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In this study, poly(ethylene oxide) monomethyl ether (MPEO) of molecular weight of 5000, 10 000, and
20000 g mol™ were grafted onto colloidal silica nanoparticles (NPs) of a 27.6 nm diameter using two
distinct “grafting to” processes. The first method was based on the coupling reaction of epoxide-end
capped MPEO with amine-functionalized silica NPs, while the second method was based on the
condensation of triethoxysilane-terminated MPEO onto the unmodified silica NPs. The influence of PEO
molecular weight, grafting process and grafting conditions (temperature, reactant concentration,
reaction time) on the PEO grafting density was fully investigated. Thermogravimetric analysis (TGA) was
used to determine the grafting density which ranged from 0.12 chains per nm? using the first approach
to 1.02 chains per nm? when using the second approach. 2°Si CP/MAS NMR characterization indirectly
revealed that above a grafting density value of 0.3 PEQO chains per nm?, a dendri-graft PEO network was
built around the silica surface which was composed of PEO chains directly anchored to the silica

Received 7th May 2021, surface and those grafted to silica NPs by intermediate of >CH-O-Si— bonds. The colloidal stability of

Accepted 11th June 2021 the particles during different steps of the grafting process was characterized by small-angle X-ray
scattering (SAXS). We have found that the colloidal systems are stable whatever the achieved grafting

density due to the strong repulsions between the NPs, with the strength of repulsion increasing with the
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Introduction

Addition of inorganic nanoparticles (NPs) to a polymer matrix
is a well-known strategy for improving the various properties of
polymeric materials such as mechanical strength,' thermal
stability,® barrier properties®® and optical properties.”™"
Such improvements are induced not only by the physical
presence of the NPs forming a connected filler network> but
also by the interactions of the polymer with the NPs and the
dispersion state of the NPs within their polymer hosts."*™*
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molecular weight of the grafted MPEO chains.

Most importantly, the last factor is a key determinant of the
physical properties of the polymer-NP composites.'® However,
the irreversible aggregation of NPs in polymers can occur due to
the high surface to volume ratio of NPs and strong particle-
particle interactions, resulting in deleterious effects on the final
properties of the materials.””'® One of the main strategies to
prevent the close particle-particle surface contacts, thereby
controlling the dispersion state of the NPs within the polymer
matrix, is grafting chains with an analogous chemistry as the
one of the polymer matrix onto the NPs."?"*? Previous research
has demonstrated miscibility of polymer-grafted NPs in a
chemically identical polymer matrix for various grafting density
and the molecular weight of grafted chains and host
chains.??%24

Among different inorganic fillers, silica NPs were widely
studied and used due to their well-defined ordered structure,
excellent biocompatibility, thermal stability, high surface area,
versatility for surface modification and relatively low cost.>> 8
The covalent grafting of polymers onto the surface of silica NPs
has attracted much attention in the past few decades.>" There
are traditionally two main pathways to attach polymer chains
onto NPs cores, the “grafting from” and the “grafting to” methods.

This journal is © The Royal Society of Chemistry 2021
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The “grafting from” method consists of growing polymer
chains directly from a surface functionalized with an initiator
using various reversible deactivation radical polymeri-
zation techniques (RDRP).***? A large number of vinylic mono-
mers including styrene,>” (meth)acrylates***' and diene
monomers®*** were grafted onto silica surfaces using this
approach. In the “grafting to” method, NPs and polymer are
synthesized separately and then subsequently connected
together.***™*® While the “grafting from” method results in
higher grafting densities of polymer chains, the main advan-
tage of the “grafting to” method is the facile design and
characterization of specific structures and architectures of the
pre-fabricated polymer chains. Furthermore, the “grafting to”
approach is more suitable for polymers synthesized by ionic
polymerization which requires harsh polymerization condi-
tions, for example poly(oxazoline),">*” and poly(ethylene
oxide)*™*® or polymers synthesized using catalyzed chain
growth like polyolefins.** However, the grafting density
obtained by the “grafting to” process is generally low, particu-
larly when the polymer chains are long. Indeed, once a first
chain is grafted on the silica surface, it hinders another chain
in solution approaching and anchoring to the silica surface. An
increase of the molecular weight of the grafted polymer signifi-
cantly reduces the access of the surface to the functional end
chain and hence limiting the grafting density.

In the domain of composite colloidal particle, poly(ethylene
oxide) (PEO) grafted NPs have been considered as the most
effective system for reducing protein adsorption®®*' and are
also used as drug delivery systems.’>** PEO is also an attractive
semi-crystalline polymer, widely used as a solid polymer elec-
trolyte for applications in solid state lithium battery
materials,> as PEO/silica nanocomposites can increase both
ionic conductivity and mechanical properties of its solid poly-
mer electrolytes.>® As previously mentioned, linear PEO grafted
silica NPs are exclusively prepared by “grafting to” method that
includes two procedures, the one-spot/one-step method and the
post-modification in two steps. In the one spot/one step
method, Xu et al.”" prepared poly(ethylene glycol) (PEG) grafted
silica by adding hydroxyl terminated PEG at the beginning of
the preparation process of the silica NPs according to Stober’s
method in a mixture of methanol/ammonia. A similar proce-
dure was recently reported by Akbari et al.*® for the preparation
of PEG-grafted silica NPs for lowering protein adsorption
applications. The first example of the two steps method was
reported by Bridger and Vincent, where PEG-grafted silica NPs
were synthesized via the reaction of triethoxysilane-terminated
PEG with bare silica.’” Similarly, Oh et al.®® prepared low
molecular weight PEG-grafted silica NPs by adding triethoxysi-
lane functionalized PEG in an emulsion preparation process of
silica particles. Feng et al.*® grafted carboxyl-terminated PEG
onto commercial silica particles of 40 nm bearing alkyl-hydroxy
groups by a direct esterification reaction at room temperature.
Recently, Shui et al®' reported a facile approach to enhance the
grafting density of silica NPs grafted with PEG by employing a
mixture of good and poor solvents. Their study demonstrated the
possibility to control the grafting density (0.76-2.80 chains per nm?)
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of various molecular weights of epoxide terminated PEG grafted
onto dry silica particles of 50 nm functionalized with amine groups
by changing the ratio of an n-decane/toluene solvent mixture. These
previous studies also highlighted the critical role of the solvent
nature, the molecular weight of the PEG and the nature of the
functional groups on the grafting of PEG onto the surface of silica
particles. The common point of these reports is that they deal with
dry silica particles rather than colloidal silica solutions and the
molecular weight of the grafted PEO was never exceeded of
5000 g mol . Additionally, the dispersion states of the resulting
PEG-grafted silica NPs were only sparely investigated.®"**>”

However, the access to PEO grafted silica NPs with a
molecular weight higher than the critical entanglement mole-
cular weight of PEO (M, of 4000 g mol~*)*® is more than ever a
challenge and a real need to get well-dispersed silica NPs inside
a high molecular weight PEO matrix,*" a request for improving
the mechanical properties of composite materials. Further-
more, the colloidal stability during different steps of grafting
is also a key point to obtain an efficient dispersion of NPs when
preparing silica NPs-polymer composites. It is thus important
to correctly characterize the resulting PEO grafted silica NPs to
ensure colloidal stability after grafting. In addition, well-
dispersed PEO grafted silica NPs as reinforcing agents for
PEO based electrolyte matrixes could be a promising potential
candidate for lithium battery applications.

