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Abstract

The hydroplasticization of coatings of acrylic copolymers with di�er-

ent amounts of methacrylic acid (MAA) was investigated to clarify the

role of carboxylic acid functionalities on the change in polymer mobil-

ity due to water uptake. The coating Tg as a function of water uptake

was studied using dynamic mechanical analysis. The Tg's decreased with

increasing water content, con�rming the plasticizing e�ect of water on

the coatings. At relative humidities RH between 0 and 60% the coating

Tg shows a sharper decrease than at higher RH, an e�ect that increases

with increasing MAA content. This behavior is attributed to the presence
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of dimers of carboxylic acid in the coatings, which is also observed with

FTIR-ATR analyses. Due to water uptake, the dimers are disrupted and

form �open� dimers where carboxylic acid groups remain in close proximity

and are connected through water molecules. With 1H NMR relaxometry,

two T2 relaxation times are found, representing two hydrogen pools with

di�erent mobilities. Both mobilities increase with increasing water con-

tent, indicating the presence of polymer domains with di�erent hardness.

Correlating the T2 relaxation times with the coating Tg's shows that at

higher MAA content the proton mobility as a function of Tg of the soft

domains increases with increasing MAA content. Since the polymer pro-

ton mobility, and hence the polymer mobility, is expected to scale with

the polymer Tg, it is hypothesized that harder domains are present in the

coatings, which are not visible in the Ostro�-Waugh decays due to the

fast relaxation behavior of these protons.

1 Introduction

Paint is an abundantly used form of coating that provides substrates with a

protective and, in most cases, aesthetic layer. Nowadays commercial paints are

waterborne instead of solventborne as a result of stricter legislation, increasing

environmental concern, and a consequent research focus on the development of

aqueous paints in the past decades.

The main ingredient in waterborne paint is latex, submicrometer sized poly-

mer particles dispersed in water, which during drying will form a close packing,

deform, and ultimately bind a drying paint layer through interdi�usion of poly-

mer chains [1]. This results in a mechanically and chemically robust coating.

To promote the interdi�usion process, small amounts of organic co-solvent are

added to the paint. This softens the latex particles by e�ectively lowering the

glass transition temperature Tg of the polymer particles and therefore increase

the mobility of the individual polymer chains. During drying this co-solvent will

evaporate, which again increases the Tg and decreases the mobility of the poly-

mers. The evaporation of the co-solvent unavoidably results in release of fumes
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in the environment leading to societal concerns on environmental pollution and

health issues.

A �holy grail� in paint research is the development of a latex, which will form

a coating with similar physical, chemical, and mechanical properties as conven-

tional paints without the need of any co-solvent. One possible way to achieve this

goal is through hydroplasticization, where the polymer interdi�usion process is

solely driven by the decrease of polymer Tg by water. Such hydroplasticization

e�ect has been observed on multiple occasions, where small amounts of wa-

ter were shown to promote deformation and interdi�usion of polymer particles

[2, 3, 4, 5, 6]. One way to promote hydroplasticization is functionalization of

the latex particles with hydrophilic groups. In that case, increased adsorption

of water should lead to a decrease in polymer Tg and an increase in polymer

mobility [7].

Soleimani and co-workers studied the di�usion of acrylic copolymers due

to water uptake of coatings obtained after pre-drying the latex dispersions [6].

They indeed found that the mobility of the polymers increased upon hydroplas-

ticization and that the composition of the polymer is crucial in this process.

Although they compared two acrylic copolymers with similar Tg, but di�er-

ent hydrophilicity, a more systematic approach would be to vary the amount

of one hydrophilic monomer and study the in�uence of this variation on the

hydroplasticization process in the coatings.

In a study by Hong, the in�uence of concentration variations of hydrogen

bonding monomers on polymer mobility has been presented [8]. It was shown

that increased concentrations of this monomer increased the polymer Tg and

decreased the polymer mobility. The polymer mobility, however, increased again

after water uptake of the coatings. A relation between the water uptake and the

polymer Tg and hence polymer Tg and polymer mobility, was not investigated.

To our knowledge, studies on polymer mobility and Tg changes in coatings due

to plasticization by water have not been done yet.

