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ABSTRACT: Silica particles with grafted poly(methyl 10ppm
methacrylate) brushes, SiO,-gPMMA, were prepared via
activator regeneration by electron transfer (ARGET) atom
transfer radical polymerization (ATRP). The grafting density

and dispersity of the polymer brushes was tuned by the initial 2,255 [Cu™], ° :: o5
ATRP catalyst concentration ([Cu"/L],). Sparsely grafted @\é Z:%OO:%O °0 20°
particle brushes, which also displayed an anisotropic string- g% . o: °o°° .
like structure in TEM images, were obtained at very low 8 %000 ° o %,

catalyst concentrations, [Cu"/L], < 1 ppm. The effect of the

initial catalyst concentration on dispersity and initiation efficiency in the particle brush system was similar to that observed in
the synthesis of linear PMMA homopolymers. The kinetic study revealed a transition from controlled radical polymerization to
a less controlled process at low monomer conversion, when the [Cu"/L], decreased below about 10 ppm.

P olymer brushes have been extensively investigated over adhesion of microscale particles by enhancing interparticle
the past S0 years because they are effective particle/ entanglement.'™"® Brushes with higher dispersity may
surface modifiers.' "° Brushes are dense layers of polymer significantly improve the ability and efficacy of smart coatings,
chains with a chain end attached to a surface. Both theory and as compared to monodisperse brushes.'”*° Recent reports
simulations were used to understand how brush heights and demonstrated that particle brushes with bimodal molecular
grafting densities affect the properties of nanocomposite hybrid weight distribution (MWD) showed superior mechanical
materials.” The preparation of “monodisperse” brushes properties and significantly improved interparticle and
(brushes with a very narrow molecular weight distribution) particle—matrix interactions.”' >> However, some conven-
requires well controlled synthetic methods. Atom transfer tional approaches to broaden MWD might be complicated
radical polymerization (ATRP), a powerful controlled radical and difficult to perform. In this contribution, we report the
polymerization technique, has produced a vast array of synthesis of SiO,-g-PMMA particle brushes with controlled
polymeric materials with excellent control over topologies, dispersity and grafting density using a facile scalable approach
compositions, microstructures, and functionalities over the past consisting of simple tuning of the initial ATRP catalyst
two decades.””*™'" Recently, the concentration of Cu-based concentration, top scheme in Figure 1. A similar approach was
catalysts can be diminished to the ppm level with the use of used for liner chains in ARGET ATRP.**™**
reducing agents and the rational selection of suitable Cu- The effect of varying the initial concentration of catalyst
complexing ligands in activator regeneration by electron [Cu"/L], on the grafting density and dispersity of SiO,-g-
transfer (ARGET) ATRP technique.'' ™" PMMA particle brushes synthesized with ARGET ATRP was
Graft density and uniformity of polymer chains can studied. A fixed concentration of initiating sites on SiO,—Br
significantly affect conformation of polymer brushes and the particles (200 ppm) and a wide range of catalyst (CuBr,/
properties of composite systems.'> Theoretical studies showed Me,TREN) concentrations ([Cu"/L], = 0.01~400 ppm) in
that polymer brushes exhibit a relaxation of chain extended 50% v/v solvent (anisole) at 60 °C was applied, and the results
conformation with increasing molecular weight. Also, higher
dispersity can stabilize dispersions, even if the average graft Received: May 28, 2019
molecular weight is lower than the matrix molecular weight.16 Accepted: June 21, 2019
Moreover, simulations demonstrated that dispersity may affect Published: June 25, 2019

ACS Publications  © 2019 American Chemical Society 859 DOI: 10,1021/acsmacrolett.9b00405
L2 4 ACS Macro Lett. 2019, 8, 859—864


pubs.acs.org/macroletters
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.9b00405
http://dx.doi.org/10.1021/acsmacrolett.9b00405

ACS Macro Letters

low o, high M, /M,
00000
Oo a0
0, 00450
o (&
(o)

n

Uniform Structure Anisotropic Stucture

(2)100 ppm [Cu, }(©)0.5 ppm
2 ...',.‘t o .: : :'. i I_'__..J' : ’.:'.;O'.. |
.(b)1 0 pm '[Q.ui']o d)0.01 ppm [(_3u“]0