For these reasons, the aim of this research was to system-
atically study the effect of grafting density, PEO molecular
weight and synthesis process on the colloidal stability of the
resulting PEO grafted silica NPs of 27.6 nm. We used the two
steps ‘“grafting to” method, where end-functionalized
poly(ethylene oxide) methyl ether (MPEO) (with molecular
weights of 5000, 10 000 and 20 000 g mol ') were grafted onto
either amino-modified or bare silica NPs in the colloidal state
in N,N-dimethyl acetamide (DMAc). The structure and crystal-
lization behavior of the resulting PEO grafted silica NPs were
deeply investigated by a combination of different complemen-
tary techniques. A careful attention has been devoted to analyze
in detail the level of particles dispersion and stability by using
small-angle X-rays scattering (SAXS).

Experimental
Materials

Poly(ethylene oxide) methyl ether (MPEO) (with number aver-
age molecular weight, M,,, of 5000, 10 000 and 20 000 g mol’l),
epichlorohydrin (99%), sodium hydride (60% dispersion in
mineral oil), (3-aminopropyl) triethoxysilane (APTES, 98%),
anhydrous methanol (99.8%), anhydrous ethanol (99,5%) and
N,N-dimethylacetamide (DMAc, >99%) were purchased from
Aldrich, France and used as received. Ultracel® membranes
with molecular weight cutoff of 10, 30, 100 kDa were obtained
from Merck Millipore. All solvents and other reagents were
synthesis grade and used without further purification.
Spherical SiO, nanoparticles (Ludox TM40) were purchased
from Aldrich, France initially dispersed in water at 40 wt%.
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They were transferred in DMAc by evaporation of the water
according to the procedure described in the literature.’” The
NPs diameter dispersed in DMAc was determined by SAXS to be
equal to 276 A.

Synthesis of epoxide-terminated MPEO (epoxy-MPEO).
Epoxy-MPEO was prepared according to a literature procedure
with some adaptations (Scheme 1a).®° Briefly, MPEO of
5000 ¢ mol~' (5.0 g, 1.0 mmol) was dissolved in 80 mL of
toluene and dried by azeotropic distillation using a Dean-Stark
apparatus. The hydroxy-end group of the MPEO was then
converted into sodium alkoxide by its reaction with sodium
hydride (0.1 g, 2.5 mmol) at 40 °C during 2 h. After this time,
epichlorohydrin (0.4 mL, 5.0 mmol) was slowly added to the
solution and the mixture was stirred at 40 °C overnight. After
the reaction, the mixture was filtered and the polymer was
precipitated in diethyl ether, filtered, washed with diethyl ether
and dried under vacuum at room temperature. The coupling
yield was quantitative. Similar protocols were applied for the
synthesis of epoxy-MPEO of 10000 and 20000 g mol ™ '. These
functionals MPEO are further denoted as epoxy-MPEOx where x
represents the M,, of MPEO in kg mol .

Synthesis of triethoxysilane-terminated MPEO (silane-
MPEO). Triethoxysilane-terminated MPEO was prepared
following literature procedure with some modifications
(Scheme 1b).°" Typically, epoxy-MPEO5 (2.50 g, 0.50 mmol)
was charged into a headspace vial equipped with a magnetic
stir bar, sealed with a headspace cap and dried for 2h under
vacuum. The PEO was then dissolved with 10 mL of anhydrous
ethanol and APTES (1.75 mL, 7.50 mmol) was added dropwise
to the solution. The reaction mixture was heated at 78 °C under
stirring for 24 h. The functional polymer was precipitated in
n-pentane, filtered, dried under vacuum at room temperature
and stored under argon. The triethoxysilane-MPEO was
obtained with high yield. The same protocol was used for
preparing silane-MPEO of 10000 and 20000 g mol .

Silanization of colloidal silica NPs in DMAc (amine-SiO, or
NH,-Si0,). The grafting of amine function on the surface of
silica NPs was performed by the hydrolysis/condensation reac-
tion of (3-aminopropyl) triethoxysilane with the silanol func-
tionality at the surface of the silica NPs. An amine-SiO,
colloidal solution was prepared according to the literature.”

Grafting of MPEO onto the surface of silica NPs in DMAc.
The preparation of MPEO-grafted silica has been performed

NaH, Toluene
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using two protocols according to the surface functionality of the
silica NPs. The first one (called protocol 1) was based on the
coupling reaction between epoxide-terminated MPEO (epoxy-
MPEO) and amino-modified silica (amine-SiO,) through their
terminal groups (Scheme 2a). The second protocol (called
protocol 2) was based on the silanization coupling reaction of
triethoxysilane-terminated MPEO (silane-MPEO) with silanol
functionality present at the surface of bare silica NPs
(Scheme 2b). The detail of these synthesis protocols is
described hereafter. The PEO-grafted silica NPs were labeled
“PEOx-SiO,_y”, where x corresponds to the M,, of MPEO in kg
mol™" and y corresponds to the grafting density of MPEO
expressed as numbers of PEO chains per nm>.

Coupling reaction of epoxide-terminated MPEO with amino-
modified silica in DMAc (protocol 1). The temperature, reaction
time, molecular weight of MPEO and ratio of epoxide/amine
groups was varied in different experiments while maintaining
the stability of the colloidal silica solution. As an example, the
synthesis of PEO-grafted silica NPs via the “grafting to”” method
was carried out as follows. 10.0 g of colloidal solution of amino-
grafted silica NPs at 6.0 wt% in DMAc was added in a round
bottom flask equipped with a magnetic stirrer. Under vigorous
stirring, a solution of 2.769 g of epoxy-MPEO5 dissolved in
10.6 mL of DMAc, was then added dropwise into the amine-
SiO, solution. The resulting mixture containing 2.6 wt% of
silica NPs was continuously stirred under argon at 80 °C for
24 h (Table 1, entry 3). At the end of this period, the PEO-grafted
silica was separated from the free PEO chains using a Millipore
Ultra-filtration apparatus equipped with an Ultracel® mem-
brane filter of 30 kDa pore diameter. The solution is filtered five
times, each time, 20 mL of the obtained solution was diluted
with 40 mL of DMAc and concentrated to the initial volume. To
check the efficient of this separation method, the fifth filtrate
was evaporated under vacuum and the residue was analyzed by
'H NMR. The result showed the presence of no polymer.

