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ABSTRACT
An effective method to produce well-defined polymer brushes with high spatial, temporal, and sequence control is to employ a 
photoredox catalyst in photo-mediated polymerization. Generally, the excitation wavelength is chosen as the absorption maxi-
mum of the photocatalyst, however, it is not clear if that corresponds to the best photochemical activity for producing polymer 
brushes. Herein, we systematically examine wavelength-by-wavelength resolved polymer brush growth using surface-initiated 
photoinduced electron transfer-reversible addition-fragmentation chain transfer polymerization (SI-PET-RAFT), of four mon-
omer types. The absorption spectra of the water-soluble photocatalyst (ZnTPPS4

4−) and the brush growth at each irradiation 
wavelength were examined as photochemical activity plots. Our results show a striking disparity between the absorbance of the 
photoredox catalyst and the maximum brush height. Moreover, the photochemical activity with wavelength was highly depend-
ent on the nature of the monomer used. In addition to displaying a strong wavelength selectivity, a characteristic red-shift in 
the brush height relative to the lowest possible energy transition of the photocatalyst's absorbance spectrum was observed. We 
anticipate this work will better inform on wavelength choice for SI-PET-RAFT polymerization of polymer brushes.

1   |   Introduction

Polymer brushes are a class of surface coating that offers an 
ability to control surface properties (fouling, wettability, etc.) 
[1–4], and in recent times, the emergence of exciting surface-
based sensing technologies [5–8]. These systems consist of 
densely end-grafted polymer chains to an anchoring surface, 
such that the chains entropically “stretch” away from the sur-
face. Methods to synthesize polymer brushes vary, though sig-
nificant work has focused on reversible deactivation radical 
polymerization (RDRP) in a “grafting-from” approach, which 
produces well controlled thicknesses and grafting densities [9]. 

Prominent examples are photoinduced electron transfer radical 
polymerization (PET-RAFT) and photomediated atom trans-
fer radical polymerization (photoATRP) [10]. In the case of the 
PET-RAFT polymerization, a photo-catalyst (PC) participates 
in photoinduced electron transfer to the chain transfer agent 
(CTA), generating a thiocarbonylthio anion [11]. The initiating 
step involves excitation of a PC by the energy absorbed at the 
irradiation with a specific wavelength; then, the excited-state 
PC interacts with the CTA through either an electron or an en-
ergy transfer process to fragment the transfer agent to give rise 
to the propagating radical. Generally, a transition metal cata-
lyst or organic dye molecule represents a photocatalyst [12]. For 
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successful photocontrolled RAFT polymerization, each step is 
selective toward reagents and reaction conditions and requires 
effective photolysis of the CTA (activation), selective insertion 
of the monomer into the CTA, and deactivation of the growing 
polymer chain end via a CTA [13]. Understanding the relation-
ship between photo-excitation wavelength and the resulting 
brush properties is crucial toward developing the most efficient 
synthesis methods.

Several attempts at successful excitation of the PC with differ-
ing wavelength irradiations have been demonstrated in order 
to replace harmful UV-light initiating source with milder 
visible light sources. Shanmugam proposed to control polym-
erization rate through wavelength manipulation, and demon-
strated the zinc tetraphenylporphyrin (ZnTPP) absorption 
profile over various visible wavelengths (460–655 nm). Kinetic 
experiments revealed that the polymerization rate was depen-
dent on the light source, with fastest polymerization in yellow 
to slowest polymerisations in blue light [14]. The Pester group 
reported on the oxygen tolerance of SI-PET-RAFT in dimeth-
ylsulfoxide (DMSO) by using ZnTPP as a photocatalyst. In the 
study, the growth of N,N-dimethylacrylamide (DMA) brushes 
on 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid 
(DDMAT)-functionalised silica substrates, as CTA, under 
yellow (λ = 590 nm) and blue (λ = 405 nm) irradiation [15]. 
The authors concluded that in case of the optimized condi-
tions (increasing the amount of free DDMAT and using yellow 
light), the rate of polymerization could be decelerated while 
good control and high reproducibility of the thickness were 
maintained. This promoted utilization of ZnTPP in combina-
tion with DMSO for oxygen-tolerant SI-PET-RAFT polymer-
ization under violet [16], green [17], or yellow light irradiation 
[18]. In an effort to promote green chemistry to the PET-RAFT 
process, aqueous photopolymerisation with oxygen tolerance 
in the presence of water-soluble zinc porphyrin photocatalyst 
(Zn(II) meso-tetra(4-sulfonatophenyl)porphyrin, ZnTPPS4

