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Abstract: Possible modification of the structure of poly(acrylic) acid (PAA) membranes doped with graphite was

investigated by UV-Vis and XRD techniques. The pure PAA membranes were characterized by good transparency in

the domain 250–700 nm, with maximum absorption at 207 nm. The absorbance of membranes increased significantly

after doping with graphite. The XRD patterns of pure membranes showed a low degree of order of the polymeric matrix.

Some modifications of the parameters of the ordered domains of the polymer and of the graphite appeared at high

concentrations of the dopant.
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1. Introduction

Polymeric membranes are used in different areas of human activities due to their special properties like high

chemical stability, good flexibility and elasticity, low electric conductivity, and easy processing. Polymeric

membranes are used in the pharmaceutical industry as support for active medical drugs, and most recently in

the green energy industry in the fabrication of electric fuel cells based on the oxidation of methanol or hydrogen

without burning [1–4]. The use of polymers like poly(vinyl) alcohol (PVA), and most recently poly(acrylic) acid

(PAA), has increased for these purposes [5,6]. Such particular applications require special features of materials

that are not characteristics of pure polymers as they result from the fabrication process, but can be obtained

by doping with different inorganic compounds [7,8]. For instance, in the pharmaceutical industry, especially for

products designed for skin care, the enhancement of UV protection is obtained by doping polymeric membranes

with TiO2 or graphite [9,10]. Doping with graphite allows the development of pharmaceutical products with

controlled release of the active substance by electric fields. The release process can be activated by heating

the polymeric support by weak electric currents, obtained from small electric sources, or induced by weak

variable magnetic fields or microwaves of small intensity. This is the medical interest of doping the membranes

with graphite. In the fabrication of electric direct methanol fuel cells (DMTF), which use Nafion membranes as

separator, the diffusion of the fuel through the membrane is reduced by coating the membrane with PAA [11,12].

In both these applications, the introduction of graphite increases the electric conductivity of the polymer [13,14],

but the addition of inorganic dopants could have an important influence on the microscopic physical properties

of the polymeric matrix, modifications that can be investigated only by spectroscopic techniques. The aim of

our study was the observation of possible modifications in the local structure of PAA induced by the addition

of graphite to the polymeric matrix. These investigations were done by UV-Vis and XRD techniques.
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2. Materials and methods

The pure and doped membranes were obtained from aqueous PAA gel. The polymer in powder state was mixed

in weight proportion of 10% with distilled water and stirred for 4 h at room temperature until a homogeneous

gel was obtained. If no graphite is added, a transparent gel is obtained. This gel was displaying on glass plates

and kept at room temperature until the water evaporated completely. The doped membranes were obtained

from aqueous gel to which natural graphite was added at the desired concentration (5%, 15%, and 30%). The

mixture was stirred for 3–4 h to ensure homogeneous dispersion of graphite into the polymeric matrix, at 40
◦C, and then the compound was displayed on glass plates and kept in the dark at room temperature until the

water evaporated. The UV-Vis investigation was done with a Jasco V-670 system with scan speed 200 nm/min,

UV-Vis bandwidth 2 nm, and NIR bandwidth 8 nm. The X-ray diffraction (XRD) was performed with a Bruker

X-ray diffractometer with Cu Kα (λ = 0.154 nm) at 45 kV and 40 mA. The 2θ range of 10◦–100◦ was recorded

with 0.1◦ steps.

3. Results and discussion

The first feature that changed after addition of graphite was the color of the sample. Before addition, the

pure PAA membranes were colorless, being transparent for visible light. After addition of graphite, the color

of samples changed progressively towards black and the transparence decreased significantly, being almost

opaque at high graphite concentration. These modifications were observed by UV-Vis spectroscopy. The pure

membrane showed good transparency in the domain 250–700 nm, with maximum absorption at 207 nm (Figure

1). As known from the literature, the absorption in the UV- Vis domain is determined by the excitation of the

electrons from a full bonding or nonbonding orbital into an empty antibonding orbital [15,16]. These transitions

appear in different domains of wavelength according to the atomic energy level difference involved. Usually the

transitions of n or π electrons to the π∗ excited state are the most studied because these transitions appear

in an experimentally convenient region of the spectrum (200–700 nm). The absorption is proportional to the

concentration of the absorber. In the PAA monomer, the absorption was determined mainly by the π → π∗

transition of the carbonyl groups. These transitions were responsible for the absorption peak at 207 nm. After

the addition of graphite, the absorption in the whole UV-Vis domain increased significantly. For instance, at

15% graphite concentration the absorbance increased by 70% compared with the absorbance at 5%, and at

30% graphite concentration the absorbance increased by 135% compared with the absorbance of the sample

containing 5% graphite. However, the characteristic absorption peak of the PAA can be seen again in the

spectra at the same wavelength as for the pure PAA membrane (Figure 1). The spectra of doped membranes

appear as a superposition of the spectra of pure polymer and of pure graphite. The doped membranes combine

the features of both components, but the optical properties of each component remain unaltered. From these

observations it appears that the addition of graphite does not change the chemical structure of the polymer.