Coupling reaction of triethoxysilane-terminated MPEO with
colloidal silica NPs in DMAC (protocol 2). In this protocol, the
reaction time and reaction temperature were fixed at 24 h and
80 °C, the only parameters that changed in different experi-
ments were the M,, of MPEO and the targeted grafting density.
In a typical reaction, 10.0 g of colloidal solution of NPs at
6.0 wt% in DMAc was added in a round bottom flask equipped
with a magnetic stirrer. Under vigorous stirring, a solution of

C/O\Mot\/o\/Q
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(a)
L L
O. O Ethanol O\SI_/\/\NH O/\%O\CH
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Scheme 1 Synthesis pathway towards end functionalized methoxy-poly(ethylene oxide). (a) a-Methoxy-w-epoxy-PEO, (b) triethoxysilane-terminated

MPEO.

6554 | Soft Matter, 2021,17, 6552-6565

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm00678a

Open Access Article. Published on 14 June 2021. Downloaded on 7/29/2025 8:25:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
NH
3~ NH2 oH zéiw
OH _§j HO. o oN
Ho 0" "o P o
/ DMAc g ~
HO O—Si/\/\NHZ . Hsc/O\V\O HO [e] S\l NH%O/\% CH3
5 " 80°C, 24h HO o PO OH n
HO N
O .” OH si
OH vgSS|\/\/NH2 S (a)

HO OH

> [

LO
HO OH + Vo\éiMNHMOA%O\CH3
| n
(o} OH

DMAC  Ho o- S\I/\/\NH/Y\{ “?L “CHj

80°C, 24h 0

0\
é‘ (b)

Scheme 2 General strategy for preparing of PEO-grafted silica NPs via the “grafting to” method. (a) Coupling reaction of epoxide-terminated MPEO
with amino-modified silica; (b) Coupling reaction of triethoxysilane-terminated MPEO with native silica NPs.

Table 1 Experimental data for the grafting of epoxy-MPEO of different
molecular weight onto the surface of amine-SiO, NPs in DMAc at 80 °C for
24 h

Table 2 Experimental data for grafting of triethoxysilane-terminated
MPEO of different M,, onto the colloidal silica NPs surfaces at 80 °C for
24 h. The silica NPs concentration in the final mixture was fixed at 3 wt%

Weight loss

Weight loss

PEO between PEO between
a“ mass 250 °C-750 °C*  ¢° ¢“  mass 250 °C-750 °C" o°

Entry  Sample name (th) (g (%) (exp) Entry Sample name (th) (g (%) (exp)
1 PEO5-Si0,_0.06 5 1.384 7.65 0.06 1 PEO5-Si0O,_0.25 1 0.697 22.55 0.25
2 PEO5-Si0,_0.09 8 2.222 10.60 0.09 2 PEO5-Si0,_1.02 2 1.395 54.30 1.02
3 PEO5-SiO,_0.12 10 2.769 14.25 0.12 3 PEO10-Si0,_0.025 0.1 0.139 5.50 0.025
4 PEO5-Si0,_0.17 10 2.769 17.70 0.17 4 PEO10-Si0,_0.22 0.5 0.697 33.90 0.22
5¢ PEO5-Si0,_0.19 10 2.769 19.25 0.19 5 PEO10-Si0,_0.30 1 1.395 41.10 0.30
6 PEO5-SiO,_0.14 13 3.600 15.15 0.14 6 PEO10-Si0,_0.82 1.5 2.092 65.60 0.82
7 PEO5-Si0,_0.15 15 4.153 16.00 0.15 7 PEO20-5i0,_0.38 1 2.790 63.85 0.38
8 PEO10-Si0,_0.03 2.17 1.205 7.70 0.03
9 PE0O10-Si0,_0.04 3.55 1.971 9.65 0.04 All experiments were carried out with 10 g of a silica NPs solution of
10/ PEO10-Si0,_0.02 3.55 1.971 5.60 0.02 6 wt%. Entries 1 and 2 were performed with MPEO of 5000 g mol’l,
11 PEO10-Si0,_0.05 5 2.776  11.50 0.05 Wwhile entries 3 - 6 were performed with MPEO of 10000 ¢ mol ™" and the

last entry (entry 7) with MPEO of 20000 g mol . & 1s the grafting density

All experiments were carried out with 10 g of silica NPs solution
of 6 wt%. Experiments of entries 1-7 were performed with PEO of
5000 g mol " whereas those of entries 8-11 were performed with PEO of
10000 g mol " - is the grafting density expressed as PEO chains per nm?.
“ Targeted o.” Determined by TGA. © Experimental value of
¢ calculated by using eqn (1) from the data obtained by TGA.
¢ Experiment carried out at 80 °C for 48 h. ® Experiment carried
out at 80 °C for 72 h./ The concentration of silica NPs in the
resulting mixture was fixed at 1.5 wt%.

0.697 g of triethoxysilane-terminated MPEO5 dissolved in
10.6 mL of DMAc was then added dropwise to the colloidal
SiO, solution. The resulting mixture containing 2.9 wt% of
silica NPs was continuously stirred under argon at 80 °C for
24 h (Table 2, entry 1). The free PEO chains and the grafted PEO
chains were separated using the same ultrafiltration system
used previously.

Analytical techniques

Fourier-transform infrared spectroscopy (FTIR). FTIR spec-
tra were recorded using a PerkinElmer Spectrum Two FTIR
spectrometer equipped with an attenuated total reflectance
(ATR) accessory. The spectra were collected in the wavenumber
range between 4000 cm ™' and 500 cm ™" with a resolution of
0.5 cm .

This journal is © The Royal Society of Chemistry 2021

expressed as PEO chains per nm? “ Targeted o. ? Determined by TGA.
¢ Experimental value of ¢ calculated by using eqn (1) from the data
obtained by TGA.

Nuclear magnetic resonance (NMR). '"H NMR spectra in
CDCl; were recorded on a Bruker Avance 400 spectrometer.
Chemical shift was given in ppm relative to tetramethylsilane.

All solid-state NMR spectra were obtained on a Bruker Avance-
400 MHz NMR spectrometer operating at >°Si resonance frequency
of 79.5 MHz. Approximatively 50 mg of samples were placed in a
zirconium dioxide rotor of 4 mm outer diameter and spun at a
Magic Angle Spinning rate of 10 kHz in a commercial Bruker
Double Channel probe. ?°Si CP/MAS experiments were performed
with the Cross Polarization (CP) technique®® using a ramped
1H-pulse starting at 100% power and decreasing until 50% during
the contact time (5 ms) in order to circumvent Hartmann-Hahn
mismatches.®*** To improve the resolution, a dipolar decoupling
GTS pulse sequence was applied during the acquisition time.*®

Thermo-gravimetric analysis (TGA). After grafting and pur-
ification by ultrafiltration, the solution of modified silica NPs
was dried and the dried NPs were characterized by TGA to
determine the grafting density (¢) of amine and MPEO. TGA
measurements were performed on a PerkinElmer 8000 instru-
ment at a scan rate of 10 °C min " from 30 °C to 800 °C under

Soft Matter, 2021,17, 6552-6565 | 6555
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nitrogen atmosphere. Typical sample masses were 5-10 mg per
analyse and the measurements were repeated at least three
times for all samples. The grafting densities (), expressed as
the number of grafted molecules per nm?, can be determined
using the equation below:
Na 4 Wref
o= X — (1)
M x Sepe 100 — W 100 — Wiyer

where, W is the weight loss (expressed as wt%) of grafted
molecules (APTES or MPEO) between 250 and 750 °C, Wi
corresponds to the reference loss of weight at the previous step
(unmodified silica for the determination of APTES and silica
grafted APTES for the determination of MPEO), M is the molar
mass of grafted molecules, Sy, is the specific surface area of
the nanoparticle given by the manufacturer (140 m® g~ ") and N,
is Avogadro’s number. It is worth noting that the specific area
provided by the manufacturer corresponds exactly to the one
calculated from the diameter of the hard sphere nanoparticles
obtained by SAXS (27.6 nm), assuming a silica density of 2.1.
There are thus no internal porosities within the nanoparticles,
nor agglomeration between nanoparticles. All of the nano-
particles surface is thus accessible to the end functionalized
PEO chain.

