero-shear
viscosityne by using the empirical Cox-Merz rulgy ~ lim,,_o (G”/®) Figure 8 shows the value of the
zero-shear rate viscosity obtained in oscillatdrgas by using the Cox-Merz rule for all the materia
and temperatures where a limiting viscosity wasolel. The dependencewffollows the Arrhenius
law,

no = Aexp(&/RT) (1)

with E, the activation energy, R the gas constant an@ Arefactor. E which characterizes the
temperature dependence of the viscosjtydecreases with increasing, lind approaches the value of
E. measured for non-functionalized PnBA. This deaeafSE, is consistent with the decrease of the
density of stickers when Mincreases. However, the remaining difference betwthe activation
energyof PNBAX115 and that of PnBA107 seems to show tiateffect of the presence of stickers is
not negligible.
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Discussion

Over the M, range from 5.5kg/mol to 115kg/mol PnBAXs flow likguids while an elastic response
is observed at short time scale tg£with t4 (T) the terminal time of the supramolecular polymere Th
variation oftg with M, at 20°C, shown in Figure 9, highlights the existenf two viscoelastic re-
gimes. To interpret the experimental data it igr@sting to compare these experimental valueg of
with what is expected for unfunctionalized PnBA idlsaof equivalent molecular weights. Although we
did not synthesize PnBA chains for all moleculaighis, by using a combination of our experimental
data (PnBA107) and a linear viscoelastic motfél*® (see Figures S12 to S15) we can directly com-
pare experimental measurements of the terminal tyr{éor the functionalized chains) with simula-
tions (for the unfunctionalized ones). Unlike PnBAXd PnBA (M>2Me), a crossing point between
G’ and G” is not observed for PnBA below 2Me. Cansentlytyis estimated at the minimum of tan

As shown in Figure 9, the terminal time of PnBAXmsich higher than that of unfunctionalized PnBA
in the first regime but tends towards it in thes®t regime. This comparison shows clearly that the
contribution of the side chains becomes increagiimgportant in the molecular dynamics of the su-
pramolecular material when the molecular weighteases and sticker concentration decreases.

Ty (s) ;
N 10° |
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104 :
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Figure 9:t4 (T=20°C) vs M, for PnBAX (circle) and unfunctionalized PnBA (cs)sThe dashed line
materializes the sticker regime at low, lnd the side chains regime at high.M

Regime 1: Viscoelasticity regulated by Supramokecébgregates
For M, < 8kg/mol, the large discrepancy between the teritimees of PnBAX and PnBA as well as
the failure to construct proper master curves ssiggine existence of supramolecular objects formed

by the self-assembly of polar stickers by urea-umézractions. As the process of self-assemblyis f
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vored by the drop in temperature, an increase @&ma@e size of the supramolecular aggregates could
explain the increase in elastic character obseavéolw temperatures in Figure 4. In fact largerects

are more likely to jam and to form a gel than seraind more mobile objects. On the opposite, when
the temperature increases, the scission of aggegafavored; the average size of such supramolecu
lar aggregates decreases and speeds up diffusiaaldition to the normal decrease in friction ceeff
cient between butylacrylate monomers with incregsamperature, the decrease of the average size of
the aggregates could explain the more pronouncegdrature dependence of the viscosjgyob-
served for PNBAX than for PnBA (Figure 8). Conseaglyethe terminal timery of these systems can

be considered as the longest relaxation time dfettseipramolecular objects via diffusion or scission
process.

