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Abstract

Three major types of protective coating of wood and wood-based materials have been considered.
These three types include the coatings based on carboxyl-containing water-soluble polymers
which are easily cross-linked by inorganic salts or OH-containing compounds, pH-sensitive coat-
ings and polymer multi-layer structures. First of three mentioned approaches allows affecting per-
meability and enhancing the prevention the loss of water from the surface of wood to its sur-
rounding. The advantage of the second approach is its ability to vary and purposely adjust the po-
lymer composition and the number and distribution of -COOH groups in the chain which make the
originally water-soluble polymers completely insoluble. The strong feature of the third approach
which includes broad use of hydrogen-bonded films produced by layer-by-layer self-assembly is
the possibility of manipulation of coatings stability after construction.
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1. Introduction
The search for new methods of the treatment of wood and other wood-based materials for protection against de-
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cay is very important goal. A piece of timber, due to the manner of its formation, possesses anisotropic structure
which influences its properties and behavior. Compared to competitive cladding materials like metals and plas-
tics materials, it has a number of major disadvantages which tend to counteract the advantages of strength,
lightness, low thermal expansion and desirable aesthetic features [1].

To overcome and minimize these disadvantages a number of specific problems exist: 1) the wood must be
protected against degrading environmental factors (hamely, moisture cycling, photodegradation and biological
attack); 2) the dimensional stability with respect to moisture cycling must be improved; 3) photodegradation due
to sunlight must be minimized; 4) the resistance to biological attack (fungus) must be improved; 5) the adhesion
of protective and decorative coatings must be improved; and 6) extractives which adversely affect protective and
decorative properties of coatings must be sealed within the wood. Paint, shellac, epoxies, or urethanes are ap-
plied to the surfaces resulting in protection which lasts a few seasons before the need arises to scrape and sand
the old protective surface and repeat the coating applications [2].

Damage often results to the original coating from the shallow penetration and sealing effect of applications
made by brush, roll-on or spray. The cellular resin structure of wood tends to cause a chemical migration in the
wood when thermal expansion stresses, such as hot and cold weather conditions, are imposed. During the warm
weather, the expansion stresses cause the coatings to expand as a result of the forces imposed by the wood’s
cellular resins. At colder weather conditions, the contraction stresses cause the coatings to crack and peel, allow-
ing moisture, acid rain and pollutant intrusion to cause the coatings to lift off the structures when freeze-thaw
cycles occur. Moisture and pollutant absorption into the wood fibers accelerates decay. It is possible to assume
that so far the nature of additives used for protection of wood products from decay and insect attack, as well as
protective coating on the surface of the wood has not been optimized properly [3] [4].

Considering ecological aspects of choosing paint or coating for office furniture, for example, it is important to
remember how paint (coating) ingredients have impacts on environmental and social responsibility that reach
beyond just unpleasant odors. Paints can be made out of recycled, natural, or bio-based content. Although the
customers won’t find an ingredients label on most paint cans, companies are starting to divulge more informa-
tion about their formulas because it impacts corporate social and ecological responsibility.

Leading chemical companies, such as Dow Chemicals which has 191 Manufacturing facilities in 38 countries
and revenues about 30 billions of dollars per year are actively looking for new methods of wood protection [5].

Another large company Kelly-Moore Paints pioneered the concept of recycling paint about 15 years ago and
currently offer an “e-coat” which uses 50% recycled paint and 50% new stock [6]. They also offer a zero-VOC
(volatile organic compound) paint. Kelly-Moore’s eco-friendly lines have earned recognition and several certi-
fications.

One more aspect of eco-friendliness is minimizing concentration of harmful components in processing
wastewater which is generated during production of water dilutable protective and decorative paints for wooden
surfaces [7]. This wastewater often contains all components of parent paints but only in significant dilution [8].
Majority of such components include inorganic compounds, such as carbonate of calcium and magnesium, ba-
rium sulfate, silica, mica, silicates, talk kaoline, and titanium dioxide, as well as organic derivatives, including,
defoaming agents, surfactants, thickeners, siccatives, and pigments [9]-[11].

Analysis of the literature related to the application of protective coating shows that there are three promising
approaches to the creation of materials with desirable properties:

1. Coatings based on carboxyl-containing water-soluble polymers which are easily cross-linked by inorganic
salts or OH-containing compounds;

2. pH-sensitive coatings;

3. Polymer multi-layer structures.

Below the authors are going to consider the basics of three types of materials and analyze their advantages
and disadvantages in terms of feasibility for proposed application.

2. Films Based on Cross-Linked Carboxyl-Containing Polymers

Coating based on polyacrylic and polymerthacrylic acids, as representatives of carboxyl-containing water-
soluble polymers which are easily crosslinked by inorganic salts, have been studied numerous times for last 50 -
60 years [12]-[18]. Thus, in series of publications [12]-[14] it was found that polyacrylic acid is losing its solu-
bility in water as a result of interaction with salts of copper (I1). Entropy and enthalpy changes in complexation
reactions between polyacrylic acid (PAA) and copper (I1) were studied by measuring temperature dependence of
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the equilibrium constants. It appears that, as in case of other chelation reactions, the main contribution to the
complex stability is that of the entropy.