Differential scanning calorimetry (DSC). The analysis of the
thermal behaviour of the grafted PEO was carried out on a TA
DSC Q20 using a heat/cool/heat cycle from —90 °C to 90 °C. The
heating and cooling rates were 10 °C min~'. Because the
sample thermal history can alter the obtained results, the first
cycle was used to provide the same thermal history (similar
crystallization conditions) to all samples; afterward, the second
and next cycles are considered reproducible. From the PEO
endothermic peak of the second cycle, the PEO melting tem-
perature (T,,) was determined from the intersection of the
baseline with the tangent at the inflection point of the melting
peak. The PEO degree of crystallinity (y.) was deduced from the
melting enthalpy (AH,,, determined by melting peak integra-
tion) and weight fraction of PEO in the composites (Wpgo,
determined by TGA) according to:

o AHy,
Ze = WpgEQ X AI‘[S1

(2)

where AH? is the melting enthalpy, 195 J g ', of a 100%
crystalline PEO.®® The glass transition temperature of the PEO
could not be properly measured because it is mostly crystalline.

Small-angle X-ray scattering (SAXS). Measurements were
carried out on a Xeuss 2.0 HR instrument from Xenocs. The
instrument uses a microfocused Cu Ko source with a wave-
length of 1.54 A and a PILATUS3 detector (Dectris, Switzerland).
The experiments were performed with a collimated beam size
of 0.5 x 0.5 mm. The sample-to-detector distance was chosen to
be 2480 mm to achieve a Q range of 0.004-0.25 A", The silica
NP solution was injected into capillaries to perform a post-
synthesis analysis. Scattering from empty beam, empty capil-
laries and dark field were measured independently and sub-
tracted from the sample scattering. SASfit software were used to
perform the modelling and fitting.
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Results and discussion
Preparation of end-functional Methoxy-PEO

Prior proceeding to the preparation of PEO-grafted silica NPs,
we need to introduce the appropriated end-functionality to the
methoxy-PEO. For this purpose, o-methoxy-PEO (MPEO) was
end-capped by an epoxy group at the o-position. According to
the reaction scheme reported by Van Butsele et al®®
(Scheme 1a), the w-hydroxy end group of MPEO was deproto-
nated by sodium hydride and then reacted with epichloro-
hydrin in toluene at 40 °C. The sodium chloride byproduct
formed a precipitate in toluene thereby allowing a shift in the
reaction equilibrium toward the expected a-methoxy-o-epoxy-
PEO. The MPEO samples of different molecular weight
(M, = 5000, 10000 and 20000 g mol ') were epoxidized.
The "H NMR spectrum of epoxide-terminated MPEO of
5000 g mol ' (Fig. S1, ESIt) shows key signals corresponding
to the expected structure of epoxy-MPEO. The signals at
3.57 and 3.31 ppm correspond to the methylene protons of
the ethylene oxide units and the methoxy a-end group respec-
tively (labelled a, b) whereas those at 3.08, 2.72 and 2.54 ppm
were attributed to the protons of the epoxide end group
(labelled ¢, d, e). The epoxidation yield was estimated from
the relative integral value of the peaks (a) and (c). This ratio was
close to 3:1, indicating a quasi-quantitative conversion of the
hydroxy-end group of MPEO into an epoxy unit. The "H NMR
spectra of epoxy-MPEO10 and epoxy-MPEO20 are shown in
Fig. S2 and S3 (ESIf). 'H NMR analysis indicates a quasi-
quantitative epoxidation yield for the MPEO of 10000 and
20000 g mol ™.

To obtain the triethoxysilane-terminated MPEO, the
o -methoxy- @-epoxy-PEO (epoxy-MPEO) was reacted with
(3-aminopropyl)triethoxysilane (APTES). The reaction between
epoxide and amines is well-known for the fabrication of epoxy
resin without catalyst or formation of byproducts. A large excess
of APTES (15 eq. compared to epoxy-PEO) was used to shift the
reaction equilibrium toward the expected triethoxysilane-
terminated MPEO. The MPEO of different molecular weights
(M, = 5000, 10 000 and 20 000 g mol ') were functionalized with
triethoxysilane group. The 'H NMR spectrum (Fig. 1) of the
triethoxysilane-terminated MPEO of 5000 g mol ' shows key
signals corresponding to the expected structure. The signal at
3.57 and 3.31 ppm correspond to methylene protons of the
ethylene oxide units and the methoxy o-end group respectively
(labelled a, b). The signals at 1.23 ppm and 3.78 ppm are
attributed to CH; and CH, protons of the ethoxysilane group,
(CH3-CH,-0-)3Si-, (labelled c, d) respectively. However, the
proton signal of -CH,-O-Si- are overlaid with the rotation
signals of the methylene protons of ethylene oxide units. The
functionalization yield was estimated from the relative integral
value of the peaks (a) and (c). This ratio was close to 3:9,
indicating a quasi-quantitative conversion of the epoxy-end
groups of the MPEO into triethoxysilane groups. The "H NMR
spectra of the triethoxysilane-terminated MPEO10 and
triethoxysilane-terminated MPEO20 are shown in Fig. S4 and
S5 (ESIT). "H NMR analysis indicates that the quasi-quantitative

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 H NMR spectrum of triethoxysilane-MPEO of 5000 g mol™! in

CDCls.

functionalization yield was also obtained for the MPEO of
10000 and 20 000 g mol .