4−), 
with ascorbic acid as a singlet oxygen quencher, without 
prior deoxygenation emitting with red light (λmax = 635 nm) 
was proposed [19]. Since then, aqueous SI-PET-RAFT photo-
polymerisation has been implemented [20]. It was proposed 
to use organo-dyes in the presence of tertiary amines as the 
metal-free photocatalytic system [21], among other eosin Y 
and fluorescein turned out to be the most efficient to acti-
vate polymerization and subsequently used under green and 
blue light irradiation [22, 23]. This method was employed for 
surface functionalization with polymer brush coatings and 
expanded to polymerization in continuous flow reactors [24], 
where oxygen tolerance and visible-light indication, aque-
ous media are highly advantageous for bioapplications [25]. 
Recently, Jazani et al., described oxygen-tolerant photo-RAFT 
polymerization in aqueous media in the presence of the so-
dium pyruvate (SP) and using 4-cyano-4-(phenylcarbonothio
ylthio)pentanoic acid (CPADB) as the CTA [10]. Depending on 
the irradiation wavelength, SP demonstrates different activity: 
at 370 nm SP decomposes to form CO2 and radicals, initiating 
polymerization, under blue (450 nm) or green (525 nm) irradi-
ation, SP enhanced the polymerization rate and decreased the 
induction period by interaction with excited state CPADB. In 
addition, observing RAFT polymerization in the absence of 
SP, with slower polymerization, was ascribed to weak absorp-
tion of light by the forbidden n → π* transition of CPADB.

Recent studies by the Barner-Kowollik group have examined 
the correlation between the absorption of a chromophore and 
its photochemical reactivity. It was inferred that a molecule's ab-
sorption spectrum only informs about electronic excitations and 
refrains from providing information about the subsequent en-
ergy redistribution mechanisms [26]. The method of examining 
photochemical action plots (activity plotted against wavelength, 
with the absorption spectra), revealed an offset between the 
absorption and activity. Although this has been examined for 
basic photo-chemical reactions, and linear polymer synthesis, a 
detailed examination of photochemical action plots for brushes, 
via SI-PET-RAFT is missing, to our best knowledge.

Herein, we examine the photochemical reactivity of ZnTPPS4
4− 

for oxygen-tolerant aqueous SI-PET-RAFT polymerization, via 
the R-group approach, using the action plot methodology pro-
posed by the Barner-Kowollik group [26]. Comparison of the PC 
absorbance spectrum with the wavelength-dependent polymer-
ization of brushes, employing LEDs in the range 365–700 nm, 
allowed identification of the most efficient irradiation wave-
lengths with respect to brush height. Our method for compar-
ing brush height against irradiation wavelength, allows for a 
straight forward comparison of photochemical activity for SI-
PET-RAFT, without the need for quantifying polymer molecu-
lar weights, monomer conversions, and alike. This was done for 
a variety of monomers, including DMA, N-isopropylacrylamide 
(NIPAM), 2-methacryloyloxyethyl phosphorylcholine (MPC), 
and [2-(methacryloyloxy) ethyl]trimethylammoniumchlorid 
(METAC). Our results show unique offsets from the key absorp-
tion peaks, depending on the monomer type. We anticipate this 
will better inform the community on wavelength selection for 
SI-PET-RAFT for polymer brush synthesis.

2   |   Results and Discussion

2.1   |   Synthesis

Initially, both triethoxysilane-functionalised cyano-4-​
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) 
and DDMAT derivatives were synthesized using a literature pro-
tocol (Scheme 1) [15], and were used as surface-tethered RAFT 
CTA initiators. A thin layer of these RAFT CTA (ca. 1.8 nm) was 
formed after silane-coupling to an activated R3Si-OH wafer sur-
face. For this study, we chose strongly hydrophilic DMA, weakly 
hydrophilic NIPAM, positively charged METAC, and zwitteri-
onic MPC, as our monomers, to prove a diverse library. Brushes 
were assembled on substrates by depositing a pre-polymerization 
solution, comprising the monomer, an oxygen quencher (ascor-
bic acid), and the photocatalyst (ZnTPPS4

4–), on the wafers, and 
allowed to react under varied irradiation wavelengths using 
LED, with a constant light intensity of 1.82 mW cm−2. After po-
lymerization, the dry and wet brush thicknesses were quantified 
by spectroscopic ellipsometry, and water contact angles were 
measured.