Figure 1. Schematic graph of the synthesis of SiO,-g-PMMA particle
brushes with different initial catalyst concentrations and TEM images
of monolayer films of SiO,-g-PMMA particle brushes with different
DP and grafting densities. (a) PMMA-3, DP = 600, M,,/M, = 1.16, 6
=0.65 nm™2, (b) PMMA-6, DP = 787, M, /M, = 1.46, 6 = 0.15 nm ™%,
(c) PMMA-10, DP = 2471, M,,/M, = 190, ¢ = 0.049 nm™>, (d)
PMMA-15, DP = 1972, M,/M, = 2.06, ¢ = 0.015 nm™2. Red lines
highlight the string structures in (c) and (d) insets. Scale bar: 100 nm.

are provided in Table 1. Because of the possible gelation of the
reaction medium due to interparticle coupling, reactions were
carried out for a relatively short time (<2 h) to diminish
coupling between nanoparticles (NPs). Figure 2a,b shows the
correlation of the grafting density and dispersity with the initial
concentration of the catalyst ([Cu"/L],). The results indicate
that the dispersity of the grafted brushes increased with the
decreasing initial concentration of the catalyst, from 1.18 to
2.11. On the other hand, the grafting density, which is an
indication of the initiation efficiency of the reaction was
relatively steady at high catalyst concentrations (>25 ppm), but
dropped significantly with lower initial catalyst concentrations
at <10 ppm conditions, from 0.71 to 0.012 chain/ nm? Such an
observation agreed with the previous theoretical study on the
correlation between grafting density and dispersity.”” After
polymerization, the products were precipitated by the addition
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to cold methanol to remove the catalyst (CuBr,/Me,TREN),
solvent, unreacted monomer, and NPs.

Due to the significant decrease of the grafting density at low
catalyst concentrations, it is necessary to verify if the polymer
chains were initiated from the surface of silica NPs or via side
reactions in the solution (e.g, thermal self-initiation).’"™**
Therefore, we characterized the samples by TEM to confirm
the attachment of polymer brushes to the surface of the NPs.
TEM images showed that no obvious free homopolymers were
present after polymerization, and all particle brushes were well-
dispersed on the Cu grids without aggregations, even with
catalyst concentration > 0.1 ppm, Figure 1 (cf. also Figure S6).
It should be noted that, as the grafting density diminished with
the decreasing initial catalyst concentration, the morphologies
of particle brushes changed. Above 10 ppm [Cu'/L],
isotropic and uniform structures were observed (Figure
la,b). On the other hand, as the [Cu"/L], decreased below
10 ppm, the grafting density dropped to <0.15 chains/nm?
and an anisotropic structure was observed in the TEM images,
Figure lc. This trend further evolved with the decreasing
[Cu"/L], and grafting density, Figure 1d. These string-like
structures, top scheme in Figure 1, were previously reported
and studied in sparsely grafted particle systems.”” >’ The
driving force to form this self-assembled structure was the
attraction between patches of bare surfaces of NPs.**~**

Due to a short reaction time (1 h) and relatively low
conversion (~1%) in several reactions, accurate kinetic plots
could not be obtained. Therefore, we conducted a series of
homopolymerizations of linear model systems with similar
initial catalyst concentrations to study the reaction kinetics.
Linear PMMA samples were prepared under the same
conditions used to prepare the SiO,-g-PMMA particle brushes,
except for the use of a small-molecule initiator, ethyl 2-
bromoisobutyrate (EBiB), and the results are reported in Table
2.

The key factors dominating the dispersity of model linear
ATRP reactions can be summarized in the following equation
(if contribution of termination is small).**~*!

M, [RX]k, [2 ]
S —2 2
M, ky[Cu™\ p (1)
where [RX] and [Cu"] are the concentrations of the alkyl
halide chain end and the Cu'l species, respectively; k, and ky
are the rate constants of propagation and deactivation,
respectively; p is the conversion. [Cu']/[Cu"] ratio can be
estimated based on the apparent rate constants (Figure S1) of
polymerization and the ATRP equilibrium constant, Kyrgp,
using the following equation.*”

[RX][Cu']

kPP = k —_—
P pKATRP [ CuH]

)

Table 2 and Figure 3 show the correlation between
dispersity/initiation efficiency and the initial catalyst concen-
tration in polymerization of linear PMMA homopolymers.
Similar trends to those observed in the particle brush system
were obtained. In the linear model system control of
polymerization decreased with the initial concentration of
catalyst. Also, the initiation efficiency was relatively constant
above a certain initial catalyst concentration (10 ppm), and
below this threshold concentration, the initiation efficiency
dropped with decreasing catalyst concentrations.