Grafting of functional MPEO onto colloidal silica NPs

All reactions were carried out in colloidal silica solutions in
DMAc. The choice of DMAc as solvent for the dispersion of
silica NPs and the ‘“‘grating to” process was motivated by the
good dispersion of silica NPs reported in the literature.>”®” It
seems that such stability is governed by the polarity of the
DMAc. In addition, DMAc is a good solvent for PEO. The
dispersion stability of modified silica NPs in DMAc was
checked at each step of the reaction by SAXS measurements.
According to the protocol 1, the silica NPs were first function-
alized by silanization reaction using APTES to introduce amino
functionality to their surface. After the separation by ultrafiltra-
tion of the grafted aminosilane molecules from the unreacted
ones, the dried amine-SiO, NPs was characterized by TGA in
order to determine the content of grafted aminosilane. For an
initial targeted grafting density of 1 silane molecule per nm?,
we obtained 0.4 silane molecule per nm® This value was
comparable to that reported in the literature for the same silica
NPs.*” Other experiments have been investigated in order to
increase the amine-SiO, grafting density by varying the reaction
time, the targeted grafting density and the reaction tempera-
ture. However, they either lead to a similar grafting density, or
to an aggregation of the NPs in solution. In the second step of
protocol 1, the PEO chains are attached to the surface of silica
NPs by the coupling reaction between epoxide-terminated PEO
and amine-SiO, in DMAc at 80 °C. The reaction takes place
without a catalyst and without the formation of by-products,
and hence the colloidal stability is better preserved in particular
by avoiding possible interactions with such by-products. In
order to obtain the optimal reaction conditions by using
epoxy-MPEOS5 as a model, numerous experiments have been
performed by changing the NPs concentration, the reaction
time, the reaction temperature and the targeted grafting den-
sity. From this screening study, several experiments showed an
aggregation of NPs during the grafting reaction or during the
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sample storage (less than one week), for example when the
silica NPs concentration in the resulting mixture was higher
than 3 wt% or when the reaction temperature was higher than
80 °C. The optimal reaction conditions while maintaining the
colloidal stability were obtained for 24 h of reaction at 80 °C
with a final concentration of NPs in the mixture not larger than
3 wt%. The data of these experiments are summarized in
Table 1.

Fig. S6 (ESIT) shows the TGA curves of native silica, amine-
SiO, and PEO grafted silica NPs sample (Table 1, entry 1). The
weight loss for amine-SiO, is mainly attributed to the decom-
position of —(CH,);-NH, of grafted APTES whereas that of
PEO-Si0, is due to the decomposition of both APTES segments
and PEO chains. The ¢ of the grafted PEO onto silica NPs was
calculated based on eqn (1) and the results are reported on
Table 1. The obtained results show that the PEO ¢ increases
while maintaining colloidal stability when the theoretical tar-
geted o (Table 1, entries 1-7 for PEO of 5000 g mol~' and
entries 8-11 for PEO of 10000 g mol ') and the reaction time
(Table 1, entries 3-5) increase. One can also note that ¢ slightly
decreases with an increase in PEO molar mass for the similar
coupling conditions (Table 1, entries 1 and 11) and a decrease
in the silica NP concentrations in the reaction mixture (Table 1,
entries 9 and 10). Dependence of the ¢ with the molar mass of
the grafted chains was already reported by Shui et al.>" and this
value decreased from 2.0 to 0.5 PEO chains per nm”> for MPEO
of 750 and 4000 g mol " respectively. The authors explained
this difference by the fact that PEO of high M, excludes a
greater volume than the PEO of low M, which hinder other
PEO chains approaching and anchoring to the silica surface.
However, the ¢ reported by these authors was higher than those
obtained in the present work. In our best case, the maximal ¢
value was 0.19 PEO chains per nm” for MPEO of 5000 g mol .
This difference can be explained by several factors such as the
use of bigger particle size (50 nm instead of 27.6 nm in our
study), working with dried silica instead of colloidal silica,
and the use of a longer amine spacer (N-(2-aminoethyl)-3-
aminopropylmethyldimethoxy-silane instead of APTES) and
smaller PEO chains. The limiting point to increase the PEO
o was the low grafting density of amine molecules onto the
silica surface in the first step. Indeed, only 0.4 amine molecules
per nm” were grafted versus 2.14 amines per nm” in the work of
Shui et al.>' However, the coupling yield, by comparing the ratio
of PEO ¢ and amine o, was high in our study, 37.5% (Table 1,
entry 7) versus 23.4% for the same reaction time of 24 h.

Despite our efforts, increasing the grafting density of high M,
PEO was unachieved by approach 1 (Table 1, entries 9-11). For
this reason, another strategy was developed (protocol 2) which is
based on the organosilane condensation of triethoxysilane-
terminated MPEO onto the silica NP surfaces (Scheme 2b). This
strategy was first proposed by Bridger et al.°” in which the authors
studied the grafting of triethoxysilane-end capped PEO chains of
18000 g mol * directly added to a silica dispersion in a water/
methanol mixture during the later stage of its formation. They
found a grafting density of 0.03 PEO chains per nm” for silica
particles of 162 nm. In the present study, three PEO of 5000,
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10000 and 20000 g mol ™" were grafted onto colloidal silica NPs The results in Table 2 clearly show that the PEO ¢ were
via condensation process carried out at 80 °C for 24 h in a mixture higher than those obtained using protocol 1. By varying the
containing 3 wt% of silica NPs. Experimental data as well as ¢ targeted ¢ from 0.1 to 1.5 MPEO per nm” (Table 2, entries 3-6),

determined by TGA measurements are reported in Table 2. one can achieve a very high grafting densities ranging from
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0.025 to 0.82 PEO per nm” for a PEO of 10000 g mol~". On the
other hand, at a same theoretical ¢ value fixed at 1 PEO chain
per nm?* (Table 2, entries 1, 5 and 7), one can note that the
experimental ¢ increases with the MPEO molecular weight that
is contrary to the results observed in protocol 1 and those
reported in the litterature.®® We explain these high grafting
densities by the possibility of the condensation reaction of
triethoxysilane-terminated MPEO with hydroxyl groups present
on the functional PEO chain in addition to the condensation
reaction of triethoxysilane-terminated MPEO with silanol func-
tions at the silica surface (Scheme 3). The hydroxyl group was
formed by the reaction of the epoxide group on the MPEO end
chain with the primary amine of APTES during the ring-
opening process (Scheme 1b). This hypothesis was further
verified using 2°Si CP/MAS NMR analysis (see “chemical and
structural characterization of the grafted PEO” section).

Chemical and structural characterizations of PEO-grafted silica
NPs

The surface functionalized silica NPs were first characterized by
ATR-FTIR. The spectra of unmodified silica, silane-MPEO and
PEO-functionalized silica at different grafting densities are
showed in Fig. 2a. In the spectrum of unmodified silica, the
broad peak at 1100-1000 cm ' is assigned to the Si-O-Si
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Fig. 2 ATR-FTIR spectra of (a) unmodified silica, silane-MPEO and
PEO-functionalized silica at different grafting densities and (b) spectra of
PEO-functionalized silica at different grafting densities in a wavenumber
rang from 1600 cm~* to 1200 cm™%.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Soft Matter

PEO5-Si0,_0.12

NH:-SiO,

pure silica

-10 -20 -30 -40 -50

-60 -70 -80 -90 -100 -110
Chimical Shift (ppm)

Fig. 3 2°Si CP/MAS NMR spectra of (bottom) pure silica, (middle) NH-
grafted silica and (top) PEO5-SiO,_0.12 obtained by protocol 1.
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asymmetric stretching vibration and the small peak around
800 cm ™ is attributed to the asymmetric stretching vibration of
Si-OH. After the grafting of PEO onto silica surface, the spectra
of the functionalized silica displayed the new peaks at
1342 em ™1, 1466 cm ! and around 2750-3000 cm ™! which are
attributed to -CH,-wagging vibration, bending vibration and
stretching vibration respectively. This indicates that PEO
chains were successfully grafted onto silica NPs. In addition,
the intensity of these peaks relating to grafted PEO increased
with the grafting density of PEO chains (Fig. 2b).