In the current work we present the results of a study on the hydroplas-

ticization of polymers in coatings from acrylic latex dispersions with varying
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amounts of methacrylic acid (MAA) and thus carboxylic acid functionalities.

As a starting point it is imperative to understand how polymer Tg and polymer

mobility change when water is adsorbed by the polymers. The polymer mo-

bility is investigated using 1H NMR relaxometry by monitoring the change of

polymer proton mobility in acrylic coatings due to water uptake. The change of

Tg of these coatings due to water uptake is studied using dynamic mechanical

analysis (DMA). This ultimately allows us to investigate the relation between

polymer Tg and mobility and the in�uence of polymer hydrophilicity on this

relation. With this we aim to clarify the role of carboxylic acid functionalities

on the hydroplasticization and the concomittant change in mobility of acrylic

polymers.

2 Materials and methods

2.1 Latex synthesis

The following procedure describes the synthesis of the latex dispersion contain-

ing 2 wt% methacrylic acid (MAA) on total solid content. Table 1 lists the

monomer amounts used for all latex dispersions. The solid weight fractions

were determined gravimetrically.

A 2000 cm3 �ask equipped with a thermometer, N2 inlet and overhead stir-

rer was charged with water (799.1 g) and ammonium persulphate (0.35 g). In

a funnel, an emulsi�ed monomer feed was prepared by mixing demineralised

water (305.97 g), sodium lauryl sulphate (4.62 g of 30 wt% solution in water),

methyl methacrylate (MMA, 353.59 g), n-butyl acrylate (n-BA, 325.85 g) and

methacrylic acid (MAA, 13.87 g). In another funnel, an initiator solution was

charged by dissolving ammonium persulphate (3.12 g) in demineralised water

(111.38 g). The reactor was heated to 83 ◦C and 5 wt% of the emulsi�ed

monomer feed was added to the reactor and the reaction temperature was al-

lowed to increase to 85 ◦C. At 83-87 ◦C, the remainder of the monomer mixture

was fed to the reactor in 100 minutes. At the end of the monomer feed deminer-
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Table 1: Monomer amounts (wt% on total solids) of methacrylic acid (MAA),

methyl methacrylate (MMA), and n-butyl acrylate (n-BA) and the total solid

contents (wt%) of the latex dispersions used for this study.

MAA MMA n-BA latex solid content

2.0 51.0 47.0 33.8

5.0 47.0 48.0 34.1

10.0 40.4 49.6 33.6

15.0 33.7 51.3 30.5

20.0 27.0 53.0 21.7

alised water (28.3 g) was used to rinse the funnel holding the monomer mixture.

The reaction was kept at 85 ◦C for 30 minutes. Next, the batch was cooled to

room temperature and Proxel Ultra 10 (6.9 g of a 10 wt% solution) was added

to prevent bacterial growth, followed by demineralised water (45.3 g). Finally,

the batch was �ltered through a �lter cloth to remove any coagulum formed

during the reaction. To adjust the pH a dilute solution of ammonia (5 wt% in

water) was added under mild stirring.

Since no chain transfer agent was used for the synthesis, molecular weights

�100,000 Da of the polymers and monomer conversion degrees >99.95% are

obtained [9]. Hence, polymers with high amounts of MAA will not dissolve at

pH>7, which is con�rmed by particle size measurements showing similar sizes for

all dispersions with narrow distributions. Moreover, free monomer present in the

coatings will have a negligible e�ect on the plasticization an hydroplasticization

of the coatings. The average particle diameter (Zav) and polydispersity index

(Ð) were determined by dynamic light scattering (Malvern Zetasizer Nano ZS)

at 25 ◦C. Results of the analyses are listed in table 2.
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Table 2: Physical characteristics of the latices. Zav is the average particle

diameter and Ðthe polydispersity index of the size distribution of the latex.

