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Abstract: The structure and physicochemical properties of polyvinyl alcohol (PVA) and PVA/glycerol films 

have been investigated by Fourier-transform infrared spectroscopy (FT-IR), X-ray Diffraction (XRD), 

thermogravimetry/differential thermal analysis (TG/DTA), and advanced scanning probe microscopy (SPM). 

In the pure PVA films, SPM allowed us to observe ribbon-shaped domains with a different frictional and elastic 

contrast, which apparently originated from a correlated growth or assembly of PVA crystalline nuclei located 

within individual PVA clusters. The incorporation of 1.0 wt.% glycerol led to modification in shape of those 

domains from ribbon-like in pure PVA to rounded in PVA/glycerol 1.0 wt.% films; changes in the relative 

intensities of the XRD peaks and a decrease of the amorphous halo in the XRD pattern were also detected, 

while the DTA peak corresponding to the melting point remained at almost the same temperature. For higher 

glycerol content, FT-IR revealed additional glycerol-characteristic peaks presumably related to the formation 

of glycerol aggregates, and XRD, FT-IR, and DTA all indicated a reduction in crystallinity. For more than 2.0 

wt.% glycerol, the plasticization of the films complicated the acquisition of SPM images without tip-induced 

surface modification. Our study contributes to the understanding of crystallinity in PVA and how it is altered 

by a plasticizer such as glycerol.  

Keywords: polyvinyl alcohol films pva/glycerol blends; crystallinity; infrared spectroscopy; x-ray 

diffraction; thermogravimetry; differential thermal analysis; atomic force microscopy; lateral force 

microscopy; ultrasonic force microscopy  

 

1. Introduction 

Nowadays, the development of materials with film forming capacity is of growing interest. 

Polyvinyl alcohol (PVA) is one of the most popular synthetic polymers due to its biodegradability, 

biocompatibility, high elasticity, hydrophilicity, and acceptable thermal properties. PVA has 

excellent film forming properties, and is widely used in the development of sensor materials, drug 

delivery systems, wound dressings, artificial cartilages, implants, for packaging applications, 

recovery of organic and inorganic pollutants, etc. [1–4]. 

However, due to its poor ductility, in practical applications PVA is often used with addition of 

plasticizers which influence its mechanical and thermodynamic properties [5–7]. Plasticizers such as 

glycerol, sorbitol, sucrose and some organic acids are well-known as low molecular weight 

compounds that reduce polymer-polymer chain bonding [8]. The breaking of hydrogen bonds 

increases the molecular mobility of the polymer, which results in increased flexibility of the polymer 

films. Being nontoxic to humans at low concentrations, glycerol is a widespread plasticizer 

incorporated in PVA films [10–18], as well as in its nanocomposites and blends  

PVA is a semicrystalline polymer composed of both amorphous and crystalline phases, with the 

percentage of crystallinity playing a crucial role in determining its performance. Understanding and 

controlling the crystallinity of PVA is essential for applications such as drug delivery and wound 

dressings, as the amount of the crystalline phase will affect the release of active compounds and the 

material's mechanical properties. Higher crystallinity may enhance the durability and structural 

integrity of films for biomedical applications. Additionally, in films used as membranes for water 
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treatment and the recovery of organic and inorganic pollutants, crystalline regions can improve 

mechanical strength and chemical resistance, leading to better performance and longer service life. 

For adhesives and coatings, the crystallinity of PVA affects adhesion properties, flexibility, and 

resistance to solvents and environmental factors. In packaging, it influences the film’s strength, 

barrier properties, and stability. Controlling crystallinity can help optimize these films for specific 

industrial purposes. 

In this work, we have conducted a comprehensive analysis of the crystallinity in pure PVA and 

PVA/glycerol films through a correlative study of data from Fast Fourier Transform Infrared 

Spectroscopy (FTIR), X-Ray Diffraction (XRD), and Thermogravimetry (TG) / Differential Thermal 

Analysis (TDA) and Advanced Scanning Probe Microscopy (SPM). We have been able to identify 

nanoscale phases with distinct elastic and frictional properties, likely related to the presence of 

crystalline domains. The incorporation of glycerol led to changes in the thermal properties and 

crystallinity of the films. For low glycerol contents, SPM revealed morphological modifications of the 

observed nanoscale domains. For glycerol contents exceeding 2.0 wt.%, the softness and 

deformability significantly heightened, complicating the acquisition of SPM images without altering 

the films. Our study provides valuable insights into how plasticizers, such as glycerol, impact the 

PVA nanostructure, thereby offering avenues for tailoring PVA properties to achieve optimal 

performance. 

2. Materials and Methods 

2.1. Materials and Sample Preparation 

PVA (Mw 31 000-50 000 g/mol, 98-99% hydrolyzed) and glycerol (≥99.0%) were supplied by 

Merck, Darmstadt, Germany. The PVA was dissolved in distilled water with stirring at 90 °С, 400 

rpm, when heated in a water bath for 2 hours, to prepare a 7.0 wt.% stock solution. Solutions of PVA 

with 3.5 wt.% concentration, and mixed PVA/glycerol solutions containing 3.5 wt.% PVA and 1.0 

wt.%, 2.0 wt.%, 4.4 wt.% glycerol, were prepared from the 7.0 wt.% PVA stock solution, glycerol and 

distilled water, stirred at 25 ºC, 400 rpm, 20 min, poured on polystyrene Petri dishes and evaporated 

at room temperature (20-25°С) and ambient humidity ~ 50% R.H. Films ~ 200 µm thick were obtained 

by this method (solution casting). The film preparation procedure is illustrated in Figure 1. 

2.2. Fourier-Transformed Infrared Spectroscopy (FT-IR) 

FTIR spectra (4 cm−1 resolution, wavenumber range 500–4000 cm−1) were recorded with a 

Shimadzu IRPrestige-21 spectrometer (Tokio, Japan), using the ATR method. Small pieces of the PVA 

and PVA/glycerol films were cut and placed in the instrument sample holder. The data were acquired 

d using the software Shimadzu IR solution 1.21 (Tokio, Japan) and analyzed using Originpro 2024 

(Northampton, MA, USA) software. 

2.3. X-ray Diffraction (XRD) 

XRD measurements were performed in an equipment Philips X’Pert MPD (Eindhoven, 

Holland), using CuK α radiation (1.54056 Å) with 40 KV and 40 mA. It incorporates 0.04 rad soller 

slits for both incident and diffracted beams, an automatic 12.5 mm programmable divergence slit, 

and a Xe gas sealed proportional detector. Data were collected in an angular range between 1° and 

50° (2θ) with a step size of 0.02° and a counting time of 0.70 s per step, and analyzed using Originpro 

2024 (Northampton, MA, USA) software.   

2.4. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) 

The thermal behavior of the samples was examined with a Setaram model TG/DTA92 equipment 

(Caluire-et-Cuire, France), using a Pt crucible. Typically, thermograms were recorded in air 

atmosphere, within a temperature range from 20°C to 500 °C, with a heating rate of 5 ºC/min. For 

some of the samples, rates of 25ºC/min were also used. One experiment in pure PVA was additionally 

performed in argon atmosphere with a heating rate of 5 ºC/min. The data were analyzed using 
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Originpro 2024 (Northampton, MA, USA) software. Derivative thermogravimetric (DTG) analysis 

was performed to identify the thermal transformation peaks. 