To validate this hypothesis, the structure of alinples was investigated in the scale domain of [10
nm-4um] by small and wide angle X-ray scattering andA#®M at room temperature. Surprisingly
and regardless of the molar mass of the PnBAXglistinctive peak, characteristic of a self-assembly
of the molecules over a long range, was detecteel fsgure S16 for WAXS). In addition, the AFM
observations did not show any evidence of the piEsef supramolecular objects. Nevertheless, FTIR
spectroscopy unambiguously showed the presenacgt@turea hydrogen bonding in non polar solu-
tion?®. This suggests that in PNBAX, conversely to mesifindings in PIBUT systems, the stickers
do not form a supramolecular structure with a losgge order. Moreover, if they exist, the supramo-
lecular objects formed by stickers association khba very small, i.e. made of very few associagion

In earlier investigations of our group, the seléexsably and rheology of Ethyl Hexyl bis-Urea Toluene
(EHUT), a strongly interacting polar molecule, in@n-polar solvent was extensively studied This
small molecule (M~ 400 g/mol), chemically close to our bis-ureaksic self-assembles into long
rods in non polar solvents and the viscoelastiabig of such solutions was well described by the
theory of living polymer¥ proposed by Cates in the fast scission regimes fdgime, in which the
scission/recombination mechanism is faster thandiffasion of aggregates, is characterized by the
Maxwell-like behavior in the terminal part of thelaxation spectrum. Closer to our system, center-
functionalized poly(isobutylene) chains self-asskeniito comb-shaped aggregates in solutions of

a non-polar solvent and form a less well-definedcstire in the meif with the polymer side chains
playing the role of a viscous solvent. These reseticouraged us to look for the characteristicldgeo
ical signature of worm-like micelles in our PnBAX¥mamolecular system in the first regime.

The signature of a Maxwellian behavior is the fitle viscoelastic data by a semi-circle in theezol
Cole representation (see Figure 10.B). The sligktrdpancy observed at high frequency is usually
attributed to Rouse-like or breathing mechanisnsFAr PnBAX5 and PnBAX8, the superposition of
the viscoelastic data with a semi-circle fails dgat low and high frequency, as shown in Figure
10.A. Therefore, unlike EHUT or worm-like micellsolutions, the molecular dynamics of PnBAX at
low M,, cannot be modeled by the fast scission regimeate< model. If comb-shaped aggregates
exist in PNBAX like in PIBUT, this result suggesist the scission/recombination of stickers is much
slower in PNBAX5 than in EHUT solutions, probablyedto the presence of the PnBA chains which
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significantly slow down the diffusion of stickers.
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Figure 10: Cole-cole plot for PnBAX5 (A) and sotuts of EHUT (B) in dodecane (reprinted from
referencd’). The experimental data for PNnBAX5 were measutediféerent temperatures while the
experimental measures for EHUT solutions were abthiat different concentrations from c=2.9 to
c=10g/L in dodecane, increasing in the directiothefarrow.

Regime 2: Viscoelasticity regulated by PnBA Relarat

At M, > 20kg/mol, the good superposition of the viscoedasata at high frequency and the similari-
ties of shift factors @ with those of pure PnBA suggest that the molecdiaramics of PNnBAX is
mainly governed by the relaxation of the side chaihshort time scales. The terminal titgpef these
systems, determined by the crossing point betwéeam&G” is the longest relaxation time of theesid
chains. In this M range, this relaxation is so dissipative thandtission/recombination dynamics of
stickers is only observed at long time scale t&he signature of such scission dynamics is tloe po
superposition of G’ and G” at low in Figure 5 as well as the stronger temperatupeni@ence of the
zero shear viscosity, in Figure 8.
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Although the characteristic timg is regulated by the relaxation of the side chaiegond 20kg/mol,
the comparison between our experimental curveghierPnBAX and the numerical simulations for
unfunctionalized PnBA chains in thisyMange shows that the relaxation process at shogtdcales is
still influenced by the presence of stickers. Thé &d G” curves of unfunctionalized
poly(butylacrylate) were calculated by using a corabon of our experimental data (PnBA107) and a
linear viscoelastic model(see Figures S12 to S15). For PnBAXs, a shortielesgime is observed at
an intermediate value of (tand < 1) for all M, while the behavior remains dissipative fora@lfor the
unfunctionalized PnBA20 and PnBA40 (see Fig 11H)e minimum of tard is also observed to be
lower for PNBAX than pure PnBA (see Figure 11.AS17) at a fixed molecular weight. The more
pronounced elastic character and the higher viasbelmoduli observed for PnBAX (see Fig 11.B)
suggests the presence of small supramolecular gaggie which modify the relaxation of PnBA side
chains around them. These small aggregates formdbebself-assembly of stickers would play the
role of fillers in the PNnBA matrix and would makestmaterials more elastic. As stickers are expected
to self-assemble into comb-shaped aggregates aegotm our previous studies in solutforR® the
comparison of our rheological results with numdric@dels designed for star or comb-shaped poly-
mers would be extremely interesting in order tocg&ht@is hypothesis.
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l, \=
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Figure 11: Comparison of our experimental mastevesiwith numerical simulation of monodisperse
linear PNBA