Paper [15] describes the ionic crosslinking of PAA membranes for possible applications in dialysis and re-
verse osmosis. The technique consists of casting a film of PAA neutralized with sodium hydroxide, followed by
immersion in appropriate metal salts (aluminum, zinc, and chromium salts). A qualitative rate model has been
developed to guide this synthesis. Since both metal cations and protons in solution compete for the carboxylic
acid sites, acid-base properties of the metal and polycarboxylic acid appear to be important for successful mem-
bragne formation. Crosslinking agents such as the Zn?* and Cr** salts were tried but were not as successful as the
Al’* salts,

Detailed study of influence of different metal cations on crosslinking PAA films is presented in paper [16].
Table 1 lists these cations—and those that failed to cross-link the film—by atomic number. It was found that in
order for a metal cation to cross-link a PAA film, at least two of the ligands in the inner coordination sphere of
the metal cation must be replaced by carboxylate groups from PAA. The authors proposed to use the PAA films
cross-linked with metal cations in photolithography. They reported that patterned by metal cations PAA films
act as an ion-exchange resin that allows one cation to be exchanged for another. Also, reduction of these metal
cations generates nanoparticles within a patterned polymer matrix. It was discovered that there is an interesting
possibility to etch cross-linked PAA films by immersion them in 0.5M aqueous solution of EDTA (pH = 8.2).

Another original application for PAA cross-linked with ferric chloride is proposed in paper [17], where water-
insoluble gel PAA-FeCl; (molar ratio 2:1) is successfully tested for blocking of microscopic channels in tooth
dentin with a purpose decrease the fluid permeability and protect against tooth decay.

In the authors’ opinion the crosslinking PAA films with metal cations should be considered as one of the
promising methods to affect permeability and enhance the prevention the loss of water from the surface to its
surrounding.

Another promising approach for decreasing permeability of PAA film is related to crosslinking interactions
between the proton-donating pendent COOH groups in PAA molecules and polar OH groups [18]-[21]. It has
been reported [18] that the films of PAA becomes insoluble when reacted with glycerol or other polyhydric al-
cohols. According to [19], the reaction between PAA and hydroxyl-containing compounds, such as ethylene
glycol can lead to the network structure, which is insoluble in water. More details regarding such an interaction

Table 1. Metal salts that cross-link a film of PAA and that fail to do so® [16].

Cross-linking Non-cross-linking
AI(NOz)s B(OH)s
CaCl, NaCl
TiBr4 NaOH
MnCl, KCI

NiSO, NiF,

N|C|2 CrC|3
Cu(OAc), K4Fe(CN)s
ZnCl, KsFe(CN)®
Zn(OAc); NaPdCl,
ZrCly CsCl
ZFO(NO3)2 AUCIS
Pd(SO,) NaAuCl,
Ag NO; NagAUC|4
BaS UO,S0,4
BaCIz

La(NOs)s

GdCls

HO(NO3)3

Pb(OAC),

UOZ(OAC)Z

®Films of PAA on a silicon wafer were immersed in either a 1 M or a saturated solution of each metal
salt for 1 minute. The films were subsequently rinsed with water (pH ~ 7) and dried with a stream of N..
Successfully cross-linked PAA films remained intact on the wafer; unsuccessful films dissolved.
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can be found in paper [20] where the authors studied the crosslinking between PAA and gelatin at different pH
and pointed out that there are three kinds of cross-linking for polymer chains: one is the cross-linking between
acrylic acid chains, another is the cross-linking between gelatin chains, and the third is the cross-linking between
acrylic acid and gelatin. Owing to simultaneous cross-linking, the three kinds of chains interpenetrate and en-
tangle, which results in the formation of an interpenetrating network structure in poly(acrylic acid)/gelatin hybr-
id [21].

3. Regulation of the Flow of Chemicals between the Surface and Its Surroundings
with pH-Sensitive Polymers

Alkali-thickenable and alkali-soluble polymers are essentially high molecular weight materials containing pen-
dant carboxyl groups in the polymer chain the salts of which swell or dissolve in water [22]. Properties may be
varied by adjusting the polymer composition and the number and distribution of --COOH groups in the chain.
Emulsions of such polymers have the unique advantage of being thick enable in situ, and can thus be stored and
handled as low viscosity fluids until such time as their thickening property is to be utilized. They have found ap-
plication for example in emulsion, paints and latex compounds for carpet sizing.

Resins of this type can be prepared by copolymerizing vinyl acetate with maleic anhydride [22], a monoalkyl
ester of maleic acid [23] or crotonic acid [24]. Such copolymers are useful in certain adhesive and other applica-
tions where removability by aqueous alkali is required [22] and, in the non-aqueous state, as hair spray composi-
tion [25]. A possible disadvantage of vinyl acetate-crotonic acid copolymers which are otherwise particularly
suitable is that they are generally of low molecular weight, due to the chain transfer property of crotonic acid in
free-radical polymerization; additionally, most vinyl acetate copolymers are readily hydrolyzed by aqueous al-
kali [26].

Copolymerization of methylacrylate esters with methacrylic acid in aqueous emulsion systems is beneficial
compared to copolymerization with acrylic acid due to the similar reactivity of methylacrylate esters and metha-
crylic acid. With methyl methacrylate, for example, 97% of the methacrylic acid introduced has been found to
have copolymerized [27].