The surface chemistry of the native and modified silica NPs
was analyzed by 2°Si CP/MAS NMR. As shown in Fig. 3, native
silica exhibits several overlapping signals associated with Q"
units: three resonances at —91.2 ppm, —101.7 ppm and
—111.0 ppm are assigned to Q% Q* and Q* species, respectively.
The Q% Q° and Q" species represent (HO),Si(0Si), (geminal
silanol), HOSi(OSi); single silanols (either isolated or vicinal)
and Si(OSi), (fully condensed silica) species respectively.*!
After the condensation reaction with APTES followed by the
reaction of amine-grafted silica (NH,-SiO,) with epoxy-MPEO
(Protocol 1, Scheme 2a), the *°Si MAS NMR spectra of modified-
silica NPs (Fig. 3) showed a new peak around —65 ppm which is
assigned to T" centers. On these spectra, two resonances were
observed at —58 ppm and —66 ppm which are attributed to
R-Si(OH)(0Si), (T?) and R-Si—(0Si); (T®) centers respectively,
where R represents an alkyl chain. MestReNova software was
used to fit the multiple Gaussian distributions of the >°Si CP/
MAS NMR spectra. Based on Gaussian deconvolution of Q"
signal species, the ratio of 7(Q) = (Q*> + Q%)/Q* contributions
decreased in NH,-SiO, (Table 3, entries 1 and 2). After grafting
of epoxy-MPEO, this ratio remains the same as that of
NH,-SiO, (Table 3, entry 3) since the grafting of MPEO was
performed via the reaction with amine and not with silanols.
The apparition of signals of 7> and T° species and the decrease
of Q% and Q® in favor of Q" suggest that silanols at the silica
surface were consumed in the silanization process with APTES.
Since APTES was covalently grafted to silica surface therefor
MPEO was too.
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Table 3 r(Q) = (@% + @%)/Q* ratios obtained by Gaussian deconvolution
of the Q" signals in 295i CP/MAS NMR spectra at different step of the
grafting process

Entry Sample name Grating protocol a Q)
1 Pure silica — 0 2.5
2 NH,-SiO, Protocol 1 0.39 1.4
3 PEO5-Si0,_0.12 0.12 1.4
4 PEO5-Si0,_0.25 Protocol 2 0.25 1.8
5 PEO10-Si0,_0.22 0.22 2.1
6 PEO10-SiO,_0.3 0.3 1.4
7 PEO10-SiO,_0.82 0.82 1.4

Analyzing the data of r(Q) ratio of all samples prepared by
protocol 2 (Table 3, entries 3-7), we noted that 7(Q) varied from
2.5 to 1.4 with the increase of ¢ and it attained a plateau at
¢ > 0.3. This means that the conversion of Q* and Q® species to
Q" species by direct silanization of alkoxysilane compounds
with silanols at the silica surface is limited. Indeed, once the
PEO chains bind to the silica surface, they occupy a volume
and hinder other chains approaching the surface of the silica
NPs. Although the 7(Q) value remains unchanged, we still
note an increase of ¢ (Table 3, entry 7). These results
suggest that in addition to the condensation reaction of
triethoxysilane-terminated MPEO with surface silanols, there
was an over-grafting of PEO chains via the condensation of
triethoxysilane-terminated MPEO with hydroxyl groups present
on the functional PEO chain. These grafted PEO chains were
not directly anchored to the silica surface but grafted to the
silica NPs through a network built by >CH-O-Si bonds and
siloxane bonds (Scheme 3). The following mechanism is
proposed: firstly, triethoxysilane-terminated MPEO condenses
with surface silanols turning the Q* and Q® species into Q* until
the steric hindrance inhibits this reaction; secondly, ethoxysi-
lane groups bearing by silane-MPEO chains condense together
or with a hydroxy group on another PEO chain, which is free or
already anchored to silica surface, constituting a polymer shell
network around the silica NPs. The proposed structure of the
PEO network around the silica NPs is schematically illustrated
in Scheme 2.

Thermal properties of PEO-grafted silica NPs

The thermal transition temperatures of PEO-grafted silica were
evaluated by DSC measurements. Since the content of PEO in
PEO-grafted SiO, composites is too low when ¢ < 0.2, it is
difficult to measure properly the thermal transitions of PEO, so
the DSC analysis was only performed for samples with ¢ value
higher than 0.2 and DSC data are summarized in Table 4. Due
to the low fraction of amorphous phases and small amount of
sample used in DSC experiments, neither raw PEO nor PEO-
grafted silica samples show a glass transition temperature. All
composite samples exhibit a melting peak of the PEO chains
attached to silica NPs, which was at a temperature lower than
that of the corresponding raw PEO. The thermograms obtained
for the melting of PEO in the PEO5-SiO, and PEO10-SiO, series
are given in Fig. S7 and S8 (ESIT) respectively. The evolution of
the PEO melting peaks in these figures clearly shows that both
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Table 4 Melting temperature (T,,,), melting enthalpy (AH,,) and degree of
crystallinity (y.) obtained for PEO-grafted silica NPs prepared by protocol 2

Entry  Sample name Tm (°C)  AHn (Jg Y  wepo® e (%)
1 PEO5-Si02_0.25  39.2 28.0 0.23 61.9
2 PEO5-Si02_1.02  46.9 70.6 0.55 65.5
3 PEO10-Si02_0.22  44.2 40.3 0.34 60.3
4 PE0O10-8i02_0.30  50.9 55.9 0.42 69.1
5 PEO10-Si02_0.82  54.6 100.5 0.66 78.1
6 PE020-Si02_0.38  55.9 92.7 0.64 74.2
7 PEO5” 57.8 174.4 1 89.4
8 PEO10° 60.9 154.7 1 79.3
9 PE020¢ 58.7 149.6 1 76.7

“Weight fraction of PEO in PEO-grafted silica NPs composites
determined by TGA. »“Ycommercialized PEO of 5000, 10000 and
20000 g mol ™" respectively.

the melting temperature and the degree of the crystallinity of
grafted PEO chains are depressed compared to the corres-
ponding value of the parent homopolymer. The same results
are also obtained for grafted PEO chains of 20000 g mol "
(Table 4, entry 6). Similar trends have been reported in the
literature.”®®® Feng et al attributed this phenomenon to a
decrease of the mobility of the grafted PEO chains which is
hindered by the proximity with the silica surface.*®* The proxi-
mity with the rigid silica phase strongly disturbed the PEO
chains aligning together to form ordered regions and hence the
formation of spherulites. As a consequence, there are less
spherulites or faulty spherulites and thus the grafted PEO
chains melt at a lower temperature with a smaller quantity of
heat enthalpy compared to raw PEO.