DOI: 10.1021/acsmacrolett.9b00405
ACS Macro Lett. 2019, 8, 859—-864


http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00405/suppl_file/mz9b00405_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00405/suppl_file/mz9b00405_si_001.pdf
http://dx.doi.org/10.1021/acsmacrolett.9b00405

ACS Macro Letters

Table 1. Result of Syntheses of SiO,-g-PMMA Particle Bru

reaction condition

shes

entry” [CuBr,],” (ppm) reaction time (h) conv® (%) M7 M,/M,*? fino® (%) o (nm™)
PMMA-1 400 2 7.9 42090 1.18 11.2 0.62
PMMA-2 200 2 9.0 41950 1.18 9.9 0.71
PMMA-3 100 2 11.8 60050 1.16 7.8 0.65
PMMA-4 50 1 7.2 38190 1.32 12.2 0.62
PMMA-5 25 1.5 10.7 56750 1.33 8.6 0.62
PMMA-6 10 1.5 3.7 78710 1.46 214 0.15
PMMA-7 S 1 3.9 108100 1.46 20.2 0.12
PMMA-8 2 1 3.4 86810 1.66 22.5 0.13
PMMA-9 1 1 2.5 181000 1.87 28.3 0.046
PMMA-10 0.5 1 3.7 247100 1.90 21.4 0.049
PMMA-11 0.2 1 1.3 296200 1.97 42.6 0.015
PMMA-12 0.1 1.5 2.2 229500 2.15 315 0.031
PMMA-13 0.05 1 0.55 149300 1.94 64.3 0.012
PMMA-14 0.02 1.5 1.9 223400 2.11 34.6 0.028
PMMA-15 0.01 1 1 197200 2.06 52.5 0.015

“Reaction condition: PMMA-1~15: [MMA],/[SiO,-Br],/[CuBr,],/[Me,TREN],:[Sn(EH),], = 5000:1:x:10x:2.5, x = 2/1/0.5/0.25/0.125/0.05/
0.025/0.01/0.005,/0.0025/0.001/0.0005/0.00025/0.0001/0.00005 with S0 vol % anisole, at 60 °C, [MMA], = 4.7 M. *Molar ratio vs monomer.
“Determined by gravimetric analysis. “Determined by SEC. “Fraction of inorganic content determined by TGA. fCalculated from eq S1 according

to TGA data.
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Figure 2. Reaction characteristics in the synthesis of SiO,-g-PMMA
particle brushes by ARGET ATRP with different [Cu']y: (a)
dispersity (M,,/M,) vs [Cu"],, (b) grafting density () vs [Cu"],.

Figure 3. Reaction characteristics in the synthesis of linear PMMA
homopolymers by ARGET ATRP with different [Cu']y: (a)
dispersity (M,,/M,) vs [Cu"],, (b) initiation efficiency vs [Cu"],.

Figure 4a displays the semilogarithmic kinetic plots of model
polymerization for linear MMA at different initial catalyst
concentrations and indicates that the rate of polymerization is
faster with a higher initial catalyst concentration. The apparent
rate constant of polymerization, k,**, was calculated by eq S2,
and a trend between the rate and the initial catalyst
concentration is shown in Figure S1, the literature values of

propagation rate constant k, s = 833 M™'s7" at 60 °C was
used to calculate the radical concentration, Figure $2.%* The
polymerization rate of a classic ARGET ATRP reaction is
defined by the ratio of the rates of reduction of Cu"/L to Cu'/
L and radical termination. Thus, the overall rate should obey
1/2 order in both [RA] and [Cu'l/L].*"* Figure S1 shows
PMMA particle brushes polymerization rate indeed follows the

Table 2. Result of Syntheses of Linear PMMA

reaction condition

entry” [CuBr,],” (ppm) reaction time (h) conv’ (%) Mn,SECd M,/M,* M theo” efficiency’ (%)
PMMA-L1 400 3 27.43 141700 1.39 137150 97
PMMA-L2 200 3 20.21 94640 1.31 101050 107
PMMA-L3 S50 S 25.64 118950 1.28 128200 108
PMMA-L4 25 S 18.44 87350 1.33 92200 106
PMMA-LS 10 S 11.85 80980 1.63 59250 73
PMMA-L6 2 S 4.61 103800 1.89 23050 22
PMMA-L7 0.5 S 3.1 262200 2.02 15500 5.9
PMMA-L8 0.2 S 2.3 325300 2.19 11550 3.6
PMMA-L9 0.05 S 1.6 267000 2.35 8050 3.1