Detailed study of copolymerization of methylacrylate esters, such as methyl methacrylate (MMA), ethyl me-
thacrylate (EMA) and n-butyl methacrylate (BMA) with methacrylic acid in aqueous emulsions has been de-
scribed in paper [22]. Table 2 shows the composition which was used for process of copolymerization. Accord-
ing to this process, the water phase, contained in a one liter glass flask, was purged with nitrogen. At a tempera-
ture of 18°C - 20°C the mixture of monomers, dodecyl mercaptan, ferric chloride, sodium persulfate and sodium
metabisulfite, were added with stirring. Agitation was continued throughout at such a rate as to ensure conti-
nuous uniform mixing of the ingredients. The temperature rose rapidly to about 80°C and was maintained at this
temperature for 30 min. The emulsion was cooled down, its pH adjusted to 4.4 - 4.5 with 20% aqueous sodium
hydroxide and filtered through 400 mesh nylon. Conversions of monomer to polymer were greater than 98%.

Table 2. Components of the composition for emulsion copolymerization [22]. The
polymer emulsions were prepared to the following basic formula: Parts by weight

Parts by weight

Monomers 100.00
Dodecyl mercaptan 0.20
Polyoxyethylene (4 - 5) monolaurate 1.00
Sodium dodecyl sulfate 1.00 - 3.00
Sodium bicarbonate 0.12
Sodium sulfate 0.50

Ferric chloride (to 5 ppm Fe on monomer wt)
Sodium persulfate 0.24

Sodium metabisulfite 0.24
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It was found [22] that an increase in the quantity of surfactant in emulsion polymerization usually results in a
decrease in diameter of the polymer particles, often in inverse proportion to the surfactant: monomer ratio. For
series which is shown in Figure 1, for given copolymer the particles size in the emulsion state showed a similar
reduction with increase of sodium dodecyl sulfate concentration. Figure 1 shows as well that the quantity of ac-
id comonomer also had a marked effect on the particle size, increase in methacrylic acid resulting in an initial
slight reduction followed by an increase in particle diameter.

On raising the pH of an alkali-thickenable emulsion, the viscosity could increase by any one of three different
mechanisms [22]:

(a) Solubilization of the polymer by forming its salt.

(b) Swelling of the particle with absorbed water.

(c) The electroviscous effect.

The solubility of a polymer depends on the concentration of carboxyl groups in relation to the hydrophobicity
of the polymer; attached surfactants can have a similar effect [28] [29] to copolymerized acid. For a given con-
centration of polymer, a smaller particle size will mean that the area of the discrete phase in contact with the
continuous phase will be greater than for a larger particle size. This results in a higher emulsion viscosity. At the
limit, when the particle is identical with the polymer molecule, maximum solubility in relation to the solvent
will have been achieved. A polymer will be water-soluble in its salt form when it contains a sufficient number of
acid groups. A comparatively hydrophobic material such as polymethyl methacrylate will require a much higher
proportion of carboxyl groups to achieve solubility in aqueous alkali than a more hydrophilic one such as po-
lyethylacrylate [30].

Swelling of the polymer particle is similarly dependent. Thus, a copolymer emulsion of styrene with 25%
acrylic acid did not thicken at all with alkali, whereas ethyl acrylate copolymerized with only 10% acrylic acid
increased in viscosity by a factor of ten [31]. Whether, or in what ratio, solubilization and swelling occur will
depend on the concentration of carboxyl groups and surfactant, and the compatibility of the surfactant with the
polymer in the given system [29]. The electroviscous effect [32] depends on the degree of ionization and the
electric charges surrounding the particle.

Keeping in mind that the main purpose of the challenge is to create the solid thin film, which is able to regu-
late the flow of chemicals between the surface and its surroundings, i.e. is capable to change its permeability, the
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0 10 20 30 40
methacrylic acid (Yowt)

Figure 1. Variation of polymer particle diameter in emulsion with quantity
of copolymerized methacrylic acid [22]: solid line—MMA, dashed line—
BMA,; % figures indicate ratio of sodium dodecyl sulfate to monomer.
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most interesting results of paper [22] are related to possibility to control a water-susceptibility of copolymers of
methylacrylate esters with methacrylic acid. As method for evaluation of water-susceptibility the author [22]
used the measurements of the optical densities (Table 4). They were determined on the emulsion diluted to a
non-volatile of 10%, and adjusted to pH 8.4 - 8.6, through a 10 mm glass cell using filtered light of wavelength
580 nm. Table 3 and Table 4 show changes in optical density for three types of copolymers at different concen-
tration of methacrylic acid.

In general, increase of the methacrylic acid and the anionic surfactant contents led to increased solubilization.
Further, at a constant anionic surfactant: monomer ratio of 2%, solubility decreased with the ester in the order:
methyl > ethyl > n-butyl, as expected from the increasing degree of hydrophobicity of the ester.

