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13 ABSTRACT: Grafting-from is the technique of choice to obtain polymer
14 brushes. It is based on the growth of polymer chains directly from an
15 initiator-functionalized surface, and its development gained momentum
16 thanks to recent advances in controlled polymerization techniques.
17 However, despite the great amount of work that has been performed on
18 this subject, the influence exerted by the initiator layer on the characteristics
19 of the resulting brushes has been almost completely overlooked. Our group
20 has already demonstrated that positron annihilation spectroscopy (PAS) is
21 a valuable analytical tool for the study of polymer brushes. Here, we applied
22 this technique to show that differences in the organization of the initiator
23 layer dramatically reflect on the characteristics of polymer brushes. Brushes
24 made by surface-initiated atom transfer radical polymerization (ATRP) of a pH-responsive polymer, poly(dimethylaminoethyl
25 methacrylate) (PDMAEMA), were investigated also in terms of the effects of protonation and of the incorporation of silver
26 nanoparticles inside the brushes, shining a new light on the internal structure of such complex, fascinating systems.

27 ■ INTRODUCTION

28 In recent years, positron annihilation spectroscopy (PAS) has
29 gained increasing visibility in the polymer research field,1,2 an
30 interest justified by its great potentialities for the study of thin
31 and ultrathin polymer films. Positron (e+), the antiparticle of
32 the electron, and its bound state positronium (Ps) are uniquely
33 sensitive to pores and cavities where they tend to localize, and
34 their annihilation profiles can give precious information about
35 their chemical environment.3 The sensitivity of PAS to interface
36 phenomena makes it powerful to investigate glass transition
37 temperature, multilayer structures, and the distribution of
38 particles in composites. However, PAS has much to give to
39 polymer science: its applications extend not only to
40 fundamental studies but also to disciplines closely related to
41 polymer science such as nanotechnology, membranes, sensors,
42 and biomedicine. Polymer brushes, being at the cutting edge of
43 all of these fields,4−9 are a perfect playground to demonstrate
44 the potentialities of PAS.
45 Our group has been the first to report the application of PAS
46 for the study of the pH-responsive behavior and nanoparticle
47 incorporation of polymer brushes.10 Here, our goal is to
48 investigate, by means of PAS, the structural differences in

49grafted-from polymer brushes that arise from the initiator layer.
50Two different PAS techniques have been adopted: (i) the
51Doppler broadening spectroscopy (DBS) of annihilation
52radiation, in which the broadening of the 511 keV peak coming
53from the positron−electron annihilations is measured,
54performed at the VEPAS laboratory in Como, and (ii) positron
55annihilation lifetime spectroscopy (PALS), which measures the
56positron and Ps lifetime implanted in a sample material, carried
57out at the ELBE at HZDR in Dresden. Both in the DBS and
58PALS techniques, positrons are implanted with a controlled
59kinetic energy into the studied material and annihilate either as
60free positrons with the electrons in two 511 keV γ-rays or in the
61form of positronium. Ps exists in the ground state in two
62sublevels: singlet (para-Ps, p-Ps) and triplet (ortho-Ps, o-Ps),
63depending on the spins of the electron and positron
64(antiparallel or parallel, respectively). In vacuum, their lifetimes
65are very different (0.125 and 142 ns for p-Ps and o-Ps,
66respectively), and this is true also for their annihilation features:



67 p-Ps annihilates with emission of two γ-rays (511 keV each),
68 while o-Ps annihilates by emitting three γ-rays, producing a
69 continuous energy distribution for each photon between 0 and
70 511 keV, where the energy sum of the three photons of the o-
71 Ps annihilation is 1022 keV. When o-Ps is formed inside a
72 cavity of a material (such as a free volume hole in a polymer, a
73 cage in a zeolite, a pore in a porous medium), the three-γ
74 annihilation probability is reduced by the pick-off effect; that is,
75 the positron of the o-Ps may annihilate with an electron of the
76 cavity surface in a relative singlet state with emission of two γ-
77 rays instead of three. As has been demonstrated, Ps forms into
78 the free volumes of many polymers and PAS can detect buried,
79 isolated pores of 0.2−50 nm size, which are not accessible to
80 conventional probes.11,12