latex (% MAA) Zav (nm) Ð

2 345 0.04

5 323 0.06

10 308 0.05

15 301 0.07

20 293 0.03

2.2 GARField 1H NMR

The principles of GARField 1H NMR have �rst been described by Glover et

al..[10] The magnetic �eld strength of the equipment used for this study was

1.5 T and the static gradient was 35.0 ± 0.2 T/m. An Ostro�-Waugh [11]

pulse sequence (90◦x-τ -[90
◦
y-τ -echo-τ ]n) was used to obtain T2 relaxation times

of polymer protons. The echo time te=2τ used for this study is 40 µs with an

acquisition time tac of 35 µs, resulting in a spatial resolution of 14 µm. The long

delay ld was set at 0.5 s and the number of echoes n at 128. To reduce the signal-

to-noise ratio, an average of 1024 measurements was used. The results were

normalized with a reference signal, obtained by a measurement of an aqueous

0.025 M CuSO4 solution with te = 40µs, tac = 35µs, ld = 0.3 s, n = 2048 and

4096 averages.

The signal decays of the coatings at the various RH obtained with the

Ostro�-Waugh pulse sequence can be �tted with an exponential decay func-

tion,

Sn(x) = Pn(x)
N∑

k=1

Ak(x) exp

(
−nte
T2,k(x)

)
+ S0 (1)
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where Sn(x) [a.u.] is the total signal at time t=nte [s], T2,k(x) [s] is the transver-

sal relaxation time of the kth proton pool of the sample with amplitude Ak(x)

[a.u.], and S0 [a.u.] is the signal noise level. The weighing factor Pn(x), nec-

essary to correct for the coil pro�le and echo modulations introduced by the

Ostro�-Waugh sequence, is obtained using an aqueous 0.025 M CuSO4 solu-

tion. We refer to [12] for more details. Equation 1 can be re-written as

In(x) =
N∑

k=1

Ak(x)

Aref (x)
exp

(
−nte
T2,k(x)

)
=

N∑
k=1

ρk(x) exp

(
−nte
T2,k(x)

)
(2)

where In(x) is the relative signal intensity and ρk(x) the relative proton density

of the kth proton pool with respect to water. Aref (x) is the signal amplitude

obtained with the reference measurement of the CuSO4 solution.

In order to obtain Ostro�-Waugh signal decays of the di�erent coatings with

di�erent water saturation levels, the NMR set-up is equipped with a temperature

and humidity controlled chamber in which the sample holder with the coating

sample is placed directly onto the RF coil. The temperature in the chamber

is controlled by a temperature-controlled water �ow through the walls of the

chamber. The chamber RH is generated by an air �ow into the chamber with

a partial water vapor pressure, obtained by premixing dry and water saturated

air in a ratio depending on the desired RH.

The sample holder is a 140 µm thick cover glass covered with a microscope

object glass having a circular hole of 10 mm diameter. Coating samples were

prepared for measurement in three steps. First, 60 µL of latex dispersion was

placed in the sample holder using a 100 µL volumetric pipette in the sample

holder. The sample holder was then placed in a dessicator containing a saturated

aqueous KCl solution, which in equilibrium provides a stable relative humidity

(RH) of 85% at room temperature. Second, after 48 hours the sample holder

was placed in a closed box containing snhydrous CaCl2 at room temperature,

providing a RH close to 0%, to remove residual water from the coating. Third,
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to saturate coating samples at a desired RH, mixtures of water and anhydrous

glycerol were made according to [13], which give an equilibrium RH depending

on their mixing ratio. The NMR sample holder with sample was placed in

a closed box containing a water-glycerol mixture. After 48 hours the sample

holder was weighed to monitor the weigth increase due to water uptake and

a 1H NMR measurement was done at 23 ◦C with the climate chamber set at

the same RH used for pre-conditioning of the sample with the water-glycerol

mixtures. The water fraction θ [wt%] was calculated using

θ =
mtot −m0

m0
× 100%, (3)

with mtot [g] the total mass of the coating sample after each RH equilibration

step and m0 [g] the mass of the sample after drying with CaCl2. Subsequently,

a new 1H NMR measurement was performed. This was repeated at RH ranging

from 10 to 90% in 10% steps.