Comparison of viscosity at high pH with methacrylic acid content (Figure 2) is interesting in that the mini-
mum quantity of acid required for thickening to be achieved increased from MMA to BMA, corresponding to
the order of decreasing solubility of these monomers in water. But, with 30% - 40% methacrylic acid, the vis-
cosity increased in the order methyl < ethyl < n-butyl, i.e. as the solubility of the polymer salt in water decreased
(Table 3), indicating that an important proportion of the increase in viscosity is to be attributed to swelling of
the particles, as found in paper [31] for a series of acrylic ester copolymer emulsions. The group of emulsions
described in paper [22] should be regarded as an example of the type and range of products which can be de-
signed. The rheology at high pH can be further modified, for example, by the introduction of a minor proportion
of a cross-linking agent.

The main application for pH-sensitive polymers described in [11]-[21], and, later in [33] [34] is related to
their use in cosmetic field, as well as in aqueous paints, textile coatings and oil-well drilling.

Another large field of applications for such materials is controlled release carrier systems for targeted delivery
of fragrances, as well as active ingredients, onto fabric, hair, skin, and other biological surfaces that is activated
by changes in pH or salt concentration in the system proximate environment [35], as well as drug delivery sys-
tems [36]-[41]. The pH-sensitive materials can be insoluble solids in acidic or basic aqueous solutions, which
dissolve, or degrade and dissolve, as the pH of the solution is neutral. The pH-sensitive materials can be inso-
luble solids in acidic or basic aqueous solutions which dissolve, or degrade and dissolve, as the pH of the solu-
tion rises above or drops below a trigger pH value [35].

According to patent [35], additional pH-sensitive materials include poly functional polymers containing mul-

Table 3. Changes in optical density for copolymers MMA-MA and BMA-MA at different concentration of methacrylic acid
and two different concentrations of surfactant [22]. Optical densities at pH 8.5.

Methyl methacrylate n-Butyl methacrylate
Methacrylic acid
Anionic surfactant Anionic surfactant
1% 3% 1% 3%
10% >1.00 0.59 >1.00 0.52
20% 0.46 0.10 0.56 0.30
30% 0.04 0.04 0.07 0.25
40% 0.01 0.01 - 0.07

Table 4. Changes in optical density for copolymers MMA-MA, EMA-MA and BMA-MA at different concentration of me-
thacrylic acid [22]. Optical densities at pH 8.5 (Anionic surfactant: =2%).

Methacrylic acid Methyl methacrylate Ethyl methacrylate n-Butyl methacrylate
0% >1.00 >1.00 >1.00
10% 0.66 - 0.57
20% 0.13 0.20 0.29
30% 0.04 0.05
40% 0.01 0.03 0.07
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Figure 2. Variation of viscosity with quantity of copolymerized metha-
crylic acid [22] (pH = 8.5, content of non-volatile 10%).

tiple groups that become ionized as the pH drops below their pKa. A sufficient quantity of these ionizable
groups must be incorporated in the polymer such that in aqueous solutions having a pH below the pKa of the io-
nizable groups, the polymer dissolves. These ionizable groups can be incorporated into polymers as block copo-
lymers, or can be pendent groups attached to a polymer backbone, or can be a portion of a material used to cros-
slink or connect polymer chains. Examples of such ionizable groups include polyphosphene, vinyl pyridine,
vinyl aniline, polylysine, polyornithine, other proteins, and polymers with substituents containing amino moie-
ties.

Besides of copolymers of methylacrylate esters with methacrylic acid other examples of pH-sensitive mate-
rials include copolymers of acrylate polymers with amino substituents, polyacrylamides, phthalate derivatives
(i.e., compounds with covalently attached phthalate moleties) such as acid phthalates of carbohydrates, amylose
acetate phthalate, cellulose acetate phthalate, other cellulose ester phthalates, vinyl acetate and crotonic acid co-
polymers.

Examples of suitable pH sensitive polymers for use are the Eudragit® polymers series from Evonik, Inc. [36]
[38]. For instance (Figure 3), Eudragit® L 30 D-55 and Eudragit® L 100-55 are pH dependent anionic poly-
mers that are soluble at pH above 5.5 and insoluble below pH 5. These polymers can be utilized for targeted
drug delivery in the duodenum. Eudragit® L 100 is pH dependent anionic polymer that is soluble at pH above
6.0 for targeted drug delivery in the jejunum. Eudragit® S 100 is pH dependent anionic polymer that is soluble
at pH above 7.0 for targeted drug delivery in the ileum [27]. Eudragit® E 100 and Eudragit® EPO, pH depen-
dent cationic polymer, are soluble up to pH 5.0 and insoluble above pH 5.0 [35].

For instance, Eudragit® L 100 and Eudragit® S 100 (Figure 4) are copolymers of MMA and metacrylic acid
[37] with the ratio of the free carboxyl groups to the ester groups approx. 1:1 and 1:2, respectively and molecu-
lar weight about 135 K.

1 Commercial form EUDRAGIT® L 100 Solid substance. The product contains 0.3% Sodium Laurylsulfate
Ph. Eur./NF on solid substance. EUDRAGIT® L 100 is described as Copolymer (1:1), Type A or Copolymer L
in the monographs quoted above. EUDRAGIT® S 100 Solid substance. The product contains 0.3% Sodium
Laurylsulfate Ph. Eur./NF on solid substance. EUDRAGIT® S 100 is described as Copolymer (1:2), Type B or
Copolymer S in the monographs quoted above.