81 We focused on grafted-from brushes made of poly(dimethyl-
82 aminoethyl methacrylate) (PDMAEMA), a well-known pH-
83 responsive polymer with applications spanning from the
84 development of sensors to gene delivery.13−15 PDMAEMA
85 brushes were obtained by starting the growth of polymer chain
86 from initiator molecules covalently assembled on a substrate (in
87 this case silicon wafer) by means of surface-initiated atom
88 transfer radical polymerization (SI-ATRP). ATRP is one of the
89 most versatile controlled radical polymerization techniques,
90 allowing the synthesis of polymers with well-defined
91 architectures and compositions.16 Many ATRP initiators
92 suitable for grafting-from have been described in the literature,
93 with different surface-anchoring groups:17 thiols and disulfides
94 are ideal for gold surfaces, and phosphonates have strong
95 affinity for oxide surfaces while dopamine-derived molecules
96 have been claimed to be suitable for virtually any kind of
97 surface.18 However, chlorosilane and especially alkoxysilane
98 derivatives are still the most popular, thanks to their versatility,
99 ease of synthesis, and user-friendliness.17

100 This is the first dedicated investigation on the impact of the
101 initiator layer on the structure and properties of grafted-from
102 polymer brushes. We chose to investigate two alkoxysilane-
103 based initiators: (3-(2-bromoisobutyryl)propyl)dimethyl-
104 ethoxysilane (BIB-DMES) and (3-(2-bromoisobutyramido)-
105 propyl)triethoxysilane (BIB-APTES). They both can form
106 stable bonds with an oxide surface; however, BIB-DMES is

107monofunctional, i.e., can only form one bond with the surface
108(Figure S1a), while BIB-APTES is trifunctional and has the
109possibility to make three bonds (Figure S1b). While the former
110can give rise only to a monolayer, the latter can form either
111monolayers or disordered multilayers, depending on the
112deposition procedure. Here, by means of PAS, we show how
113these differences are eventually reflected in the polymerization
114kinetics and in the structure of polymer brushes obtained by
115grafting-from.

116■ EXPERIMENTAL SECTION
117All reagents were purchased from Aldrich and used as received. Silicon
118(100) wafers, single-polished, n type, phosphorus doped, 3−6 Ω cm,
119with a native oxide layer ca. 1.5 nm thick, purchased from Ultrasil
120Corporation, were cut into substrates and cleaned by immersion in a
1213:1 v/v mixture of 98% sulfuric acid and 30% hydrogen peroxide
122(“piranha solution”) at 100 °C for 1 h, rinsed extensively with water,
123and dried with a nitrogen stream.
124Preparation of the Initiator-Functionalized Substrates and
125Grafting-from of PDMAEMA Brushes by SI-ATRP. In the grafting-
126from approach to polymer brushes, two main steps are required. First,
127the substrate is functionalized with a self-assembled layer of initiator
128molecules, and then the initiator layer is amplified into polymer
129 f1brushes by a surface-initiated polymerization technique. The
130 f1experimental process is schematized in Figure 1.
131The (3-(2-bromoisobutyryl)propyl)dimethylethoxysilane (BIB-
132DMES) initiator was synthesized by the hydrosilylation of dimethyl-
133ethoxysilane with allyl 2-bromoisobutyrate in the presence of
134Karstedt’s catalyst.19 Synthesis of (3-(2-bromoisobutyramido)propyl)-
135triethoxysilane (BIB-APTES) initiator was accomplished by reacting 3-
136aminopropyltriethoxysilane with 2-bromoisobutyryl bromide as
137previously described.5 Complete synthetic procedures are available in
138the Supporting Information.
139Silicon and glass substrates were piranha-cleaned and then
140immersed in a 10 mM initiator solution in anhydrous toluene, first
141for 4 h at 55 °C and then overnight at 30 °C, eventually washed and
142gently sonicated with toluene, acetone, and ethanol, and dried with a
143nitrogen stream. The functionalized substrates were stored at room
144temperature in the dark until use.
145Poly(dimethylaminoethyl methacrylate) (PDMAEMA) brushes
146were grown according to our previous procedure.10 Briefly, each
147initiator-functionalized substrate was placed in a nitrogen-purged
148Schlenck flask and covered with 5 mL of a polymerization mixture

Figure 1. Synthesis of PDMAEMA brushes by surface-initiated ATRP using two different initiators. The substrate is silicon wafer with native oxide.
(A) conc H2SO4/conc H2O2 3:1 v/v, 100 °C, 1 h; (B) anhydrous toluene, BIB-DMES 10 mM, 55 °C, 4 h then 30 °C overnight; (C) anhydrous
toluene, BIB-APTES 10 mM, 55 °C, 4 h then 30 °C overnight. (D) DMAEMA, CuBr, bipyridyl, MeOH/H2O 4:1 v/v, 30 °C.