Unlike other supramolecular systems described énliteraturé®, the change of the molecular dynam-
ics by the stickers is not due to an increase @fglass transition temperaturg Since the samegTis
observed for both regimes (see table 1). Like éwtlork of Yan et &F, the analysis of our rheological
data by using the time-temperature superpositiomciple suggests the presence of supramolecular
aggregates formed by the self-assembly of bis-yyésne stickers in the PnBA matrix. However the
lack of structure observable by SAXS and AFM woslgigest small sizes and no local correlation in
orientation for the aggregates.

The qualification of bis-urea as weak stickers rhaysurprising in view of previous studies on simila
studies in apolar solvents or with PIB as the p@gnYet it is clear that the ester groups on thBA°n
compete with the urea groups for hydrogen bondimthveeaken the driving force for association of the
bis-urea, demonstrating that indeed the definiibatrong or weak sticker is completely dependent o
the nature of the polymer to which the stickersatached. Supramolecular systems with similarrchai
architecture but stronger stickers will be publihie a second article. This paper will highligheth
role of the strength between stickers on the strecind the rheological properties.
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Conclusion

In our study, the linear viscoelastic behavior ofaiginal supramolecular system composed of bis-
urea center-functionalized linear and nearly mosjpelise PnBA chains was extensively characterized.
The synthesis of various samples with well-definealecular weights with the same sticker reveals a
transition between two viscoelastic regimes atiicat molecular weight M~ 20 kg/mol. For M <

M. the molecular dynamics is regulated by the relaradf supramolecular aggregates with a random
and temperature dependent distribution of siZgshigher molecular weights, the hydrogen bonding
units are diluted in the polymer matrix and theotbgical properties become very close to those of
unfunctionalized linear PnBA chains but with a lengerminal relaxation time due to sticker/sticker
interactions.
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Supporting Information

1. Representative SEC curves
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Figure S1: Size exclusion chromatograms of PnBAX20 , PnBAX40 and PnBAX60 (refractive
index detection)

2. Nuclear Magnetic Resonance (NMR) Analysis

After synthesis, PNnBAX are purified in ethyl acetate. In order to detect any residual solvent in
PnBAX, samples were dissolved CDCl;and then, characterized by NMRH! (Bruker Avance
200). As shown in the Figure S2, the characteristic singlet of ethylacetate at 2.05ppm is not

observed and thus, no residual solvent seems to remain in our sample when they are
characterized in linear rheology.

ES7-), VN i / <\\_0 ___7/" U/ o L

1.00 4.94
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure S2: NMR Analysis of PNnBAX40 carried out in CDCl; after synthesis.



RMN 1H (200 MHz, CDCL) d (ppm) : 0.89 (t, (CH3-CH2-)n), 1.3 (m, (CH3-CH2-)n), 1.51
(m, (CH3-CH2-CH2)n), 1.77 (br, (CH2-CH-COO)n), 2.2 (br, (CH2-CH-COO)n), 3.99 (br,
(CH2-0)n), 7.2 (s, 1H, Ph-H).

3. Stability of PnBAX during the rheological process

At the end of the measurements, a frequency sweep is carried out at 25°C to check the good
stability of PnBAX during the rheological analysis, which could last up to 2 days. For all
samples, the same frequency dependence of G* and G” at 25°C was observed, as shown in
Figure S3 for PnBAXS5.

o  |PnBAX5 25°C

=

5 4h after the start

= - =G"—G' + Tan (Delta)
I

0 24h after the start

G\; - =G"—G' A Tan (Delta)

Iéll 1 1
0.1 1
Frequency (Hz)

Figure S3: Frequency sweeps achieved at the beginning and at the end of experimental
process for PnBAXS5.