2 Chemical structure EUDRAGIT® L 100 and EUDRAGIT® S 100 are anionic copolymers based on metha-
crylic acid and methyl methacrylate. The ratio of the free carboxyl groups to the ester groups is approx. 1:1 in
EUDRAGIT® L 100 and approx. 1:2 in EUDRAGIT® S 100.
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Figure 3. pH-sensitive behavior of Eudragit® L and S-polymers [38].

n

Figure 4. Chemical structure of Eudragit® L 100
and Eudragit® S 100 [37].

According to [37] 1 g of EUDRAGIT® L 100 or EUDRAGIT® S 100 dissolves in 7 g methanol, ethanol, in
aqueous isopropyl alcohol and acetone (containing approx. 3% water), as well as in 1 N sodium hydroxide to
give clear to slightly cloudy solutions. EUDRAGIT® L 100 and EUDRAGIT® S 100 are practically insoluble
in ethyl acetate, methylene chloride, petroleum ether and water.

EUDRAGIT® polymers are available as granules, powders, aqueous dispersions and organic solutions (Table
5) [38] [42].

Due to the variation in physical state, the polymers can be applied using every common processing technolo-
gy from direct compression to high-shear granulation, as well as innovative technologies like melt extrusion [36].
In wet granulation processes the polymers can be used as granulating binders in both organic and aqueous
processing. EUDRAGIT® NE 40 D, an aqueous dispersion with 40% polymer content, has been launched to ac-
commodate situations where a reduced amount of granulating fluid is desired. The powder grades can be utilized
in granulation processes to offer the advantages of increased polymer content and a shortened process time. The
higher the distribution of the matrix former, the stronger will be the SR effect in the tablet. Strongest retardation
is achieved by processing organic polymer solutions or by melt techniques where the polymer distribution is
molecular. Plasticizers may even improve the retardation effectiveness. As in film coating, EUDRAGIT® poly-
mers can be combined with each other for matrix applications. This flexibility offers the possibility to create de-
sired release patterns by using various polymer functionalities [36].

In summary, taking into consideration that the specialists who are taking care about the wood protection most
likely are looking for the method of applying the coating onto the surface through spraying or dipping and they
would prefer that the coating formula are aqueous based, it is possible to conclude that the 30% aqueous disper-
sion of EUDRAGIT® polymers, such as L30D-55 and FS30D, available from Evonik, Inc. [38] are the strong
candidate for the coating with desirable qualities.
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Table 5. Availability and dissolution properties of EUDRAGIT® polymers [38].

EUDRAGIT® Polymers Availability Dissolution properties
L 30D-55 30% Aqueous Dispersion Dissolution above pH 5.5
L 100-55 Powder Dissolution above pH 5.5
L 100 Powder Dissolution above pH 6.0
L125 12.5% Organic Solution Dissolution above pH 6.0
S 100 Powder
S125 12.5% Organic Solution Dissolution above pH 7.0
FS30D 30% Aqueous Dispersion Dissolution above pH 7.0

4. Regulation of the Flow of Chemicals between the Surface and Its Surroundings
with Polymer Multi-Layer Structures

4.1. Basics of Layer-by-Layer Polymer Self-Assembly

Hydrogen bonding is the key in determining the secondary structure of biological molecules such as proteins,
nucleic acids, and the behavior of lipid membranes [43]. The power of hydrogen-bonding self-assembly has also
been explored for synthetic molecules to produce three-dimensional self-assembled supramolecular polymeric
structures from shorter building blocks [44]-[46]. The properties of such self-assembled materials respond
strongly to environmental stimuli such as pH, temperature, or solvent. Another type of hydrogen-bonded self-
assembly is polymer-polymer self-assembly, or hydrogen bonded complexes. In such structures, two initially
soluble polymers are bound within a complex through multiple hydrogen bonds along the polymer backbone,
and an insoluble product is formed when the molar ratio of monomeric units is not very different from unity.
Hydrogen bonded polymer complexes in aqueous solutions have been studied for several decades [47]-[50] but
deposition of such complexes at surface through simple precipitation results in poor control of film quality and
thickness.

A highly controlled deposition of polymers at surfaces occurs through surface directed layer-by-layer (LbL)
self-assembly, first described by Decher [51] [52]. The procedure consists of alternating exposure of surfaces to
solutions of polymers which are able to form polymer complexes when mixed in solution. A monolayer adsorp-
tion of a polymer is achieved at each deposition step, and the total film thickness increases with the number of
deposition cycles. This process produces nanoscopically structured polymer films, with well-controlled mor-
phology and thickness. Advantages of this technique result from the versatility of interpolymer interactions and
the self-limiting nature of the amount of polymer deposited. Figure 5 contrasts the interaction of polymer chains
in solution and at surfaces.

A wide range of functional molecules can be incorporated within the film, including electroactive polymers,
organic dyes, semiconductor quantum dots, electrochemically active species, inorganic nanomaterials, and bio-
logically active molecules [53]. Importantly, using the LbL technique, functional coatings can easily be created
on substrates of virtually any chemistry and shape. Though non-electrostatic forces, such as hydrophobic ones,
have been recognized as a significant contribution to film growth [54] [55] the LbL technique has been most
widely applied to charged molecules, whose deposition at the surface is largely controlled by charge compensa-
tion mechanisms [53].

