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ABSTRACT

The preparation of well-dispersed graphene/polymer nanocomposites is challenging due to the poor miscibility of graphene sheets in a polymer matrix. To enhance
the interaction between both phases, graphene sheets can be decorated with polymer chains. Herein, different strategies to graft poly(methyl methacrylate) (PMMA)
and poly(di(ethylene glycol) ethyl ether acrylate) (PDEGA) chains at various positions on graphene oxide and reduced graphene oxide (GO/rGO) sheets are com-
pared. Chain attachment was achieved by “grafting-to” and “grafting-from” methods. Grafting-to was performed by classical copper (I)-catalyzed alkyne azide
cycloaddition. Using a grafting-from approach, PMMA and PDEGA brushes were grown from GO and rGO sheets via surface-initiated photo-induced copper-mediated
polymerization (SI-photoCMP). SI-photoCMP is a robust and efficient method that allows polymerizations to be carried out under mild conditions and with reduced
catalyst concentration. Moreover, the successful implementation of SI-photoCMP in a continuous-flow set-up enables easy upscaling of the system and is, therefore, a
more efficient and environmentally friendly process for GO/rGO surface modification. By using the grafting-to approach, the grafting density of PMMA
(M,, = 2,600 g/mol) was one chain per 990 carbons of graphene. In contrast, longer PMMA chains (M,, = 40,300 g/mol) and higher grafting density were obtained

via the grafting-from method (one PMMA chain per 140 carbons of graphene).

1. Introduction

The synthesis of novel materials with tailor made properties is es
sential in a variety of applications. Polymers are widely used materials.
Their variety, processability, inherent mechanical properties, and light
weight are highly attractive for designing new types of materials. In
order to achieve tailored properties, polymers can be either molecularly
modified, or be blended with another material that introduce properties
that the polymer itself is lacking. Blended nanoparticles (nanofiller) in a
polymer matrix, also referred to as nanocomposites, are hereby a very
interesting approach [1]. One potential nanofiller that introduces so
phisticated properties is graphene. Graphene has rapidly gained the
attention of the scientific and industrial world after its relatively recent

discovery in 2004 [2]. Its unique combination of excellent electrical,
thermal, optical, and mechanical properties makes it a highly suitable
material to tailor polymer nanocomposites properties [3]. The perfor
mance of polymer/graphene nanocomposites depends significantly on
the dispersion of the graphene sheets in the polymer matrix. Due to Van
der Waals and = it interactions, graphene sheets tend to agglomerate
and phase separate on a micro and nanoscale level leading to a reduced
performance of the composite. Therefore, the pre modification of gra
phene sheets with polymer chains is investigated to enhance the
polymer/graphene miscibility.

The use of graphene through bottom up approaches is not preferred
for polymer nanocomposite applications due to the high processing
costs and small production scale [3]. Therefore, the focus switched to
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graphene oxide (GO) and reduced graphene oxide (rGO). This is mainly
because of their better availability and more simple chemical functio

nalization. GO has a large quantity of oxygen containing groups, such
as hydroxyl and epoxy moieties, mainly situated on the basal plane of
the GO sheets and carboxyl group located at the sheet edges [4]. The
presence of such groups breaks, however, the aromatic structure of the
sheets making GO electrically insulating. The reduction of GO by che

mical, thermal or ultraviolet assisted methods allows to produce elec

trically conducting rGO [5].