2.5. Scanning Probe Microscopy 

Contact-mode atomic force microscopy (AFM), lateral force microscopy (LFM) and ultrasonic 

force microscopy (UFM) were performed using a NANOTEC (Madrid, Spain) instrument. The 

modification of the AFM equipment for the incorporation of UFM facilities is described in [19]. For 

UFM, ultrasonic frequencies of ~3.8 MHz and modulation frequencies of 2.4 KHz were applied from 

a piezoelectric element placed under the sample. Typically, Olympus Silicon Nitride cantilevers with 

a nominal spring constant of 0.06 N/m and a nominal tip radius of 20 nm were used. The 

measurements were performed in air, at ambient conditions (20-25°С, ~ 50% R.H.). Data were 

analyzed using the WSxM software (Madrid, Spain)  [20]. 

 

Figure 1. Structural formulas of PVA and glycerol; film preparation scheme. 

3. Results and Discussion 

3.1. FTIR Analysis 

FTIR spectra for the pure PVA and PVA/glycerol blended films with different glycerol content, 

1.0, 2.0, 4.4 wt%, are displayed in Figure 2a.  
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Figure 2. (a) Normalized FTIR spectra of the pure PVA and PVA/glycerol films with different 

concentrations of glycerol: 1.0, 2.0, 4.4 wt.%. (b-c) Zoom of regions highlighted in yellow in (a). In (b) 

(c), the dotted black curves correspond to the pure PVA film, which has been shifted and 

superimposed on each of the other curves to facilitate comparison. (d) Absorbance spectra (inverse 

from the transmittance) in the selected region to illustrate the procedure for constructing the baseline 

to determine A1141 and A1088 in equation (1) (see text). 

For the pure PVA film, the band at 3273 cm–1 corresponds to (O-H) stretching vibration from the 

intermolecular and intramolecular hydrogen bonds [17]. The two bands at 2939 and 2907 cm–1 

correspond to the asymmetric and symmetric stretching vibrations of methylene (–CH2–), 

respectively [21]. The peaks at 1709 cm−1, 1655 cm−1, and 1560 cm–1 have been related to the stretching 

vibrations of the (C=O) and (C–O) bonds present in the remaining acetate units [22], which in our 

case must be very few, as we are using highly hydrolyzed PVA. The 1655 cm-1 band has also been 

assigned to absorbed water [23,24]. The peaks at 1417 cm–1 and 1327 cm–1 have been attributed to 

bending vibrations of hydroxyl (–OH) and wagging of (C‒H), respectively [25]. The peak at 1141 cm–

1 has been assigned to (C–O) stretching vibrations in C–OH groups of the crystalline polymer phase 

[26] ] and also to (C–C) stretching vibrations of the carbon framework of the polymer chain in the 

crystalline phase [27]. The peak at 1088 cm–1 corresponds to the (C–O) stretching vibrations [24], the 
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band at 916 cm-1 to CH2 rocking vibration, and this at 836 cm-1 to (C–C) stretching and (C–H) out-of-

plane vibrations. 

For the PVA-glycerol films, (Figure 2a) a shift of the (O–H) stretching vibration band from 3273 

cm–1 to higher wavenumbers is observed when increasing the glycerol content (up to 3283 cm–1 for 

4.4 wt.% of glycerol). A possible reason for this effect is the dissociation of hydrogen bonds between 

the PVA chains and the formation of new hydrogen bonds between the PVA and glycerol molecules 

[17,28]. Similar results were obtained for films of PVA/chitosan with addition of glycerol [28] and 

films of wheat starch with glycerol [9]. 

For the PVA/glycerol 4.4 wt.% film, the band at 2939 cm-1 experiences a slight increase compared 

to the 2907 cm-1 band. For pure glycerol, the aliphatic (C–H) group bands appear at 2931 cm-1 and 

2879 cm-1. Hence, the aggregation of glycerol molecules within the PVA matrix might possibly 

account for this effect [29,30]. 

The peak at 1655 cm-1 increases with increasing glycerol concentration (see Figure 2b). A similar 

effect is noticeable from the FTIR spectra for PVA/glycerol films in [12], although the origin of this 

effect was not discussed in this reference. According to [29] an FTIR band at ~1653 cm-1 appears for 

commercial glycerol. This band may be assigned to (H−O−H) bending vibrations of water. Hence, the 

observed increase of the peak at ~ 1653 cm-1 with increasing glycerol content (see Figure 2b) may be 

indicative of an increase of the amount of water in the film.  

The most noticeable change in the glycerol modified PVA films is the appearance of a  new peak 

at 1039 cm−1 (see Figure 2a, c). In the FT-IR spectrum of pure glycerol, five characteristic bands have 

been observed, located at 800 up to 1150 cm-1 corresponding to vibrations of (C–C) and (C–O) 

linkages: three broad bands at 850, 925, and 995 cm−1 that have been attributed to the vibration of the 

skeleton (C–C); a peak at 1045 cm−1 associated to the stretching of the (C–O) linkage in the primary 

alcohol groups, and a band at 1117 cm−1 that corresponds to the stretching of (C–O) in the secondary 

alcohol group [30–32]. In Figure 2c, a peak at 1045 cm-1 appears for the film with 1% glycerol content 

(red curve), and increases in intensity while slightly displacing to lower wavelengths up to 1039 cm-

1 as the amount of glycerol incorporated into PVA is increased (blue and green curves). Such peak 

corresponds to (C–O) stretching of the primary alcohol groups of glycerol, and its shifting to lower 

wavelengths is indicative of increased glycerol-PVA interactions -presumably of the hydrogen 

bonding type- for higher glycerol contents.  For PVA films with 2.0 and 4.4 wt.% glycerol (blue and 

green curves in Figure 2c, d), the PVA band at 1088 cm-1 shows a clear modification of its shape due 

to increase in intensity at ~ 1117 cm−1 (corresponding to stretching of (C–O) in the secondary alcohol 

group of glycerol), and slightly displaces to higher wavelengths (1091 and 1093 cm–1 for 2.0 and 4.4 

wt.% glycerol respectively). These results suggest that for 1.0 wt.% glycerol, so far the characteristic 

peak of glycerol for primary alcohol group appears at 1045 cm-1, as in pure glycerol, it is the secondary 

alcohol group that preferentially forms hydrogen bonds with the PVA molecules. As the amount of 

glycerol is increased, additional types of glycerol interactions within the PVA matrix may take place, 

and the peak corresponding to the primary alcohol group displaces to lower wavelenghts up to 1039 

cm-1. For the 2.0 wt.% glycerol films the emergence of a band at ~ 995 cm-1 is also apparent, indicative 

of the excitation of vibrations of the glycerol (C–C) skeleton. For the film with 4.4 wt.% glycerol, the 

four glycerol bands are apparent in the covered wavelength range in Figure 2c. In addition to bands 

at 1039 and 995 cm-1, the intensity of the band at 921 cm-1 increases, and a clear peak at 850 cm-1 

appears, while for pure PVA a relatively broad band at 836 cm-1 is observed (Figure 2c).    