The absorption intensity of the well-known meso-tetra(4-
sulfonatophenyl) porphyrin (TPPS4

4−) molecule is mentioned 
in many studies, where the Soret region (around 430 nm) and 
partially in the Q region (around 650 nm) are attributed to tran-
sitions of molecular π, π * orbitals of the porphyrin ring [27]. 
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However, upon zinc ion incorporation, the intensity of Q band 
is decreased, while the Soret band exhibited a slight red shift 
from 400 to 405 nm, indicating improved structural symmetry 
and lowered energy gap in Zn metalloporphyrin photoredox 
catalyst [28]. Similar UV–Vis absorption maxima for ZnTPPS4

4− 
in MilliQ were recorded at λabs,max = 370, 405, 424 (Soret band), 
522, 554, 595 nm (Q bands) (Figure  S1) [29]. Additionally, the 
UV–Vis absorption spectra of RAFT-CTAs used in this study 
was measured. Two distinct peaks at 320 nm (Soret) and 443 nm 
were observed for CDTPA and DDMAT CTAs corresponding to 
the π–π* and n–π*.

2.2   |   Tuning Light Wavelengths to Control 
the Polymer Brush Height

In the majority of earlier photoactivated polymerization meth-
ods, either the concentration of the catalyst or the intensity 
of the light was utilized to gradually control the polymeriza-
tion rates, not often with different wavelengths, especially on 
ZnTPPS4

4− photocatalyst [14, 30], to our best knowledge. Some 
previous studies suggested a mismatch between the highest 
possible efficiency of a photochemical process, that is, photo-
reactivity, with that of the maximum absorption wavelength 
of a chromophore, and proved that the wavelength-dependent 
reactivity maximum is often red-shifted relative to the absorp-
tion maximum [31, 32]. This motivated our investigation of 
the conversion of a photochemical process (in terms of poly-
mer brush height) at a range of monochromatic wavelengths 
to identify the most efficient irradiation condition. Therefore, 
in this study, we carried out polymerization tests under blue 
(365–480 nm), green (495–570), yellow (575–595 nm), orange 
(590–620 nm), and red LED light (620–700 nm) (Figure S2) for 
all chosen monomer systems. We point out that each of the LED 
systems have different emission breadths (Figure S2), where 
we focus on the peak of the emission profiles for comparing 
wavelength to brush growth. Furthermore, for systematic 

comparisons we irradiate the samples with a constant flux in 
terms of energy per unit area (not number of photons).

Wafers were modified identically with DDMAT or CDTPA 
CTAs, where DMA and NIPAM were polymerized on DDMAT-
modified wafers, whereas METAC and MPC were polymerized 
on CDTPA-modified surfaces. For polymerization, a constant 
irradiation of light at each monochromatic wavelength was 
used. Subsequently, brush growth as a function of irradiation 
wavelength was determined using an ellipsometer. Once the 
wavelength-dependent brush growth was defined, this was 
graphed jointly by overlaying the dry polymer brush height 
of each monomer with the UV–Vis absorption spectra of the 
photoredox catalyst, measured in MilliQ, resulting in the pho-
tocatalyst action plots (Figure 1). The absorption maximum of 
the photocatalyst was observed in the blue region at 425 nm. 
However, the action plot indicates a red-extended wavelength 
regime with the highest brush heights achieved at 617, 490, and 
565 nm for pDMA, pMETAC, and pMPC, respectively. Similarly, 
for pNIPAM, a maximum brush height was observed at wave-
length 405 nm which was significantly blue-shifted with respect 
to the 425 nm absorption maxima. Importantly, some previous 
studies have shown that CDTPA and DDMAT act as photo-
iniferters, therefore, undergo photolysis to generate radicals 
initiating RAFT polymerization without needing a photoredox 
catalyst in the presence of blue and green irradiation. For ex-
ample, under blue irradiation at 365 nm, trithiocarbonate moiety 
displays living characteristics, but only low conversions were ob-
tained under long irradiation times. While for visible light, the 
polymerization depended highly on the concentration of CTAs 
[33, 34]. The absorbance spectra for CDTPA and DDMAT are 
shown in Figure S3a, where we note there are no distinct peaks 
in brush height that correspond to the CTAs' absorbance pro-
files, meaning the CTAs should not be acting as photo-iniferters 
in our systems. This conclusion is further supported by control 
brush syntheses: without the application of photocatalyst, the 
achieved brush height was negligible even at lower wavelengths 
(< 1.2 nm) (Figure S3b). Surprisingly, nearly all of the generated 
action plots show a marked mismatch between the photocata-
lyst absorption bands and the maximum brush height achieved, 
often finding the maximum reactivity in regions of very low 
absorptivity. We observed an approximate 20-nm red-shift in 
all action plots with respect to the lowest possible energy tran-
sition (Figure  S4). We note that there appeared to be similar-
ity between the same CTAs, and differences between DDMAT 
and CDPTA. For example, systems with DDMAT (NIPAM and 
DMA) exhibited minima in heights which were not present for 
CDPTA (METAC and MPC). This hints that the photochemi-
cal activation might be a function of both the CTA and the 
photocatalyst.

