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Abstract: The article presents the modification of ash wood via surface initiated activators regenerated 
by electron transfer atom transfer radical polymerization mediated by elemental silver (Ag0 SI- 
ARGET ATRP) at a diminished catalyst concentration. Ash wood is functionalized with poly(methyl 
methacrylate) (PMMA) and poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) to yield wood 
grafted w ith PM M A-b-PDMAEM A-Br copolymers w ith hydrophobic and antibacterial properties. 
Fourier transform infrared (FT-IR) spectroscopy confirmed the covalent incorporation of functional 
ATRP initiation sites and polymer chains into the wood structure. The polymerization kinetics was 
followed by the analysis of the polymer grown in solution from the sacrificial initiator by proton 
nuclear magnetic resonance (4H NMR) and gel permeation chromatography (GPC). The polymer 
layer covalently attached to the wood surface was observed by scanning electron microscopy (SEM). 
The hydrophobic properties of hybrid materials were confirmed by water contact angle measurements. 
Water and sodium chloride salt aqueous solution uptake tests confirmed a significant improvement 
in resistance to the absorption of wood samples after modification with polymers. Antibacterial 
tests revealed that wood-QPDM AEMA-Br, as well as wood-PM M A-b-QPDMAEMA-Br, exhibited 
higher antibacterial activity against Gram-positive bacteria (Staphylococcus aureus) in comparison with 
Gram -negative bacteria (Escherichia coli). The paper presents an economic concept with ecological 
aspects of improving wood properties, which gives great opportunities to use the proposed approach 
in the production of functional hybrid materials for industry and high quality sports equipment, and 
in furniture production.
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1. Introduction

W ood is a m aterial w ith  an  uneven structure, and its quality  properties depend on 
considering the anatomical direction. Therefore, wood is defined as a heterogeneous, m ulti­
d irectional, i.e., anisotropic, m aterial [1- 3 ]. The structure of the w ood varies depending 
on the type. The m ain division is softw ood and hardw ood, bu t shrinkage, sapw ood, and 
heartw ood, m ature and juvenile are also distinguished [1,2,4 ]. The surface quality of such 
m aterial plays an im portant role in their finishing and bonding properties.

Ash (Fraxinus excelsior) is a very popular species of hardwood. As a m aterial, it shows 
h igh flexibility, resistance to shock and cracking, high lightness, and shock absorption, 
w hich is favorable for m any applications in the furniture industry, e.g., chairs, arm chairs
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and products bent, paneling, flooring, interior joinery, veneers for furniture and wardrobes 
and the production of sports articles, handles, baseball bats and tennis rackets [5,6]. H ow ­
ever, despite its functional properties, all types of w ood, including ash w ood, depending 
on their end use, are subject to com plex processes of physical, chem ical, and m echanical 
degradation. The exposed wood surface becom es rough as the grain surfaces degrade and 
cracks appear on the wood surface, making the material unsuitable for long term use [5,7 ,8] . 
According to certain quality characteristics of the w ood, appropriate technologies based on 
physical or chem ical treatm ents are needed to correct its defects [7- 9 ].

Chem ical m odifications involve the use of harm ful chem icals (phenol-form aldehyde, 
m elam ine-form aldehyde resins, alkyd paints— a source o f volatile organic com pounds 
harm ful to the environm ent, V O C s) or solvents that can cause environm ental and health  
problem s w hen processing and u sing m odified w ood [8,10,11]. O ne of the innovative 
techniques used to im prove the m echanical properties of w ood quality, i.e., m odulus of 
rupture, abrasion, com pressive strength, and hardness, is wood m odification by the in situ 
polym erization of various m onom ers [7,8,12]. This approach allow s the im plem entation 
of innovative solutions in functional w ood based m aterials, and the resulting products 
are generally  know n as w ood -p o ly m er com posites. The versatility  and potential of this 
approach show  that the native w ood structure is preserved despite being m odified w ith  
d ifferent types o f polym er chains [8,13]. Both raw  w ood and w ood fibers (elem ents that 
are extracted from  w ood) can be m odified to im prove selected perform ance criteria, e.g., 
hydrophobicity [14- 18], strength [19- 23], as w ell as antim icrobial properties [24- 29].

D ue to the large variety  of functional groups (m ainly hydroxyl and phenolic groups) 
in  its structure, w ood is an excellent candidate for chem ical m odification by controlled 
radical polym erization, i.e., atom  transfer radical m ethods (ATRP) [30- 32]. Com pared 
to the aforem entioned treatm ent of w ood w ith  m onom ers solutions, these techniques 
covalently  bind polym ers to the w ood structure. This enables the incorporation of high 
m olecular com pounds (polym ers) into the w ood structure, w hich  in turn leads to a sig­
n ificant im provem ent in  its properties. In addition, it is possible to incorporate polym ers 
w ith different characteristics by polym erizing different types of monom ers simultaneously, 
g iving the w ood m ore than one property. M oreover, ATRP m ethods enable the creation 
of polym er chains w ith  a strictly designed structure and architecture [33,34]. Therefore, 
polym ers and biopolym ers produced by the ATRP technique are characterized by a narrow 
m olecular w eight distribution (M w/M n), control over their molecular w eight (M W ) [30,35], 
and topology (geom etry) [36,37] to obtain structures ranging from linear chains, stars, cyclic 
structures, com bs, and regular polym er netw orks [32,37- 39].

U p to now, ATRP m ethods have been  successfully  used for raw  w ood m odification 
only a few  tim es [16,18,40- 44]. Poplar w ood [16,40], spruce w ood [41,44], w aterlogged 
archaeological wood [42,43] and fir wood [18] were grafted w ith polymers to improve their 
properties, i.e., hydrophobicity [16,18,43], resistance to attack by fungi and termites, and an­
tibacterial characteristics [40], controlled swelling behavior and tunable w ettability [41,44], 
d im ensional stability of w ood, therefore preventing shrinkage, cracking and deform a­
tion [42]. The approaches ranged from both the classical high catalyst concentration ATRP 
technique [41,44] to the low ppm ATRP concepts, m ainly activators regenerated by electron 
transfer (ARGET) ATRP w ith ascorbic acid as a reducing agent [16,40,42,43]. Our previous 
investigation w as focused on the modification of fir wood using supplemental activator and 
reducing agent (SA RA ) ATRP w ith  copper w ire (Cu0) as a reducing agent, polym erizing 
hydrophobic monom ers from wood structure [18]. Am ong the aforementioned techniques, 
SA R A  ATRP uses a reducing agent in the form  of a solid chem ical com pound, thus, it is 
easily  rem oved from  the reaction m ixture after polym erization and does not penetrate 
the w ood structure. In  the SA R A  ATRP technique, the balance betw een the active and 
inactivated form s of the catalytic com plex is established using m etallic copper, w hich can 
adopt three oxidation states and acts as an auxiliary  activator, w hich  is described by  the 
m echanism  of com proportionation and disproportionation. This reaction system  caused 
side reactions [18], and the control over the m ethyl m ethacrylate (M M A) polym erization



w as low. In this consideration, A R G ET ATRP w ith  the use of silver as a reducing agent 
turned out to be useful for the synthesis of functional m acrom olecules w ith  a controlled 
and com plex architecture [45,46]. U nlike m etals used in  the SA R A  ATRP technique, A g0 

takes two oxidation states, therefore it is only an electron donor and does not participate in 
auxiliary activation, elim inating a num ber of side reactions [47,48].