Another visible change that appears after doping is the brittleness of the samples. Before doping the

polymeric membrane behaves like a flexible material, but as more graphite is added its flexibility decreases.

Usually such modifications of the mechanical behavior can be correlated with changes in the crystallinity of

the sample. The polymeric materials are known as amorphous systems, but in some cases the local parallel

arrangement of the chains gives rise to ordered structures that behave like the atomic planes of the crystalline

solid [17]. The interplanar distance is of the same order of magnitude as the wavelength of the X-rays. For a

well-defined interplanar distance, as in the case of monocrystals, the observed diffraction peak is narrow and

appears for a well-defined value of the diffraction angle θ according to Bragg’s law, k · λ = 2 · d · sin θ , where
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k is the diffraction order, d the interplanar distance, and λ the wavelength of X radiation. In the polymers,

the ordered domains are characterized by a multitude of these distances distributed around a value of higher

probability. For each interplanar distance, Bragg’s law is fulfilled for a well-defined value of the diffraction angle,

giving rise to a narrow diffraction line. The observed diffraction signal is composed of these individual lines. As

a consequence, the diffraction peak is broad, with a maximum corresponding to the most probable interplanar

distance [15]. The area under the peak is proportional to the concentration of the corresponding ordered phase

into the sample. This behavior can be seen from the diffractogram of pure PAA membrane. The diffractogram

is characterized by an intense and broad signal at the angle of 2θ = 17.2◦ and a shoulder at 2θ = 35◦ , in accord

with other works [18] (Figure 2). This diffractogram is the result of the superposition of 2 peaks of diffraction

that can be clearly seen only after simulation of the diffractogram. Each peak was approximated by Gaussian

function centered on the diffraction angle, considering the amplitude and the width adjustable parameters.

These parameters were modified until the best fit was obtained between the experimental and calculated data

(Figure 2). The calculation of the parameters was done in the same conditions for all the samples in order to

compare the numerical results. For a better analysis the simulated peaks are represented separately in Figure 2,

as well as their convolution. From the diffraction angle we calculated the interplanar distances corresponding to

each diffraction peak, d = 5.15 Å for 2θ = 17.2◦ and d = 2.5 Å for 2θ = 35◦ . The interplanar distance d = 5.15

Å found for PAA is close to those obtained for other polymers with simple chemical structure, e.g., PVA, for

which the interplanar distance is dPV A = 5.51 Å [19]. In PVA, the ordered phase is determined by the hydrogen

bonds appearing between the OH groups of one monomer and the H atoms of the other monomer belonging

to 2 neighboring chains, [20]. A similar process of packing of the chains appears in PAA [21]. Although the 2

polymers have very close chemical structures (Figure 3), the interplanar distances of PAA are greater due to the

bending group COOH. The diffraction on different planes of PAA appears with different probabilities, which

explains the difference between the amplitudes of the 2 peaks. The ratio of these probabilities is calculated from

the ratio of the areas under the simulated peaks, RPAA = 2.3. The size of ordered domains was calculated with
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Figure 1. The UV-Vis absorbance of PAA membranes

with different concentrations of graphite.

Figure 2. The XRD pattern of pure PAA membrane (a);

the simulation of the peak at 17.2◦ (b); the simulation of

the peak at 35◦ (c); the simulation of the whole spectrum

(dashed line) (d).
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the Debye–Scherrer equation applied to the simulated spectrum,D = K·λ
β·cos θ , where D is the size of ordered

domains, K= 0.9 is a proportionality factor, and β the half line width of the peak expressed in radians. We

obtained D = 8.9 Å. These observations show a low degree of crystallinity of the polymeric matrix before doping.

Our interest was to observe the modification of the ordered structure of the polymer after doping with

graphite. For this purpose, the pure components and then the doped samples were investigated. Graphite

represents 1 of the 4 allotropic forms of carbon, and consists of a hexagonal arrangement of carbon atoms in

intercalated planes. In our experiments, the diffractogram of pure graphite contains 2 important peaks at 2θ

= 25.2◦ and 2θ = 43◦ , and a weak peak at 2θ = 55◦ , which appear with different intensities (Figure 4). The

interplanar distances corresponding to the first 2 peaks are d = 3.5 Å and d = 2.1 Å. The first peak corresponds

to diffraction on the planes (002) and the second one to the planes (101) [22,23]. The (002) direction represents

the c -axis of the graphite unit cell, which is perpendicular on the hexagonal planes. The peak at 2θ = 55◦

corresponds to the diffraction on planes (004) [24]. All the peaks are broad, but the characteristic parameters of

each peak can be extracted from the simulation of data. The experimental data were simulated with a Gaussian

function following the same algorithm of calculation that was utilized for the pure PAA. From the simulation

we obtained the amplitude, the width, and the area under each peak, parameters that were used to calculate

the size of the ordered domains and the probability of diffraction on the planes corresponding to each diffraction

angle. For pure graphite the size of ordered domains is D = 22.6 Å and the ratio of probabilities of diffraction

is RC = 10.
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Figure 3. Chemical structure of PVA (a) and PAA (b)

monomers.