It has been demonstrated [56] that LbL film deposition in an aqueous solution can be driven primarily by hy-
drogen bonding interactions. Those authors showed that polyaniline can be co-self-assembled with a number of
nonionic polymers such as poly(vinylpyrrolidone) (PVPON), poly(vinyl alcohol) (PVA), poly(acrylamide)
(PAAM) and poly(ethylene oxide) (PEO). In this example self-assembly of neutral polymers occurred in a wide
pH range, but polyaniline was allowed to adsorb from acidic solutions where this polymer was soluble. Multi-
layers were also constructed from a conjugated copolymer of the poly(phenylenevinylene) type containing hy-
droxyl groups which were capable of hydrogen bonding with amine groups of a co-self-assembled poly (ethyle-
neimine) [57].

Simultaneously with these first demonstrations of hydrogen-bonded LbL self-assembly in an aqueous envi-
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Figure 5. Solution-based complexes (left) versus LbL films (right). In contrast with scrambled
complexes in solution, the LbL film exhibits nanoscale control while conformally coating the
assembly substrate [43].

ronment, the use of an organic solvent or combinations of an organic solvent and water for construction of hy-
drogen-bonded films was explored [58]-[61]. When a combination of poly(vinylpyridine) (PVP) with poly(acrylic
acid) (PAA) [62] [63] or PVP with carboxylated dendrimers [64] were self-assembled in this way, microporosity
could be introduced within the film by exposing the film to an aqueous solution at basic pH where PAA or den-
drimer components selectively dissolved. The use of organic solvents for multilayer formation widens the range
of polymers to water-insoluble and nonionic polymers which can be incorporated in the multilayers.

In most recent review on the topic, the authors [43] have focused on hydrogen-bonded films produced by LbL
self-assembly of a neutral polymer and a weak polyelectrolyte in an aqueous solution. The use of weak polye-
lectrolytes allows control of film properties by variations of pH during film self-assembly, as well as manipula-
tion of film stability after construction. This approach involving self-assembly of water soluble weak polyelec-
trolytes, such as polycarboxylic acids and neutral polymers leads to the construction of films which are easily
erasable by a pH increase [65] [66]. The ability of hydrogen-bonded films to absorb large amounts of functional
molecules such as dyes or drugs, combined with film disintegration at neutral pH values suggests future applica-
tions of such systems in drug delivery. Crosslinking of hydrogen-bonded films provides film stability at physi-
ologic pH and makes them attractive candidates for biomedical applications.

4.2. pH Response of Layer-by-Layer Polymer Self-Assembly

A unique feature of hydrogen-bonded self-assembly involving polycarboxylic acids to controllably dissolve at a
higher pH value was first illustrated in papers [65] [66].

The critical pH of film disintegration was shown to be controlled by the strength of hydrogen bonding inte-
ractions within the film. In contrast to electrostatically bound films, hydrogen-bonding interactions stabilize the
protonated form of the polyacid and significantly suppress polyacid ionization within the multilayer as com-
pared to polyacid ionization in solution [66].

When pH-induced ionization of the polyacid exceeds a critical value, film dissolution occurs. Experimental
proof of the last statement has been obtained for 7 films prepared from dual combinations of polymers with a
chemical structure presented in Figure 6.

Figure 7 shows the pH-triggered disintegration of hydrogen-bonding multilayers composed of PMAA and a
range of neutral hydrogen-bonding polymers. Note that all polymers used in self-assembly were of similar mo-
lecular weight, except for PVCL, whose molecular weight was very low. Interestingly, in spite of the lowest
molecular weight of the polymer used in film deposition, PMAA/PVCL films showed the widest interval of sta-
bility in the pH scale. According to data [43], an enhanced pH stability of PMAA/PVCL multilayers compared
to PMAA/PVPON systems correlates with the presence of two extra methyl groups in the caprolactam ring and
points to a stronger contribution of hydrophobic interactions to film stabilization. An additional hydrophobic
contribution to stabilization of hydrogen bonded self-assembly is even more evident from the comparison of the
pH-stability of the PMAA/PVME films with the PMAA/PEO system.

Specifically, more hydrocarbon moieties in the PVME chains resulted in a shift of critical pH by about 1.6
compared to PMAA/PEQ whose dissociation occurred at pH 4.6.
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Figure 6. Chemical structures of polymers involved in self-assembly [43].

10 - 8O0 B-ROBRR O
08 | & AX T
< Ly o
£ . ] L |
g 06 | S L
5 O X v \
3 b . Pt
E 04t by & i gy 1
= Mm@ G @M
2 02 i A b
| O i
N T Gl S~ S
’ 7 3 4 5 6 7 8
pH

Figure 7. pH-triggered disintegration of hydrogen-bonded systems presented in Table 6: PMAA/PHEA
(diamonds, curve 1), PMAA/PEO (triangles, curve 2), PMAA/PAAM (crosses, curve 3), PMAA/PVME
(squares, curve 4), PMAA/PNIPAM (circles, curve 5), PMAA/PVPON (stars, curve 6), PMAA/PVCL
(pentagons, curve 7). 10-layer films were deposited from D,O solutions at pH 2 and 23°C. The disintegra-
tion was monitored by in situ ATR-FTIR [43].