2.3 Dynamic mechanical analysis

Dynamic mechanical analysis (TA Instruments DMA Q800) equipped with a

humidity control chamber was done at �xed humidities to determine coating Tg

as a function of RH. Measurements were done at an oscillation frequency of 1 Hz

and with an amplitude of 10 µm. The heating rate was set at 1 ◦C/min. Samples

were prepared by drawing a latex layer on a polypropylene plate, cleaned prior

with demineralized water and isopropanol, using a 300 µm drawdown bar and

allowing it to dry for at least 48 hours under ambient conditions. Samples were

cut with a constant width of 5.3 mm for all samples. The sample thickness was

variable and was determined individually for each sample prior to measurement.

Samples were equilibrated in the humidity control chamber at 25 ◦C at the RH

used for the measurement until constant shear storage (G′) and loss (G′′) moduli

were observed. By convention, the Tg of the coating is taken at the maximum

of the loss tangent tan(δ)
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tan(δ) =
G′′

G′
. (4)

2.4 FTIR-ATR

Surface properties of the coatings were probed using FTIR (Shimadzu FTIR

8400S) equipped with a horizontal ATR (Attenuated Total Re�ection) crystal

to investigate changes in the molecular structure due to water uptake. The

penetration depth of light ranges from approximately 0.5 µm at wavenumber

4000 cm−1 to 5 µm at 400 cm−1. Hence, FTIR-ATR mostly provides infor-

mation on the surface composition of the coatings, but it can still be used for

qualitative assessment on the role of carboxylic acid groups on the water up-

take. Before analysis, the crystal surface was thoroughly cleaned with a tissue

soaked in isopropanol and left to dry. The coating material was applied on the

surface of the crystal and the spectrum was collected by co-adding 32 scans at a

resolution of 4.0 cm−1 and automatic gain. The coating preparation procedure

was similar to the DMA preparation procedure described in section 2.3. Pieces

of the coatings were placed in desiccators containing saturated salt solutions,

which give equilibrium RH as described in [14]. Dry coating pieces were pre-

pared in a dessicator containing dry silica gel granules. After at least 48 hours

of equilibration, spectra were measured.

Underlying bands in FTIR spectra in the 1580 - 1800 cm−1 vibration range

were distinguished using a Gaussian peak function to �t the data

Absi(x) =
Ai

wi

√
π/2

e
−2
(

xi−xc,i
wi

)2
, (5)

with Absi(x) the absorbance of band i at wavenumber xi [cm
−1], w [cm−1] the

width at half of the maximum of the band, xc,i [cm
−1] the peak center, and Ai

the band area.
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Figure 1: The absorption isotherms of coatings for di�erent values of the relative

humdity RH at 23 ◦C. Lines drawn to guide the eye show the trends of increased

water uptake with increasing RH and MAA content.

3 Results

3.1 Water absorption isotherms

Carboxylic acid groups can bind relatively high amounts of water, and are there-

fore expected to have a signi�cant impact on the coating Tg.[7]. Therefore, the

water content θ of one coating from each latex dispersion was determined after

each RH step. The water uptake of the coatings was monitored by weighing the

1H NMR samples after each RH step and θ was calculated with Eq. 3. Figure

1 shows the results.

The dependency of coating water uptake on MAA content is obviously un-

derlined, as is stressed by the trend lines drawn in Figuure 1. With increasing

RH, θ increases for each coating. With an increasing number of carboxylic

acid groups, the water content also increases, being in line with expectations
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Figure 2: Ratio of the amount of water molecules nwater and acid functionalities

nMAA of the various coatings as a function of relative humdity RH.

that acid groups are binding sites for water due to their hydrogen bonding

capability.[7] Another observation, however, is that θ at any RH does not scale

with the acid group concentration. To provide better insight, Figure 2 shows the

ratio of water molecules nwater [mol] and acid groups nMAA [mol] as a function

of RH for all coatings.

As can be seen, nwater/nMAA is not equal for all the coatings at the individ-

ual RH's. With increasing MAA content, less water is absorbed per carboxylic

acid group. From 10% MAA and higher, in particular at 60% RH and higher,

the amount of water per carboxylic acid group reaches an equilibrium value.