The covalent modification of GO/rGO surfaces with small organic
molecules is based on two approaches: (i) via oxygen containing groups
[6] and (ii) via sp2 carbons from the graphene sheet [7]. Surface
modification with polymers has been widely investigated [4,8]. In this
regard, two main synthesis approaches are generally used, “grafting to”
and “grafting from”. The first is based on coupling pre synthesized
polymer chains to the GO surface via efficient conjugation chemistry,
whereas the latter directly grows polymers from the surface after
functionalization with a suitable initiator [4,8a,8b]. In the grafting to
approach, multiple synthesis routes are used for polymer conjugation
on the surface, such as esterification [9], amidation [10], azide alkyne
cycloaddition [11], nitrene cycloaddition [12], condensation reactions
[13] and radical coupling [4,14]. The main advantage of this approach
is the possibility to tailor and characterize the polymers before grafting
them onto the surface. However, due to steric factors, lower grafting
densities are achieved and longer reaction times are required due to the
slow self diffusion of the polymers. In grafting from, polymers can be
analyzed after cleavage from the surface [15] via basic hydrolysis [16],
acid catalyzed transesterification [17], photo detachment [18] or an
atomic force microscopy pull off method [19]. With grafting from, the
steric effect is minimized due to the fixed position of the initiator mo
lecule on the surface and fast monomer self diffusion, resulting in
higher grafting densities. Polymers can be grown from the surface via
conventional radical or reversible deactivation radical polymerization
(RDRP) techniques. In conventional radical polymerizations, bare GO
sheets have been successfully used as a radical source via opening of
epoxy rings on the surface leading to the reduction of GO into rGO
decorated with polymers [20]. In RDRP, polymers with predetermined
molecular weight and low dispersity can be targeted [21]. Four RDRP
techniques are predominantly used for GO/rGO modification: (i) single
electron transfer living radical polymerization (SET LRP), (ii) atom
transfer radical polymerization (ATRP), (iii) reversible addition frag
mentation chain transfer polymerization (RAFT) and (iv) nitroxide
mediated polymerization (NMP) [4,8]. One of the first reports on
controlled surface initiated (SI) ATRP from rGO was investigated by the
Nutt group where rGO was modified with 2 (4 aminophenyl)ethanol
followed by the introduction of an initiator to the rGO surface [17,22].
By varying the concentration of styrene (St) monomer and the attached
acrylic ATRP initiator on the surface, control over grafting densities and
polymer chain length could be achieved. However, SI ATRP could only
be performed at higher temperatures (110 °C in the above mentioned
case of St) to initiate the polymerization reaction. Furthermore, long
reaction times (10 24 h) and high CuBr/PMDETA (N,N,N’,N”,N” pen
tamethyl di ethylenetriamine) concentrations were applied. Lower
temperatures (65 °C) can be used to graft MMA chains using SI ATRP
[23]. Lee et al. used SET LRP to grow St, MMA and butyl acrylate
polymers from GO at 80 °C [24].

Photo induced RDRP routes have been progressively investigated
for the synthesis of polymers under mild reaction conditions, mainly
due to the development of highly efficient light sources (such as lasers,
fluorescent lights, light emitting diodes) and the obvious environmental
benefits [25]. Furthermore, photo induced reactions are highly inter
esting due to the simple procedure, temporal control, and compara
tively simple scalability. However, until now only little research has
been performed on photo induced surface initiated polymerization on
nanoparticles. UV induced SI polymerization has been reported on TiO,
nanoparticles [26]. Also, UV induced SI ATRP was used to grow

polymer brushes from silica nanoparticles [27] and TiO, initiator na
nowires [28]. In another approach, visible light induced SI ATRP was
used to grow polymer brushes from TiO,/rGO nanocomposites [29].

The implementation of flow chemistry for photo induced SI poly
merization has many advantages such as improved safety, high re
producibility, fast heat exchange, easy scalability, operation above
ambient pressure boiling points of reactants and most importantly
improved homogeneous irradiation by light sources as was previously
demonstrated [30]. Continuous flow synthesis is widely implemented in
organic chemistry [31], and is also in polymer chemistry becoming
more and more a routine technique for improving control over poly
merizations. Generally, better control over polymer length and dis
persity is achieved by using flow reactors [32]. The first combination of
photo induced copper mediated polymerization (photoCMP) [33] and
continuous flow reactors was described by Junkers and coworkers
[30c,34]. photoCMP is typically applied under UV irradiation, but also
visible light can be employed with the correct choice of catalyst and
ligand [35]. Moreover, a number of carbon based materials was used
for surface functionalization in continuous flow reactors such as full
erenes [36], carbon nanotubes [37] and rGO [38]. Combination of the
two approaches appears to be highly rewarding, also form the aspect of
scalability of GO modifications.

In this manuscript we investigate different strategies to graft
polymer brushes at different positions to graphene oxide and reduced
graphene oxide (GO/rGO) sheets, on either the basal plane, sheet edges
or both. To influence the dispersibility of graphene based sheets in a
variety of solvents and polymer matrices, two acrylic monomers were
selected for grafting: (i) the hydrophobic monomer methyl methacry
late (MMA), and (ii) the more hydrophilic di(ethylene glycol) ethyl
ether acrylate (DEGA). For the first time, the implementation of
photoCMP as a grafting from procedure to grow polymer brushes from
three graphene based surfaces (GO, in situ formed rGO and commer
cially available rGO) was investigated. Polymerization reactions were
performed under UV light in the presence of a copper catalyst. Copper
can be disadvantageous in some biomedical applications and hence, the
minimum copper concentration necessary for efficient polymer grafting
was also explored. Next, a comparative study of traditional batch and
flow set up on surface grafting via photoCMP was performed. Flow
reactors allow for scalability of polymerization reactions, a well known
challenge to overcome in UV induced batch polymerizations. Coupling
of PMMA and PDEGA to the GO surface was explored via the grafting to
approach using classical copper (I) catalyzed alkyne azide cycloaddi
tion (CuAAC). Furthermore, grafting densities were compared for both
approaches.