The brush heights of all the studied monomers were smaller 
in the irradiation-wavelengths ranging from 650 to 700 nm. 
Although the heights are lower in this range, it is nonetheless 
interesting to observe brush growth at such red-shifted wave-
lengths. Previous studies suggest no photolysis of DDMAT and 
CDTPA takes place in red light, indicating that self-initiation 
is not feasible at this wavelength range. Therefore, ruling out 
the possibility of their sole participation in initiating polymer-
ization. To understand this in-depth, UV–Vis absorption spectra 
of ZnTPPS4

4− with ascorbic acid and of the pre-polymerization 

SCHEME 1    |    Schematic of polymer brush synthesis using SI-PET-
RAFT polymerization method. A solution of monomer, ascorbic acid, 
and photocatalyst (ZnTPPS4

4−) is used to grow polymer brushes on 
substrates previously functionalised with RAFT CTAs (DDMAT or 
CDTPA) at varied wavelengths.
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solution containing (ZnTPPS4
4−, ascorbic acid, and monomer 

in the absence of RAFT agent) before and after irradiation 
were recorded. We noted that the absorption spectrum of pure 
ZnTPPS4

4− did not have any peak at 650 nm (Figure S1), how-
ever, once ascorbic acid is added, it became visible (Figure S5). 
Notably, the presence of ascorbic acid not only aids in quench-
ing singlet oxygen but also acts as a sacrificial electron donor 
to accelerate polymerization. The appearance of two additional 
peaks at 625 nm (only in case of pDMA and pNIPAM solutions) 
and the onset of 715 nm were noticed while one at 650 nm 
persisted (Figure  S6). This could be associated with partial 
protonation of photoredox catalyst due to a negative pKa shift 
[29, 35], and formation of J-aggregates [36], respectively. The 
reason to observe this significant difference in the absorption 
peak at 650 nm and probably an associated increased polymer 
brush height at 680 nm might be explained by the activation of 
the trithiocarbonate RAFT moiety on the substrates (which is 
absent during bulk photopolymerisation). Usually, upon irradi-
ation, ZnTPPS4

4− is reduced to ((ZnTPPS4
4−)•− reduced porphy-

rin) form specifically activating the trithiocarbonate moiety of 
the CTA through an electron transfer that produces the RAFT 
radicals, leading to further polymerization in the presence of 
monomers [19, 37].