Table 6 shows that the pH stability of films improved as intrinsic strength of hydrogen bonding and/or hy-
drophobicity of the film components was increased. Correspondingly, critical pH for film disintegration was
consistently higher for stronger bound systems.

Disadvantage of all seven polymer systems presented in Table 6 in terms of their practical application for
purposes of this challenge is that their films are stable to the aqueous media only in very acidic conditions. In
order to change their solubility in aqueous solutions the pH of solutions should be changed from highly acidic to
slightly acidic or neutral.

More promising, in our opinion, is an approach based on using polyelectrolyte multilayers prepared by the
layer-by-layer sequential self-assembly of a weak polybase and polyacid.

The LbL adsorption of oppositely-charged polyelectrolytes on surfaces has emerged as a simple, versatile,
and inexpensive technique for the fabrication of thin multi-layer films, often with nanometer-scale control over
the spatial distribution of ionized species within a film [52] [67] [68]. The LBL approach is based on electros-
tatic attractions between polyelectrolytes and oppositely charged surfaces. In the example shown in Figure 8, a
negatively charged substrate is first dipped in a polycation solution. Electrostatic attractions result in deposition
of the polycation and a resulting reversal of surface charge (see Figure 8, step 1). The positively charged sub-
strate is then submerged in a polyanion solution, resulting in deposition of the polyanion and restoration of the
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Table 6. Critical dissolution pH and critical ionization for H-bonded polymer systems presented in Figure 7. The critical pH
values were defined as the maximum values at which less than 10% of film dissolved for one hour. The critical ionization is
PMMA ionization at the critical pH [43].

Polymer system Critical dissolution pH Critical ionization
PMAA/PHEA 4.0 1%
PMAA/PEO 4.6 1%
PMAA/PAAM 5.0 4%
PMAA/PVME 6.0 2%
PMAA/PNIPAAM 6.2 3%
PMAA/PVPON 6.4 ~8 -10%
PMAA/PVCL 6.95 30%

Figure 8. Schematic illustrating the construction of a thin film via layer-by-layer
deposition of polyelectrolytes on a charged substrate [68].

negative charge on the surface (see Figure 8, step 2).

Repetition of these steps leads to the buildup of layers of alternating oppositely charged polyelectrolytes on
the substrate surface. In addition to electrostatics, other factors and secondary interactions such as hydrophobic-
ity, salt interactions, solvent quality, polymer concentrations, and deposition time may affect the multi-layer
growth of the film [68].

Patent [68] described the construction and decomposition of a thin film by LbL-method, as presented in Fig-
ure 9, where the stage A is a LbL-deposition of alternating polyanionic and polycationic layers and stage B is a
degradation of polycationic layers and release of polyanionic components, which is possible, by changing pH of
surrounding media. As an example of pH-sensitive behavior of the LbL-films paper [69] described the formation
of polyelectrolyte multilayers from the partially quaternized poly-4-vinylpyridine (degree of quaternization from
12 to 98%) as polybases (generally abbreviated as QPVP) and poly(methacrylic acid) (PMAA) as a polyacid.
The adsorption and ionization of pyridine rings and carboxylic groups were quantified using Fourier transform
infrared spectroscopy in attenuated total reflection mode (Figure 10).

It was found that in slightly acidic conditions at pH = 5, film growth was primarily controlled by electrostatic
interactions. When QPVP was included into the top layer, ionization of carboxylic groups was increased com-
pared to its value in solution. The amount of the induced charge increased linearly with the total charge density
of the polybase (calculated as a sum of ethylated pyridinium and protonated pyridinium groups), suggesting the
formation of both types of electrostatic pairs (COO-NR" and COO™-NH") [69]. The degree of ionization of both
pyridine groups and carboxylic groups within the film responded to the charge of the polymer included in the
top layer and oscillated as a function of layer number. The average ionization of the carboxylic groups within
the multilayer was suppressed when the multilayer was topped with PMAA, and it was enhanced when the top
layer was the polybase.

When the pH of the buffer solution was lowered below pH = 2, multilayers dissolved due to protonation of
carboxylic groups and disruption of polymer/polymer ionic contacts. The multilayer stability under acidic condi-
tions was dependent on the alkylation degree of QPVP. With the exception of the largest alkylation degrees, the
stability of the film increased with the alkylation degree of QPVP. The multilayer destruction correlated with the
protonation of the small (<5%) residual fraction of carboxylic groups that was included into polymer/polymer
ionic pairs and with the number of ionic polymer/polymer contacts per QPVP chain, suggesting that the number
of polymer/polymer contacts during self-assembly was a critical parameter in multilayer stability. The results
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Figure 9. Schematic illustrating the construction and decomposition of a thin film:
(A) layer-by-layer deposition of alternating polyanionic and polycationic layers and
(B) degradation of polycationic layers and release of polyanionic components [68].
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Figure 10. Representative FTIR-ATR spectrum of 10 layers of PMAA and QPVP
with degree of quaternization 20% (Quaternization was performed with using ethyl
bromide) [60].

show the effect of the QPVP charge density on the ionization of self-assembled PMAA and on the pH stability
of polyelectrolyte multilayers.