The presented paper is focused on the grafting of m ethacrylic polym ers w ith  hy­
drophobic characteristics and precursors for antibacterial properties from  ash w ood by 
surface initiated A R G ET ATRP (SI-A R G ET ATRP) techniques w ith  A g 0 as a reducing 
agent. To transform  a hydrophilic w ood surface into a hydrophobic surface, this study 
focused on the grafting of poly(m ethyl m ethacrylate) (PM M A ) onto the w ood surface, 
w hile poly(2-(dim ethylam ino)ethyl m ethacrylate) (PD M A EM A ) w as used as a precursor 
to create antibacterial surfaces. E lem ental silver can be reactivated w ith  facile treatm ents 
and reuse, thus, it constitutes an econom ic and industrial relevant approach. In the paper, 
the properties of 2-(dim ethylam ino)ethyl methacrylate (DMAEMA) as an instinct reducing 
agent w as also presented [49]. D M A EM A  w as polym erized from  the initiation sites on 
the w ood w ithou t the addition of any additional reducing agent. The reaction proceeds 
by  radical polym erization, then the tertiary am ine groups are quaternized by an alkyl 
halide— brom oethane, and the quaternary am m onium  groups on the w ood surface have 
proven to be antibacterial. Currently, the interest in surfaces w ith antibacterial properties 
has increased significantly. C onsidering hum an health  and life, it is im portant to keep 
m aterials sterile. Such m aterials inhibit the grow th of bacteria, viruses, and fungi, and at 
the same time allow the destruction of microorganisms. Therefore, in recent years, there has 
been a significant increase in interest in surfaces w ith antibacterial properties in  hospitals 
and pharm acies, and in the food and cosm etics industries [49,50].

2. Results and Discussion
2.1. The Concept o f  a "Grafting fr o m ” A pproach fo r  the M odification o f  A sh Wood Cubes

H erein, the dual properties (hydrophobic and antibacterial) of functional polym er­
wood com posites are incorporated into ash wood using the controlled atom transfer radical 
polym erization of M M A  and D M A EM A  from  brom inated w ood cubes. The m odification 
of ash w ood based on  a tw o-step synthesis w as perform ed according to the "g raftin g  
from " concept. H ydroxyl groups located in the w ood cell w all, i.e., cellulose, hem icellu- 
lose, and lignin, were esterified with a-brom oisobutyryl brom ide creating ATRP initiation 
sites, follow ed by  the polym erization of M M A  or D M A EM A  via SI-A TRP from  brom i- 
nated w ood cubes to prepare hydrophobic and antibacterial polym er grafts in the form of 
hom opolym ers or block copolym ers (Schem e 1).

The polym erizations of M M A  w ere carried ou t by  the SI-A R G ET ATRP approach 
using silver w ire (A g0) as a reducing agent (Table 1 ), w hile the D M A EM A  serves as an 
internal reducing agent, therefore, the syntheses w ere perform ed by A R G ET ATRP w ith  
A g0, but also w ithout an additional chem ical reducing agent (Table 2 ).

Table 1. Ag0 SI-ARGET ATRP of MMA with different catalyst loadings 1.

Entry [MMA]0/[EBiB]0/[CuIIBr2/TPMA]0
[CuIIBr2]0, 

(ppm 
by wt)

Conv 2 
(%)

kpapp3
(h- 1)

DPn,theo 2 
(per chain)

Mn,theo
(x 10- 3)

t̂n,app 5
(x10- 3) Mw/Mn 5

1 600/1/0.180 273 67 0.124 400 40.2 21.6 1.44

2 600/1/0.120 182 60 0.088 
0.087 6 362 36.5 22.2 1.43

3 600/1/0.060 90 62 0.101 
0.104 6 370 37.2 20.6 1.33

4 600/1/0.048 72 71 0.120 426 42.8 17.9 1.31



Table 1. Cont.

Entry [MMAy[EBiBy[CunBr2/TPMAb
[CunBr2b, 

(ppm 
by wt)

Conv 2 
(%)

kpapp3
(h-1)

DPn,theo 
(per chain)

M n,theo
(x 10-3)

Mn,app 5
(x 10-3) Mw/Mn 5

5 600/1/0.006 9 69 0.110
0.1086 415 41.7 17.8 2.08

1 General conditions: T = 50 °C; Vtot = 15 mL; t = 9.5 h for entry 1, t = 10 h for entry 2, t = 10.25 h for en­
try 3, t = 9.5 h for entry 4, t = 10.25 h for entry 5. SI-ARGET ATRP with silver wire: d = 0.05 cm, l = 80 cm;
2 Monomer conversion (Conv) and theoretical degree of polymerization (DPn,theo) calculated according to 
1H NMR analysis of the samples withdrawn from the solution, DPn,theo = (Conv • [MMA]0)/[EBiB]0; 3 Apparent 
rate constant of propagation, calculated as a slope of the curve ln([M]0/[M]) = f(t) (illustrated in the Figure 1a); 
4 Mn theo = ([MMA]0/[EBiB]0) Conv Mmma + MEBiB; 5 Mn,app and Mw/Mn were determined by DMF GPC; 6 Ap­
parent rate constant of propagation for polymerization time of 9.5 h. Abbreviations: Ag0 SI-ARGET ATRP surface 
initiated activators regenerated by electron transfer atom transfer radical polymerization mediated with Ag0 as a 
reducing agent, MMA—methyl methacrylate, CuIIBr2/TPMA—copper(II) bromide/tris(2-pyridylmethyl)amine 
catalytic complex, EBiB—ethyl 2-bromoisobutyrate.

Scheme 1. A two-step synthetic route for the preparation of a wood-polymer composite. Abbrevia­
tions: Ag0—sliver wire, BriBBr—2-bromoisobutyryl bromide, CuIIBr2 /TPMA—catalytic complex, 
DCM—dichloromethane, TPMA—tris(2-pyridylmethyl)amine), wood-Br—brominated wood, wood- 
PMMA-Br—wood grafted with PMMA, wood-PMMA-b-PDMAEMA-Br—wood grafted with block 
copolymer composed of PMMA and PDMAEMA.



Table 2. Polymerization of DMAEMA by internally controlled SI-ARGET ATRP concept к

Entry [DMAEMA]0/
[EBiB]0/[CuIIBr2/TPMA]0

[CuIIBr2]0, 
(ppm 

by wt)
Reducing

Agent
Conv 2 

(%)
kpapp3
(h- 1)

DPn,theo 2
(per chain)

Mn,theo
(x10- 3)

^tn,app 5
(x 10- 3) Mw/Mn 5

1 600/1/0.048 45 Ag0 37 0.064 225 35.5 31.4 1.64

2 600/1/0.048 45 - 18 0.025 107 17.1 20.8 1.42
3 600/1/0.060 57 - 23 0.033 136 21.6 20.7 1.41

1 General conditions: T = 50 ° C; Vtot = 15 mL; t = 9 h for entry 1 and 2 and T = 50 ° C; Vtot = 20 mL; t = 9 h for entry 3. 
SI-ARGET ATRP with silver wire: d = 0.05 cm, l = 80 cm for entry 1; 2 Monomer conversion (Conv) and theoretical 
degree of polymerization (DPn,theo) calculated according to 1H NMR analysis of the samples withdrawn from 
the solution, DPn,theo = (Conv ■ [DMAEMA]0)/[EBiB]0; 3 Apparent rate constant of propagation, calculated 
as a slope of the curve ln([M]0/[M]) = f(t) (illustrated in the Figure 2a); 4 Mntheo = ([DMAEMA]0/[EBiB]0) 
Conv Md m a e m a  + M êm; 5 Mn,app and Mw/Mn were determined by DMF GPC. Abbreviations: Ag0 SI-ARGET 
ATRP surface initiated activators regenerated by electron transfer atom transfer radical polymerization mediated 
with Ag0 as a reducing agent, DMAEMA—2-(dimethylamino)ethyl methacrylate, CunBr2/TPMA-copper(II) 
bromide/tris(2-pyridylmethyl)amine catalytic complex, EBiB—ethyl 2-bromoisobutyrate.

2.2. Preparation ofW ood-P olym er Composites with Dual Characteristics

The SI-ARGET ATRP approach using silver wire w ith varying catalyst concentrations 
was used to synthesize PM M A chains grafted to the wood structure (Table 1). This process 
is based on the transfer of an electron from  silver, establishing a dynam ic equilibrium  
betw een the tw o form s of the catalyst to ensure the controlled m anner of polym erization 
processes [46,48]. A  sacrificial initiator— ethyl 2-brom oisobutyrate (EBiB), w as added to 
the reaction m ixture to track the kinetics of the polym erization. Thus, the polym erization 
occurred both from the initiator attached to the wood surface and from the sacrificial initia­
tor. The m olecular w eight and m olecular w eight distribution of the linear hom opolym ers 
w ere investigated by sam pling the solution m ixture during the polym erization, assum ing 
that the polym ers w ere grow ing at the sam e constant rate in  the reaction m ixture as from  
the surface of the w ood. For the synthesis of polym ethacrylates in a controlled m anner, 
other types of initiators are usually used, e.g., 2-brom opropionitrile (BPN ) [51], how ever, 
the wood samples were modified w ith 2 -bromoisobutyryl bromide (BriBBr), mimicking the 
structure of EBiB, w hich w as used for the polym erization in solution.