2. Results and discussion
2.1. Modification of GO/rGO surfaces

Graphene based sheets were grafted with PMMA (hydrophobic) and
PDEGA (hydrophilic) to enhance the miscibility in a compatible
polymer matrix. The grafted polymer chains prevent aggregation of the
sheets by improving the interfacial interaction with the polymer matrix.
In this manner, good dispersion can be achieved and the obtained
grafted materials can be directly used as a filler in polymer nano
composites. Four grafting strategies were applied to graft polymers
brushes on GO and rGO surfaces, including one grafting to (via CuAAC)
and three grafting from (via SI photoCMP) approaches as illustrated in
Scheme 1. Grafting densities, grafting positions on the graphene sheets
(basal plane, sheet edges, or both) and polymer molecular weight
(distributions) were studied. In the CuAAC and SI photoCMP/1
methods (Scheme 1), the polymer chains were grafted on the sheet
edges (CuAAC) and the basal plane (SI photoCMP/1) of GO by the use
of the large quantity of oxygen containing groups present on the sur
face. However, subsequent chemical or thermal treatment is required to
recover the aromatic structure of the GO sheets in order to restore its
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Scheme 1. General synthesis scheme of GO/rGO surface modifications.
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Fig. 1. SEC traces of PMMA and PDEGA used for grafting-to modification of GO-Alkynyl surface.

thermal and electrical properties [3]. In SI photoCMP/2 (Scheme 1),
post treatment was avoided via in situ thermal reduction and formation
of rGO prior to the polymerization step. Reduction of GO to rGO was
achieved at elevated temperature of modification of carboxyl functional
groups with ethylene glycol. Via this route, polymers can be grafted
from both sheet edges and the basal plane. Thus, a high concentration
of functional groups on the surface and efficient coupling of ethylene
glycol is required to obtain high grafting densities. To overcome this
potential limitation of SI photoCMP/2, another approach was in
troduced. In SI photoCMP/3, the modification of commercially

available rGO was performed by using the double bond functionalities
of the sheets via a diazotization reaction. SI photoCMP/3 allows
grafting the polymers at the sheet edges and the basal plane.

3. “Grafting-to” approach for PMMA and PDEGA attachment to
GO.

Grafting to comprises a two step procedure where first alkynyl
groups are attached to the GO surface, followed by CuAAC to graft the
polymer chains (Scheme S1). Modification strategies have been



investigated to graft a variety of azide terminated polymer chains, such
as poly(styrene) (PSt) [11], poly(N isopropyl acrylamide) (PNIPAM)
[39] and poly(ethylene glycol) (PEG) [40].

Herein, to compare the influences of molecular weight on grafting,
PMMA and PDEGA with different molecular weight were synthesized
via photoCMP [41]. Four polymers were obtained and modified with
azide (N3) endgroup functionality. PMMA N3 (M,, = 2,600 g/mol and
M, = 7,100 g/mol) and PDEGAN; (M, = 2,700 g/mol and
M, = 8,000 g/mol) were obtained with dispersities (P) < 1.34 as
analyzed via size exclusion chromatography (SEC, Fig. 1). The GO
surface was modified via an amidation reaction between the carboxyl
groups of GO and amino groups of propargyl amine yielding alkyne
functionalities on the surface (GO Alkynyl, Scheme S1) [39]. The GO
Alkynyl surface was analyzed via Fourier transform infrared spectro
scopy (FT IR), X ray photoelectron spectroscopy (XPS) and solid state
3G nuclear magnetic resonance (solid state '*C NMR) to verify the
successful modification (see supporting information for details). Sub
sequently, the CuAAC reaction was performed to graft various polymers
to the GO Alkynyl sheet surface with CuBr/PMDETA as the catalyst
system in dimethylformamide (DMF) (Table S3) [11,39]. As described
before, the CuAAC approach only allows grafting to the sheet edges of
GO where carboxyl groups are present (Scheme S1).

Thermogravimetric analysis (TGA) is a widely used technique to
assess the success of polymer grafting (i.e. the amount of grafted
polymer in wt%) or grafting density on a surface by determining the
mass loss during heating on a surface by determining the mass loss
during heating [42]. Grafting density is the number of bound polymers
per unit surface area (e.g. per nm? or per # carbons of graphene) [43].
Fig. 2 shows the thermogravimetric profiles for the GO grafted with
PMMA and PDEGA as previously described. The degree of polymer
grafting was determined from the difference in weight loss between GO
Alkynyl and GO PMMA or GO PDEGA at 600 °C. Such temperature
(600 °C) was chosen as a point where polymers underwent thermal
degradation and before substantial degradation of graphene plane. A

Weight / %
100 -

80 4

60 4

~  GO-Alkynyl
-------- GO-PMMA (M, = 7,100 g/mol)

404 GO-PMMA (M, = 2,600 g/mol)

20 4

0 200 400 600 800
T/°C

Weight / %
100 -

80 4

60
GO-Alkynyl
40 4 GO-PDEGA (M, = 8,000 g/mol)

GO-PDEGA (M, = 2,700 g/mol)