Figure 4. The XRD pattern of pure graphite (solid line)

and the simulation of experimental data (dashed line).

Then we investigated the samples with graphite. The diffractograms of the doped membranes appear as

a superposition of the spectra of the 2 components, as shown in Figure 5. Although the doped samples contain

the characteristic diffraction peaks of the polymer and of the graphite, some modifications appear at high

concentrations of dopant. For instance, at 30% graphite concentration, the first peaks of the PAA shift slowly

from 2θ = 17.2◦ to 2θ = 18.2◦ and its half line width increases from 9◦ to 10◦ . That means a modification

of interplanar distances from 5.15 Å to 4.86 Å and a modification of the size of ordered domains from 8.9 Å

to 8.06 Å. The ordered domains of polymer become more compact in the presence of graphite. These results
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suggest a repulsion of the polymeric chain from the graphite, forcing the polymer toward a more compact

structure. The peak at 2θ = 35◦ is observed at the same angle; its half line width remains unchanged but its

amplitude and its area increase. The ratio of areas under the 2 peaks of PAA became 1.2 (instead of 2.3 for pure

membrane), indicating a decrease in probability of diffraction on the planes corresponding to the angle 2θ =

18.2◦ . The peaks of graphite in the polymeric matrix appear at the same angles as for the pure state, indicating

no modification of the interplanar distance. However, their amplitude and half widths are slowly modified. The

half width of the peak at 2θ = 25◦ decreases slowly from 3.6◦ to 3.3◦ and the half width of the peak at 2θ

= 43◦ decreases from 3.5◦ to 1.9◦ . That means a modification of the size of crystalline domains of graphite

from D = 22.6 Å to D = 24.6 Å. The area under these peaks changes, the new ratio now being 13.3. That

means an increase in the probability of diffraction on the planes (002) in the detriment of planes (101). The

(002) direction becomes favorite in the presence of polymeric matrix. The values of these parameters show a

high stability of the structure of graphite, referring especially to the interplanar distance, which is not modified

by the presence of the polymer. However, a tendency of aggregation of graphite nanoparticles in domains with

higher size as well as a preferential parallel alignment of the c axis of the hexagonal unit cells of graphite is

observed in the presence of the polymeric matrix. Analysis of the features of all the peaks appearing in the

diffractograms of doped samples was done on the basis of simulated spectra. An example of such a simulation,

for the sample with 30% graphite, is presented in Figure 6. In this figure, each peak is represented separately

and after superposition, with the amplitude and the width resulting from simulation.

0

50

100

150

200

A
m

p
li

tu
d

e 
(a

rb
. u

n
it

s)

a

b

c

0                     20                   40                    60                   80

2 θ (deg)

0

40

80

120

160

0                     20                   40                    60                   80

A
m

p
li

tu
d

e 
(a

rb
. u

n
it

s)

2 θ (deg)

a

b

c

d

e

f

Figure 5. The XRD pattern of membrane PAA with 30%

graphite (a); the XRD pattern of pure PAA membrane (b);

the XRD pattern of pure graphite (c).

Figure 6. The XRD pattern of membrane PAA with 30%

graphite (a); the simulation of the peaks of PAA at 18.2◦

(b) and at 35◦ (c); the simulation of the peaks of graphite

at 25◦ (d) and at 43◦ (e); the simulation of the whole

spectrum (f) (dashed line).

4. Conclusions

The absorption coefficient of pure PAA membranes in the domain 250–700 nm is almost constant, with a

maximum at 207 nm. For the doped membranes the absorption increases progressively with the concentration

of graphite in this domain, but the maximum at 207 nm of PAA can be seen again in these spectra. However, its
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relative amplitude, compared with the amplitude in the domain 250–700 nm, decreases. This behavior indicates

a superposition of the absorption properties of pure PAA and of graphite. The pure PAA membranes show a

low degree of crystallinity determined by the local ordered arrangement of polymeric chains. The size of these

ordered domains of the polymer decreases slowly after addition of graphite. We associate this behavior with

a repulsive effect exerted by graphite nanoparticles upon the PAA chains. The diffraction peaks of graphite

appear at the same angles in pure state as the doped samples, but the amplitude and the half width of some

peaks are modified. Analysis of the parameters of these peaks indicates a small increase in the size of the

crystalline phase of the graphite in the presence of polymeric chains and a preferential parallel alignment of

the c axis of the unit cell of graphite. A tendency of aggregation of graphite nanoparticles in the presence of

polymeric matrix is associated with this behavior.
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