The polym erization of M M A  from  brom inated w ood w as described by the linear 
dependence presented in the first order kinetics p lot (Figure 1a). W hile the m olecular 
w eight vs. m onom er conversion graphs (Figure 2b ) are characterized by a linear course up 
to approx. 40% , then, a slight deviation from  the linear grow th tow ards low er m olecular 
w eights w as observed. A t the high catalyst concentration, only a slight change in  the 
m olecular w eight of the polym er w as observed after 3 5 %  conversion, despite the steadily 
increasing M M A  conversion. This is related to the term ination processes, w hich  in the 
case of PM M A  is m ost often associated w ith the disproportionation reaction due to steric 
hindrance or chain activity transfer [52,53] (Figure 1b ). W hile too low a concentration of the 
catalyst com plex (9  ppm  by wt) does not ensure a controlled course of the polym erization. 
The polymer m olecular w eight changed slightly after reaching 40% conversion. Insufficient 
catalyst loading may cause chain activity transfer to, e.g., monomer or solvent, consequently 
leading to the term ination of the grown polym ers. Uncontrolled polym erization provided 
h igh  d ispersity  final products (M w/Mn > 2, Table 1, entry 5). C ontrolled polym erization 
w as achieved using 7 2  ppm  by w t of catalyst, as indicated by a narrow  m olecular w eight 
distribution of the final polym er product (Mw/ M n =  1.31, Table 1, entry 4). Based on G PC  
analysis, it w as found that the theoretical num ber average m olecular weights (M n,theo) and 
the m olecular w eights determ ined by chrom atographic analysis (M n,app) for the obtained 
m ethacrylates, w ere different. This m ay be due to the consum ption of the m onom er by 
the surface of the w ood, w hich has a porous structure, and the in itiator is not only on the 
surface of the wood but also in the interior (see details in Supplem entary M aterials: Section 
S1). A lthough there is m ore EBiB initiator in  the reaction m edium  than attached to one



w ood cube (in the range of 2 .9 -4 .7  tim es m ore), there are alw ays several w ood sam ples in 
the m ixture from w hich polym erization takes place.

Figure 1. Polymerization of MMA varying concentrations of the catalytic complex: (a) first order 
kinetics plot of monomer conversion vs. polymerization time, and (b) Mn and Mw/Mn vs. monomer 
conversion (Table 1).

To im part antibacterial properties to the w ood, D M A EM A  w as polym erized from  
w ooden cubes grafted with PMM A to create a second block as a precursor w ith antibacterial 
properties. Initially, a set of optim ization reactions w ere perform ed by the polym erization 
of D M A EM A  from  brom inated  w ood, form ing a hom opolym er coating on the w ood 
surface (Table 2) .

Sim ilar to M M A  polym erization, SI-A R G ET ATRP w ith  a silver w ire w as used to 
add a PD M A EM A  block. The polym erization w as characterized by  a linear dependence 
of ln([M ]0 /[M]) on tim e (Figure 2 a), reaching approx. 37%  of D M A EM A  conversion. A s 
show n in the M W  vs. conversion plot, at the initial step of the synthesis the M n rapidly 
grew, follow ed by  a deviation from  the linearity  tow ards low er M W s, reaching alm ost a 
plateau at approx. 30% of m onom er conversion-the m olecular w eight of the polym er only 
slightly increased despite the m onom er being consum ed (Figure 2b and Figure S2a). The 
polym erization provided the final product w ith  high d ispersity (Mw/M n = 1.64, Table 2, 
entry 1). Since the D M A EM A  m onom er serves as a reducing agent due to the presence of 
the tertiary am ine group [49], the polym erization w as carried out w ithout any additional 
chemicals to reduce a catalyst. The syntheses w ith 45 ppm  by w t of a copper based catalyst 
(Table 2, entry 2) w ithout silver w ire w ere characterized by  first order kinetics, how ever, 
approx. 2-fold lower polym erization rate was observed. Nevertheless, the lack of elemental 
silver in the reaction mixture resulted in a final product w ith a narrower m olecular w eight 
d istribution (Mw/M n = 1.42, Table 2, entry 2, Figure S2b), therefore, a m ore controlled 
structure of the polym er. Increasing the catalyst concentration to 57  ppm  by  w t (Table 2 , 
entry 3) resulted in a slightly higher polym erization rate, obtaining a monom er conversion 
of 23% , how ever, it had a negligible im pact on the quality of the final product, a polym er 
w ith a com parable dispersity w as obtained (Mw/Mn = 1.41, Table 2, entry 3, Figure S2c).



Figure 2. Polymerization of DMAEMA by SI-ARGET ATRP concept with silver wire as a reducing 
agent and applying self-reducing properties of the monomer: (a) first order kinetics plot of monomer 
conversion vs. polymerization time, and (b) Mn and Mw/Mn vs. monomer conversion (Table 2).

H ence, the procedure w ith  45 ppm  by w t of catalyst loading w as used to synthesize 
the second PD M A EM A  block  from  hydrophobic PM M A  polym er grafts attached to the 
w ood surface (Table 3, entry 2). The first PM M A  block  of the p olym er-w ood  com posite 
w as synthesized according to the optim ized procedure presented in Table 1, entry 4.

L inear plots of first order kinetics as a function of polym erization tim e (Figure 3a,c) 
and polymer growth with monom er conversion (Figure 3b,d) were observed. The results of 
the kinetic studies show the controlled polym erization of M M A and DMAEM A, resulting in 
a polym er product formed in solution with a low dispersity at each stage of polymerization 
(Mw/Mn = 1.31 and 1.41 for PM M A  and PDM AEM A, respectively).

The structures of PM M A  and PD M A EM A  linear polym ers grow ing in the reac­
tion m ixture w ere confirm ed by proton nuclear m agnetic resonance (1H  N M R) analysis 
(Figures S4 and S5).

The m orphology of the w ood fibers, both  before and after polym er m odification, 
w as analyzed by  scanning electron m icroscopy (SEM ) (Figure 4  and see details in Sup­
plem entary M aterials: Section S5) and the atom ic force m icroscopy (AFM) analysis of the 
brushes grafted from  silicon w afers (see details in Supplem entary M aterials: Section S6 ). 
Furtherm ore, the Fourier transform  infrared (FT-IR) spectroscopy m ethod w as used to 
obtain com plem entary inform ation about the m odification of the w ood surface (Figure 5 
and see details in Supplem entary M aterials: Section S4).

Table 3. Summary novel wood-polymer composites 1.

Entry Monomer
[CunBr2h ,

(ppm 
by wt)

Reducing
Agent

C onv2
(%)

kpapp3
(h-1 )

DPn,theo 
(per chain)

Mn,theo
( x 10 -3 )

M n,app 5
(x 1 0 -3 ) Mw/Mn 5

1 MMA 72 Ag0 71 0.120 426 42.8 17.9 1.31

2 6 DMAEMA 45 - 20 0.027 120 19.1 20.2 1.41

1 General conditions: T = 50 °C; Vtot = 15 mL; t = 9.5 h for entry 1, t = 9 h for entry 2;
[Monomer]o/[EBiB]o/[CuIIBr2/TPMA]o = 600/1/0.048. SI-ARGET ATRP with silver wire: d = 0.05 cm, l = 80 cm 
for entry; 2 Monomer conversion (Conv) and theoretical degree of polymerization (DPn,theo) calculated according 
to 1H NMR analysis of the samples withdrawn from the solution, DPn,theo = (Conv • [Monomer]0)/[EBiB]0; 
3 Apparent rate constant of propagation, calculated as a slope of the curve ln([M]0/[M]) = f(t) (illustrated in 
the Figure 3a,c); 4 Mntheo = ([Monomer]0/[EBiBfo) Conv MMonomer + Mebib; 5 Mn,app and Mw/Mn were de­
termined by DMF GPC; 6 PMMA (entry 1) as an initiator for polymerization. Abbreviations: MMA—methyl 
methacrylate, DMAEMA—2-(dimethylamino)ethyl methacrylate EBiB—ethyl 2-bromoisobutyrate, TPMA—tris(2- 
pyridylmethyl)amine, CuIIBr2/TPMA—catalytic complex.