20 4

200 400 600 800

T/°C
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via CuAAC conjugation (grafting-to approach).
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higher polymer grafting was observed for the hydrophilic PDEGA
(M, = 2,700 g/mol, 18.7 wt% grafted to GO Alkynyl), compared to
PMMA (M, = 2,600 g/mol, 9.4 wt% grafted to GO Alkynyl) which
could be explained by the better solubility of PDEGA in DMF [44]. In a
poor solvent the surface grafted polymer is more likely to have a
mushroom structure [45] that lowers the grafting density due to steric
hindrince. Based on the TGA results, higher grafting was achieved for
shorter polymer chains possibly due to the lower diffusivity and in
creased steric hindrince for longer polymer chains [46]. The grafting
efficiencies described here are in line with previously reported grafting
of PSt (20% with M, = 4,600 g/mol) [11] and PNIPAM (50% with
M, = 3,800 g/mol) using CuAAC coupling [39].

4. “Grafting-from” approach for PMMA and PDEGA growth from
GO, in situ formed rGO and commercial rGO.

In SI-photoCMP/1, the GO surface was modified with a suitable
ATRP initiator (see Scheme S2). An esterification reaction was per
formed between the hydroxyl groups of GO and acyl bromide groups of
2 bromoisobutyryl bromide resulting in GO Br [47]. XPS measurements
confirmed the successful surface modification via the detection of Br
3ds,» at 70.1 eV, proving the presence of covalently bound bromine
with an atomic content of 0.3% (Table S1). Next, SI photoCMP was
carried out under UV light (~365 nm). Polymers only grew from the
basal plane of GO sheets due to the location of hydroxyl groups on the
basal plane (Scheme S2).

In SI-photoCMP/2, the in situ fomation of rGO and subsequent
polymer growth was investigated (Scheme S3). The presence of hy
droxyl functionalities on GO surface is crucial for introducing an in
itiator. Additional hydroxyl groups were attached to the GO surface via
the transformation of the existing carboxyl groups on the sheet edges
into acid chlorides (via reaction with thionyl chloride) followed by di
rect quenching with ethylene glycol, followed by the in situ thermal
reduction of the sheets (at 120 °C) and formation of rGO EG OH [23].
After introducing an initiator on the surface, the resulting rGO EG Br
was used to grow polymers similar to SI photoCMP/1. Via this route the
polymer can be grafted from both the sheet edges and basal plane of
rGO (Scheme S3).

All modification steps are equally of high importance to insure
successful polymer grafting. FT IR analysis of rGO EG OH shows the
C H (from CH, O group) stretching mode vibration of the attached
ethylene glycol at 2,926 cm ™! (Fig. S1). After modification with a
suitable initiator covalently bonded Br was detected in the rGO EG Br
sample (2.2 atomic %), via XPS, compared to 0.3 atomic % in GO Br as
described in SI photoCMP/1 (Table S1). Clearly, this modification
strategy is yielding better results, explained by the higher reactivity of
the primary OH groups of ethylene glycols and lower reactivity of
tertiary OH, directly bonded to GO surface.

SI-photoCMP/3 (Scheme S4). To also test for the grafting of com
mercially available rGO, a further strategy was explored. RGO has
fewer hydroxyl functionalities compared to GO, and thus an additional
reaction step needed to be performed to increase the abundance of OH
functionalities on the surface. This was achieved by the coupling of a
hydroxyl terminated molecule to the double bond functionalities of
rGO. To do so, 2 (4 aminophenyl)ethanol was attached via a diazoti
zation between the C(sp2) of rGO and in situ generated diazonium
species. The isoamyl nitrite was added to generate the diazonium salt to
avoid storage of unstable and light sensitive aryl diazonium salts
[22,48]. The resulting rGO DA OH sheets were further modified as
above with ATRP type initiator, forming rGO DA Br. Finally, also for
this substrate SI photoCMP was carried out resulting in polymers
growth from both the sheet edges and basal plane of rGO (Scheme S4).

FT IR analysis shows that rGO DA OH features the desired C H
(from CH,; O group) stretching mode vibration of the attached 2
phenylethanol at 2,915 cm ™" (see Fig. S1). A similar Br content was
detected in rGO DA Br sample (2.2 atomic %), determined by XPS,
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Fig. 4. TGA thermograms of PMMA and PDEGA functionalized GO/rGO sheets via SI-photoCMP procedures. SI-PhotoCMP was carried out in UV-batch reactor at
catalyst concentrations (5.4 mmol and 7.5 mmol). The polymer-grafted samples are compared to relevant blank samples.

compared to rGO EG Br. Attachment of phenethyl alcohol was also
confirmed by solid state 13C NMR (appearance of the CH, resonance at
32 ppm). Modification of the surface with the bromine suitable initiator
was also indicated by NMR (peak at 172 ppm assigned to the R C(O) OR
functionality, see Fig. S2).