According to the literature [24,33] the crystallinity of various PVA films can be calculated from 

the FT-IR data by quantitative correlation between the intensities of the bands corresponding to the 

crystalline and amorphous phases. The positions of the PVA crystallinity absorption maximum given 

in the literature vary in the range 1141–1145 cm–1. We have used the value 1141 cm–1 that corresponds 

to absorption maximum obtained in our experiments to calculate the crystallinity α of our PVA and 

PVA/glycerol films, and considered the peak at 1088 cm-1 attributed to (C–O) stretching vibration as 

representative of the amorphous phase, according to the equation [24]:   

∝= −13.1 + 89.5 ∗ (
𝐴1141

𝐴1088
)         (1) 
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where A1141 and A1088 are the intensities of the absorption peaks in the crystalline and amorphous 

phases, respectively.  

The detailed procedure for constructing the baseline relative to which the intensities of the peaks 

A1141 and A1088 are to be measured is described in [24] and it is illustrated in Figure 2d. The baseline 

must pass through the minima in the absorption spectrum located at the edges of the examined 

spectral range, as depicted in Figure 2d. The position of the (C–O) band maximum at 1088 cm–1 varied 

slightly with increasing glycerol concentration, 1091 and 1093 cm–1 for PVA/glycerol 2.0 and 4.4 wt.% 

respectively (for the sake clarity, we refer to it as the band at 1088 cm–1 in all cases). The crystallinity 

band maximum is almost at the same position for the different films: 1141 cm-1 for the pure PVA film 

and 1142 cm-1 for PVA/glycerol 4.4 wt.%.  

The crystallinity of the PVA films with different glycerol content calculated by FTIR is shown in 

table 1. It is apparent that the crystallinity first increases with addition of glycerol and then decreases 

to a level below that of the pure PVA film. Possibly, a small amount of glycerol, with their secondary 

alcohol groups linked by hydrogen bonding to the PVA chains may even locally enhance their regular 

arrangements, resulting in an increase of PVA crystallinity. As the glycerol content increases, more 

glycerol molecules are available to interact with the PVA or with each other, destabilizing the 

interactions between the PVA chains and thus reducing the crystallinity. 

3.2. XRD Analysis 

The influence of glycerol on the crystalline structure of PVA films prepared via solution casting 

was also investigated by means of XRD. According to [34,35], the XRD diffractogram of pure PVA 

presents characteristic peaks at 2θ ~11.2° (100), 16.1° (001), 19.4° and 20.1° (101̅) / (101), and 22.5° 

(200). A crystalline peak at ~ 40-42° related to diffraction from (11̅1) / (210) planes has also been 

reported [35–37].  

Figure 3 shows the XRD diffractograms of the pure PVA and PVA/glycerol films with different 

glycerol content. The expected positions for the (100), (001), (101̅) / (101) and (200) diffraction peaks 

are indicated by dashed lines. For the films of pure PVA, and those with 1.0 wt.% and 2.0 wt.% 

glycerol content a diffraction peak about 2θ = 19.7° is clearly distinguished, as well as a small hump 

at a ~ 40.7°. The obtained XRD patterns are typical for a semicrystalline polymer, with a broad 

amorphous halo originating from disordered (noncrystalline) regions. From Figure 3 it can be seen 

that, as a result of the addition of 1.0 wt.% glycerol (red curve in the Fig), the diffuse scattering 

associated with the amorphous phase is reduced, which may be due to a structural rearrangement of 

the polymer chains. According to the FTIR data, the crystallinity of this film experiences a slight 

increase (see table 1). For a glycerol concentration of 2.0 wt.% (blue curve), the XRD diffractogram 

shows a contribution of the amorphous phase similar to that of the pure PVA film, although the 

intensity of the peak at 2θ = 19.7° is lower. For films with 4.4 wt.% glycerol (red curve), this peak does 

not appear in the diffractogram. The small peak at 22.5° decreases for films with glycerol compared 

to pure PVA. Interestingly, the peak at 2θ = 40.7° does not change substantially for the different 

samples studied.   

It is worth noticing that for the diffraction peak at 2θ = 19.7° in Figure 3, apparently, the ratio 

between the intensities corresponding to the difraction of (101̅) / (101) planes changes with addition 

of glycerol (see the inset in Figure 3). For the film with 1.0 wt.% glycerol the diffraction from (101̅) 

planes slightly increases compared to that of the pure PVA films. A similar effect was reported in [34] 

[37] for pure PVA films with different water content. The incorporation of water molecules in the 

PVA matrix induced an increase in the diffraction signal of the (101̅) planes compared to that of the 

(101) planes. As this could be an effect of water plasticisation, it is understandable that the 

incorporation of a small amount of glycerol also induces a similar effect. Besides, the incorporation 

of glycerol is expected to increase the water content in the PVA film. As more glycerol is incorporated 

into the film (2.0 wt%), the effect is reversed. The ratio of the (101̅) / (101) signals and the shape of 

the amorphous halo in the difractogram of the PVA/glycerol 2.0 wt.% film become similar to those of 

the pure PVA film. 
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Figure 3. XRD patterns of pure PVA and PVA/glycerol films with different glycerol content: 1.0, 2.0, 

4.4 wt.%. The inset displays an enlarged region of the peak at approximately 20°. The inset displays 

an enlarged region of the peak at ~20°. 

The crystallinity of the PVA films can be calculated from the XRD data using following formula 

[36]: 

𝛼 =
𝐴𝑐

𝐴𝑐+𝐴𝑎
∗ 100% (2) 

where Ac and Aa are the areas of the crystalline and amorphous phases respectively. The diffraction 

scattering peaks in Figure 3 were deconvoluted into fundamental Gaussian curves and the degree of 

crystallinity was calculated using this formula. The results obtained for the different films are 

indicated in Table 1. As it is noticeable from Table 1, the results derived from analysis of the XRD 

data support those obtained from the FTIR spectra.  

Table 1. Crystallinity percentage (a) of PVA films with different glycerol content calculated by FTIR 

(Figure 2) and XRD (Figure 3); melting points (TM) determined from DTA at 25 °С/min heating rate 

(Figure 5d). 

Glycerol (wt.%) α(FT-IR) α(XRD) 
Crystal size (nm) 

TM (ºC) 
19.7º 

0 27.13 27.14 4.25 255 

1.0 

2.0 

4.4 

30.39 

27.25 

19.49 

29.70 

24.73 

15.80 

5.08 

4.90 

- 

253 

231 

- 

In order to further study the relation between XRD pattern and the crystallite size the well-

known Debye-Scherrer formula was used: 

D=Kλ /βcosθ    (3) 
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where D is the mean crystallite size, λ is the X-ray wavelength, β is the full width at half maximum 

(FWHM) of the peak, K is Scherrer constant with a value of about 0.9, θ is the diffraction angle 

corresponding to the maximum intensity peak in XRD pattern. The values for D estimated from the 

peak at 2θ = 19.7° are displayed in Table 1.   

From Table 1, it is also observed that both degree of crystallinity and the crystallite size are 

slightly higher for the film of PVA with 1.0 wt.% glycerol than for this of pure PVA., For 2.0 wt.% 

glycerol, the degree of crystallinity is smaller, even though the size of the existing crystals does not 

experience significant modifications. For 4.4 wt.% the 19.7º diffration peak cannot be resolved from 

the XRD spectrum, even though the peak at 40.7º is consistent with the prevalence of a similar 

ordering along this direction. 