4. Thermogravimetric Analysis (TGA)

PnBAX were characterized by thermogravimetric analysis (TGA) in order to check if these
materials were stable over the investigated temperature range in the rheological study. As
illustrated with PnBAX60 in Figure S4, degradation of PnBAX occurs at temperature T =
270°C.
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Figure S4: Thermogravimetric analysis of PnBAX60, evolution of the weight (%) with
temperature (temperature ramp 20°C/min)

5. Construction of Master Curves — Data Treatment
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Figure S5: Step 1 of the construction of G’ and G*” master curves: calculation of horizontal
shifts a(t) by superposition oftan é = G”’/G’ curves.



Master curves are built by superposition of frequency sweeps of G’(w) and G’’(®) in the
linear regime over a large temperature range. An example of such construction is shown in
Figure S5 and S6. The curves in these figures were obtained by characterizing a
poly(butylacrylate) homopolymer (M, = 107kg/mol, I, = 1,4).

The horizontal shifts aity were calculated by superposing the measures of tan d (o, T) = G’ (o,
T)/G’ (o, T) in a first step (see Figure S5) and the vertical shifts by were calculated by
superposing G*’(a(myo, Trer) ina second step (see Figure S6).
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Figure S6: Step 2 of the construction of G* and G’ master curves: calculation of vertical
shifts bty by superposition of G’” curves after applying a(r).

6. Master Curves — PnBAX at T =7°C
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Figure S7: Attempts of construction of Master Curves for PnBAX5 and PnBAX8 at Tyes =7°C
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Figure S8: Master Curves for PnBAX60 and PnBAX115 at Tyt =7°C
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7. G’ and G’ frequency dependence at 40°C for PnBAXs
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Fig S10: Frequency Sweeps for PnBAX systems, in the linear regime at 40°C (A&B). Filled
markers represent G’ and unfilled markers represent G”’.

Power Scaling
Materials Exponent
at low frequency
(T=40°C)
G’ G”
PnBAX5 1,8 1,0
PnBAX8 1,7 1,0
PnBAX20 1,7 1,0
PnBAX40 1,8 0,98
PnBAX60 1,7 1,0
PnBAX115 1,9 1,0
PnBA107 1,7 0,97

Figure S11: Power scaling exponent measured at low frequency for PnBAX polymers. The
exponent is obtained by fitting the low frequency end of the data with a power-law of the type

G,G”=aw"



8. Numerical model for Linear Unfunctionalized Poly(butylacrylate)

8.1 Molecular Processes for Linear Entangled Polymer Chains

An extensive experimental and numerical study on linear polydisperse PnBA chains was
recently published by Jullian et al'. In their model?, the relaxation modulus can be considered
as the sum of four molecular processes, A, B, C and D for M, > 2Me.

G(t)= Ga(t)+ Gp(t)+ Ge(t)+ Gp(t) (S1)

G(t) is measured in a stress relaxation experiment. In our study, the relaxation spectrum
G*(w) was determined by strain controlled shear experiments. Thanks to the Fourier
transform linearity, G*(w) can be written as follows:

G*(o)= G*a(t)+ G*p(t)+ G*c(t)+ G*p(t) (S2)
As G*(0) = G’(w) + iG”’ (w), with the storage modulus G’ and the viscous modulus G’ :
G'(0)= Ga(0)t G's(@)t G'c(0)t G'o(w) (S3)
G”(0)= G a(0)t G’s(0)+ G ()t G’p(w) (S4)

In our study, the polydispersity of our polymers is considered low enough to use a rheological
model for monodisperse linear chains. This assumption makes the calculation much simpler
compared with those in the polydisperse case. The Process A considers the Rouse-like
relaxation of monomers between the transient cross-linking points, called “entanglements .
The maximal characteristic time of this process is the characteristic time . with t,=toNe*/6. 1o
is the monomer characteristic time and N, the average number of monomers between two
entanglements, Ne=M¢/my with M. the entanglement molecular weight and mg the monomer
molecular weight. For the butyl acrylate, my=128g/mol.