SI-photoCMP grafting reactions. As mentioned in the introduc
tion, conventional ATRP was successfully applied to grow polymers
from GO and rGO at elevated temperatures. By using SI photoCMP,
photons from a light source can generate radicals from photoinitiators
at ambient temperature [25b]. First, SI photoCMP was carried out
under UV light (~365 nm) in a conventional batch reactor for 24 h. The
batch reactor used for this purpose was a commercial UV nail gel curing
lamp equipped with four 9 W bulbs (Fig. 3). In a batch reactor light
does not penetrate deep into the reaction mixture [30c]. In addition,

GO is a relatively strong UV absorber. UV spectra of GO has a maximum
absorption peak at 230 nm, attributed to st — 5t* transitions of aromatic
C = C bonds, thus in all UV induced reactions, a fraction of the light is
absorbed by GO [49]. As a consequence, longer reaction times and
vigorous stirring were required to perform SI photoCMP in batch re
actors. Conventional photo batch reactors do not allow for reaction
upscaling since the irradiation process is hindered by the light intensity
gradient in the solution.

Thus, we also investigated photografting in continuous flow reactors
[30c]. To this end, the same reaction conditions were used which then
resulted in only 1 h residence time (as faster reactions can be expected
in continuous flow). The flow set up was custom build from gastight
perfluoroalkoxy (PFA) tubing with 0.75 mm inner diameter wrapped
around two UV light bulbs (alternately in a figure of eight) and a
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syringe pump with a 20 mL syringe (Fig. S6). Inside the syringe, six
polytetrafluoroethylene coated (PTFE coated) octagonal stir bars
(5 mm x 2 mm) were loaded to keep the GO Initiator well dispersed.

SI PhotoCMP of MMA from the GO initiator surface was performed
in the presence of a catalyst (CuBr,) and ligand (PMDETA) with a mass
ratio of [GO Initiator] : [CuBr,] : [PMDETA] = 1 : 0.34: 0.85 in DMF/
MeOH. To grow DEGA from the GO Initiator surface, tris (2 (dimethy
lamino)ethyl)amine (MegTREN) was used as a ligand with a mass ratio
of [GO Initiator] : [CuBr,] : [MegTREN] = 1:0.24 : 1.5. The grafting of
DEGA was possible in EtOH/H,0 mixtures as a greener solvent alter
native. It has been reported before that SI PhotoCMP can be carried out
at extremely low catalyst concentration (0.137 pmol) [50]. To graft
MMA, the catalyst concentration has been reduced from 7.5 mmol to
1.88 mmol (4 times below standard protocol). For DEGA grafting, 10
times lower catalyst concentration was investigated: from 5.4 mmol to
0.54 mmol. These reactions are described in Table S4.

Different from polymerization in solution, the information towards
monomer conversion and the molecular weight is more difficult to
obtain for surface initiated polymerization. Instead, polymer grafting
was calculated from TGA to estimate the success of SI photoCMP at
different reaction conditions. Additionally, control experiments were

performed that followed the exact same synthesis procedure as for SI
photoCMP in absence of monomer to assess the influence of UV induced
GO reduction. Thus, GO Br blank, rGO EG Br blank, and rGO DA Br
blank were synthesized. TGA shows the improved thermal stability of
control (blank) samples, due to the partial removal of oxygen content
groups from the GO/rGO surface.

First, thermograms of samples prepared in batch reactors for 24 h in
the presence of catalyst (7.5 mmol for MMA grafting and 5.4 mmol for
DEGA grafting) were investigated (Fig. 4). The highest polymer content
was obtained for samples prepared via the SI photoCMP/3 method
(60.1 wt% PMMA and 50.6 wt% PDEGA grafted to rGO DA Br, Table
S6). The lowest polymer grafting was observed for the SI photoCMP/1
approach (29.6 wt% PMMA and 23.5 wt% PDEGA grafted to GO Br),
presumably due to the comparatively low initiator concentration in
these samples.

Next, 4 times (1.88 mmol for MMA grafting) and 10 times
(0.54 mmol for DEGA grafting) lower catalyst concentration and ligand
concentration were further investigated to minimize the amount of
copper present in the residual composites. Compared to the above re
sults, the thermograms showed for these cases reduced polymer grafting
for all GO Initiator systems (Fig. S4), indicating the importance of
sufficient catalyst concentration in reaction mixture.