149 prepared as follows. In a nitrogen-purged Schlenk flask, 0.312 g (2.0
150 mmol) of bipyridyl and 0.144 g (1.0 mmol) of copper(I) bromide
151 were dissolved in 6 mL of a 4:1 v/v methanol−water mixture
152 previously degassed by bubbling nitrogen. 14 mL (83 mmol) of
153 degassed DMAEMA was added, and the mixture was stirred under
154 nitrogen to obtain a homogeneous solution. For polymerizations with
155 added deactivator the polymerization mixture contained also 11 mg
156 (0.05 mmol) of copper(II) bromide. Polymerization proceeded at 30
157 °C for different times to obtain brushes of increasing thickness. After
158 polymerization, the samples were rinsed extensively with ethanol,
159 gently sonicated in the same solvent, and dried under a nitrogen
160 stream.
161 Immersion for 1 h in aqueous 0.1 M HNO3 converted the
162 PDMAEMA brushes in the protonated form. The brushes were then
163 rinsed with water and dried under a nitrogen stream. For the
164 incorporation of silver nanoparticles, the protonated brushes were
165 immersed in a suspension of citrate-stabilized silver nanospheres for 10
166 min under gentle stirring. Eventually the particle-loaded brushes were
167 washed with water, sonicated for 5 min to detach loosely bound
168 particles, and dried under a nitrogen stream. The synthesis of silver
169 nanoparticles has already been described in detail elsewhere.10,20

170 Positron Annihilation Spectroscopy. For the sake of concision,
171 only PAS techniques will be described in this section. A complete and
172 detailed description of all other characterization techniques used is
173 available in the Supporting Information.
174 Doppler broadening spectroscopy (DBS) was conducted by means
175 of the VEPAS beam, available at the LNESS facility in Como (Italy).10

176 Thirty-eight values for the positron implantation energy were chosen
177 between 0.1 and 18 keV and, for each energy value, two hyperpure Ge
178 detectors coupled with a MCA system recorded the annihilation
179 spectrum. The positron annihilation peak is centered at 511 keV. Its
180 broadening is a consequence of the Doppler effect due to the
181 electron−positron center of mass momentum respect to the laboratory
182 frame of reference. The S-parameter is then defined as the ratio
183 between the area in the central part of the annihilation peak, within the
184 energy range of 511 ± 0.85 keV (|pL| ≤ 0.456 atomic units). The total
185 area of the peak is taken in the range 511 ± 4.25 keV. The S-parameter
186 corresponds to the annihilation of the positrons with the valence
187 electrons of the material, p-Ps annihilation, or the o-Ps atoms
188 undergoing pick-off annihilation. In the present work, the S-parameter
189 value is an average of both detectors (weighted with the statistics of
190 each annihilation peak area of each detector) and is normalized to one
191 for the silicon substrate value.
192 Positron annihilation lifetime spectroscopy (PALS) was performed
193 using the Monoenergetic Positron Source (MePS) at the super-
194 conducting electron linear accelerator ELBE (Electron LINAC with
195 high Brilliance and low Emittance) at the Helmholtz-Zentrum
196 Dresden-Rossendorf.21 Injection of electrons from an injector is
197 performed through a suitable pulse repetition rate, up to 26 MHz. The
198 incident electron beam is delivered by the superconducting electron
199 linear accelerator ELBE at energies up to 35 MeV. The electron beam
200 is directed toward a water-cooled tungsten bremsstrahlung converter.
201 Electron bremsstrahlung with a continuous spectrum up to the
202 electron beam energy is then converted by pair production into
203 electrons and positrons inside the converter and inside a following
204 tungsten moderator. Thermalized positrons from the moderator are
205 being accelerated with a bias potential of +2 kV toward a conductive
206 mesh at a few millimeters distance. Further positron transport is
207 accomplished by a longitudinal magnetic field of 8 mT. Then,
208 positrons are sent through a double-beam chopper which imposes a
209 transversal electric field. Out-of-phase positrons are removed, and the
210 beam is further longitudinally compressed with a double-slit buncher
211 operating at a frequency of 78 MHz. A six-stage electrostatic
212 acceleration structure follows, allowing the positron kinetic energy
213 and thus the penetration depth inside the sample to be varied. Prior to
214 the target the magnetic guidance system is bent by 45°, thus
215 suppressing positrons reflected from the sample and bounced by the
216 accelerator field to impact again onto the sample. The sample station is
217 kept at a high potential of up to 20 kV. About 3 cm behind the sample
218 a μ-metal shielded BaF2 scintillation detector is employed for

219annihilation lifetime measurements. The timing reference is derived
220from the precision master oscillator of the superconducting accelerator
221and is phase-matched to the electron bunches of the beam. A magnetic
222beam transport system guides positrons to the samples under
223investigation. A dedicated chopper/buncher system is used to maintain
224a high timing resolution for depth-dependent annihilation lifetime
225studies in thin films. Further details of the apparatus can be found in a
226previous reference.22 The signal-to-noise ratio is above 104 while
227lifetime resolutions of up to 230 ps fwhm have been obtained. The
228time resolution of the system was in the range 230 ps (at 0.5 keV)−
229700 ps (at 6 keV), according to the energy of the implanted positrons.
230The count rate of the system was about 104 Hz. For each incident
231energy, spectra with 5 × 106 counts for each lifetime spectrum in about
23210 min were acquired.