Figure 3. First order kinetics plot for (a) MMA and (c) DMAEMA polymerization; Mn and Mw/Mn 
vs. monomer conversion plot for (b) MMA and (d) DMAEMA polymerization.

Figure 4. SEM images composed of unmodified wood, modified ash wood fibers wood-PMMA-Br 
(72 ppm by wt), wood-PDMAEMA-Br (45 ppm by wt), and wood-PMMA-b-PDMAEMA-Br captured 
with different magnifications (530 x , 1400x , 4300x , 7800x).



Figure 5. FT-IR spectra of native wood (untreated), wood esterified with ATRP initiator (wood-Br), 
and grafted with PMMA (wood-PMMA-Br), followed by polymerization the second PDMAEMA block 
(wood-PMMA-b-PDMAEMA-Br) and quaternization process (wood-PMMA-b-QPDMAEMA-Br).

The SEM  im age show s a continuous PM M A  layer on top of the w ood and sim ilar 
results w ere observed for PD M A EM A  brushes grafted from  brom inated w ood (Figure 4).



A clear difference is observed betw een the surface m orphology of unm odified w ood and 
those of the m odified polym ers. The tests of tw o different fiber surfaces, both  before 
and after m odification, clearly show  the presence of polym er structures on the surface 
of the m odified ash w ood. A bundant polym er m atter w as found on the vessel w alls. It 
is visible especially  on the h igh m agnification SEM  m icrographs of m odified w ood. The 
grafting is not spatially hom ogeneous due to the heterogeneity of the grafted initiator on 
the w ood surface.

2.3. The Unique Properties o f  Wood Grafted with Polymers

The general effect of w ood fiber m odifications through the grafting  of PM M A  is to 
increase its w ater repellency. To evaluate the hydrophilic/hydrophobic properties of the 
w ood and m odified w ood cubes w ith  PM M A  and PD M A EM A , the w ater contact angle 
w as exam ined by the sessile drop m ethod at room  tem perature (Figure 6 ). To further 
illustrate the changes in w ater absorption, polym ers were synthesized at different catalyst 
concentrations (see details in Supplem entary M aterials: Section S7). The results show that 
the properties of the w ood surface can be adjusted w ith the proposed method.

Figure 6 . Contact angle measurements for unmodified wood and wood modified with poly­
mers at 22 °C during 120 s, PMMA (72 ppm by wt), PDMAEMA (45 ppm by wt) and PMMA- 
b-PDMAEMA copolymers.

The native w ood is characterized by high hydrophilicity  due to the presence of hy­
droxyl groups in its structure, and the initial water contact angle was ©~36° (Figure 6 ), and 
a drop of w ater soaked into the w ood surface after 10 s. In w ood grafted w ith copolym er, 
the P M M A  is covered by a P D M A EM A  layer, so the w ater seeps into the first layer but 
stays on the second one, therefore, it does not penetrate the w ood. The m odification of 
the w ood surface w ith  hydrophobic PM M A  increased the value of the contact angle to 
© ~92° w ith  very little change in soaking during 120 s of exposure. PD M A EM A  m odified 
wood showed a bigger water absorption than in the presence of a hydrophobic polymer. A 
change in the surface tension of the w ater m ay explain this observation. Surface tension 
m easurem ents have show n that these copolym ers have specific surface activities and can 
reduce the surface tension of w ater [5 4 ,5 5 ] .

The w ater absorption tests of native and polym er m odified w ood w ere also carried 
out, show ing the relationship betw een w ater absorption and im m ersion time. The w ater 
absorption values of the unm odified wood sample showed an increase from 51% (after 6  h) 
to 144%  after 30 days of exposure to water. W ater absorption values decreased after the 
polym er m odification (Figure 7) .



Figure 7. Water absorption results of untreated wood and wood-polymer composites-values shown 
for PMMA (72 ppm by wt), PDMAEMA (45 ppm by wt) and PMMA-b-PDEAEMA copolymers.

The PM M A  m odified w ood show ed reduced absorption properties, absorbing 22% 
and 105% w ater after 6 h and 30 days, respectively. The addition of the PDM AEM A polymer 
block increased the w ater uptake (32% after 6  h  to 112%  after 30 days). It is related to 
the attachm ent of a hydrophilic polym er brush block. Sam ples coated w ith  PD M A EM A  
absorbed w ater slightly faster than PMMA modified w ood-from  34% of w ater uptake after 
6  h to 120% after 30 days.

Polym er m odified w ood has potential applications in m arine, civil, and aviation 
engineering, and is also suitable for use in hum id places such as bathroom  interiors, 
wooden terraces, food packaging [56,57]. For this reason, the obtained samples of polym er 
m odified w ood w ere im m ersed in an aqueous salt solution im itating the salinity level in 
the Baltic Sea— 7%o [58] (Figure 8 ) .

Figure 8 . Aqueous NaCl solution absorption results of untreated wood and wood-polymer compos­
ites values shown for PMMA (273 ppm by wt), PDMAEMA (45 ppm by wt) and PMMA-b-PDEAEMA 
copolymers (polymer block consisting of PMMA—72 ppm by wt and PDMAEMA—45 ppm by wt).



Untreated w ood show ed the high absorption of NaCl solution— 51% after 12 h, up to 
130% after 30 days of exposure. The PM M A  m odified w ood show ed reduced absorption 
properties, absorbing 42% and 98% saline after 12 h and 30 days, respectively. O n the other 
hand, the samples modified w ith the PM M A-b-PDM AEM A copolymer showed absorption 
of only 45%  after 12 h to 112%  until the end of the study. R aw  w ood is characterized by 
high hydrophilicity due to the presence of ubiquitous hydroxyl groups in its structure. The 
PM M A m odified w ood blocks showed w ater repellent properties and lower absorption of 
NaCl solution. Sam ples coated w ith PM M A-b-PD M AEM A gave a w ood-polym er hybrid 
m aterial w ith w eaker hydrophobic properties. This phenom enon is caused by the coating 
of the PD M A EM A  hydrophilic layer, w hich  caused a slight increase in the absorption of 
the aqueous N aC l solution. The results show  that the sam ples of w ood m odified w ith  
copolym ers are resistant to the absorption of m oisture and salt solutions. A significant 
difference w as observed betw een the b iocom posites and the control sam ples because 
the unm odified w ood show ed m uch higher w ater and N aC l absorption values than the 
modified samples.

Two different representative strains w ere adopted, a G ram -negative (E. coli) and 
Gram -positive (S. aureus), w hich are the m ain hum an bacterial pathogens causing a w ide 
variety  of clinical sym ptom s, w ere used to evaluate antim icrobial properties of m odified 
wood after PDM AEM A block quaternization (wood-QPDM AEM A-Br and wood-PMMA-b- 
QPDM AEM A-Br). The agar plate diffusion assay revealed m inim al antibacterial properties, 
as no inhibition zone w as observed. H ow ever, no bacterial grow th w as observed in the 
place of the direct contact of the w ood blocks (Figure 9A ) w ith  the S. aureus  and E. co li 
inoculum  (for m odified w ood blocks) in  com parison w ith  the presence of bacteria in 
unm odified control (Figure 9B).

Figure 9. Antibacterial activity identified by agar diffusion method of wood-QPDMAEMA (A) in 
comparison with unmodified wood (B) against Gram-negative Escherichia coli.