This suggests that water absorption by the coating is hindered. A plausible

explanation could be the con�nement of the coating samples. Sample volumes

increase by water sorption, and the concomittant strain increase prevents the
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samples from reaching their water saturation levels [15, 16].

3.2 FTIR analysis

Despite the fact that carboxylic acid groups in the coatings are the main con-

tributors to hydroplasticization of the polymers [7], the water uptake e�ects

on molecular interactions in the coatings are not fully understood. FTIR-ATR

measurements were done to elucidate this. In the FTIR spectra, two vibra-

tion ranges are of interest. First, in the range between 1550 and 1800 cm−1,

C=O stretch vibrations of the carboxylic acids and esters are found, of which

the former are expected to be a�ected mostly by water uptake. Second, in the

range between 2400 and 4000 cm−1 O-H stretch vibrations are found, of which

the intensity should increasese with water uptake by the coatings. In �gure 3

the FTIR spectrum vibration range 1550-1800 cm−1 of the 2% and 20% MAA

coatings at 85% RH are shown.

Figure 3 clearly shows di�erences in the shape of the spectrum depending

on the carboxylic acid content of the coatings. To elucidate these di�erences, it

is necessary to identify underlying bands of C=O stretch vibrations of di�erent

origins. Using Gaussian peak �ts as described in section 3.2, �ve bands are

found. These band are listed in Table 3 with the attributed vibration types.

Due to the incorporation of three di�erent acrylic monomers on the polymers,

three di�erent carbonyl groups are present. Two carbonyl groups are part of

the ester functionalities of MMA and BA and one carbonyl group is part of the

carboxylic acid functionality of MAA.

The areas of the bands at 1723 and 1735 cm−1, shown in �gure 3 are hardly

a�ected by water uptake, and are therefore attributed to the ester C=O moieties

of MMA and BA, respectively. Fig. 4a shows that the band area ratios of the

coatings at 1723 and 1735 cm−1 (A1723/A1735) are rather constant. Moreover,

they scale linearly with the molar ratio of MMA and BA, as shown in Fig. 4b

for the coatings at 0% RH, supporting this attribution.

Carboxylic acid groups can show up in an FTIR spectrum in di�erent forms

12



1550 1600 1650 1700 1750 1800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ab
so

rb
an

ce

Wavenumber (cm-1)

 2% MAA, 85% RH
 1632 cm-1

 1694 cm-1

 1709 cm-1

 1723 cm-1

 1735 cm-1

(a)

1550 1600 1650 1700 1750 1800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ab
so

rb
an

ce

Wavenumber (cm-1)

 20% MAA, 85% RH
 1632 cm-1

 1694 cm-1

 1709 cm-1

 1723 cm-1

 1735 cm-1

(b)

Figure 3: FTIR spectrum range of 1550 - 1800 cm−1 of (a) the 2% MAA coating

at 85% RH and (b) the 20% MAA coating at 85% RH. Gaussian �ts are applied

to distinguish underlying bands.
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Table 3: Underlying bands found in the FTIR vibration range 1550 - 1800 cm−1

with their respective attributions. The positions of the water O-H bending

vibration and the carboxylic acid C=O stretch vibrations are based on those

found in [17]

Wavenumber vibration type molecular conformation

cm−1

1632 O-H bending vibration (water)

1694 C=O stretch vibration (open dimer)

1709 C=O stretch vibration (dimer)

1723 C=O stretch vibration (MMA ester)

1735 C=O stretch vibration (BA ester)

14
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Figure 4: (a) Area ratios of the bands at 1723 (A1723) and 1735 (A1735) cm
−1

of the various coatings attributed to C=O stretch vibrations of MMA and BA,

respectively. (b) Band area ratios A1723/A1735 at 0% RH versus the molar ratio

of MMA and BA nMMA/nBA.
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due to the possibility of dimerization through hydrogen bonding [18, 17, 19].