233■ RESULTS AND DISCUSSION
234Characterization of the Initiator Layers. The initiator
235layers have been characterized using a wide range of surface
236analytical techniques (water contact angle, spectroscopic
237ellipsometry, X-ray photoelectron spectroscopy, atomic force
238microscopy) and the information combined to obtain a clear
239picture of their structure.
240The water contact angle θw of initiator-functionalized
241surfaces significantly increased (θw = 75 ± 3° for both
242initiators) from the starting highly hydrophilic piranha-treated
243silicon surface (θw = 0°), in accordance with literature
244findings.23 A first estimate of the initiator surface coverage
245was obtained using the Israleachvili−Gee equation (eq 1).24

246This equation correlates the equilibrium contact angle of a
247chemically heterogeneous surface to the surface coverage of the
248different molecules on the surface and predicts an increase in
249water contact angle with an increase in surface coverage of
250small hydrophobic molecules (in this case the initiator
251molecules):

θ θ θ+ = + + +
+ =

f f

f f
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1
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2

1 1
2

2 2
2

1 2
252(1)

253The water contact angle of a surface completely covered with
254initiator molecules ( f1 = 1) is assumed to be θ1 = 80° according
255to the maximum value reported in the literature for ordered
256monolayers of bromoalkylsilanes,25,26 while the water contact
257angle of a completely hydrophilic silicon wafer surface ( f 2 = 1)
258is θ2 = 0°. The obtained high value f1 = 0.9 suggests the
259formation of homogeneous initiator layers.
260The thickness of the initiator layers was determined using
261spectroscopic ellipsometry. This allowed also to discriminate
262between mono- and multilayer formation. The measured
263thickness values (0.7 ± 0.1 nm for BIB-DMES, 1.5 ± 0.2 nm
264for BIB-APTES) were in good agreement with previously
265reported values for densely grafted silane-based initiator
266layers.27 Knowing the thickness h, the surface density σI of
267initiator molecules was calculated according to eq 2:

σ ρ= N h
MI
A

n 268(2)

269where ρ is the density of the silane coupling agent (assuming a
270uniform, well-packed, fully extended layer with a density equal
271to that measured for the bulk siloxane: ρBIB‑DMES = 1.12 g cm−3;
272ρBIB‑APTES = 1.17 g cm−3), Mn is the molecular weight of the
273completely hydrolyzed, Si−OH-terminated siloxanes
274(Mn,BIB‑DMES = 283 g mol−1; Mn,BIB‑APTES = 286 g mol−1) and
275NA is Avogadro’s number. In this way, surface density values of



276 1.6 molecules nm−2 for BIB-DMES and of 4 molecules nm−2

277 for BIB-APTES were obtained. Densely packed self-assembled
278 monolayers of alkylsilanes on silicon substrates typically have
279 values within the range of ∼1.5−3 molecules nm−2, suggesting
280 that while BIB-DMES forms a dense monolayer, BIB-APTES
281 generates more likely a bilayer.
282 X-ray photoelectron spectroscopy provided a semiquantita-
283 tive elemental analysis of the surfaces modified with the two

t1 284 ATRP initiators. The results, listed in Table 1, provide the
285 confirmation that both initiators were successfully grafted on
286 the silicon surface.
287 The morphological quality of the initiator-functionalized
288 substrates was assessed with AFM (Figure S2). The surface
289 roughness increased only slightly from the piranha-cleaned
290 silicon substrate (rms 0.17 nm) to a BIB-APTES functionalized
291 substrate (rms 0.26 nm) but significantly increased for a BIB-
292 DMES functionalized substrate (rms 0.71 nm) due to the
293 presence of structures resulting from an island-type growth of
294 the monolayer.28