The organic and porous nature of the w ood m akes it a difficult object for research, as 
the bacteria penetrate the pores and m ay not come out after sim ple rinsing of tested wood 
blocks [59] . To recover the highest concentration of bacteria, we used the elusion dependent 
method, where the contaminated tested wood blocks were directly im mersed in a sterilized 
eluent (PBS) and then a physical dissociation by vortexing was performed. Preparing serial 
dilutions of recovered bacteria allowed the assessm ent of antibacterial properties of w ood- 
PM M A -b-Q PD M A EM A -Br and w ood-Q PD M A EM A -Br. The perform ance of the plate 
counting m ethod [60] w ith serial dilutions m ade it possible to calculate several indicators 
(survival fraction, percentage of reduction and log reduction, SR, LR, and PR, respectively) 
determ ining the antibacterial properties (Table 4 , Figure 10).



Table 4. Reduction ratios in the number of S. aureus and E. coli cells after 24 h incubation at 37 0 C 
relative to viable bacteria on wood control.

Samples Number of Survival 
Disinfection Cycles Fraction

Log Reduction 
(CFU/mL) % Reduction

Gram-positive Staphylococcus aureus

Wood-PMMA-b-
QPDMAEMA-Br

- * 0.008 ±  0.0005 1.9 99.17 ±  0.08

- * 0.00003 ±  0.0003 3.95 99.997 ±  0.13
Wood-QPDMAEMA-Br 1 0.0046 ±  0.0005 2.32 99.54 ±  0.15

2 0.027 ±  0.001 1.4 97.28 ±  0.83

Gram-negative Escherichia coli

Wood-PMMA-b-
QPDMAEMA-Br -* 0.18 ±  0.02 0.73 81.88 ±  1.68

- * 0.07 ±  0.002 1.12 92.58 ±  0.54
Wood-QPDMAEMA-Br 1 0.09 ±  0.001 1.04 90.97 ±  0.82

2 0.23 ±  0.001 0.64 77.46 ±  0.54

* wood pretreated only with UV radiation (30 min).

Figure 10. Antibacterial activity identified by plate counting method with serial dilutions of S. aureus 
and E. coli cultures recovered from: (A,D) control wood block, (B,E) wood-QPDMAEMA and 
(C,F) wood-PMMA-b-QPDMAEMA; f and g are, 105- and 106-fold dilutions of recovered bacte­
rial culture, respectively.

The log reduction of C FU /m L counts greater than 2 are considered as a bactericidal 
effect [60,61], thus, the results of w ood-Q PD M A EM A -Br (^  4log or 99.99%  of effective 
bactericidal activity) indicate its strong bacteria-killing  ability. The highest value of the 
reduction of S. aureus cell num ber w as observed for w ood-Q PD M A EM A -Br (99.997% ), 
w hich m akes only 0.003%  of bacteria survive after 24 h contact w ith a tested w ood block. 
A  m ore resistant E. coli strain  show s a low er percentage of bacterial grow th reduction, 
how ever, sam e as for S. aureus , it is h igher for w ood-Q PD M A EM A  in com parison w ith 
wood-PM M A-b-QPDM AEM A-Br (92.58% vs. 81.88%). Figure 11 represents the comparison 
of antibacterial activity of m odified w ood against S. aureus and E. coli strains.



Figure 11. Percent of reduction (PR) in S. aureus and E. coli culture density after incubation on 
modified wood blocks in reference to control wood sample.

Interestingly, after the thorough disinfection of w ood-Q PD M A EM A -Br block by  im ­
m ersion in ethanol and exposure to U V  radiation, the survival fraction of S. aureus and 
E. coli cells w as higher, thus, m ore bacterial cells survive incubation w ith m odified w ood 
blocks. A decrease (by 3% and 15%, respectively, against S. aureus and E. coli) in the antibac­
terial capacity of the modified w ood-Q PD M AEM A -Br block, depending on the num ber of 
sterilization cycles, was also observed, w hich seems likely due to the greater susceptibility 
of S. aureus to the tested m odified w ood blocks.

Reaction solution w ith 3.39 m g/m L of Q PD M A EM A  (quaternized poly(2- 
(dimethylamino)ethyl methacrylate) was also found to have antibacterial activity, both against 
Gram -positive and Gram -negative strains (Table 5). The higher m inim al inhibitory concen­
tration/minimal bactericidal concentration (MIC/MBC) value for E. coli confirms the greater 
resistance of this strain and indicates that, in the range betw een 52.97 and 423.8 pg/mL, it 
has a bactericidal effect on E. coli. Interestingly, M IC concentration against E. coli is twofold 
lower than that of oxacillin, a beta-lactam antibiotic with documented in vitro activity against 
G ram -negative aerobic bacteria [62]. A  low er M IC concentration of Q PD M A EM A  against 
S. aureus indicates a higher susceptibility of Gram-positive bacteria. These outcomes confirm 
the results for m odified w ood blocks. Live bacteria adhere very strongly to Q PD M A EM A  
surfaces due to the form ation of electrostatic interactions [60], w hich prevents their desorp­
tion even after intensive w ashing of the polymer. However, the application of appropriate 
controls, without the potentially antibacterial factor, enables the comparison of activity under 
real conditions, w ithout the need to destroy the coatings.

It can be noticed that, generally, E. coli is more resistant to the presence of QPDM AEM A 
in the environm ent, both in the form  of a solution (Table 5) and in the form  of a coating on 
w ood blocks (Table 4) . These results are consistent w ith  those of other authors, as E. coli 
has a double cellular m em brane that m ay com plicate the polym er interaction, resulting in 
slower cell death in com parison w ith S. aureus [60,63] .



Table 5. MIC and MBC of QPDMAEMA solution and antibiotics on S. aureus and E. coli strains.

Escherichia co li Staphylococcus aureus
Antibacterial Agent MIC/MBC

(Ug/mL)

QPDMAEMA 52.97/52.97 6.62/13.24

MIC/MBC
(Ug/mL)

Tetracycline 0.5/0.5 0 .1 2/0.12

Gentamicin 1.9/1.9 0.9/0.9

Oxacillin 125/125 0.12/> 0.49

Rifampicin 3.91/3.91 <0.01/>0.06

3. Experimental
3.1. Chemicals

Ash wood (Fraxinus excelsior) was cut into samples of dimensions 8  mm x 8  mm x 5 mm 
(longitudinal x  tangential x  radial) and extracted using a benzene-ethanol (EtOH) mixture 
(2:1 v/v). In addition, 2-brom oisobutyryl brom ide (BriBBr, 98%, Sigm a Aldrich, St. Louis, 
MO, USA), dichloromethane (DCM, >99.9%, Sigma Aldrich), pyridine (99%, Sigma Aldrich), 
tetrahydrofuran (THF, >99%, Sigm a Aldrich), ethyl 2-brom oisobutyrate (EBiB, 98%, Sigm a 
Aldrich), copper(II) brom ide (CuIIBr2, 99.9%, Sigm a Aldrich), benzene (>99.7%, Chempur, 
Piekary Slaskie, Poland), m ethanol (>99.8%, Chem pur), acetone (>99.5%, Stanlab, Lublin, 
Poland), ethanol (EtOH, >99.8% , H oneyw ell Riedel-de Haen, M orristown, NJ, USA ), N ,N - 
dim ethylform am ide (DMF, 99.9%, Acros, Fair Lawn, NJ, USA ), N,N-dim ethylform am ide 
(DMF CHROMASOLV™, >99.9% , GPC analysis, Honeywell Riedel-de Haen), bromoethane 
(98%, Sigma Aldrich), were not subjected to further purification. Tris(2-pyridylmethyl)amine 
(TPM A) and C uIIBr2/TPM A stock solutions w ere prepared as described elsewhere [64]. 
Methyl methacrylate (MMA, >99%, Sigma Aldrich) and 2-(dimethylamino)ethyl methacrylate 
(DM AEM A; 98%, Aldrich) w as passed through a colum n filled w ith basic alum ina prior 
to use to rem ove any inhibitor [65]. A g0 w ire (99.9%, Alfa Aesar, Kandel, Germ any) was 
purified w ith an aqueous solution of N aCl at 95 °C  and w ashed w ith acetone. Brominated 
silicon wafers w ere synthesized according to previously reported procedure [6 6 ]. Bacterial 
representative strains, media, and culture conditions: Escherichia coli ATCC 10536 (E. coli) and 
Staphylococcus aureus ATCC 6538 (S. aureus) were used as a part of collection of Department 
of Biotechnology and Bioinformatics, Faculty of Chemistry, Rzeszow University of Technology, 
Poland. M ueller H inton Broth (M H B, NutriSelect® Plus, pH  7.4), M ueller H inton Agar 
(MHA, NutriSelect® Plus, pH  7.3), phosphate buffered saline (pH 7.4), oxacillin sodium salt 
monohydrate (OXA, >97%) and rifampicin (RIF, >97% ) were purchased from Sigma Aldrich 
St. Louis, MO, USA. Tetracycline hydrochloride (TET, >95% ) and gentamycin sulphate (GEN) 
were purchased from Carl Roth GmbH+ Co., Karlsruhe, Germany Both bacterial strains were 
grown from frozen stocks and subcultured at least twice before use in experiments to ensure 
norm al growth patterns. The m ethod of preparing the initial bacterial culture w as the same 
for all used antibacterial activity assays. Briefly, after 24 h of incubation at 37  °C in New 
Brunsw ick Innova 40 Shaker (Eppendorf AG, Ham burg, Germ any), the num ber of cells in 
suspension was adjusted to the 0.5 McFarland standard (108 colony-forming units, CFU/mL; 
O D 600 = 0.46) w ith the use BIO -RA D  Sm artSpec™  Plus Spectrophotom eter (Hercules, CA, 
USA). All reagents and bacterial cultures w ere prepared using Laminar Flow Cabinet ESCO 
Airstream (Esco Lifesciences GmbH, Friedberg, Germany).