Fig. S7 and S8 (ESIt) and Table 4 show that the values of T,
and crystallinity degree increase with the grafting density. This
dependence has been systematically investigated by Wen et al.®®
They found that the crystallization temperature of grafted PEO,
hindered by confinement effects, decreases gradually as grafting
density decreases. This trend is more pronounced with the grafted
PEO chains of low M,, because they are more confined and more
difficult to stretch out on SiO,-NH, surfaces. In our materials, in
parallel to the confinement effects, it was suggested that beyond a
o value of 0.3 chain per nm?, grafted PEO chains are not directly
anchored to the silica surface but connected together via a >CH-
O-Si and siloxane bonds network as schematically represented in
Scheme 2 and described in previous section. These PEO chains
are more mobile than those directly attached to silica surface, as a
result, the values of Ty, and y. increase with o.

State dispersion of modified-silica NPs

SAXS analysis was used to evaluate the dispersion of modified
silica NPs including amine-grafted silica NPs and PEO-grafted
silica NPs in solution after their synthesis. The SAXS curve of
the NH,-SiO, solution in DMAc is presented in Fig. 4. The
scattering curve displays four main features: (i) at very low ¢
values (g < 0.01 A™1), the scattering intensity decreases when g
decreases, showing that the isothermal osmotic compressibility
(1) of the system is very weak; (ii) at g* ~ 0.01 A™*, it shows
a strong correlation peak; (iii) at intermediate ¢ values
(0.01 A™* < g < 0.1 A™Y), it shows three oscillations which

This journal is © The Royal Society of Chemistry 2021
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are characteristic of the form factor of spheres; (iv) at the
largest ¢, it decays like g *. The ¢ * decay at large q is
characteristic of the Porod law and demonstrates that one
probes a sharp interface with the solvent at local scale. The
thickness of the aminopropyl layer is indeed too small to give a
signicant contribution to the scattering.

Since the nanoparticles are centrosymmetric objects, the
scattering intensity I(q) is given by eqn (3).

I(q) = (D[Psioz — pomad) VP(q)S(q) (3)

where @ is the volume fraction of nanoparticles; psio, and ppmac
are the respective electronic scattering length density of the
SiO, NPs and DMAc; V is the volume of the NPs; P(q) is the
normalized nanoparticle form factor; S(g) is the interparticle
structure factor.

At large g, S(q)y— »» = 1 by principle, the scattered intensity
can thus be fitted by a pure form factor P(g) in the g-range. This
has been done by the form factor of spheres with a lognormal
distribution with a radius R, = 135 A and polydispersity
b = 0.12, using the SASfit software, which gives a mean radius

o 9N p2
Rinean Of 138 A, where Rpean® = R03e(2)‘9 . Such model enables
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to fit perfectly the experimental curve for ¢ > 0.02 A™* (Fig. 4a).
The values of R, and P correspond to those provided by the
manufacturer.

The structure factor S(g) can then be extracted from such
form factor P(q) using eqn (3) (Fig. 4b). The isothermal osmotic
compressibility y1(S(g)s-. o) tends to a value of 0.55 that demon-
strates that the potential interaction between nanoparticles is
dominated by strong repulsions. These repulsions are presum-
ably of electrostatic origin as DMACc is a polar solvent (g, = 37.8)
and there remains some charged silanol groups at the surface,
which ensure the good colloidal stability to the system. The
large correlation peak at g* = 0.0096 A™* corresponds to the
mean distance between nanoparticles diean Of 654 A (21/q%).
Owing to the repulsions, the nanoparticles must be homoge-
neously distributed within the solution that would correspond
t0 @ dmean Of ~ (2R,) (1/6®)"3. The obtained value is 683 A with
& = 0.0345, which is very close to the experimental one, that
demonstrates the perfect dispersion of the nanoparticles.

When the nanoparticles are grafted with PEO chains,
whether by protocol 1 or protocol 2, the scattering intensities
of all samples show the same features as those of the NH,-SiO,
solution, in particular the Porod-like g~* decay at large g (see
Fig. 5 for the PEO5-Si0, samples synthesized by protocol 1 with
different o and Fig. 6 for the PEOx-SiO, synthesized by protocol
2 with different o).

However, at this local scale, one could expect to obtain
another power law corresponding to the conformation of the
grafted PEO chains. The contribution of these chains is how-
ever very weak compared to that of silica nanoparticles in SAXS.
Indeed, since the electronic scattering length densities of the
components are respectively psio, = 18.9 10'° em™, ppmac =
8.8 10" cm ™2 and pppo= 11.2 x 10'° em ™2, the SiO, core of the
nanoparticles are much more contrasted than the PEO coronas
since (psio, — pomac)/(Pspeo — Pomac) = 18, assuming a dry PEO
corona. A solvation of the corona by DMAc would obviously
strongly enhance such a ratio. Moreover, the volume of the
corona is expected to be lower than those of the core due to the
low molar mass of PEO chains. The presence of the PEO chains
however slightly influences the scattered intensity at inter-
mediate g in the regime where the oscillations for the form
factor is marked. When the content of the grafted chains is low,
e.g. in the samples grafted with MPEO of 5000 g mol " using
protocol 1, the calculated form factor derived from the
NH,-SiO, sample matches the oscillations of the experimental
scattered intensity (Fig. 5). In this regime, the contribution of
the PEO chains to the form factor is so negligible that the
structure factor of the solutions can be extracted from the
division of the scattered intensity with such a form factor (by
eqn (3)). On the contrary, when the number of grafted chains is
high, e.g., for all samples obtained by protocol 2, the presence
of the corona has a direct influence on the form factor of the
nanoparticles. Indeed, it appears that the oscillations of the
experimental scattered intensity are shifted with respect to
those of the form factor derived from the NH,-SiO, solution,
revealing the presence of the corona. By principle, a fit of the
scattered intensity in the g-regime would give access to the
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(a—c) Scattering intensities obtained by SAXS for a series of MPEO of 5000 g mol~! grafted onto silica NPs in DMAc at different grafting densities.

The continuous red line corresponds to the form factor of the silica nanoparticles. (d) Nanoparticle structure factors obtained by SAXS using the
nanoparticle form factor of the NH,—SiO, colloidal solution (Fig. 4a) for a series of MPEO of 5000 g mol ™ grafted onto silica NPs in DMAc at different
grafting densities. The grafting was performed according to protocol 1 (Scheme 2a and Table 1).

structural parameters of the corona (thickness and solvation).
However, the contrast of such corona for X-rays remains how-
ever too low compared to those of the silica core to provide a
meaningful fit as it is difficult to decouple the respective
influence of thickness and solvation on the signal.

The scattering intensities of the PEO5-SiO, synthesized by
protocol 1 with three different grafting densities are repre-
sented in Fig. 5a-c and all show the characteristic correlations
peaks of repulsive systems at low g. The corresponding struc-
ture factors are presented in Fig. 5d. One can note that the
volume fraction of the sample solutions was not exactly the
same and varies from one solution to another.