295 PDMAEMA Brushes. Surface-initiated atom transfer radical
296 polymerization (SI-ATRP) is one of the most versatile
297 controlled radical polymerization techniques, thanks especially
298 to its tolerance to water and oxygen, its compatibility with a
299 wide range of functional monomers, and the possibility of
300 conducting the polymerization at ambient temperature. The
301 mechanism of SI-ATRP is based on the reversible formation of
302 radicals by halogen atom abstraction from a surface-attached
303 alkyl halide (typically a secondary or tertiary bromide) by a
304 copper(I)−ligand complex. The latter breaks the C−Br bond of
305 the initiator, and the resulting carbon−carbon-centered radical
306 attacks a monomer molecule, thereby starting the chain growth
307 from the substrate surface. At the same time, copper(I) is
308 oxidized to copper(II). Since this process is reversible, Cu(II)
309 acts as a deactivator, reducing the overall concentration of
310 active radicals and thus the occurrence of termination events.
311 Despite the great amount of research that has been
312 performed on SI-ATRP-made PDMAEMA brushes, little
313 attention has been paid to the impact of initiator type on the
314 polymerization kinetics and on the characteristics of the
315 resulting brushes. From the polymerization kinetics shown in
316 Figure S3a it is apparent that PDMAEMA chains stopped
317 growing from BIB-DMES earlier compared to those growing
318 from BIB-APTES, suggesting that irreversible chain termination
319 events were more frequent for the monofunctional initiator
320 layer. Such behavior is not strictly dependent on the monomer
321 or on the polymerization conditions, since it was observed for
322 other monomers (methyl methacrylate, MMA, and styrene,
323 Sty) polymerized with ATRP using the same (for MMA) and
324 even different conditions (for Sty) (Figure S4). A stronger
325 evidence for such behavior was obtained by repeating the
326 polymerization in the presence of added deactivator (5 mol %
327 CuBr2), a strategy which is known to increase control of the
328 polymerization process by suppressing the rate of irreversible
329 radical termination.29 The effect of added deactivator was found
330 to be dramatically different for the two initiators: in the
331 presence of CuBr2, the growth of brushes from BIB-APTES

332showed a linear increase in thickness as a function of
333polymerization time, while the kinetics of brushes grown
334from BIB-DMES was not affected (Figure S3b).
335X-ray reflectivity (XRR) was used to determine the thickness,
336density, interface roughness, and surface roughness of the
337PDMAEMA brushes. XRR gave an evidence of the good quality
338of the initiator layer by showing a smooth, high-quality
339substrate/brush interface with a mean roughness value ≤0.3
340nm for all samples. The results, summarized in Table S1,
341showed also that the average surface roughness is higher for
342brushes grown from BIB-DMES compared to the brushes
343grown from BIB-APTES, suggesting the latter ones to be more
344ordered.
345Using the thickness h and density ρ values, the surface
346coverage Γ of PDMAEMA brushes was calculated. It is assumed
347that when the brush is measured in air, the brush is fully
348collapsed and assumes a slablike conformation, with a “dry”
349thickness h. For a uniform brush layer, this dry thickness is
350equal to the volume of polymer per unit area covering the
351substrate and is proportional to the mass of grafted material (eq
3523).

ρΓ = h 353(3)

354The representation of Γ versus the polymerization time shows a
355good correlation (Figure S5), suggesting that the synthesis of
356polymer brushes was controlled. The experimental determi-
357nation of brushes’ molecular weight is extremely challenging;
358however, it is possible to calculate the minimum chain Mn using
359eq 4, a modified version of eq 1, by assuming that all initiator
360sites induce polymerization and grow with an identical rate, i.e.,
361providing the polymer monolayer to be in the brush regime
362without a significant density gradient along the chain:

σ
= Γ

M
N

n
A

I 363(4)

364where Mn is the average chain molecular weight, Γ is the
365polymer surface coverage, and σI is the surface density of
366initiator molecules. However, the fraction of initiator molecules
367that induces simultaneous polymer growth is generally less than
368unity,30 due to factors, such as the monomer size, which affect
369the initiator efficiency due to steric hindrance of the active
370sites.31 Thus, the calculated Mn values listed in Table S1
371represent a lower limit, and a grafting density of 0.5 chains
372nm−2 was chosen to perform the calculations. It should be
373noted that the calculated Mn values for the brushes grown from
374the BIB-DMES initiator are an order of magnitude higher
375compared to those for brushes grown from the BIB-APTES
376initiator. This effect could be directly related to the different
377density of surface initiating sites: on flat substrates, the
378efficiency of chain initiation and propagation is obstructed by
379the dense packing of chains. Thus, for equal thicknesses,
380brushes grown from the BIB-APTES initiator would be denser
381and more stretched compared to those grown from the BIB-
382DMES initiator. AFM showed a higher density of defects and
383pinholes for the brushes obtained using BIB-DMES as the

Table 1. Atomic Composition (Expressed as atomic % ± 10%) and Calculated Elemental Ratios of Initiator-Functionalized
Surfaces As Determined by XPS

initiator O C Si N Br N/C (theor) Br/C (theor) N/Br (theor)

BIB-DMES 43.3 21.1 35.5 0.21 0.01 (0.11)
BIB-APTES 38.0 24.6 34.5 2.6 0.33 0.11 (0.14) 0.013 (0.14) 0.13 (1)