A decrease in crystallinity as a result of the addition of glycerol in PVA and PVA/starch films 

has been previously reported [38]. Also, an increase of crystallinity in PVA for low glycerol 

concentrations was observed by XRD [39]. 

The effect of glycerol on PVA crystallinity may be explained in terms of its influence on the 

interactions between the PVA chains. A little amount of pasticizer may increase the ability of the 

molecular chains to adopt different conformations and promote their ordering [40]. In order to 

prepare the PVA/glycerol films, we first prepare a 7.0 wt.% PVA stock solution by dissolving the 

purchased PVA granules in distilled water at 90°C, and then cooling to room temperature (see section 

2.1). Crystalline PVA nuclei are expected to form at this stage. Subsequently, distilled water and 

glycerol are added in different concentrations to prepare the final solutions which are poured into 

Petry dishes and dried at room temperature. Increasing the amount of water may facilitate the 

ordering and assembly of existing PVA nuclei, and the presence of a small amount of glycerol in the 

solution may play a similar role. If glycerol is incorporated in higher quantities, glycerol aggregates 

may form, the glycerol molecules may selectively interact with the PVA molecular chains at the 

crystalline interface, and even penetrate even penetrate into the crystals, disrupting the molecular 

order [7,17].  

3.3. TGA/DTA  

Thermogravimetric analysis was performed to determine the degradation stages, moisture 

content, and thermal stability of the pure PVA and PVA/glycerol films. Figure 4 shows the 

thermogravimetric curves (mass loss versus temperature) (TG), their derivatives (DTG) and DTA 

curves for the PVA and PVA/glycerol films. Thermal analysis was carried out in static air atmosphere 

at 5°C/min heating rate (Figure 4 a-d), and then repeated for films containing (0 – 2.0 wt.%) glycerol 

at higher heating rate – 25°C/min (Figure 4e-g). The DTA curves of the various samples studied are 

also depicted in Figure 5 (a)-(d), which additionally includes a curve for pure PVA recorded in argon 

atmosphere at 5ºC/min (Figure 5(a)), and where areas of special interest have been enlarged (Figure 

5b,d). 

In Figure 4, each peak of the DTG curves represents a separate event, and corresponds to the 

maximum rate of mass loss (TG curve) [41]. The different DTG peaks have been labeled in Figure 4 

by a capital T with subscripts in capital Roman numerals. As it is apparent from Figure 4a-e, the 

thermal transformations of the pure PVA film occur in 4 main stages (highlighted in different colors 

in Figure 4a-e), each associated with a DTG peak event [42,43]. The first stage of mass loss is related 

to the loss of physically absorbed water. The second stage refers to the partial dehydration of PVA 

which is accompanied by polyene formation. The third stage is related to polyene decomposition to 

form macroradicals, acetaldehyde, benzaldehyde, acrolein, and polyconjugated aromatic structures 

as a result of intramolecular cyclization and condensation. The fourth stage consists in the thermo-

oxidation of carbonized residues [42,43].  
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Figure 4. TG, DTG and DTA curves of PVA (a, e) and PVA/glycerol films with 1.0 wt.% (b, f), 2.0 wt.% 

(c, g), 4.4 wt.% (d) glycerol measured at 5 ºC/min heating rate (a-d) and 25 ºC/min heating rate (e-f). 
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Figure 5. DTA curves of PVA and PVA/glycerol films with 1.0 wt.%, 2.0 wt.%, 4.4 wt.% glycerol. (a), 

(b) – heating rate 5 ºC/min; (c), (d) – heating rate 25 ºC/min. (b) and (d) – enlarged images of the 

corresponding regions in (a) and (c) respectively. 

Table 2 and Table 3 list the weight loss percentage and temperatures of the DTG peaks for the 

different stages, as derived from Figure 4 for each sample. A glance at Figure 4 and a comparison of 

the data in Table 2 and Table 3 evidences that these parameters are dependent on the heating rate 

[44]. The DTG peaks for the 1st and 2nd stages are shifted to higher temperatures for the higher heating 

rate. 

Considering the trend for the various samples in Figure 4, the temperatures of the DTG peaks 

shift to lower temperatures when the glycerol concentration increases, indicating that the increase of 

glycerol decreases the thermal stability of the PVA/glycerol films 
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Table 2. Weight loss and temperatures corresponding to maximum rate of weight loss at each stage 

(determined at Figure 4a-d) for heating rate 5 °C/min. 

Sample Degradation step Weight loss, % TDTG peak, °C 

PVA I 

II 

III 

IV 

5.2 

60.0 

16.1 

10.3 

118 

277 

406 

476 

PVA-GLY 1.0 I 

* 

II 

III 

IV 

3.1 

13.6 

56.9 

9.5 

8.9 

105 

207 

272 

397 

478 

PVA-GLY 2.0 I 

* 

II 

III 

IV 

4.3 

21.4 

50.9 

6.8 

7.6 

96 

209 

256 

398 

480 

PVA-GLY 4.4 I 

* 

II 

III/IV 

2.6 

29.3 

47.4 

15.6 

84 

212 

254 

467 

Table 3. Weight loss and temperatures corresponding to maximum rate of weight loss at each stage 

(determined at Figure 4e-g) for heating rate 25 °C/min. 

Sample Degradation step Weight loss, % TDTG peak, °C 

PVA I 

II 

III 

IV 

3.6 

63.1 

7.8 

12.1 

186 

332 

358 

446 

PVA-GLY 1.0 I 

II 

III 

IV 

8.6 

60.9 

10.4 

8.8 

159 

326 

350 

457 

PVA-GLY 2.0 I 

II 

III 

IV 

10.9 

66.6 

5.7 

6.1 

148 

301 

337 

440 

Regarding the first degradation stage (highlighted in yellow in Figure 4), it is characterized by 

a weight loss of about 2.6 – 11 % (Table 2, 3) presumably related to the removal of adsorbed water.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2024                   doi:10.20944/preprints202406.0744.v1

https://doi.org/10.20944/preprints202406.0744.v1


 12 

 

TI corresponds to an endothermic minimum in the DTA curves, and its position shifts to lower 

temperatures when increasing the glycerol concentration (Figure 4b-d, f-g), Table 2, 3, Figure 5b-d). 

For the heating rate of 5 °C/min, the pure PVA film experienced a slightly higher weight loss 

than the plasticised films. This can be explained by the lower amount of free/loosely absorbed water 

in the films in the presence of glycerol. A similar result was observed in [45] for glycerol-containing 

starch biopolymer films studied at a heating rate of 10 °C/min.  

For the heating rate of 25 °C/min, the first stage is extended up to 280 °С, already above the 

degradation temperature of glycerol, which corresponds to 194-246 °С at a heating rate of 10 °C/min 

[46]. Interestingly, now, a higher weight loss is observed for the PVA/glycerol films compared to the 

pure PVA film in the first stage. We attribute this effect to the weight loss of the PVA/glycerol films 

here being not solely due to water loss but also due to the degradation (or initial degradation) of 

glycerol. As per the studies in [45–48], the weight loss observed in the temperature range of 125 – 290 

°C for glycerol plasticized polymer films can be attributed to the degradation of glycerol and the loss 

of chemisorbed water. 