All samples show an isothermal osmotic compressibility yr
lower than 1 and exhibit a strong correlation peak around
0.01 A~ (Fig. 5d). There are thus repulsive interactions between
nanoparticles and therefore good colloidal stability. The yr of these
functionalized silica samples tend to a value ranging between
0.8 and 0.9. Contrary to the case of NH,-SiO, solutions, the
potential interactions between the PEO-grafted silica nanoparticles
are dominated by strong repulsions which are due to the steric
hindrance of grafted PEO and not originated from the remaining
charges of surface silanol groups. Indeed, given the size of grafted
MPEO chains, we suppose that they mask the surface charge of

6562 | Soft Matter, 2021,17, 6552-6565

silica NPs. The values of the large correlation peaks (g*), the volume
fraction (@) and the calculated dycan are reported in the Table S1
(ESIT). The calculated distance between the NPs with the structure
factor (2m/q*) are of the order of magnitude of the distance
calculated with the volume fraction (2R,) (n/69)"".

Fig. 6 shows the scattered intensities of the PEO-grafted silica
NPs colloidal solutions synthesized using approach 2 for three
PEO grafted chains of 5000, 10000 and 20000 g mol " respec-
tively. We show in this figure only the results of colloidal solutions
corresponding to the highest grafted density reached for a given
molar mass at various volume fractions. Other samples with lower
grafting densities were also measured by SAXS and their scattered
intensity are presented in the ESIf in Fig. S9.

The behavior of the scattered intensities at the low g of the most
concentrated samples give a first indication of the sign and
strength of interactions in the system. For the samples grafted
with the MPEO of 5000 g mol ', it shows a plateau close to a
classical Guinier plateau, ie. a pure form factor, revealing that the
systems behave almost like a non-interacting system. For the
samples grafted with the MPEO of 10000 g mol ', a small
correlation peak is visible along with a scattering intensity that
decays when going towards g = 0, suggesting weak repulsions.
Finally, for the samples grafted with the MPEO of 20 000 g mol %,

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a—c) Scattering intensities obtained by SAXS for MPEO of 5000, 10 000 and 20 000 g mol™ grafted onto silica NPs in DMAc as function of
nanoparticle volume fraction. (d) Nanoparticle structure factors obtained by SAXS for a series of MPEO of 5000 g mol™?, 10 000 g mol™* and 20 000 g
mol~! grafted silica NPs in DMAc. The black continuous line is a fit by Percus—Yevick structure factor (see text). The grafting was performed according to

protocol 2 (Scheme 2b and Table 2).

there exists a strong correlation peak at low g and a strong decay
when going towards g = 0, showing the presence of strong repul-
sions. In order to go further in the analysis, we have derived the
structure factor for the 3 solutions at the highest grafting density
for each molecular weight. To this aim, we have obtained the form
factor corresponding to each grafting density from the most diluted
samples. Indeed, for solutions at low volume fraction, the osmotic
pressure can be developed by a Virial expansion limited to the
second order and the isothermal compressibility becomes:

S, ~ 14204, + o(P?)
Thus, when the volume fraction tends towards 0, the structure
factor is equal to 1 and the scattered intensity is proportional to the
lone form factor.

In practice, we have considered that the regime of dilution
where the form factor is reached when I(g)/® is constant for two
samples at different volume fractions (Fig. S10, ESIt). This has
enabled us to obtain the structure factors of samples for the
three molecular weights of MPEO chains at the same volume
fraction in silica (@g; ~ 0.01) (Fig. 6d). These structure factors
confirm the trends of a qualitative description of the scattered

This journal is © The Royal Society of Chemistry 2021

intensities: the systems are repulsive in all cases and an
increase of the molecular weight of the grafted chains increase
the strength of repulsions. yr indeed tends towards ~0.9 for
the PEO5-SiO,_1.02, revealing moderate repulsions for such
sample, and then strongly decreases when increasing chains
length towards respective values of ~0.65 for PEO10-SiO,_0.82
and ~ 0.4 for PEO20-SiO,_0.38. It is thus likely that the steric
hindrance between particles increase with the chain length of
the grafted chains, suggesting an increase of corona thickness.
Moreover, for the sample PEO20-SiO,_0.38, the structure fac-
tors show a strong correlation peak at g* = 0.009 A™* and its
second order at 2¢* at 0.018 A™*. In order to get an insight of
the magnitude order of the corona thickness, we have fitted
such structure factor with the well-known Percus—Yevick struc-
ture factor describing hard-sphere systems,®®’° that is well
suited for spherical objects interacting through steric repul-
sions. In this model, the two fitting parameters are the radius
of the hard sphere Ryg, fitted here with a value of 336 A, and the
sphere volume fraction @yg, fitted here with a value of
0.115 (Fig. 6d). Ry is the sum of the silica core radius (138 A)
and of the thickness of the PEO corona, even if this latter is
almost invisible by SAXS with respect to the core for contrast

Soft Matter, 2021,17, 6552-6565 | 6563
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reasons. This provides an overall thickness of the corona of
198 A. The obtained @y is consistent with the silica volume
fraction (~0.01). The thickness is around twice the gyration
radius of a 20000 g mol " chain, considering that DMAC is a
good solvent for PEO. This thickness is much lower than those
estimated from scaling laws for grafted brush in a good solvent
(~900 A for o = 0.38).”* This shows that such value of ¢ = 0.38,
obtained by TGA and that takes into account all the chains
within the corona, is much larger than the ¢ of the chains that
are really grafted on the silica surface. It thus indirectly con-
firms that the corona is a dendri-graft PEO network.

Conclusions

In this work, we presented a detailed study of PEO-grafted hybrid
materials where the PEO chains were grafted onto silica NPs of
27.6 nm using two approaches of the “grafting to” method. The
efficiency of the grafting and the control of the colloidal stability
of the NPs during different steps of the process were optimized by
tuning synthesis parameters and have been proven by the use of
different characterization techniques, namely, TGA, ATR-FTIR,
solid NMR and SAXS. We demonstrated for the first time the
possibility to graft a high amount of high molecular weight of PEO
chains (M, = 5000, 10 000 and 20 000 ¢ mol ') onto the colloidal
silica NPs while keeping their stability throughout the process and
beyond. According to SAXS analysis, the stability of the studied
colloidal systems, whatever the achieved grafting density is
due to the strong repulsions between NPs and this trend
increases with the molecular weight of the PEO chains. On the
other hand, for hybrid samples with high grafting density
(¢ > 0.3 PEO nm?), *°Si solid NMR measurements indirectly
revealed that PEO chains were grafted to silica NPs by two types of
binding. There are the PEO chains directly anchored to the silica
surface and the other ones that are grafted to silica NPs by
intermediate of siloxane and >CH-O-Si- bonds. The latter
are formed by hydrolysis/condensation of ethoxysilane groups
(CH3-CH,-O-Si-) together and/or with hydroxyl group of the
functional PEO chain, constituting an external layer of PEO
around the silica NPs (Scheme 3). This result is supported by
the data obtained in DSC measurements where the melting
temperature of PEO and its crystallinity degree increase with o.
Indeed, the PEO chains grafted to the silica NPs via C-O-Si and
siloxane bonds are more mobile than those directly anchored to
silica surface and hence, the thermodynamic properties of these
PEO chains are less affected.
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