384 initiator (Figure S6), supporting the conclusion that brushes
385 obtained from BIB-APTES are more ordered.
386 Silver nanoparticles were then incorporated into protonated
387 PDMAEMA brushes, following our previously reported
388 protocol.10 Successful incorporation of silver nanoparticles in
389 the brushes was demonstrated by UV−vis absorption spectros-
390 copy. A broad peak, centered at around 500 nm, corresponding
391 to the surface plasmon resonance of embedded silver
392 nanoparticles (Figure S7) was found for all samples. Scanning
393 electron microscopy (Figure S8) revealed the presence of silver
394 nanoparticles as bumps in the originally flat polymer surface,
395 and backscattered electron analysis confirmed that the particles
396 were truly embedded inside the brushes instead than just
397 decorating the surface.
398 Positron Annihilation Spectroscopy. A total of six
399 samples were analyzed by means of positron annihilation
400 spectroscopy. The B samples were as-prepared brushes. The
401 two BH+ samples were protonated by immersion in dilute
402 nitric acid while the BH+Ag samples were first protonated and
403 then immersed in an aqueous suspension of silver nanoparticles
404 to allow the uptake of the latter. Two samples, one for each
405 kind of initiator, were prepared and analyzed.
406 The S-parameter evolution as a function of the positron
407 implantation energy E for PDMAEMA brushes, shown in

f2 408 Figure 2a, is very similar irrespective of the initiator used. At
409 low implantation energy, the positrons tend to diffuse to the
410 surface, thus influencing the information given by the S-
411 parameter. However, the small difference observed in Figure 2a
412 for E ≤ 1 keV would be linked with a difference in the

f3 413 morphology of the brushes. The positron lifetime of the first

414 f3component in Figure 3a for the same range of implantation
415energy (E ≤ 1 keV) is around 250−350 ps, with a relative

416intensity of 70−80%. This is attributed to a combined effect of
417the positrons that annihilate into the brushes microstructure
418and the parapositronium annihilation in two γ-rays. The second
419 f4and third components for E ≤ 1 keV in Figure 4a are instead
420related to free volumes between polymer chains and nano-
421metric cavities between brushes, respectively. The lifetime
422values of these components tend to be similar but slightly
423higher for the BIB-DMES-initiated brushes compared to the
424BIB-APTES-initiated ones. The free volume diameters between

Figure 2. Normalized S-parameter as a function of the positron mean
implantation energy in samples of PDMAEMA brushes obtained with
two different initiators, BIB-APTES and BIB-DMES: (a) as-made (B),
(b) after protonation (BH+), and (c) after loading of silver
nanoparticles (BH+Ag) (dashed curves reproduce BH+). The lines
through the experimental data represent the results of a best-fit
procedure obtained with VEPFIT. The vertical black arrows show the
estimated average implantation depth equivalent to the expected
position of the interface brushes/Si substrate.

Figure 3. Positron lifetime and the relative intensity of the first
component in samples of PDMAEMA brushes obtained with two
different initiators, BIB-APTES and BIB-DMES, plotted against the
positron implantation energy: (a) and (a′) as-made (B), (b) and (b′)
after protonation (BH+), and (c) and (c′) after silver nanoparticles
loading (BH+Ag). The lines through the experimental data are a guide
for the eye. The horizontal dashed lines represent the positron lifetime
in Si and a range of values for annihilation at the interface brushes/Si
substrate and into the brushes (see text).

Figure 4. Positron lifetime and the relative intensity of the second and
third components in samples of PDMAEMA brushes obtained with
two different initiators, BIB-APTES and BIB-DMES, plotted against
the positron implantation energy: (a) and (a′) as-made (B), (b) and
(b′) after protonation (BH+), and (c) and (c′) after loading of silver
nanoparticles (BH+Ag). The lines through the experimental data are
just a guide for the eye. The experimental error bars are within the
symbols.



425 polymer chains, calculated using the extended Tao−Eldrup
426 model,32 are 0.57 and 0.50 nm respectively for the BIB-DMES-
427 initiated and for the BIB-APTES-initiated brushes. The
428 intensity of the third component is very weak (≤1%),
429 suggesting a low density of cavities between brushes of about
430 2.5−3 nm in diameter. The S-parameter for higher implantation
431 energies (E ≥ 2 keV in Figure 2a) tends to 1; i.e., positrons
432 annihilate into the Si substrate. The lifetime information on
433 Figure 3a corroborates this finding in the case of the BIB-
434 DMES-initiated brushes, taking into account that the positron
435 lifetime in Si is 220 ps.33