Remarkably, for the PVA/glycerol films, an additional thermal process corresponding to the 

DTG peak labeled T* can be distinguished when heating in the range of 207-214 °С at the rate of 5 

°C/min (Figure 4b-d, Table 2) (regions highlighted in rose in Figure 4b-d). This peak does not appear 

in the DTG curves of the pure PVA films, and shifts to higher temperatures, and is related to a higher 

mass loss, as the glycerol content is increased.  According to [46], the thermal degradation of pure 

glycerol in air is characterized by a single event that takes place at 194-246 °С for a heating rate of 10 

°C/min. Therefore, we relate the T* peak taking place at 207-214 °С on DTG curves of the 

PVA/glycerol films to the degradation of glycerol (or PVA-glycerol complexes) in the PVA matrix. 

The second degradation stage for the pure PVA film (highlighed in blue in Figure 4a) is 

characterized by the highest weight loss. It is noticeable from Figure 4 that for the PVA/glycerol films 

TII shifts to lower temperatures as the glycerol concentration is increased.  

For the heating rate of 5 °C/min, TII corresponds to an exothermic maximum at aproximately the 

same temperature in the DTA curves of the pure PVA and 1.0 wt.% glycerol films, and turns into an 

endothermic minima with further increase of glycerol (Figure 4c-d) (Figure 5a). We will refer to these 

results in more detail below, when discussing all the data displayed in Figure 5.  

For the heating rate of 25 °C/min, TII corresponds to endothermic minima for the pure PVA and 

PVA/glycerol films (Figure 4e, Figure 5c). For glycerol containing films this peak splits into two peaks 

which become more distinct for 2.0 wt.% glycerol (298 °С and 328 °С, Figure 4f-g, Figure 5c). This 

may be related to the degradation of a glycerol-based phase in the PVA matrix, possibly consisting 

of glycerol-PVA complexes, which degrades at a different temperature than pure PVA in this 

degradation stage. 

The third and fourth degradation stages for the pure PVAfilm (highlighted in green and 

purple respectively) are characterized by 7.8-16.1% and 10.3-12.1% weight loss respectively. For the 

heating rate of 5 °C/min the weight loss on the third stage is higher than on the fourth, while for the 

heating rate of 25 °C/min the dependence is inverse (Table 2, 3). PVA/glycerol films are characterized 

by lower weight loss on these stages in comparison with pure PVA, mainly because of higher weight 

losses on previous stages. The positions of DTG peaks are slightly displaced to lower temperatures 

or of the same order as for pure PVA films (Figure 5, Table 2, 3). For the film with 4.4 wt.% glycerol 

instead of two peaks, only one was observed in this temperature range, that may be caused by change 

in degradation of PVA in presence of high amount of glycerol. 

Focusing now our attention in Figure 5, on DTA curves for pure PVA (Figure 5, black curves) a 

minimum at 56.5 °С can be observed for 5 °C/min heating rate (Figure 5b), which appears at 90 °С for 

25 °C/min heating rate (Figure 5d), and is not accompanied by mass losses or changes in the DTG 

curves in either case. We attribute this peak, labelled Tg in Figure 5b, to the PVA glass transition 

temperature, [49,50] which could not be observed in the DTA curves of the PVA/glycerol films, 

perhaps because of being displaced to temperatures lower than the studied range for both considered 

heating rates.  
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At temperatures of about 254.8 – 231 °С, endothermic peaks can be observed on the DTA curves 

of the pure PVA and PVA/glycerol films recorded at 25 °С/min heating rate (Figure 5d), which can 

be related to the melting point of the pure PVA and PVA/glycerol films, labelled Tm in Figure 5d 

[12,51,52]. This peak shifts to lower temperatures as the glycerol content in the film is increased to 2.0 

wt.% [49,51]. Interestingly, in our case, the incorporation of a glycerol content of 1.0 wt.% did not lead 

to a significant reduction of the PVA melting point. The area under the curve corresponding to the 

melting peak (Figure 5d) increases slightly (by ~1.6 times) for 1.0 wt.% of glycerol and decreases (by 

~3.5 times) for 2.0 wt.%, which provides further evidence of the decrease in crystallinity in the latter 

sample.   

As mentioned above when discussing the events taking place in the pure PVA sample during 

the second degradation stage, for the heating rate of 5 °C/min, TII correlated with a broad exothermic 

peak in the DTA curves at about 300 °C, which complicates the determination of the melting point 

(see Fig 4(a) and 5(a)). To the best of our knowledge, this exothermic peak for pure PVA has not been 

previously reported in the literature. The peak also appears for the film with 1.0 wt.% glycerol, but 

disappears for higher glycerol concentration (2.0 and 4.4 wt.%). To find clues about the origin of this 

thermal event we carried out thermal degradation measurements at the same heating rate of 5 °С/min 

but in an argon atmosphere (Figure 5a, pink curve).  As noticeable from Figure 5a, the exothermic 

peaks were absent from the resulting DTA curve, being it similar to the curve obtained at the higher 

heating rate under an air atmosphere; both the melting peak at 227 °С and the degradation peak at 

270 °С could now be observed. Hence, we attribute the exothermic peak at ~300 °С observed for pure 

PVA and PVA/glycerol 1.0 wt.% in the DTA curves obtained at a heating rate of 5 °C/min to a process 

related to PVA oxidation. Considering that the effect is mostly in the films in which the PVA 

crystallinity percentage is significant, it might also be related to the presence of PVA crystals in the 

film, e.g. preferential oxidation at the amorphous/crystalline interface. The new exothermic peak 

appearing on the DTA curve for PVA/glycerol 1.0 wt.% at ~208 °С (red curve in Figure 5a) may be 

due to PVA crystallization. The disappearance of the exothermic peak at ~300º C for higher glycerol 

contents may be related to the increase of mobility of PVA chains and an increased rate of degradation 

compared to oxidation. At higher heating rate, the absence of exothermic peaks can be explained by 

lower rate of oxidation compared to thermal decomposition. 

Eventually, it is worth noting that , the thermal stability of PVA in the presence of glycerol 

decreases. The reduction of the melting temperature for higher glycerol content and changes in the 

area under the melting peak (increase for 1.0 wt.% and decrease for 2.0 wt.% glycerol, Figure 5d) 

indicate that the ordered association of the PVA molecules decreases at higher amounts of glycerol. 

It can be interpreted that glycerol increases the mobility of PVA chains and reduces the crystallinity. 

These results are in agreement with results of FTIR and XRD studies. 