2.3   |   Wavelength-Dependent Swelling Ratio

Evaluating the degree of swelling of a brush allows an esti-
mation on the average hydrophilicity of the brush. Generally, 
in good solvents, tethered layers swell. The swelling behav-
ior of polymer brushes was evaluated using the swelling 
ratio, which is the ratio of swollen brush thickness to the 
dry brush thickness. The thickness of the swollen layers is 

governed by the balance between osmotic pressure and chain 
stretching. Figure 2 presents the ellipsometrically determined 
brush thickness and resultant swelling ratio as a function 
of irradiation-wavelength. We note that the degree of swell-
ing depends highly on the grafting density. However, in our 
studies, since the RAFT-CTA-APTES modifications on all 
activated silica wafers were followed identically, and in one 
batch, the grafting density is assumed the same for each sys-
tem. We note that we use the R-group approach for SI-PET-
RAFT, meaning that the macromolecule never detaches from 
the surface [15]. The estimated swelling ratios for pDMA 
brushes (Figure 2a) were in the range of (5.7–10) implying a 
higher hydrophilicity [38]. In a similar way to pDMA brushes, 
pNIPAM also swelled in water however with lower swelling 
ratios and higher errors. These errors imply a higher chain 
dispersity in these brushes. Furthermore, RAFT CTA layers 
did not cause these greater chain dispersities; rather, their 
layer thickness was very uniform, measuring 1.4 ± 0.1 nm for 
DDMAT and 2.1 ± 0.1 nm for CDTPA. This inhomogeneity 
could arise from the use of mixed solvents during pNIPAM 
synthesis (i.e., due to the solubility of NIPAM). In addition, 
compared to pDMA brushes, the secondary amide of pNIPAM 
can result in strong interchain hydrogen bonding between 
the secondary amides and water molecules, which prevents 
swelling [38, 39]. Consequently, we can conclude that within 
the scope of our experiments (with the given monomers and 
SI-PET-RAFT polymerization), increased dry brush thickness 
errors result in even more pronounced wet brush error devia-
tions. The swelling ratios for the pMETAC and pMPC brushes 
in Figure 2c,d had comparable trends, ranging from (2–7) to 
(4–8), respectively [40]. Interestingly, for all monomers, the 
patterns between the local minima in dry height nicely sup-
port the swelling ratio.

FIGURE 1    |    Wavelength-dependent dry brush height using SI-PET-RAFT polymerization for (a) DMA, (b) NIPAM, (c) METAC, and (d) MPC sys-
tems after 10 min of constant flux of irradiation (except for METAC, 20 min) overlaid with the photocatalyst absorbance spectra. Each wavelength-
resolved experiment was repeated in triplicates, the data point shows the average value and error bars indicate standard deviations. We note that the 
wavelength is given in terms of the peak of the emission spectra of the LED sources, which all have different breadths (Figure S2).
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2.4   |   Wettability

The polymer brush height and swelling are fundamental com-
parative descriptors to polymer brushes, however, further 
information on brush properties can be gleaned from wetta-
bility, which can also be indicative of brush height [41, 42], 
or dispersity [43, 44]. To assess how brush wettability was 
influenced by the height differences due to irradiation wave-
lengths, the advancing (ACA) and receding contact angles 
(RCA) against water during dynamic contact angle (DCA) 
measurements were recorded. The main advantage of DCA 
determinations over simpler static, sessile drop contact angle 
experiments is the better insight into the presence of possi-
ble surface inhomogeneities and swelling (liquid retention) 
phenomena through the comparison of contact angle hyster-
esis (CAH) values [45, 46], while the unwanted uncertainties 
of sessile drop measurements, such as errors from droplet 
spreading and evaporation can also be ruled out.

Initially, the functionalisation of the originally hydrophilic sil-
ica substrates (ACA = 33.2° ± 0.1°, RCA = 22.9° ± 0.1°) with 
both RAFT-CTAs rendered the surfaces more hydrophobic 
(DDMAT: ACA = 69.6° ± 0.1°, RCA = 52.9° ± 0.1°; CDTPA: 
ACA = 99.3° ± 0.2°, RCA = 74.6° ± 0.2°), likely due to their hy-
drophobic Z-groups (dodecyl-groups in the case of both DDMAT 
and CDTPA). Generally, grafting with polymer brushes rendered 
the surfaces more hydrophilic, which was found to be a function 
of both the polymer type and the brush height (Figure 3).