Hence, both dimers and free carboxylic acid groups, not bound to other car-

boxylic acid groups, could be expected. It is known, however, that free car-

boxylic acid groups are hardly visible in the spectrum suggesting that the dimer-

ized state is the preferential conformation [20]. In the presence of water, dimers

are broken and form so-called �open dimers�, which appear as a broad band due

to the variety of possible spatial conformations [18, 17]. The dimers and open

dimers are found at 1709 and 1694 cm−1, respectively. Direct comparison of the

band areas of the di�erent coatings is, however, not possible. Peak intensities

depend on the penetration depth of the light into the coating samples, which

in turn depend on the coating refractive index nc [21]. Therefore, variations

in coating composition due to MAA or water concentration can impact peak

intensities. Band area ratios, however, can still provide information on the con-

version of dimers to open dimers. As shown in Fig. 5, upon water absorption,

the area ratio of these bands A1694/A1709 increases, indicating dissociation of

the cyclic dimers into open dimers. The presence of open dimers at 0% RH

could indicate that residual water is still present in the coating.

An additional broad band is observed at 1632 cm−1, which is known to

originate from O-H bending vibrations of free water in the coating [17, 19, 18].

The O-H stretching vibrations of water at approximately 3400 cm−1, however,

give stronger absorbance and therefore provide more accurate information on

the water absorption. Hence, these bands are used to assess water sorption by

the coatings.

Fig. 6a shows the FTIR spectrum vibration range between 2400 and 4000

cm−1 of the 2% MAA coating. In this range, C-H stretching vibrations of alkyl

groups at 2874 and 2955 cm−1 and O-H stretching vibrations of the carboxylic

acid groups at approximately 3200 cm−1 are visible, which are not sign�cantly

a�ected by the water uptake of the coatings. By integration of the spectrum

areas between 2400 and 4000 cm−1 and normalization with the C=O stretch-

ing band of the BA ester at 2935 cm−1, information on the water uptake is

obtained, as shown in �gure 6b. Figure 6 shows the areas of these peaks AOH

16



0 20 40 60 80 100
0.6

0.8

1.0

1.2

1.4

A
16
94

/A
17
09

 (-
)

RH (%)

Figure 5: Ratio of the FTIR band areas at 1694 (A1694) and 1709 (A1709) cm
−1

of the 2% coating, representing open dimers and cyclic dimers of carboxylic acid

respectively. A trendline is drawn to guide the eye. Data for the 5, 10, 15 and

20% coatings are not shown for the sake of clarity.
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normalized with the BA band at 1735 cm−1. For the 20% MAA coating, a

gradual increase in the amount of free water occurs. For the other coatings,

however, the amount of free water is about constant up to approximately 60%

RH. At higher humidities the amount of free water in these coatings increases

more signi�cantly.

3.3 Coating proton mobility

Polymer mobility in a coating is expected to change when water is absorbed.

Inter- and intramolecular bonds are broken leading to a higher degree of free-

dom for the polymer chains. The polymer mobility is directly related to proton

mobility, which can be quanti�ed using NMR relaxometry. In �gure 7 an ex-

ample of Ostro�-Waugh signal decays at di�erent RH are shown for a coating

containing 10% MAA. The T2 relaxation times increase with increasing water

absorption by the coatings.

After equilibration at higher RH, the T2 relaxations of the coating increase

due to water uptake. The relaxation times are obtained with a bi-exponential

�t of the Ostro�-Waugh signal decay using equation (2) with k = 2, meaning

that two pools of protons with di�erent mobilities are found. In �gures 8a and

b relaxation times T2,1 and T2,2 for all coatings are shown as a function of θ.

Figures 8c and d show their respective proton densities ρ1 and ρ2.

Both T2 relaxations increase with increased coating water content. The pro-

ton mobility appears to be directly related to the water content of the coatings.

The MAA content, however, does not obviously in�uence T2: It is the higher

coating water content with higher MAA content that determines the increase

in proton mobility.