3.2. Analysis

3.2.1. Proton N uclear M agnetic Resonance Spectroscopy (1H NMR)

The polym erization kinetics investigation w as perform ed by 1H  N M R analysis of the 
sam ples taken from the solution. Analysis w as carried out in C D O 3 using Bruker Avance 
500 M Hz spectrom eter (Bruker, Karlsruhe, Germ any) in 25 °C.

3.2.2. Gel Perm eation C hrom atography (GPC)

Size exclusion chrom atography (GPC) w as perform ed to determ ine num ber average 
m olecular w eights and m olecular w eight distributions using Shim adzu m odular system  
(Kyoto, Japan) com prising of a C BM -40 system  controller, R ID -20A  differential refractive- 
index detector, a SIL-20AH T automatic injector, one precolum n and three PSS GRAM  (PSS 
Polym er, M ainz, G erm any) 10pm  colum ns, pore size: one 100 A colum n and tw o 3000 A 
colum ns. The tem perature of the colum ns w as m aintained at 35 °C  by a C TO -20A  oven. 
The eluent in chrom atographic separation w as N ,N -dim ethylform am ide (H PLC  grade, 
w ith  0.01 M  LiC l) w ith  the flow  rate w as kept at 1 m L m in - 1  u sing an LC -40 pum p. A 
m olecular w eight calibration curve was generated from polystyrene standards with narrow 
m olecular w eight distribution (PSS Polym er Standards Service, M ainz, Germ any).

3.2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

The chem ical structure of the w ood surface (unm odified w ood), brom inated w ood, 
and w ood -p oly m er com posites w ere analyzed by  spectrophotom eter N icolet 6700 FT-IR 
(Thermo Scientific, W altham, M A, USA), w ithin 500-4000 cm - 1 , with the use of attenuated 
total reflectance (ATR) technique.

3.2.4. Scanning Electron M icroscopy (SEM)

The polym er coated w ooden cubes w ere visualized  w ith  a Phenom  Pro D esktop 
Scanning Electron M icroscope (Therm o Fisher, W altham , M A , U SA ). The acceleration 
voltage of 10 kV w as used for m easurem ents.

3.2.5. Atom ic Force M icroscopy (AFM)

The topography im ages of the synthesized polym er layers on silicon substrates w ere 
measured by Dim ension Icon AFM m icroscope (Bruker, Santa Barbara, CA, USA) operating 
in the Peak Force Tapping (PFT) and QNM® m odes with standard silicon cantilevers w ith 
a nom inal spring constant o f 0.4 N /m . The thicknesses w ere determ ined by m aking the 
scratch (by metal tweezers) on the polymer layer and capturing the AFM image (resolution 
256 x 256 pixels) at the edge of the scratch. The thicknesses were calculated from the depth 
profiles as a difference in height between the polym er layer and uncovered silicon substrate. 
Before the m easurements, the scratched brushes were sonicated in organic solvents in order 
to rem ove any loosely bound polymer.

3.2.6. Water Contact Angle M easurem ents

The hydrophobicity  of the polym er layer grafted from  ash  w ood sam ples w as m ea­
sured by  determ ining the values of contact angles. The values of the contact angles w ere 
obtained from the geometrical analysis of the photos taken for three drops (10 pL) of water 
applied to the w ood sam ples (tem perature 2 2  ° C). The results w ere then analyzed by 
the Kropla program  to interpret Young's equation in line w ith  our previous research [65]. 
Pictures were taken w ith a Panasonic DC-FZ82 cam era equipped with a LUM IX DC VARIO 
1: 2 .8-5 .9/ 3.58-215  ASPH  lens.

3.2.7. A ntibacterial A ctivity Assays

To evaluate the antim icrobial properties of the m odified w ood-Q PD M A EM A  and 
w ood-PM M A -b -Q PD M A EM A  surfaces, tw o different representative strains of bacteria 
were used in the research: gram -negative (E. coli) and gram -positive (S. aureus). The antibac­
terial activity of m odified (wood-PM M A-b-QPDM AEM A-Br and w ood-QPD M A EM A -Br)



and nonmodified control wood block was evaluated by the bacterial inhibition ring method 
(agar plate diffusion test CEN/TC 248 W G 13) [67], followed by modified bacterial growth 
reduction assay (EN  ISO  20743:2007 Transfer M ethod) [68] against the G ram -positive 
S. aureus and Gram-negative E. coli. M inim um  inhibitory concentration and minimum bac­
tericidal concentration evaluation m ethods [69] w ere perform ed to verify the antibacterial 
properties of Q -PD M A EM A  solution, used to m odify w ood surfaces.

3.2.8. A ntibacterial activity of m odified wood

The evaluation of the antibacterial activity  of m odified w ood blocks w as as follow s. 
M HA w as prepared in distilled w ater and autoclaved. The agar m edium  w as then poured 
on sterile Petri dishes ( 0  90 mm), cooled out, and inoculated with 105 CFU/mL of S. aureus 
culture (1000-tim es diluted initial bacterial culture). After UV treatm ent, each wood (mod­
ified and control sam ple) w as planted onto the agar plates and incubated at 37 °C  for 
24 h, transferred into sterile PBS and vortexed (Scilogex M X-S, R ocky H ill, U SA ) for 90 s 
in  order to recover the m axim um  am ount of bacteria that penetrated through the w ood 
pores. Ten-fold serial d ilutions of each recovered bacterial suspension w ere prepared in 
M H B. M H A  plates w ere inoculated w ith  the obtained dilutions and incubated for 24 h 
at 37  °C. Then, colony counting w as perform ed m anually. The rate of bacteria rem oved 
from w ood-PM M A-b-QPDM AEM A and w ood-QPDM AEM A w as related to the amount of 
bacteria recovered from the control w ood. Efficacy of particular w ood blocks in reduction 
of viable bacteria num ber w as calculated by  com paring the density of viable m icrobes on 
m odified to the density on unm odified sam ples. The survival fraction (SF), percentage 
of reduction (PR) and log reduction (LR) after 24 h of exposure on w ood sam ples w ere 
calculated w ith the use of Equation (1), Equation (2) and Equation (3), respectively:

The LR value is the reciprocal of SF after transform ation to a logarithm ic scale (3):

In order to evaluate the antibacterial effectiveness of w ood-PM M A -b-Q PD M A EM A - 
Br and w ood-Q PD M A EM A -Br exposed to w ashing and decontam ination, tw o cycles of 
d isinfection w ere carried out. Each cycle consisted of 30 m in soaking of w ood b lock  in 
70%  ethanol, air drying, and U V sterilization (all activities were carried out under Laminar 
Flow  C abinet ESC O  A irstream  in order to ensure aseptic conditions). A fter each cycle, the 
antibacterial activity assays of w ood-PM M A -b -QPD M A EM A-Br, w ood-Q PD M A EM A -Br, 
and control wood w ere repeated.