As Figure  4 shows, there are generally decreasing trends in 
DCA with increasing dry height (DCA vs. wet height is shown 
in Figure S7). This is in accordance with the hydrophilic nature 
of the monomers and with previous experimental observations 
on few nm thick polymer brushes with low substrate coverage 

[42, 47]. While the majority of related literature examples show 
increasing contact angles on hydrophilic brushes of increasing 
height, this can clearly be attributed to the examined thicker 
(height is usually larger than 20 nm) brush regimes, and/or 
higher grafting densities [43, 48]. As examples of this, Yang 
et al., reported increasing static contact angles with the increas-
ing height of poly(2-hydroxyethyl-methacrylate) brushes in the 
~0–90 nm range, which they attributed to the hydroxyl group-
mediated aggregation of polymer chains [49], while the similar, 
grafting density-dependent dynamic wetting behavior of zwitte-
rionic polymer brushes was also reported [50].

Despite the direct effect of brush grafting density on wetting was 
not in the focus of this study, due to all substrates being func-
tionalised with the surface initiator under the same conditions, 
the DCA were not affected by grafting density variation, and the 
decreasing tendencies with increasing height might have been 
allowed by grafting densities lower than those achieved in the 
cited references. Although, systematically examining their pos-
sible influence was not in the scope of this study, it is assumed, 
that the overall wettability in the few-nanometer height regime 
might also have been affected by the brush end-groups origi-
nated from the RAFT CTAs, since they might have higher rela-
tive effect on interfacial brush orientation.

The influence of height in the examined regime over wettabil-
ity is also confirmed by the lack of obvious correlation between 
swelling ratios and CAHs (Figure S8), while unambiguous cor-
relations between DCAs and swelling ratios could also not be ob-
served (Figure S9). The pMETAC brushes grafted under λ = 365, 
455, and 530 nm were superhydrophilic, having extremely low 
contact angles (DCA < 1.8°), surpassing the limitations of the 
applied drop contour-fitting method, therefore all undetermin-
able ACA and RCA were denoted as 1.8°.

FIGURE 2    |    Wavelength-dependent swelling ratios of (a) pDMA, (b) pNIPAM, (c) pMETAC, and (d) pMPC brushes after 10 min of irradiation (ex-
cept for pMETAC, 20 min) overlaid with their dry heights. All measurements were carried out in triplicates and the error bars indicate the standard 
deviation of the data.
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In our experiments, the achieved brush height was dependent on 
the irradiation wavelength, and as a result of this, the achieved 
wettability could be—although, only indirectly—also cor-
related with the irradiation wavelength: local minima in DCA 
(maxima in hydrophilicity) were observed as a result of the ap-
plication of wavelengths around 405, 590, or 660 nm, matching 
the local extremities in brush height (Figure  2). Besides these 

extremities, considering the relation between dry height and 
DCA (Figure 3), the other contact angle values also confirm the 
experienced wavelength-dependent height trends (Figure S10). 
These findings imply that dynamic contact angle experiments 
can complement or may even replace height measurements for 
polymer brush growth-related photochemical effects, for some 
monomer types.

FIGURE 4    |    DCA as a function of dry brush height of (a) pDMA, (b) pNIPAM, (c) pMETAC, and (d) pMPC brushes. Error bars indicate standard 
deviations of multiple measurements.

FIGURE 3    |    Representative images of sessile droplets with embedded needle on unmodified, RAFT agent-functionalised, and polymer brush-
decorated silicon wafers with their respective static contact angle values and schematic surface functional group representations. The pNIPAM and 
the pMETAC samples were both grafted under λ = 405 nm illumination.
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3   |   Conclusion

In this current work, we demonstrated that the growth in polymer 
brush height by SI-PET-RAFT significantly depends on the irradi-
ation wavelength. We show that while the absorption maxima of 
the photocatalyst used, ZnTPPS4

4−, is in blue region (ca. 425 nm), 
the greatest brush heights obtained was in the lower absorption 
regions, mostly red-shifted. We found that the brush height was 
also dependent on the type of monomer used. To our knowledge, 
this photochemical action methodology has not been used previ-
ously on surveying maximum brush heights using the photoredox 
catalyst, ZnTPPS4

4− over a broad range of wavelengths (from 375 
to 700 nm). As the hydrophilicity of the brush-grafted surfaces 
generally showed increasing tendencies with increasing brush dry 
thickness, comparison of dynamic contact angles could also mean 
an alternative to ellipsometry in investigating the action plot char-
acteristics. The use of lower energy wavelengths is an important 
step in the application of such photoinduced living polymeriza-
tion technology for green up-scaled processes, which our results 
may better inform the SI-PET-RAFT brush community.