3.4. Scanning Probe Microscopy  

SPM images of the pure PVA films are displayed in Figure 6. The topography (Figure 6a) is 

characterized by clusters aggregates, some of which appear aligned along a well-defined direction, 

like those enclosed within the white dashed lines in Figure 6a. In UFM (Figure 6b), the contrast 

originates from nanoscale differences in sample stiffness and adhesive properties [53]. As it is 

apparent from Figure 6a,b, in the UFM image the shape of the clusters that form the topographic 

aggregates is much better resolved. A close look into the area outlined by the white dashed ellipse in 

Figure 6b reveals presence of clusters ~45 nm in diameter which yield a higher (stiffer) UFM contrast, 

forming a zig-zag chain. In the topographic image (Figure 6a), the cluster size appears to be ~80-100 

nm, which may be due to UFM detecting the stiffer zones within the individual clusters. Most of the 

clusters within the white dashed lines Figure 6b exhibit a stiffer contrast. In LFM (Figure 6c,d), 

aggregates within those dashed lines are imaged with a lower frictional contrast. Notice that in Figure 

6c,d other areas, like for instance this pointed by the white slanted arrows, give rise to a similar lower 

frictional contrast, which now do not directly correlate with any particular features of the topographic 

and/or the UFM contrast.   
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We conjecture that the observed alignment of PVA clusters along well-defined orientations 

originates from a correlated growth or assembly of PVA crystallites within the amorphous PVA 

matrix. Semicrystalline polymers typically crystallize into lamellar structures, where molecular 

chains fold into layers. Spherulitic crystal growth begins with a primary nucleus at the center, from 

which radial fibrils consisting of individual lamellar structures separated by amorphous material 

radiate outwards [54]. The stiffer contrast observed in UFM for the aligned clusters is consistent with 

crystalline order leading to a locally higher density in those regions. Previous studies of crystallite 

nucleation in PVA films with sodium montmorillonite fillers by AFM techniques support this 

interpretation [55]. The crystalline areas of polymer films are expected to yield a lower friction 

contrast, as in the case of the aligned clusters in Figure 6c,d [55]. A higher amount of water is actually 

expected at the PVA amorphous/crystalline interface regions [56], which may act as a lubricant, 

reducing friction. The areas with a similar lower frictional contrast in Figure 6c,d not correlated to 

specific features in the topographic or UFM image (e.g. area pointed by the white slanted arrow) may 

be due to an inhomogeneous distribution of water at the surface or near surface area of the polymer 

films.   

Figure 6d shows a larger topographic image of the PVA surface. Intersecting rows of PVA cluster 

aggregates are noticeable in this image. At the area within the white dashed circle in the image, some 

of the rows appear to stem from a primary nucleus at the center. In Figure 6c white dotted straight 

lines have been drawn following the paths of some of the intersecting aligned-aggregates rows in this 

region to facilitate their visualization. Figure 6f corresponds to a height contour profile along the 

white continous line, showing that the surface features are maintained at about 8 nm in height. The 

observed radial structures in the surface morphology strongly suggest incipient dendritic or 

spherulitic crystal growth.  
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Figure 6. SPM images recorded on pure PVA. (a) Contact-mode AFM topography. Color-scale range: 

8 nm. (b) UFM image recorded simultaneously with (a). (b) (c) LFM images recorded over the same 

surface region than (a) scanning from left to right (b) and from right to left (c). (e) Contact-mode 

topographic image. Color-scale range: 16 nm. (f) Region enclosed by the dashed white circle in (e). (g) 

Height-contour profile over the continuous white line in (e). 

On other surface areas of the pure PVA films, such as this in Figure 7, the surface topography 

(Figure 7a,e) exhibits higher terraces consisting of straight ribbons ~ 40 nm wide, presumably formed 

by aligned clusters, similar to the “ribbons” enclosed within the white dashed lines in Figure 6a. 

Figure 7a,e strongly resembles the images reported in [55,57,58], from which we confidently infer that 

the ribbon-like regions correspond to PVA crystallites. According to [57,58], the longer sides of the 

parallelogrammic platelets in Figure 7a should correspond to (101) planes and the shorter sides to 

(100) planes, being the acute angle measured from Figure 7a indeed consistent with the reported 

value of 55°.  

Figure 7c,d correspond to LFM images recorded over the same surface area than Fig7a scanning 

from left to right (Figure 7c) and from right to left (Figure 7d). LFM (Figure 7c,d) indicates that the 
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ribbon-like areas yield lower frictional contrast, as expected for crystalline regions [55]. Figure 7e,f 

correspond to contact-mode topography and UFM images simultaneously recorded over a region 

similar to that of Figure 7a-c. The topography in Figure 7e shows higher ribbon-like features similar 

to those in Figure 7a. Nevertheless, in contrast with the results in Figure 6a,b, UFM now yields a 

lower (softer) contrast at the ribbon areas, and individual PVA clusters cannot be resolved. 

The topographical differences between the PVA surfaces in Figures 6 and 7 might be explained 

by a slightly different water content in the two regions. According to the XRD data, the size of the 

PVA crystallites is expected to be of ~5 nm. Hence, in the clusters observed in Figure 6a,b, several 

small crystalline nuclei might coexist. In view of our results, we understand the evolution of the 

observed surface PVA crystalline structures resulting from the assembly of those crystalline nuclei. 

A reorganization of the surface clusters to facilitate their assembly would be favored by the presence 

of water. Hence, the formation of better defined ribbon-like structures, presumably related to PVA 

crystalline domains, in the regions where Figure 7 was recorded, can be explained if the local content 

of water in this region is slightly higher. In PVA solutions, water may be bonded to the PVA 

molecular chains through hydrogen bonds at hydroxyl sites (bound water) or remain as free water 

within the polymer matrix [59]. As PVA crystallization evolves, it is expected that bound water 

remains at the amorphous/crystalline interface. This may exert a plasticizing effect and lead to a softer 

(lower) UFM contrast at the PVA crystalline ribbons, as well as hinder the identification of individual 

PVA clusters at those sites. 

Figure 7b depicts a height-contour profile along the line in Figure 7a, which is consistent with a 

multilayer structure of the surface topography with steps of ~ 2 nm defining the different height 

levels. In both Figure 6a,d and Figure 7a,e pores are apparent. These pores, with a diameter similar 

to the width of the ribbons, might result from the reorganization of surface clusters during the 

assembly of the ribbon-like structures.   

 

Figure 7. SPM images recorded on pure PVA. (a) Contact-mode AFM topography. Color-scale range: 

17 nm. (b) Height-contour profile over the continuous white line in (a). (c) (d) LFM images recorded 

over the same surface region than (a) scanning from left to right (c) and from right to left (d). (e) 
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Contact-mode AFM topographic image. Color-scale range: 17 nm. (f) UFM image recorded 

simultaneously with (e) over the same surface region. 

Figure 8 shows SPM images of the PVA/glycerol 1.0 wt.% film. Figure 8a corresponds to a 

contact-mode AFM topographic image, recorded over an area of the same size as Figure 6e. In Figure 

8a, the topography is also characterized by cluster aggregates, with a size similar to those on the pure 

PVA film surface (~100 nm as measured in the contact-mode AFM topographic image). Also, in this 

image some of the clusters are aligned (e.g. those beside the dashed line on the image), even though 

the length of the clusters row is considerably shorter. 

Figure 8b,c correspond to lateral force microscopy images scanning from left to right (Figure 8b) 

and from right to left (Figure 8c) recorded simultaneously with (Figure 8a) over the same surface 

region. As it is clearly seen in Figure 8b,c we now find areas with a lower frictional contrast, similar 

to those in Figure 6c,d and Figure 7c,d although now these areas do not appear to be ribbon-like or 

parellogrammic in shape, but rather rounded. Those areas do not appear straightforwardly correlated 

to specific topographic features. 