As the pH was lowered, carboxylic groups of PMAA deprotonated and pyridine groups of QPVP protonated,
which resulted in an increase of the ratio of positive to negative charges within the film. In was found [69] that
the multilayer was stable up to pH = 2, but dissolved when the pH was decreased below this point. The transi-
tion was narrow, less than 0.2 units of pH; that proved the cooperative nature of the response. The authors [69]
observed that the multilayer stability at acidic conditions was dependent on the alkylation degree of the com-
posing QPVP molecules. Figure 11 shows the fraction of the multilayer remaining on the surface after 40 min
of exposure of the multilayer to a buffer solution, plotted as a function of pH for various degrees of alkylation of
QPVP.

As for stability of PMAA/QPVP at higher pH, PMAA/Q37 and PMAA/Q98 films assembled at pH 5 become
solubilized when exposed to pH 7. On the other hang PMAA/Q20, if sufficiently thin, can tolerate this pH
change, but they selectively release PMAA. It was found that the first PMAA layer closes to the substrate, does
not release its PMMA due to “pinning” of polymer chains to a solid surface. The amount of polymers deposited
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Figure 11. Comparison of pH-triggered disintegration of multilayers in the PMAA/
Q12 (squares), PMAA/Q20 (triangles), PMAA/Q25 (circles), PMAA/Q37 (penta-
gons), and PMAA/Q90 (diamonds) systems. The relative mass adsorbed after 40
min is plotted as a function of pH. The inset shows the relative mass remaining at
the surface after 40 min of disintegration of multilayers as a function of the alkyla-
tion degree of QPVP at a fixed pH of 1.9 [69].

within the first 2-3 polymer bilayers has been shown to differ from that deposited within the “bulk” of the film.
Moreover, it was demonstrated [70] that the proximity of the substrate also significantly suppresses the pH-
triggered release of polymer chains (Figure 12).

The biggest disadvantage of the LbL method is its complexity and low rate of the film deposition. The layer-
by-layer self-assembling process in its initial stage requires special attention. The mechanical and temporal sta-
bility of the first molecular layers tethered to a solid substrate is a critical element to the homogeneity of thicker
films. The concentration of interlayer defects depends to a great extent upon the homogeneity, affinity, and mi-
croroughness of this first monolayer. A gradient of molecular ordering across the first several (usually 3 - 5)
molecular layers is observed for various molecular films [71]-[73]. This phenomenon is usually related to heal-
ing of substrate inhomogeneities and nonequilibrium behavior [74]. Formation of nonequilibrium surface mor-
phologies and inhomogeneous coverage is caused by the competition of the kinetics of polymer chain adsorption
and their surface diffusion. According to [73] [74], kinetic limitations are imposed on the formation of organized
multilayers from polyonic materials. In fact, stable and consistent layer-by-layer growth of self-assembled films
is observed only after a certain deposition time. It is suggested that assembly of polyions on charged surfaces is
indeed a two-stage process: macromolecular chains are anchored to the surface by some segments during the
short initial stage and then relax to a dense packing during the long stage of self-assembly [74]. Presumably, a
stable homoheneous polymer monolayer which covers the original surface is formed only after complete “relax-
ation” of adsorbed macromolecules.

Papers [69] [70] provide the following description of the multilayers’ deposition. Briefly, the substrate was
first primed with a quaternized PVP (Q20), which adsorbed at the amount approximately 1.5 mg/m® Then 0.1
mg/mL solution of PMAA was allowed to adsorb onto the surface of the substrate at pH 5 from 0.01 M phos-
phate buffer solution for 20 min, and after that polymer solution was replaced by the buffer without polymer.
QPVP was then deposited in a similar way, and the deposition cycle was repeated. In general, a growth of
PMAA/QPVP films is linear, with individual layer coverages of 1.7 mg/m? and 3.3 mg/m’ and thicknesses of
1.7 and 3.3 nm (for density of 1 g/cm®) for PMAA and QPVP, respectively [70].

5. Conclusions

In summary, the authors analyzed the positive features, as well as some drawbacks of three major types of pro-
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ristic half-time (squares, right axis) for PMMA release from PMAA/
Q20 films of different thicknesses (films are exposed to buffer solu-
tion at pH =7 [70].

tective coating of wood and wood-based materials which include the coatings based on carboxyl-containing wa-
ter-soluble polymers which are easily cross-linked by inorganic salts or OH-containing compounds, pH-sensitive
coatings and polymer multi-layer structures.

Considering the first of three mentioned approaches, the authors are emphasizing that the crosslinking PAA
films with metal cations, as well as crosslinking reactions between the proton-donating pendent -COOH groups
in PAA molecules and polar OH groups of glycerol, other polyhydric alcohols or gelatin, for example, should be
considered as one of the promising methods to affect permeability and enhance the prevention the loss of water
from the surface of wood to its surrounding. The strong specific feature of the second approach is related to the
possibility to vary and purposely adjust the polymer composition and the number and distribution of -COOH
groups in the chain which make the originally water-soluble polymers completely insoluble. The unique advan-
tage of emulsions of such polymers is that being thick enable in situ, and can thus be stored and handled as low
viscosity fluids until such time as their thickening property is to be utilized. Finely, the third approach which is
still not utilized in practice offers the possibility of manipulation of film stability after construction due to the
broad use of hydrogen-bonded films produced by LbL self-assembly of a neutral polymer and a weak polyelec-
trolyte in an aqueous solution.
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