4   |   Experimental Section/Methods

4.1   |   Materials

[2- (Methacryloyloxy)ethyl]trimethylammonium chloride solu-
tion, 75 wt. % in H2O (METAC), 2-methacryloyloxyethyl phosphor-
ylcholine (MPC), N-isopropylacrylamide (NIPAM), 2-(dodecylthi
o-carbonothioylthio)-2 methylpropionic acid (DDMAT), cyano-
4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), 
(3-aminopropyl)triethoxysilane (APTES), N-(3-(dimethylamino)-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC HCl) were pur-
chased from Sigma-Aldrich and used as received (unless otherwise 
noted). Dichloromethane (DCM), toluene, isopropyl alcohol, ethyl 
acetate, and hexanes were purchased from Fisher Scientific and
used as received. N,N-Dimethylacrylamide (DMA) was purified by 
passing through a short aluminum oxide column before the reac-
tion. Zn(II) meso-tetra(4-sulfonatophenyl)-porphyrin (ZnTPPS4

4−) 
was obtained from Frontier Scientific and used as received. High-
purity water (MilliQ water) with a resistivity of > 18.2 MΩ cm was 
obtained from an inline Millipore RiOs/Origin water purification 
system (Millipore Corporation, Massachusetts, USA). Polished 
single-crystal (100)-silicon wafers were obtained from Silicon 
Materials, Kaufering, Germany, with a native SiO2 layer thickness 
of ~1.4 nm. Thorlabs Olympus M series mounted light-emitting di-
odes (LEDs) (λmax = 365, 405, 455, 490, 530, 565, 590, 595, 617, 625, 
660, 680, and 700 nm) were used for all light-mediated reactions. 
LED light intensities were modulated by a Thorlabs LED DC4100 
4-channel LED driver. In terms of emission wavelength, all the ap-
plied LEDs have a ~50 nm wide emission regime, centered around
the nominal, highest intensity emission wavelength. The spectra
are available on the website of the manufacturer (Figure S2) [51].

4.2   |   Instrumentation

The 1H (500.13 MHz) NMR spectra were recorded using an 
AVANCE III 500 Spectrometer (Bruker, Germany) using CDCl3 
at 30°C. All 1H NMR experiments are reported in δ units, parts 
per million (ppm), and were normalized to the signal for the 

deuterated solvent CDCl3 (7.26 ppm). Film thicknesses were 
measured by using a J.A. Woollam RC2-D variable-angle spec-
troscopic ellipsometer (VASE) at 70° incident angle and a wave-
length range from 450 to 900 nm. The CompleteEASE software 
package (J.A. Woollam Co. Inc.) was used for fitting the optical 
constants and thicknesses. Unless otherwise noted, a three-layer 
model containing (a) a silicon substrate layer at the bottom, fol-
lowed by (b) a 1.4 nm thick native silicon oxide layer and then 
(c) a polymer film layer were used. Thicknesses of polymer film
layers were fitted by using a general Cauchy model. The UV–Vis
absorbance spectra of the RAFT CTA solutions (2.74 mM in tol-
uene) were recorded using a SPECORD 40 spectrophotometer
(Analytik Jena, Jena, Germany).

4.3   |   Synthesis of DDMAT and CDTPA Surface 
Initiators

DDMAT and CDTPA surface initiators were synthesized accord-
ing to established procedures and characterized via 1H NMR 
spectroscopy. DDMAT surface initiator: 1H NMR (500 MHz, 
CDCl3, 30°C, δ, ppm): 0.54 (s, 2H), 0.81 (t, 3H), 1.19 (t, 9H), 1.31 
(m, 18H), 1.53 (m, 2H), 1.58 (m, 2H), 1.62 (s, 6H), 3.15 (q, 2H), 
3.20 (t, 2H), 3.75 (q, 6H), 6.54 (t, 1H); CDTPA surface initiator: 
1H NMR (500 MHz, CDCl3, 30°C, δ, ppm): 0.63 (s, 2H), 0.88 (t, 
3H), 1.26 (t, 9H), 1.38 (m, 16H), 1.66 (m, 6H), 1.91 (s, 3H), 2.45 
(m, 4H), 3.29 (t, 4H), 3.83 (q, 6H), 5.88 (t, 1H).