 

Figure 8. SPM images recorded on PVA/glycerol 1.0 wt.%. (a) Contact-mode AFM topography. Color-

scale range: 26 nm. (b) (c) LFM images recorded over the same surface region than (a) scanning from 

left to right (b) and from right to left (c). (d) Enlargement of the region enclosed by the white rectangle 

in (a). (e) Height-contour profile over the while line in (d). (f) (g) Enlargements of the regions enclosed 

by the white rectangles in (b) (c). 
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We hypothesize that these areas correspond to crystalline PVA domains, whose shape has been 

modified by the incorporation of 1.0 wt.% glycerol in the PVA matrix. According to our preparation 

method, we prepare a 7.0 wt.% PVA stock solution, which we dilute up to 3.5 wt.% PVA by adding 

a glycerol/water solution with the appropriate concentration. The addition of the glycerol/water 

solution is carried out at room temperature (25ºC). We presume that the initial PVA crystalline nuclei 

are already present in the 7.0 wt.% PVA stock solution. These nuclei would have formed as the 

solution was slowly cooled from 90ºC to room temperature. The growth or assembly of these nuclei 

is expected to take place as the resulting solution is eventually dried. Glycerol will incorporate to the 

PVA chains through hydrogen bonds, but if only in a small quantity, it will most likely not penetrate 

inside the PVA crystallites. Instead, it will preferentially accumulate at the amorphous/crystalline 

interface, as it happens with water. The incorporation of a few amount of glycerol to the PVA 

molecules may help the assembly of the crystalline domains,  fostering the reorganization of the 

amorphous PVA regions. This would explain the results obtained by XRD, the fact that the halo 

corresponding to the amorphous areas in the XRD diffractogram diminishes for the PVA/glycerol 1.0 

wt.% films and the slight increase in crystallinity of the PVA/glycerol 1.0 wt.% films inferred from 

the XRD, FT-IR and DTA data. Furthermore, the fact that a peak presumably related to PVA 

crystallization is observed in the DTA curves (red curve in Figure 5a) is also understandable within 

this context. In addition, the modification of the shape of the PVA crystalline domains allows us to 

explain the changes in the relative intensities of the XRD peaks. 

Figure 8d corresponds to an enlargement of the topographic area enclosed by the rectangle in 

Figure 8a. Figure 8e displays a height-contour profile along the straight line in Figure 8d. Figure 8f 

and 8g are enlargements of the LFM images of the same surface area, also enclosed by rectangles in 

Figure 8b,c respectively. The rounded areas with a lower frictional contrast have been enclosed by 

circles in Figure 8f,g, and circles over the same area have also been drawn in Figure 8d to facilitate 

the analysis of the topography on those areas. In both the topography and the LFM images, clusters 

may be clearly distinguished in the regions enclosed by the circles. However, clusters that appear 

topographically identical do not produce the same frictional contrast. In Figure 8d we observe 

clusters located at different layers. A detailed examination of Figure 8a-c allows us to infer that at the 

topographic regions around those that yield a lower frictional contrast, the clusters tend to be located 

at higher sites. It is also interesting to remark that in Figure 8f,g, the boundary regions of the lower 

friction domains appear defined by individual clusters, as is also the case in Figure 6c,d. This supports 

the interpretation that the assembly of the PVA crystalline domains proceeds through the assembly 

of the PVA clusters themselves. 

The presence of numerous pores is also noticeable in Figure 8a. As in Figure 7a, many of those 

pores appear to be originated by a missing PVA cluster. Pores with a larger diameter which might 

correspond to the displacement of various neighboring clusters may also be seen at the topographic 

image. For instance, those within the white dotted circles in Figure 8(a) have a diameter of ~300 nm. 

Notice that those pores produce a higher frictional contrast in the LFM images in which the same 

locations have also been marked with white dotted circles to facilitate their localization. The origin of 

this contrast will be discussed in detail below.  

Figure 9a corresponds to contact-mode AFM and Figure 9b,c correspond to UFM images of the 

PVA/glycerol 1.0 wt.% recorded over the same surface region as Figure 8a-c. Even though the areas 

are not exactly coincident, likely because of a displacement of the tip position due to drift, features 

from Figure 8a, such as the three pores enclosed by the white dotted circles on the top right-hand 

corner, can be easily identified in both images. Figure 9a,b were recorded while the tip was scanning 

forwards (from the left to right) and Figure 9c was recorded together with Figure 9b while the tip 

was scanning backwards (from right to left). As it is apparent from Figure 9b,c, while scanning from 

left to right in the presence of ultrasonic vibration some of the PVA surface clusters from the right-

hand side were dragged to the left by the tip, and remained there as the tip scanned back to produce 

Figure 9c. A close look to Figure 9a also shows straight features resulting from the dragging of the 

clusters, even though the topography does not seem to be severely affected by the tip-induced 

modifications. In Figure 9c we find areas with a lower (softer) UFM contrast in similar locations as 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2024                   doi:10.20944/preprints202406.0744.v1

https://doi.org/10.20944/preprints202406.0744.v1


 19 

 

those that in Figure 8b,c yielded lower frictional contrast. As it is apparent, the shape of domain 

located at the center in Figure 9c is markedly different from this in Figure 8b,c, presumably as a result 

of the tip action. At the lower right-hand border of Figure 9c, the image shows a heap with darker 

(softer) contrast. Figure 9d corresponds to a larger UFM image recorded over a region that included 

the area of Figure 9a-c in its central part, recorded following the latter. The heap with lower UFM 

contrast induced by the tip while producing Figure 9b can be here clearly distinguished. Such heap 

presumably consists of clusters drugged by the tip while scanning forwards and piled up at the end 

of the scan. Interestingly, some of the other domains in Figure 8a-c, like those with a rounded shape 

at the lower right-hand corner of the image, remained unaffected.     

 

Figure 9. SPM images recorded on PVA/glycerol 1.0 wt.%. (a) Contact-mode AFM topography over 

the same surface region than Figure 8(a). (b) UFM image recorded simulatenously with (a), scanning 

from right to left. (c) UFM image recorded together with (b) but scanning from left to right. (d) UFM 

image over a larger area than (c), centred at the same position. (e) Contact-mode AFM topography at 

nearby region. Color-scale range: 24 nm. (f) UFM image recorded simultenously with (e). 

When discussing Figure 8a-c we identified the lower friction domains as PVA crystalline 

regions. The fact that those domains yield a lower (softer) UFM contrast may be explained because 
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of the presence of glycerol (and possibly also water) at the amorphous/crystalline interface areas. 

UFM images in Figure 7f also yielded a lower UFM contrast in crystalline domains of the pure PVA 

films. However, we cannot rule out that in PVA/glycerol films, clusters incorporating glycerol 

molecules produce a softer and lower frictional contrast even if they do not contain crystalline nuclei. 

Glycerol molecules located at PVA cluster surfaces may facilitate the displacement of those 

clusters relative to each other, and this effect may certainly be enhanced by the presence of surface 

ultrasonic vibration, promoting tip-induced modifications while scanning. 