3.2.9. M inim um  Inhibitory/M inim um  Bactericidal Concentration (M IC/M BC)

M inim um  inhibitory and bactericidal concentrations w ere determ ined in order to 
verify the antibacterial properties of reaction solution containing Q PD M A EM A , in w hich 
m odified w ood sam ples (w ood-PM M A -b-Q PD M A EM A -Br and w ood-Q PD M A EM A -Br) 
w ere prepared. Series of tw o-fold dilutions w ere prepared on a 96-w ell plate in M H B. An 
appropriate bacterial culture at 105 C FU /m L density w as added to the prepared series of 
solution dilutions and incubated at 37 °C. After 24 h, bacterial growth in com parison w ith 
the positive control (the m edium  w ithout antibacterial agents) was monitored. The M IC was 
defined as the low est concentration of the antibacterial agent, w hich com pletely inhibited 
the visible growth of the microorganism. These results were confirm ed by m easurem ent of 
the optical density (O D 600) at 600 nm  (BIO -RA D  M odel 550 M icroplate Reader, H ercules, 
CA , U SA ). The experim ent w as carried out in triplicate. A  positive (the m edium  w ithout 
antibacterial agents) and negative control (no bacterial cultures added) of bacterial growth

(2)

(3)LR =  log-ю ( s F -1  )

SF =  num ber of CFU/m L after exposure 
num ber of C FU /mL in control

PR =  (1 -  SF) x  100%

(1)



and solvent control w ere perform ed. An evaluation of the antibiotic susceptibility of both 
strains to tetracycline (TET), gentam icin (GEN), oxacillin (OXA) and rifam picin (RIF) w as 
also perform ed by the m icrodilution method (range from 0.03 to 500 pg/mL for TET, GEN 
and OXA; range from 0.03 to 125 pg/mL for RIF).

3.2.10. Statistical Analysis

For each assay, tw o sam ples of w ood-PM M A -b -Q PD M A EM A -
Br and w ood-Q PD M A EM A -Br, and tw o nonm odified control w ood sam ples w ere an­
alyzed. M ean colony counts and standard deviation (SD ) w ere calculated for each w ood 
sam ple and controls. A  p-value < 0.05 w as considered statistically significant. Statistical 
analyses w ere perform ed using STATISTICA v.12 softw are (StatSoft, O K, USA).

3.3. Im m obilization o fB riB B r on A sh Wood Surface (W ood-Br)

The w ood sam ples w ere extracted w ith a Soxhlet apparatus w ith a benzene-ethanol 
m ixture (100 m L/50 m L; 2:1) for 8  h and then dried under vacuum  (80 °C , - 6 2  kPa) 
for 24 h. The sam ples w ere put into a 10 m L Schlenk flask equipped w ith  a condenser 
tube, BriBBr as in itiator precursor, pyridine in a m olar ratio to the -O H  groups of w ood 
(-O H :B riB B r:pyrid ine = 1:1:1) (see details in Supplem entary  M aterials: Section S1). The 
calculated am ount of BriBBr, pyridine, and C H 2Q 2 (4 m L) w as added to the flask. Then, 
w ooden cubes were introduced and placed on poles in rubber partitions. The reaction w as 
run under an inert N 2 gas atm osphere w ith stirring at 700 rpm and heated to 58 °C for 1 h. 
The w ood sam ple w as then rem oved from  the reaction m ixture and thoroughly w ashed 
w ith  a stream  of C H 2C l2 and TH F and w ashed in an u ltrasonic bath  w ith  C H 2C l2 and 
TH F (10 m in each). Extraction w ith  ethanol w as perform ed for 5 h  to com pletely  rem ove 
unreacted starting m aterials. The extracted sam ples were placed successively in a vacuum  
oven (80 °C , - 6 2  kPa) for 24 h. The obtained product w as characterized by FT-IR analysis 
and abbreviated as wood-Br.

3.4. General Procedure fo r  Ag0 SI-ARGET ATRP o f  M M A from  a Wood Surfaces

The brom inated w ood sam ples w ere placed in a jacketed  five necked flask equipped 
w ith  a m agnetic stirrer. The reaction m ixture contained: M M A  m onom er (6.04 m L, 
0.057 m ol), EBiB (14 pL, 0.09 m m ol), 0.05 M  C uIIBr2 /TPM A  stock solution (0.340 pL, 
0.226 pL, 0.113 pL, 0.091 pL and 0.011 pL 0.05 M  in D M F) and D M F to obtain  15 m L of 
total reaction volum e. Then the A g 0 w ire (dim ension = 80 cm  long; thickness 0.05 m m ), 
previously purified w ith an aqueous solution of N aC l at 95 ° C and w ashed w ith acetone, 
w as placed in a rubber septum  placed in  one neck of the flask. The flask w as degassed 
w ith  argon for 45 min and the reaction m ixture w as heated to 50° C using a laboratory 
therm ostat (Labo Play ESM-3711-H). The polym erization reaction was started after the Ag0 

w ire w as added to the reaction m ixture. Sam ples w ere taken periodically  to follow  the 
m onom er conversion by 1H  N M R  analysis and to check the num ber average m olecular 
w eight (M n) and the dispersion index (M w/M n) of the linear polym ers grow n from  the 
sacrificial initiator using GPC analysis. Before GPC analysis, the polym er samples were dis­
solved in  DM F + 0.01 M LiCl + toluene as an external standard-m obile phase and passed 
through a neutral alumina column w ith a 0.22 pm syringe filter to remove the catalyst. The 
polym erization reaction w as stopped by opening the flask and exposing the catalyst to 
air. The obtained w ood -p o ly m er com posites w ere cleaned by u ltrasonication for 3 m in 
in  TH F and D CM . To com pletely  rem ove unreacted substrates from  the w ood sam ples, 
Soxhlet extraction w ith  ethanol w as perform ed for 7  h and the sam ples w ere dried under 
vacuum  (60 °C, - 6 2  kPa) for 24 h. For characterization of the final linear polym er product, 
purification was carried out by precipitation in w ater/m ethanol mixture, then dried under 
vacuum  and analyzed by *H  NMR.



3.5. General Procedure fo r  SI-A RG ET ATRP o f  DM AEM A fro m  a Wood Surfaces

The brom inated w ood sam ples and tw o silicon w afers w ere placed in a five neck 
jacketed  flask equipped w ith  a m agnetic stirrer. The first reaction m ixture contained: 
D M A EM A  m onom er (5.96 m L, 0.035 m ol), EBiB (9 pL, 0.06 m m ol), C uIIBr2 /TPM A stock 
solution (57 pL of 0.05 M  in D M F), and D M F to give a total reaction volum e of 15 mL. 
Then, an A g0 w ire (dim ension = 80 cm  long; thickness 0.05 m m ), previously  purified 
w ith  an  aqueous N aC l solution at 95 ° C and w ashed w ith  acetone, w as placed in the 
rubber septum  placed in  one neck of the flask. The second reaction m ixture contained: 
D M A EM A  m onom er (5.96 m L, 0.035 m ol), EBiB (9 pL, 0.06 m m ol), C uIIBr2 /TPM A stock 
solution (57 pL of 0.05 M  in DM F), and DMF to give a total reaction volum e of 15 mL. The 
third reaction m ixture contained: D M A EM A  m onom er (8.03 m L, 0.048 m ol), EBiB (12 pL, 
0.08 m m ol), CuIIBr2/TPM A stock solution (95 pL 0.05 M  in DM F), and D M F to give a total 
reaction volum e of 20 mL. All flasks were degassed with argon for 45 min and the reaction 
m ixture w as heated to 50 °C  w ith  a laboratory therm ostat (Labo Play ESM -3711-H ). All 
polym erization reactions started after the addition of the C uIIB r2/TPM A  com plex w hich 
was introduced after degassing the solution. The completion of the polym erization reaction 
and its progress control w as analogous to that in procedure 3.4.