4.4   |   General Preparation of Polymer Brushes 
Using SI-PET-RAFT

Silicon wafer substrates with a layer of native oxide were cut 
into 1 cm × 2 cm, cleaned by sonication in ethanol (three times), 
and then dried under a stream of nitrogen gas. The wafers were 
cleaned and activated by a plasma cleaner for around 1 min. 
After cleaning, the wafers were placed in a dilute solution con-
taining 20 μL of synthesized DDMAT/CDTPA CTA in 40 mL 
of dry toluene, overnight at room temperature. After 24 h, the 
functionalised substrates were rinsed thoroughly with toluene 
followed by isopropanol and dried under a stream of nitrogen 
gas. These substrates were then subjected to polymerization. 
Unless otherwise noted, all reactions were placed approximately 
13 cm below an LED light source (adjusted by the help of a so as 
the radiant flux was 1.82 mW cm−2). A stock solution containing 
1 mg of photocatalyst (ZnTPPS4

4−) in 1 mL MilliQ was prepared 
in a vial and stored in the dark. DMA was purified through a 
basic alumina column to remove the inhibitor before use while 
NIPAM was re-crystallized with hexane. All liquid monomers 
(METAC or DMA), ascorbic acid (AA), and the ZnTPPS4

4−/
MilliQ stock pre-polymerization solution were mixed with a 
molar ratio of [monomer]:[ascorbic acid]:[ZnTPPS4

4−] = 500:2:
0 .025, while for solids, that is, NIPAM and MPC, ratio used was 
[monomer]:[ascorbic acid]:[ZnTPPS4

4−] = 500:2:0.05, respec-
tively [15].

A CTA-functionalised native oxide silicon wafer substrate 
was placed on top of a glass base plate. Then, 90 μL of the pre-
polymerization reaction mixture containing METAC (2.84 mL) 
or DMA (2.92 mL) or MPC (2.2 g) with 10.8 mg AA in 1 mL 
ZnTPPS4

4−/MilliQ stock was dropped onto the substrate. NIPAM 
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(0.867 g) stock solution was prepared with 10.8 mg AA in 1:1 
(MeOH:MilliQ) solution due to its insolubility in pure MilliQ. 
Furthermore, a glass coverslip was placed on top of the substrate 
to form a thin solution layer. Each sample was irradiated at a var-
ied wavelength at a constant light intensity of 1.82 mW cm−2, for 
10 min except for METAC where polymerization was performed 
for 20 min. The irradiation was measured using a Thorlabs 
PM100D-Compact Power and Energy Meter Console. After irra-
diation, the substrates were thoroughly rinsed with DIW followed 
by isopropyl alcohol, and then dried under a nitrogen stream.

To confirm the negligible effect of RAFT CTA iniferter activity 
over brush height, DMA brushes were also synthesized exclud-
ing ZnTPPS4

4− photocatalyst from the reaction mixture.

4.5   |   Wettability

The DCAs were determined at room temperature, applying the 
embedded needle method [52, 53], using a DataPhysics OCA 
40 drop contour analyzer and SCA 20 software (DataPhysics 
Instruments GmbH, Filderstadt, Germany). After de-dusting 
by nitrogen blowing, a MQ water droplet with 5 μL initial vol-
ume was deposited on the samples. By the help of the embedded 
steel needle (d = 0.5 mm) of the dosing syringe, another 5 μL was 
added to the initial droplet, followed by the draining of the same 
volume, both at the same rate (0.25 μL s−1), while a video of the 
droplet was recorded. The DCAs were obtained on the basis of 
tangential fitting to the drop contour in video frames. The av-
eraged maximum and minimum plateau values of the obtained 
contact angle (Θ) versus time plots were denoted as advancing 
(ΘA) and receding (ΘR) contact angles, respectively. DCAs on 
each sample was measured in two different spots, while three 
samples (two in the case of λ = 365 nm) were analyzed for each 
monomer-illumination wavelength combination, resulting in at 
least four DCA pairs for each set of sample parameters.

The contact angle hysteresis (CAH) values were calculated ac-
cording to Equation (1):

The representative static contact angles presented in Figure  3 
were calculated on the basis of tangential fitting in the first 
frame of the respective DCA videos. The applied data processing 
procedure is described in the (Table S1).
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