Proton densities ρ1 and ρ2 as a function of θ show a rather scattered pattern,

with no distinct e�ect of water uptake. This can be explained by the relatively

low contribution of water protons to the total signal intensity I, as is shown in

�gure 9, which is within the noise levels of the measurements. Consequently,

polymer protons with a di�erent degree of mobility apparently dominate the
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Figure 6: (a) FTIR spectrum of the 2% MAA coating between 2400 and 4000

cm−1, with at 2874 and 2955 cm−1 alkyl C-H stretching vibrations and at

3220 and 3400 cm−1 O-H stretching vibrations of carboxylic acid groups and

water, respectively. (b) Integrated area between 2400 and 4000 cm−1 (AOH)

normalized with the BA band area at 1735 cm−1 as a function of RH for varying

MAA content. 19
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Figure 7: Ostro�-Waugh signal decays of a coating with 10% MAA after equi-

libration at di�erent RH. The signal intensity I decays with each echo due

to transversal relaxation of the hydrogens. The relaxation time T2 is linked to

the hydrogen mobility. An increased relaxation time, and hence a slower signal

decay, indicates an increased hydrogen mobility. This is the case for the coating

hydrogens when water is absorbed.
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Figure 8: (a) The short (T2,1) and (b) long (T2,2) T2 relaxations of the various

coatings obtained by a double exponential �t of the Ostro�-Waugh signal decays

using equation 2 and their respective relative proton densities (c) ρ1 and (d) ρ2.

The insert in �gure (b) magni�es the T2,2 relaxations at lower θ to clarify that

no signi�cant di�erences are observed for di�erent MAA contents. Note that the

data in �gures (a) and (c) are more scattered compared to those in �gures (b)

and (d) due to the limited amount of data points available in the Ostro�-Waugh

decays.
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Figure 9: θ versus the signal intensity I of the �rst echo of the Ostro�-Waugh

signal decays of all coatings.

T2,1 and T2,2 relaxations.

3.4 Coating Tg

The coating Tg decreases when water is absorbed. Water disrupts molecular

interactions leading to softening of the coating. DMA was used to quantify the

e�ective Tg of the coatings as a function of RH. In �gure 10a results of the

measurements are shown as a function of θ.

As expected, the Tg of the coatings decreases with increasing RH. Obviously,

the Tg of the coatings under dry conditions increases with increasing MAA con-

tent. This is expected due to the positive contribution of MAA to the polymer

Tg [7]. With increasing RH, the coating Tg's converge to approximately 35-40

◦C. Furthermore, obviously there is a more pronounced e�ect for MAA coatings

above 10% at lower RH. It is hypothesized that the dimerization of carboxylic

acid groups has a much more pronounced e�ect on the coating Tg at lower RH

at high MAA content, which contributes to an increased coating Tg.
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Figure 10: (a) Glass transition temperatures Tg of the various coatings obtained

by dynamic mechanical analysis as a function of RH. (b) Tg's of the various

coatings as a function of the molar water and MAA ratio nwater/nMAA.
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By plotting the Tg as a function of the water and MAAmolar ratio nwater/nMAA,

as is shown in �gure 10b, the role of MAA on the Tg decrease due to water up-

take can be studied. The result shows that the data are almost superimposing,

indicating the dominant role of the carboxylic acid groups in the hydroplasti-

cization process.

3.5 Discussion

The water uptake studies in section 3.1 show that an increasing MAA content

also increases the total amount of water that is absorbed by the coating at a

given RH. When considering the relative amount of water, i.e. the amount

of water bound per MAA monomer, a steady decrease is observed down to an

amount that obviously not di�ers signi�cantly for 10 wt% MAA and higher.

This might reasonably indicate a limiting factor in the water uptake of the

coatings . For example, the di�usion of water and the water saturation levels in

a coating are stress dependent, meaning that strain increase due to con�nement

of the coating can inhibit the water uptake [15, 16]. This would imply that

coatings with higher MAA contents can not reach their water saturation levels,

resulting in lower molar water and MAA ratios.

FTIR-ATR measurements of the coatings show that carboxylic acid groups

are predominantly present as cyclic dimers in the coatings. This may explain the

Tg values found with DMA as is shown in �gure 10. With an increasing amount

of MAA in the coating, the amount of carboxylic acid dimers also increases,

which in turn increases the coating Tg. Apparently, this e�ect becomes more

dominant at carboxylic acid contents of 10% and higher. Upon water uptake,

the carboxylic acid dimers are disrupted. Although it might be expected that

this would result in free carboxylic acid groups, it is known that mostly �open�

dimers are formed [18, 17, 19]. Carboxylic acid groups remain in close proximity

and are connected by water molecules.