436 The effect of the initiator is more clearly revealed, as a
437 difference between the evolutions of the S-parameter, after
438 protonation of the brushes (Figure 2b, samples BH+).
439 Protonation, i.e., the acid−base reaction of nitric acid with
440 the PDMAEMA tertiary amine groups, does not alter the mass
441 density of the brushes. For the BIB-APTES-initiated brushes,
442 the S-parameter falls within a broad minimum extended up to
443 ∼2 keV. Considering the characteristics of the studied material,
444 it would be expected that most of the positrons annihilates into
445 the Si substrate for implantation energies in the range of 2−3
446 keV as observed for the BIB-DMES-initiated brushes, where the
447 S-parameter tends to one. In order to understand the difference
448 between the brushes grown with different initiators, the
449 VEPFIT program has been used for the data fitting.34 A
450 layered model was adopted, consisting of a surface, a brush
451 layer, an interface and a silicon substrate. The free parameters
452 of the model,10 for each layer, are the S-parameter value, the
453 positron diffusion length, the electric field (if present), and the
454 layer density. The model is implemented with a recursive
455 procedure that gives a best fit of the measured S-parameter
456 evolution and is based on the solution of the diffusion equation
457 for the implanted positrons in each layer of the heterostructure,
458 considering the energy-dependent positron implantation
459 profiles. The S-parameter data taken for the protonated BIB-
460 APTES-initiated brushes can be successfully modeled by
461 VEPFIT only if an electric field is included into the substrate
462 and in the brushes themselves. A detailed description is
463 provided in the Supporting Information (pp S5−S7). This
464 electric field does not affect the positron implantation profiles
465 at high energies, but when the positrons reach the thermal
466 equilibrium with the material, its presence becomes relevant
467 acting on the positrons as a drifting force. This is especially true
468 for the Si substrate, where positrons diffuse for long distances
469 (200−230 nm without field in intrinsic and n-doped Si as in the
470 studied case35). After protonation, the electric field vector
471 points outward the brush surface. Thereby, positrons implanted
472 and thermalized into Si are affected by the presence of this field
473 and are strongly oriented toward the brushes/Si interface. The
474 interface is modeled as a thin film (∼1−2 nm) with a very low
475 positron diffusion length (≤1 nm, similar to a previous
476 reference36), i.e., highly trapping for positrons. Physically, this
477 interface is equivalent to the native oxide on the Si substrate
478 and possibly also to the initiator layer. Positrons migrating from
479 silicon could also overstep the interface and reach the brushes
480 rich of polarized chains.
481 This picture is coherent with the results observed for the first
482 lifetime component in Figure 3b. The positron lifetime for
483 implantation energies ≥3 keV indeed tends to the lifetime in Si
484 (∼220 ps)33 with a relative intensity ∼90% for the BIB-DMES-
485 initiated brushes. Instead, in the case of BIB-APTES-initiated
486 brushes, the lifetime tends to 320−400 ps, which is attributed
487 to the lifetime of the first component at the brushes/SiO2

488interface and inside the brushes. The second lifetime
489component (Figure 4b) indicates that for implantation energies
490lower than 4 keV between 10% and 30% of the positrons form
491positronium and annihilate into the free volumes ≤0.5 nm in
492diameter. Instead, the nanometric cavities between brushes with
493higher diameter of 2.5−3 nm associated with the third
494component (Figure 4b) are practically negligible, the intensity
495of this component being less than 1%. A component with such
496a long lifetime is absent in the spectra of polymers investigated
497in the usual conditions (that is, when positrons annihilate in the
498bulk). On the contrary, in our data it is present for pristine and
499protonated samples as well as after loading of silver
500nanoparticles. This suggests that the big cavities responsible
501of the long lifetime are mainly found in the proximity of the
502surface, where the distances among brushes can be higher than
503in the layers below, due to their flexibility. This interpretation is
504supported also by the systematic decrease of intensity at higher
505positron implantation energies. Indeed, the more energetic the
506particles, the less the fraction of them captured near the surface,
507with consequent smaller probability of o-Ps formation in the
508cavities.
509It is proposed that the nature of the electric field observed
510after protonation in the BIB-APTES sample is related to the
511polarization and orientation of the brushes. PDMAEMA is a
512weak polyelectrolyte with pKa ∼ 7, which makes its tertiary
513amine groups easily protonated by immersion in acid solutions.
514During the protonation step, the reaction of nitric acid with the
515tertiary amine groups of PDMAEMA generates electric dipoles
516along each polymer chain with the positive charges located on
517the protons and the negative ones on the nitrate counterions.
518In the case of the BIB-APTES-initiated brushes, the VEPFIT
519model reproduces the experimental results only if the field is
520present in the brushes region and it induces a depletion zone
521(with a net electric field) into the Si substrate.37 The width of
522the depletion zone depends of the doping density of the
523substrate, which in this case is of the order of 1 μm.38 The
524absolute value of the field indicated by the fitting program is
525300 ± 100 kV cm−1, which corresponds to a net potential on
526the brushes surface of about 0.5 V. On the other hand, the data
527obtained for the BIB-DMES-initiated brushes were successfully
528modeled without the introduction of an electric field. The
529VEPFIT model indicates that the electric field, if it is present at
530all, should be 1 order of magnitude lower compared to the BIB-
531APTES-initiated brushes (within the estimated determination
532error ∼±50 kV cm−1). This remarkable difference could be due
533to a different orientation of the polymer chains, which should
534be less ordered and more randomly oriented in the BIB-DMES-
535initiated brushes compared to the BIB-APTES-initiated ones as
536shown qualitatively in Figure S9.
537The positive charges on protonated PDMAEMA brushes
538facilitate the incorporation of premade dipolar silver nano-
539particles with a negative surface charge39 by means of a simple
540immersion step. When silver nanoparticles (AgNPs) are loaded
541into the protonated brushes, the S-parameter evolution in
542Figure 2c (samples BH+Ag) is shifted to the right, i.e., to
543higher implantation energies. Following the VEPFIT model,
544another consequence of nanoparticle incorporation is an
545increase in the density of the brushes layer, as shown in
546 t2Table 2. The introduction of an electric field was necessary to
547reproduce the evolution of the S-parameter for the nano-
548particle-loaded BIB-APTES-initiated brushes (Figure 2c).
549Compared to the protonated brushes, the field here is more
550intense and reaches values of the order of 900 ± 200 kV cm−1