Relaxation modulus : Ga(t) = G\ Zgi L exp (—tp”2/7a) (S5)
Ne
) ) (wm)"2
Ga(©)=G sz=1—1+(m)A2 (S6)

> — 0 Ne (w1) — 2
G”’a(w)= G"\ (S7) avect=Tlp

A
p=1 1+(wT)"2

The process B considers a Rouse-like diffusion of the entanglement segment through the
reptation tube®.



Relaxation modulus Gg(t) = (G°/N) zgzl exp (—tp”2/1tb) (S8)

G a(w)= (G N)ZlV _(@0"2_ g0y
p=1

1+(wT)"2

1+ (wT)"2

N
Gs(0)= (GON/N)Z _©9_ (510) avec 1= p?
p=1

With N, the number of entanglements segments, N=M/M. and the characteristic time t,= t./2.

The process C is the reptation diffusion of the polymer chain through its tube. The following
equation uses the development brought by Doi* by considering the tube length fluctuation.

Relaxation module G¢(t) = G f01 exp (—Tt—g) dé (S11)

G’c(w) = G [F-92_gg  (S12)

0 1+(wt)"2

G c(w) = GO [ -2 _g¢ (S13)

0 1+(wT)"2
.= 1c N&Y(16v%) for 0<&<2viVN (S14)
= 1c (&-vIWN)? for 2vi/N <&<1 (S15)

1¢ is the characteristic time of the reptation diffusion®®’ :

1
M05

15 N2

According the study done by Majesté’ between the transition between unentangled and
entangled regimes, the adjustable parameter®®1° v equals to 0,5. The process D represents the
molecular dynamics at the glass transition. It is modeled by a Davidson-Cole relaxation with
three adjustable parameters, the glass modulus Ggass & characteristic time s and a power
exponent f3.

¢ = (1oNo*/Ne )* (

) (S16)

G*p(®)=Gglass(1-(1+jote)?) (517)

8.2 Molecular Processes for Linear Unentangled Polymer Chains

Below the average molecular weight between entanglements Me, the relaxation of the linear
polymer chains is usually described by the Rouse model. The terminal time of the polymer is
7, With 1,-toNo?/6 with Ng the number of monomers in the chain Ng=M/my. The modulus G(t)



can be estimated as the sum of the Rouse-like relaxation Gg t) and a Ty relaxation, ie. the
process D previously described.

G(t)= Gr() + Go(t) (S18)

With Gg(t) = G% Zgzlexp (—tp”2/1a) (S19)

NO R
After the Fourier transform, G’r(w)= GORZ (wn)?2 (S20)

p=1 14+ (wT)"2

G” ( - GO NO ((.\)T) e 2
r(®) R ——— (S21) avec t=1Rrlp

p=1 1+(wT)"2

The modulus in the Rouse model is proportional to the density p of the polymer but inversely
proportional to its molecular weight My,.

G% = pRT/M,, (522)

8.3 Transition Rouse regime / Entanglement Regime

Between M, and 2Me, the polymers chains are lightly entangled and their molecular dynamics
is highly influenced by the Rouse-like relaxations at short time scales. In order to fit the
experimental curves in this M, range, Majesté and coworkers’ proposed to suppress the
process B and to replace the process A by a Rouse-like relaxation R on the entire chain.
Consequently for this M, range, the authors proposed :

G*(0)= Gr*(®) + Gc*(w) + Gp*(w) (23)

These equations were successfully used to fit the viscoelastic moduli measured on linear
polystyrene chains’.