This behavior provides a plausible explanation for the proton mobilities

found, as shown in �gure 8. Due to continuing interaction of carboxylic acid
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Figure 11: The polymer proton mobilities represented by T2,1 (up) and T2,2

(down) relaxation times as a function of polymer Tg.

groups in the open dimers, polymer mobilities, and hence proton mobilities,

do not increase a lot after disruption of the cyclic dimers. The T2 relaxation

times indeed show an increase with increasing water content, but still remain

rather short. Moreover, there are no signi�cant di�erences bewtween the relax-

ation time of the di�erent coatings, which are to be expected based on the large

di�erences between the Tg's of the various coatings at θ < 3 wt% (see �gure

10a). Hence, increasing the carboxylic acid content of the coatings does not

signi�cantly in�uence the polymer mobility of the coatings after water uptake

at similar θ. It merely provides the coatings with additional hydrogen bonding

sites to increase θ, and hence the polymer mobilities, at similar RH.

Correlating both Tg and T2 can provide more insight into the change in

polymer mobility due to a decrease in Tg. In �gure 11, the T2 dependence on

Tg of di�erent coatings is shown for all coatings.

In general, a clear relation between T2 relaxation times, and therefore poly-

mer mobilities, and coating Tg is found. Both shorter T2,1 and longer T2,2

relaxations show a decrease in polymer proton mobility with an increase of the

coating Tg, and thus the glassy character, for all coatings. Unfortunately, the

T2,1 relaxation data are scattered as a result of the limited amount of data

25



points available for �tting of the Ostro�-Waugh decay. Hence, it is not possible

to observe potential di�erences between the various coatings.

The T2,2 relaxation times as a function of coating Tg show clearer results.

First, for all coatings a gradual decrease in proton mobility is seen between

Tg's of approximately 35 and 45 ◦C. At an ambient temperature of 23 ◦C, a

transition from a rubber-like to a glassy state of polymer segments is expected

in this range. At higher Tg's the proton mobilities do not decrease signi�cantly

anymore, an indication that the mobility of the polymers segments has reached

a minimum.

At Tg values between 35 and 45
◦C, proton mobilities at any given Tg appear

to increase with increasing MAA content. Since both polymer Tg and T2 are

measures of the mobility of the polymer, the curves in �gure 11a and b should

superimpose. At least for T2,2, this is clearly not the case. An explanation

for this is the presence of hydrogen pools in the coating with relaxation times

T2 < te. In other words, if T2 < 40µs, this would not appear in the Ostro�-

Waugh signal decay. The size of such hydrogen pools should thus increase with

increasing MAA content, as this would decrease the average T2.

4 Conclusion

Plasticization of a polymer by water, also known as hydroplasticization, brings

about a decrease in the e�ective glass transition temperature Tg and there-

fore increases the polymer mobility. The hydroplasticization process in acrylic

coatings with di�erent amounts of acid groups in the form of methacrylic acid

(MAA) has been studied as a function of water content.

The water content θ of the coatings increased with an increase of the relative

humidity (RH). This is promoted by the presence of MAA in the coating due

to the hydrogen bonding capability of carboxylic acid groups. Concomittantly,

the Tg's of the coatings decrease and the T2 relaxation times, measured with 1H

NMR relaxometry, increase. Hence, polymer mobilities in the coatings increase

due to the hydroplasticization e�ect during water uptake.
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The coating Tg decreases with water uptake as a result of the hydroplasti-

cization of the polymers. In dry conditions, the Tg of the coatings increases with

an increase of the MAA content. This is explained by the presence of dimers

of carboxylic acid groups in the coatings, of which the concentration increases

with increasing MAA content. These dimers increase the coating Tg.

Correlating the T2 relaxation times of the softer polymer domains with the

coating Tg shows higher mobilities as a function of Tg with increasing MAA

content. The presence of hydrogen pools with even lower mobilities, which

can not be measured due to their fast relaxation, could provide a plausible

explanation for this observation.
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