The use of a continuous flow reactor in photo induced poly
merizations results into better irradiation and fast polymerization of the
reaction mixture [41b,51]. Scale up in flow reactors is typically
achieved by using longer reactors or larger tubing diameters. SI pho
toCMP was carried out in the continuous flow reactor with inner tubing
diameter 0.75 mm for 1 h residence time (compared to 24 h in batch).
Longer residence times are typically not favoured in flow reactors in
order to keep throughput in the reactor ideal. The thermograms show
similar results for the flow products as for the batch reactions (Fig. S5).
Thus, a very significant improvement with respect to reaction time
(> 42.9 wt% polymer grafted to rGO EG Br and rGO DA Br, Table S6)
is observed for SI photoCMP/2 and SI photoCMP/3 methods in flow
compared to conventional SI ATRP and SI SET LRP where the typical
range of 10 24 h in batch needs to be applied [8¢c,22,52].

Fig. 5 summarizes the obtained results for polymer grafting towards
tested SI photoCMP conditions (batch; flow and reduced catalyst con
centration in batch reactors) based on TGA. Results are given as amount
of polymer grafting (in grams) to 1 g of graphene as this allows for a
more meaningful comparison between different types of GO/rGO. This
comprises the different oxidation level of GO/rGO surfaces and length
of the spacer between surface and polymer chain.

In general, the lowest polymer grafting was observed using SI
photoCMP/1, compared to SI photoCMP/2,3, due to the low con
centration of attached initiator. Performing SI photoCMP in a batch
reactor results in the best grafting, compared to the flow reactor. The
grafting reaction in flow reactor is highly efficient owing to the reaction
time needed. Furthermore, performing SI photoCMP in a batch reactor
at lower catalyst concentration decreases the grafting efficiency.
Polymerization of acrylates monomers in solution via photoCMP is
more efficient compared to meth(acrylates) [41b,51]. A difference that
typically needs to be taken into account for polymerizing methacrylates
or acrylates via photoCMP is the choice of ligand. Methacrylates show
better polymerization activity with PMDETA, while acrylates are
polymerized more efficiently by using MecTREN [40b]. This difference,
and the generally higher rate of polymerization for acrylates, should
however, not be confused with a presumably lower grafting density.
Grafting efficiency is given my more than mere speed of polymeriza
tion, but also by the choice of monomers, chain interactions, and lastly
radical quenching by termination, which is significantly lower for me
thacrylates. With this consideration, it is yet an interesting observation
that almost in all tested reaction conditions, higher grafting efficiencies
were achieved for MMA compared to DEGA.
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5. Detailed investigation of polymer grafting to GO/rGO surfaces
(FT-IR, XPS, ToF-SIMS, quantitative solid-state *C NMR).

FT IR, XPS, time of flight secondary ion mass spectrometry (ToF
SIMS) and solid state 1>C NMR analysis were performed to in detail to
further investigate the polymer grafting for both grafting to and grafting
from approaches. For grafting to via CuAAC, GO PMMA (with PMMA
M, = 2,600 g/mol) and GO PDEGA (with PMMA M,, = 2,700 g/mol)
were investigated since they showed the highest grafting ratios ac
cording to TGA. For grafting from, PMMA and PDEGA grafted via SI
photoCMP/1 3 in a batch reactor were analyzed. All samples were
compared to relevant blank GO/rGO Initiator samples.

FT IR provides qualitative information towards polymer grafting.
GO sheets that were modified with PMMA and PDEGA chains show
additional signals that can be directly assigned to the polymer
stretching modes as shown in Fig. S7. FT IR confirms presence of the
grafts on the GO sheets.

Further analysis was performed via ToF SIMS which is very surface
sensitive technique with a probing depth of a few nm only. The mass
spectra obtained by ToF SIMS allow for a differentiation of several
polymer layers based on characteristic molecular fragments. In this
case, amongst several other, the C;Hs0, fragment attributed to PMMA
and the C;H30 fragment attributed to PDEGA were detected. Fig. 6
shows the intensity of the detected C4;Hs0, fragment for the different
GO/rGO derivatives. Since methyl methacrylates yield C4HsO, frag
ments among several other characteristic signals in SIMS, the highest
intensity was observed for all GO PMMA based samples, proving the
presence of PMMA on the surface. Differently, the side chain of grafted
PDEGA yields strong C,H30 signals, which is not applicable for grafted

PMMA. After comparison the intensities of CoH30 fragments (Fig. 7),
the highest was obtained for all GO PDEGA based samples, proving the
presence of PDEGA on the surface.