3.6. M easurem ents o f  W ater and N aCl Solution Absorption

The w eight of the w ood cubes after polym erization w as determ ined by w eighing on 
an analytical balance. Then, the sam ples w ere im m ersed in  distilled  w ater or N aC l salt 
solution (7%o ) in a glass beaker. The sam ples w ere taken at specified time intervals, wiped 
from  adhering solvents, and w eighed on an analytical balance. Tests w ere perform ed at 
room tem perature. The percentage absorption (A ) w as calculated by the Equation (4):

A =  m  -  m0 (4)
m 0

where, mt is the m ass of sam ple at tim e t and m 0 is the dry w eight of sam ple.

3.7. Quaternization o f  PD M AEM A Grafted fro m  the Wood Surface

The conditions of the qu aternization reaction w ere determ ined in  relation to the 
increase in the PD M A EM A  polym er m ass grafted from  the surface o f the w ood (w ood- 
PDM AEM A-Br and wood-PM M A-b-PDM AEM A-Br). For the quaternization of PDM AEM A 
on the w ood surface, 15 m L of acetone w as used as a solvent and brom oethane (bro- 
m oethane: am ino groups in D M A EM A  units in a m olar ratio of 35:1).The reaction w as 
carried out in a flask under atm ospheric conditions. W ood sam ples w ere introduced into 
the reaction mixture using tourniquets. The flask was placed in an oil bath at 40 °C and the 
mixture was held on a magnetic stirrer w ith stirring at 700 rpm  for 96 h. After this time, the 
m ixture becam e straw-colored. Then the acetone was decanted, and the wood w as washed 
for 3 min w ith acetone using ultrasound [70] .

3.8. Quaternization o f  PD M AEM A fro m  Solution

The quaternization  reaction conditions w ere determ ined w ith  respect to the w eight 
of the PD M A EM A  polym er. For the quaternization of PD M A EM A  on the w ood surface, 
10  m L of acetone w as used as solvent and brom oethane (brom oethane: amino groups in a 
m olar ratio of 35:1 molar excess to DM AEM A units). The reaction was carried out in a flask 
under atmospheric conditions. The flask was placed in an oil bath at 40 °C and the mixture 
w as kept on a m agnetic stirrer w ith stirring at 700 rpm for 96 h.

4. Conclusions

This w ork presents the use of the SI-ARGET ATRP concept w ith A g0 w ire to polym er­
ize M M A  from w ood cubes, w hile during the polym erization of D M A EM A  no additional 
reducing agent w as used, due to self reducing properties o f the m onom er. The tw o-step 
procedure consisting of a brom ination  step follow ed by surface initiated A R G ET ATRP



w ith low catalyst loading was perform ed.The results w ere visualized by scanning electron 
m icroscopy (SEM) to com pare the structure of untreated, brom inated and polym er-coated 
wood cubes indicateing that PM M A and PDM AEM A were indeed inoculated on the wood 
surface. A fter polym er m odification, the polym er coated w ood show ed a rough texture 
w ith  full coverage w ith  no visib le structural elem ents of the w ood cell w alls. It is visible 
especially  on the h igh m agnification SE M  m icrographs of m odified w ood. This is in line 
w ith the results of the FT-IR analysis, namely, there are a clear difference in the unmodified 
wood structure and modified wood, both with initiation sites and polymers. The water con­
tact angles of the PMM A grafted wood surface were significantly affected by the amount of 
polym er covering the surface controlled by the am ount of catalyst concentration. Excellent 
w ater repellent properties and longer w ood surface stability (ranged from  0  ~ 95°) w ere 
obtained w ithout notable changes after 120 s of w ater droplet exposure. A bsorption tests 
confirm ed a significant im provem ent in the hydrophobic properties o f w ood sam p les- 
sam ples coated w ith polym ers showed a low er absorption of w ater and saline w ater (7%o ) 
compared to untreated w ood. Water absorption tests confirm ed a significant im provem ent 
in  the properties of ash w ood sam ples-sam ples m odified w ith  polym ers show ed low er 
absorption of w ater and N aCl solutions com pared to untreated w ood. A ntibacterial tests 
revealed that w ood-QPDM AEM A -Br, as w ell as w ood-PM M A -b -QPDM AEM A-Br, exhibit 
higher antibacterial activity  against G ram -positive Staphylococcus aureus  in com parison 
w ith G ram -negative Escherichia coli, both as a solution and as a coating on w ooden blocks.

Wood fibers grafted in PMM A and PDM AEM A block can act as multifunctional w ood­
polym er com posites w ith  excellent hydrophobic and antibacterial properties. Based on 
these results, it can be concluded that these com posites are potentially suitable for use in 
w et room s, such as bathroom  interiors, w ooden decks, food packaging, where bactericidal 
properties are im portant. A controlled radical polym erization technique has proven useful 
in the synthesis of functional m acrom olecules w ith a controlled and com plex architecture 
on the surface of the wood.

Supplementary Materials: The following supporting information can be downloaded, Table S1. 
Estimation of the amount of available hydroxyl groups in the appropriate weight of ash wood 
depending on the cellulose content, Figure S1. GPC traces of PMMA, with different catalyst loadings 
[CuIIBr2]: (a) 273, (b) 182, (c) 90, (d) 72, (e) 9 ppm by wt. (Table 1), Figure S2. GPC traces of 
PDMAEMA received by ARGET ATRP with different catalyst loadings: (a) 45 ppm by wt. + Ag0 
(b) 45 ppm by wt. and (c) 57 ppm by wt. (Table 2), Figure S3. GPC traces of PMMA-b-PDMAEMA 
(Table 3), Figure S4. 1H NMR spectrum of PMMA homopolymer (Mn = 17,900; Mw/Mn = 1.31) after 
purification in CDCfi (Table 1, entry 4), Figure S5. 1H NMR spectrum of PDMAEMA homopolymer 
(Mn = 20,800; Mw/Mn = 1.42) after purification in CDCfi (Table 2, entry 2), Figure S6 . FT-IR spectra 
of native wood (untreated), and wood grafted with wood-PMMA-Br with different catalyst loadings, 
Figure S7. FT-IR spectra of native wood (untreated), and wood grafted with wood-PDMAEMA-Br 
with different catalyst loadings and after the quaternization reaction wood-QPDMAEMA-Br, Table S2. 
Fourier transform infrared spectroscopy (FTIR) analysis used to study chemical modification of ash 
wood Figure S8 . SEM images composed of modified wood-PMMA-Br: (a) 273 ppm by wt, (b) 182 ppm 
by wt (c) 90 ppm by wt, (d) 72 ppm by wt and (e) 9 ppm by wt, viewed at different resolutions (100 x 
50 x 20 x 10 x) focusing on the same spatial point. The photos show the presence of the polymer: it 
has formed complex structures around the conductive vessels of the wood, Figure S9. SEM images 
composed of modified wood-PDMAEMA-Br: (a) 45 ppm by wt + Ag0, (b) 45 ppm by wt and (c) 
57 ppm by wt, viewed at different resolutions (100 x 50 x 20 x 10 x) focusing on the same spatial 
point. The photos show the presence of the polymer: it has formed complex structures around the 
conductive vessels of the wood, Figure S10. Characteristics of polymer materials brushes prepared 
by ATRP method with AFM topography images wood-PDMAEMA-Br: (a) 45 ppm by wt + Ag0, 
(b) 45 ppm by wt, and (c) 57 ppm by wt, Figure S11. Contact angle measurements for native 
wood and wood modified with polymers PMMA at 22 ° C during 120 s (side chains synthesized 
by different concentrations of the catalytic complex), Figure S12. Contact angle measurements for 
native wood, wood modified with polymers at 22 ° C during 15 s (side chains synthesized by different 
concentrations of the catalytic complex and using the DMAEMA monomer while presenting its 
reducing properties in the reaction system).
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