“Reaction condition: PMMA-L1~9: [MMA],/[EBiB],/[CuBr,],/[Me,TREN],:[Sn(EH),], = 5000:1:x:10x:0.25, x = 2/1/0.25/0.125/0.05/0.01/
0.0025/0.001/0.00025 with SO vol % anisole, at 60 °C, [MMA], = 4.7 M. YMolar ratio vs monomer. Determined by gravimetric analysis.
9Determined by SEC. “Determined by conversion and target DP. Hnitiation efficiency was calculated by M, yeo/ M, skc-
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Figure 4. Results for linear homopolymer polymerization of methyl
methacrylate (MMA) by ARGET ATRP under reaction condition:
[MMA],/[EBiB]o/[CuBr,]o/[MesTREN]:[Sn(EH),], =
5000:1:x:10x:2.5, x = 1/0.125/0.05/0.01/0.001/0.00025, with 50
vol % anisole, at 60 °C: (a) Semilogarithmic kinetic plots for linear
PMMA system; (b) Number-average molecular weight (M,) vs
conversion of linear PMMA, dash line in (b) show the theoretical M,
vs conversion plots under high [Cu'/L], conditions.

ARGET kinetics and the reaction order in Cu"/L has a slope
of 0.47. The initial concentration of the catalyst also
significantly affected the dispersity (control) of polymers
formed in the reactions. The dispersity (M,,/M,) increased
with decreasing [Cu"/L],, up to 2.35, Figure S3. Figure 4b
shows the correlations between number-average molecular
weight and conversion with selected initial catalyst concen-
trations. An approximation of typical living polymerization
features was observed for conditions with catalyst concen-
trations between 200 and 25 ppm [Cu"/L],, and molecular
weight showed good correlation with the theoretical value.
However, when [Cu"/L], was decreased below 10 ppm, Figure
2b inset, control of polymerization was lost, as the relations
between the molecular weight and conversion were no longer
monotonically increasing. The 10 ppm [Cu'/L], concen-
tration was also the transition point to a lower initiation
efficiency.

The PMMA chains generated in linear homopolymer system
were initiated from ATRP initiator EBiB which is consistent
with the observations for the SiO,-g-PMMA particle brush
system. To confirm this, three control experiments were
conducted. A Cu-free system ([Cu'/L], = 0 ppm, [EBiB], =
200 ppm, [Sn(EH),], = 400 ppm), an initiator-free system
([Cu"/L], = 200 ppm, [EBiB], = 0 ppm, [Sn(EH),], = 400
ppm), and the one with a Cu-and-initiator-free system ([Cu"/
L], = 0 ppm, [EBiB], = 0 ppm, [Sn(EH),], = 400 ppm).
Kinetic studies, Figure S4, show that no polymerization
occurred under the initiator-free and the initiator-and-Cu-
free conditions, but a slow uncontrolled polymerization
proceeded under the Cu-free condition. Therefore, the
mechanism of the polymerization of linear PMMA with
different catalyst concentration can be summarized as
predominantly a controlled radical polymerization above the
critical initial catalyst concentration 10 ppm [Cu"/L],, for the
current study conditions. The reactions showed good control,
while the initiation efficiencies were high and independent of
reaction time. When the initial catalyst concentration was
below the critical threshold of 10 ppm, the reactions showed
nonlinear correlations of M, versus conversion and a slow
initiation, due to insufficient deactivation, Figure SS.
Specifically, in this linear polymerization study, the initiation
efficiency was observed to decrease with decreasing initial
catalyst concentration at the same reaction time. This
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mechanism is believed to be applicable also to the particle
brush system.

In conclusion, SiO,-g-PMMA particle brushes were synthe-
sized via ARGET ATRP with different initial catalyst
concentrations and provided facile control of dispersity and
grafting density. Under high catalyst concentration conditions
(>10 ppm), the high grafting densities of the products were
observed with uniform structures and the molecular weight
distribution increased with decreasing [Cu"/L],. When the
initial catalyst concentration decreased to <10 ppm, the
dispersity further increased, up to 2.3, and the grafting density
dropped significantly, to as low as 0.012 chain/nm> Sparsely
grafted particle brushes with large dispersity were obtained
under these conditions, resulting in anisotropic string-like
structures for the final product. The results of linear
polymerization of MMA showed very similar trends in the
initiation efficiency and the dispersity vs [Cu"/L],. A transition
from controlled to uncontrolled radical polymerization was
revealed at initial catalyst concentrations below 10 ppm.
Distinctly different types of control over the polymerization
were observed above and below this critical concentration.
Such observations demonstrated polymer brushes with a wide
selection of MWD are accessible via tuned -catalyst
concentrations. This enables applications of these polymer
brushes where a broad transition among polymer brush
interactions is needed, such as antifouling, mechanical
reinforcement, sensing, and separations.
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