The high resolution C 1s XPS spectra of the grafted polymers are
depicted in Fig. 8. The appearance of a C Br signal at 70.1 eV (not
shown, Br atomic % is represented instead in Table S1) confirms the
successful introduction of an initiator molecule on the GO/rGO surface,
as discussed above. After introducing the PMMA chains on the surface,
the C 1s XPS spectra of the new materials can be deconvoluted into
three components, C C/C H, C O and O = C O species at 285.0, 286.6,
and 288.8 eV respectively, in accordance with the chemical composi
tion of the grafted polymer. The close matching between the theoretical
(3 :1:1) and measured/fitted values in C 1s peak confirms the at
tachment of PMMA on the surface (Table S8). However, poor matching
of C O peaks in GO PMMA (M, = 2,600 g/mol) sample was observed
and can be explained by a low grafting density and therefore a signal
stemming from both, PMMA and GO Alkynyl. For PDEGA, the C 1s XPS
spectra can be deconvoluted into three components, similar to PMMA
but with given theoretical ratios 3 : 5 : 1, based on carbon chemical
environment of PDEGA. Again, a close match between the theoretical
and measured/fitted values was obtained for samples grafted with
PDEGA (Table S8).

In a last step, solid state ">*C NMR spectra were measured to analyze
the structures of all GO/rGO derivatives after grafting (Fig. S8). In GO
PMMA, the appearance of additional resonance peaks are assigned to
backbone CH3; at 16 ppm, the quaternary C and CH, backbone at
45 ppm, O CH3 at 52 ppm and R C(O) OR at 178 ppm [53]. In GO
PDEGA, resonance signals of PDEGA chains are assigned to CHj3 at
15 ppm, CH and CH, backbone at 41 ppm, O CH, at 69 ppm and R
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C(O) OR at 174 ppm. In the blank samples of *C NMR spectra, no high
intensity resonance signals from impurities were detected. It proves
reliable TGA thermogram interpretation over mass loss and quantitative
determination of polymer grafting on the GO/rGO surfaces.

6. Determination of the polymer grafting densities of GO/rGO
surfaces from TGA.

To calculate the polymer grafting density on GO/rGO surfaces, first
the graft chain length needs to be determined. While it is straightfor
ward to characterize the average length and dispersity of the polymer
chains in grafting to, the same information is more cumbersome to ob
tain for grafting from methods. To this end, grafted polymers were
cleaved from the modified GO/rGO surfaces via base hydrolysis (to
break the ester linkage) in order to analyze the molecular weight
(distributions) [16]. Due to the minimized steric effect [4,8a,8b], longer
polymer chains are expected compared to grafting to. PMMA was
cleaved from GO PMMA, rGO EG PMMA and rGO DA PMMA, synthe
sized via SI photoCMP/1 3 in a batch reactor. As a side reaction, ester
groups present in the PMMA side chains (methyl group) are prone to
hydrolyse under basic conditions, and therefore, were quenched in situ
with methanol to restore the methyl ester side chains. Cleavage of
PDEGA was not performed due to the longer and complexer side chains.

Fig. S9 shows SEC analysis of the cleaved PMMA obtained from GO
PMMA, rGO EG PMMA and rGO DA PMMA UV batch polymerizations
(7.5 mmol catalyst concentration). The average number molecular
weights (M,) observed were 35,200 g/mol, 40,300 g/mol and
29,200 g/mol respectively. Dispersities of the cleaved PMMA were
observed in the range of P = 1.40 (GO PMMA) and P =1.59 (GO EG
PMMA). The PMMA cleaved from rGO EG PMMA has higher dispersity
and the high molecular weight shoulder, explained by an increase of

viscosity, which causes a reduced stirring speed. Light does not pene
trate deep through the mixture and polymerization occurs only at the
irradiated parts. Therefore, a high stirring speed and efficient mixing is
required. In addition, higher viscosity favors bimolecular radical ter
mination events of growing polymer chains on the surface. PMMA has
higher molecular weight brushes compared to PMMA, used in CuAAC.
However, broader dispersities were observed by using SI photoCMP to
polymerize from the surface, compared to previously reported PMMA
grafting via conventional thermally intiated SI ATRP with
M, = 1,170 g/mol and P = 1.09 [23].

The grafting density is defined as a number of attached polymer
chains per unit surface area. The polymer grafting density on the sur
face was determined by TGA. Herein, the grafting density is shown as #
carbons of graphene per grafted one polymer chain. By knowing the
area of the benzene ring in graphene (0.0524 nm?), the grafting density
as a number of polymer chains per nm? of graphene can be calculated
(Table 1) [54].

As discussed previously, in grafting to, higher molecular weight
polymers have slower diffusivity that results into lower grafting ratio
[46]. Here, one PMMA chain (M, = 2,600 g/mol) was grafted per 990
carbons of graphene and one PMMA chain (M, = 7,100 g/mol) was
grafted per 3,251 carbons of graphene (Table 1). A lower grafting ef
ficiency was previously reported by using CuAAC conjugation where
one PSt (M,, = 4,600 g/mol) chain was grafted to approximately 1,500
carbon atoms of graphene [11]. In another contribution, the CuAAC
conjugation approach resulted in one PMMA chain (M,, = 2,415 g/mol)
per 5,000 carbons of graphene [54].