551 (corresponding to a potential on the brushes surface slightly
552 higher than 1 V), which is of the same order of magnitude of
553 the electric field recently calculated for polyelectrolyte
554 brushes.40 The increase of the electric field is linked to the
555 incorporation of the Ag nanoparticles. When the silver particles
556 are incorporated in the brushes, the negatively charged citrate
557 molecules on their surface are neutralized by an acid−base
558 reaction with the positively charged protonated amine groups.
559 The now free surface of the particles is stabilized by the tertiary
560 amine groups through a dipolar interaction with the lone pair of
561 the nitrogen atom.41 The particles’ dipoles tend to be oriented
562 in the same direction of the protonated chains’ dipoles,
563 increasing the overall electrostatic energy. This effect increases
564 the field into the depletion region at the substrate, as
565 mentioned before for the more oriented BIB-APTES-initiated
566 brushes. Evidence for the presence of an electric field was not
567 observed in the case of BIB-DMES-initiated brushes after
568 loading of Ag nanoparticles (within the estimated determi-
569 nation error ∼±100 kV cm−1).
570 The density values listed in Table 2 suggest that for both
571 BIB-DMES- and BIB-APTES-initiated brushes the percentage
572 of loaded silver nanoparticles is similar and is between 5 and
573 10% (within the experimental error). Since the fraction of
574 positrons implanted into the nanoparticles can easily diffuse in
575 the metal matrix, eventually reaching the particle’s surface
576 (which is richer in defects) and the brushes, or forms
577 positronium which subsequently annihilates, the presence of
578 Ag nanoparticles is observed indirectly from the point of view
579 of the positron annihilation sites, in accordance with our
580 previous interpretation.10

581 ■ CONCLUSIONS
582 Positron annihilation spectroscopy (PAS) provides, for the first
583 time, a clear evidence of the impact of the initiator layer on the
584 characteristics of polymer brushes obtained by the grafting-
585 from approach. Silicon surface was functionalized with two
586 different silane-based initiators: monofunctional (BIB-DMES)
587 and trifunctional (BIB-APTES). Both the initiator-modified
588 surfaces and the poly(dimethylaminoethyl methacrylate)
589 (PDMAEMA) brushes obtained by surface-initiated atom
590 transfer radical polymerization (SI-ATRP) were thoroughly
591 characterized with conventional surface analysis techniques.

592The results were correlated with those obtained by PAS.
593Thanks to the pH-responsive properties of PDMAEMA, the
594brushes could be easily modified by protonation and
595subsequent incorporation of silver nanoparticles and the
596resulting effects on positrons’ behavior and on positronium
597formation were successfully evaluated. The most dramatic
598differences were found, after the protonation step, for the BIB-
599APTES-initiated brushes. This might be related to the
600generation of an electric field thanks to the high density of
601polarized amine groups on the polymer chains. The intensity of
602the electric field increased after the incorporation of Ag
603nanoparticles and clearly affected the behavior of implanted
604positrons. The absence of such electric field in the protonated
605BIB-DMES-initiated brushes would suggest a lower degree of
606homogeneity compared to BIB-APTES-initiated brushes,
607which, being more tightly packed and oriented in the direction
608perpendicular to the substrate surface, can generate a stronger
609electric field.
610Our unprecedented results constitute a solid proof that
611positron annihilation spectroscopy has much to contribute to
612the study of polymer brushes.
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