8.4. Adjustment of Parameters with experiments

The master curve of the reference synthesized PnBA (M,~=107kg/mol, Ip=1.4) was used to
determine the parameters of the viscoelastic model displayed in part 6.1. As the characteristic
times tp and s depend only on the nature of monomer, we decided to keep the same values
found by Jullian et al'. Consequently the molecular weight between entanglements M. and the
modulus G°\ were adjusted to fit the experimental measurements, as shown in Figure S12 and
S13. These parameters were compared with those calculated by Jullian et al in figure S14.

We found a molecular weight between entanglements M, = 29kg/mol slightly higher for our
material than in the reference publication (M. = 23kg/mol). The difference with the value
could be due to the chains polydispersity, i.e. the presence of shorter chains in our reference



sample. Oligomers or small molecules are known to play the role of plasticizers that facilitates
the chains diffusion. The main consequences on the rheological properties are the decrease of
the viscosity and the characteristic time of the overall material and thus, are similar to those
resulted from an Me increase for a fixed molecular weight. The inclusion of polydispersity in
the Jullian et al’s study explains their low value for Me.

The value obtained for the modulus G°\=50kPa is also slightly lower in our work than in the
reference study (G°\= 78kPa). The sensitivity of the rheometer may be at the origin of the
slight difference.
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Figure S12: G> & G” master curve at 20°C compared with the numerical fit from our
viscoelastic model.
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Figure S13: Contributions of the different processes o the G’ and G’’ curves of PnBA107.

Parameters Our study Jullianetal.
G'n 50 000 Pa 78 000 Pa
Me 29 kg/mol 23 kg/mol

T0 5.10"s 5.10"s
Tht 1,5.107s 1,5.10s

Galass 2.5.10° Pa No shown
B 0,13 0,13

Figure S14: Parameters of the viscoelastic model for the fit of the master curves of PNnBA107
at 20°C.

8.5. Prediction of the G’ and G”’ curves of linear PnBA chains at different M

In the previous section, the fit of the experimental measurements of PnBA107 was used to
determine M. and G% and thus, to predict the viscoelastic moduli G* and G’ for linear
unfunc-tionalized PnBA for My, > 2M, =2*29=58kg/mol. For Mw < 2M, G%: (M) was
adjusted by assuming that the equations (S2) and (S23) must be equivalent for My, = 2Me, i.e.
at the transition between the Rouse regime and the reptation regime. As shown in Figure S15,
the equation (S23) with G%: = 29kPa gives similar viscoelastic moduli over a large
experimental frequency range than the equation (S1). This modulus is a little bit lower than
the one obtained by equation (S22):

IfT=293K and ppnga =1030kg/m® O, GO (My = 2M¢)=43kPa.
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Figure S15: G” and G’ curves for My, = 2M, determined by equation (S2) (lines) and
equation (S23) (markers).

9. Wide Angle X-ray Scattering (WAXS)

1600 -

1400 -
m PnBAXS5

1200

PnBAX115
1000

800

I(a.u.)

600

400 -

200 |

0

5 15 25 35

20 (°)
Figure S16: X-ray Scattering Spectrum (WAXS) for PnBAX5 and PnBAX115 at room
temperature

The self-assembly of stickers in PnBAX was also probed by X-ray scattering at room
temperature on a device equipped with a copper rotating anode (A = 1.54 A) (Rigaku
Corporation, Tokyo, Japan), a Gobel’s mirrors collimation system (ELEXIENCE, Verricres le

Buisson, France) and a two-dimensional detector (Princeton Instrument SCX2D, Trenton, NJ,



USA). For WAXS experiments the distance between sample and detector is setat 45 mm and
for SAXS experiments the distance is equal to 550 mm. The exposure time is set at 300
seconds. All samples are placed between two thin kapton films to prevent flow. For all

patterns the kapton signal is subtracted.

At small angles, no peak was observed and thus, no structuration at long distance range
[10nm-4pm] was detected. At wide angles, the two characteristic peaks of the Van der Waals
interactions between butylacrylate monomers***2 are only observed. (see Figure S16).

10. Comparison of Viscoelastic Properties between PnBAX and PnBA
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Figure S17: Minimum of tan 6(w) at Tyt =7°C
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