In general, higher grafting density is achieved using grafting from
approach, compared to graftingto. Thus, one PMMA chain
(M, = 2,600 g/mol) was grafted per 990 carbons of graphene in
CuAAC, while one PMMA chain (M,, = 40,300 g/mol) per 140 and one
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Table 1

Overview of grafting characteristics from the various methods used, determined from TGA.

Sample M,sgc, (PMMA) g/mol
GO-PMMA/(2,600 g/mol) 2,600 990
GO-PMMA/(7,100 g/mol) 7,100 3,251
GO-PMMA (SI-photoCMP/1) 35,200 2,010
rGO-EG-PMMA (SI-photoCMP/2) 40,300 140
rGO-DA-PMMA (SI-photoCMP/3) 29,200 248
GO-PDEGA/(2,700 g/mol) 2,700 403
GO-PDEGA/(8,000 g/mol) 8,000 2,321

PMMA (M,, = 29,200 g/mol) per 248 carbons of graphene was grafted
via SI photoCMP/2 and SI photoCMP/3, respectively. Those obtained
grafting densities are much higher than previously reported SI ATRP
grafting results of one PSt chain (M,, = 60,000 g/mol) per 1,000 carbon
atoms [22]. Differing from the general trend, less PMMA grafting was
obtained using SI photoCMP/1. Here, one PMMA chain was grafted per

# carbons of graphene per grafted PMMA chain

# PMMA chains per nm? of graphene

0.12
0.04
0.06
0.82
0.46
0.28
0.05

990 and 2,010 carbons of graphene via CuAAC and SI photoCMP/1,
respectively (Table 1). This can be explained by the difference in
grafted PMMA molecular weight of M;, = 2,600 g/mol (CuAAC) and
M, = 35,200 g/mol (SI photoCMP/1) and low initiator concentration
attached to the GO surface. It should be noted that the outcome of the
grafting experiments also depends on the GO used in the respective
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experiments, since GO is a relatively heterogeneous material. To make
data comparable, the above values are determined on the same batches
of GO. Yet, tests with different batches of GO showed that the method is
overall well reproducible and significant.

6.1. Dispersibility studies

Properties such as the dispersibility of GO/rGO derivatives in a
variety of solvents and matrixes can be optimized by tuning polymer
type and molecular weight. The dispersibility of rGO compared to GO is
poor in organic solvents. Thus, the influence on the dispersibility of rtGO
sheets was investigated after polymerization with hydrophobic PMMA
and hydrophilic PDEGA chains via SI photoCMP/3. RGO, rGO DA
PMMA and rGO DA PDEGA were dispersed in deionized water, ethanol
(EtOH), and chloroform (CHCl3) via sonication (15 min, Fig. 9). RGO
DA PMMA is not dispersible in polar solvents (water) but has enhanced
dispersibility in nonpolar solvents like chloroform (see Fig. 9). Even
24 h after sonication the PMMA modified sheets of rGO did not pre
cipitate. In contrast, PDEGA is a more polar compared to PMMA. As a
result, rGO DA PDEGA became better dispersible in ethanol as observed
in Fig. 9.

7. Conclusions

The grafting of GO and rGO sheets with hydrophobic (PMMA) and
hydrophilic (PDEGA) polymer chains via one grafting to and three
grafting from approaches was investigated. SI PhotoCMP proved a great
tool for the synthesis of rGO polymer materials under mild conditions
(UV irradiation instead of elevated temperatures) with high polymer
grafting density. The polymers were also grafted at reduced catalyst
concentration (10 times for DEGA and 4 times for MMA grafting below
standard protocol). In addition, the possibility to perform SI photoCMP
in both batch and continuous flow reactors was demonstrated. Using a
continuous flow reactor allows to reduce the reaction time (from 24 h
to 1 h) and upscale the system. Higher grafting densities were achieved
by using grafting from techniques (SI photoCMP/2,3) due to the mini
mized steric factor compared to grafting to via CUAAC. One PMMA chain
(M, = 2,600 g/mol) was grafted per 990 carbons of graphene via the
grafting to approach, calculated by TGA. In contrast, via SI photoCMP,

longer PMMA chains (M,, = 40,300 g/mol) and a higher grafting
density (one PMMA chain per 140 carbons of graphene) were obtained.
The PMMA grafted rGO has improved dispersibility in chloroform,
compared to initial rGO, whilst grafted PDEGA to rGO has improved
dispersibility in ethanol. The proposed SI photoCMP technique com
prises mild reaction conditions, short reaction time (1 h in flow reactor)
and high grafting densities with potential scalability. The pre grafted
polymer chains on the rGO surface improve its dispersibility in solvents
and potentially in suitable polymer matrixes for production of evenly
dispersed graphene sheets in polymer nanocomposites.
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