In addition, the glycerol molecules might favor the detachment of surface clusters and induce 

surface pores. Figure 9e,f show simultaneously recorded contact-mode topographic and UFM images 

respectively of a surface area of the PVA/glycerol 1.0 wt.% film in which various surface pores of 

different sizes up to ~ 300 nm are apparent. As can be seen in the images, the UFM contrast is stiffer 

(brighter) within the pores. And, as it was mentioned above, a higher frictional contrast is also found 

at those regions.  (see Figure 8a-c, pores located within the white dashed circles). The size of the 

pores rules out that this contrast is an artifact. In fact, such contrast is not observed in the pores found 

in the pure PVA films (see Figure 6). These results may possibly be explained because of the presence 

of glycerol on the surfaces of the clusters at the bottom of the pores. On the one hand, this could have 

facilitated the detachment of the clusters at the top, explaining the formation of the pore itself. On the 

other hand, glycerol molecules within a cluster bonded with their primary alcohol groups to a PVA 

molecular chain and with their secondary alcohol groups to a neighboring PVA molecular chain 

could exert a hydrogen bond mediated crosslinking effect on PVA increasing the stiffness of the 

confined cluster.    

Figure 10 shows SPM images of the PVA/glycerol 2.0 wt.% film. Figure 10a corresponds to a 

contact-mode AFM topographic image, recorded over an area of the same size as Figure 6e and Figure 

8a. As in the case of the pure PVA and the PVA/glycerol 1.0 wt.% film, the topography is 

characterized by cluster aggregates, some of which are aligned into rows. Figure 10b displays a 

contour-line profile along the straight line in Figure 10a. 

 

Figure 10. SPM images recorded on PVA/glycerol 2.0 wt.%. (a) Contact-mode topography. Color-scale 

range: 28 nm. (b) Height-contour profile recorded along the continuous white line in (a). (c) (d) LFM 

images recorded over the same surface area as (a), scanning from left to right (c) and from right to left 

(d). 
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Figure 10c,d correspond to lateral force microscopy images scanning from left to right (Figure 

10c) and from right to left (Figure 10d) recorded over the same surface region as (Figure 10a). As it is 

clearly seen in Figure 10c,d we find areas with a lower frictional contrast, similar to those in Figure 

6c,d, Figure 7c,d and Figure 8b,c. While some of those areas exhibit rounded interfaces similar to 

those in Figure 7c,d, others rather resemble the ribbon-like shape domains found in the pure PVA 

film surface (Figure 6c,d and 7c,d). Nevertheless here, the extension of the lower contrast domains is 

apparently larger, as if some of the areas linking the domains in Figure 7 that for the pure PVA 

produced a higher friction contrast, were now also yielding a low frictional response. Interestingly, 

some of the ribbon-like low friction domains in Figure 10c,d (like for instance those within the white 

dashed rectangles) seem to be correlated to higher topographic regions, but at other areas of the low 

friction domains, no correlation with the topographic image could be appreciated. 

According to the FT-IR and XRD data, the crystallinity of the PVA/glycerol 2.0 wt.% films is 

reduced compared to this for the pure PVA and 1.0 wt.% glycerol films. This may be explained by 

the formation of glycerol aggregates for the higher glycerol concentrations which may penetrate 

within the crystalline PVA domains and partially destroy them. For these films, in the DTA curves, 

the endothermic peak corresponding to the maximum rate of degradation for PVA appears split into 

two well-resolved peaks, which might be indicative of the formation of a new phase formed by 

glycerol aggregates or glycerol-PVA complexes. The lower friction contrast in Figure 10 b,c might 

originate either because of the presence of crystalline PVA domains, or of the presence of a distinct 

phase formed by glycerol-PVA complexes, even though the LFM image provides no clue to justify 

the presence of lower frictional domains of a different nature.    

It should be pointed out that on the PVA/glycerol 2.0 wt.% films, we did not succeed in recording 

good quality UFM images, as the film was severely affected by tip actuation in the presence of 

ultrasound. And for the case of PVA/glycerol 4.4 wt.% nor even contact-AFM and LFM images could 

be recorded without surface modification.  

According to FT-IR, XRD and DTA data, the incorporation of 4.4 wt.% glycerol leads to a 

significant reduction of the PVA crystallinity. The effect may be similar to this observed with water, 

which in a little amount enhances the PVA crystallinity, but excess water leads to destruction of the 

PVA crystallites.     

4. Conclusions 

The study presents a thorough investigation of the structural properties, crystallinity and 

thermal response of pure PVA and PVA/glycerol films using FT-IR, XRD, TG/TDA and advanced 

SPM. 

According to FTIR, as glycerol is incorporated to the PVA matrix, intermolecular hydrogen 

bonds between PVA and glycerol are formed, as evidenced by a shift of the (O–H) stretching vibration 

band to higher wavenumbers. The data suggest that, for low glycerol contents, PVA-glycerol bonding 

occurs mainly through the glycerol’s secondary alcohol group, as the glycerol primary alcohol group 

(C-O) stretching band appears at the same wavenumber as in pure glycerol. As the amount of glycerol 

is increased, PVA-glycerol bonding through the glycerol’s primary alcohol groups increases (the (C-

O) stretching band displaces to lower wavenumbers), and the appearance of bands corresponding to 

(C–H) groups and (C–C) skeleton vibrations of glycerol suggest the formation of glycerol aggregates. 

In addition, an increase of water content in the film is observed (the FTIR band related to absorbed 

water increases). 

The XRD pattern of PVA reveals the semicrystalline nature of the film, with crystallites of ~5 nm 

in size. For low glycerol contents, a structural rearrangement of the polymer chains occurs, such that 

for 1.0 wt.% glycerol, a reduction of the diffuse scattering associated with the amorphous phase and 

an increase of the diffraction signal of the (101̅) planes versus the (101) planes are observed. For 

higher glycerol contents, the increase of glycerol-PVA interactions, and formation of glycerol 

aggregates together with the incorporation of a larger amount of absorbed water into the films, lead 

first, for 2.0 wt.% to a subsequent increase of the diffuse scattering associated with the amorphous 

phase and a decrease of the diffraction signal of the (101̅) planes versus the (101) planes to values 
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similar to those in pure PVA, and for 4.4 wt.% to the disappearance of the main diffraction peak of 

PVA. According to FT-IR and XRD data the crystallinity of the PVA films is slightly higher for low 

glycerol content and decreases for higher glycerol contents down to a level below that of the pure 

PVA film.  

Thermal analysis of PVA and PVA/glycerol films carried out at two heating rates (5 and 25 

ºC/min) in air atmosphere confirmed that degradation of pure PVA occurs in 4 stages with 

appearance of an additional DTG/DTA event for PVA/glycerol films when heating at lower rates, 

possibly related to degradation of glycerol or of a PVA/glycerol phase. At the higher heating rates, 

the endothermic DTA peak corresponding to the maximum TG degradation rate splits into two peaks 

for the films with higher glycerol content, suggesting the presence of a new glycerol related phase. 

The thermal stability and melting temperature of PVA decreases with increasing glycerol content; 

however, for 1.0 wt.% glycerol, the reduction of melting point is not significant.  

Interestingly, upon heating at 5°C/min, DTA revealed the appearance of exothermic peaks in the 

PVA and PVA/glycerol 1.0 wt.% films in the temperature range corresponding to the main TG 

degradation peak. To the best of our knowledge, such exothermic DTA peak of PVA has not been 

reported before. As it is not observed in argon atmosphere, such peak could be related to the 

oxidation of PVA. At higher heating rate, the absence of exothermic peaks can be explained by lower 

rate of oxidation compared to thermal decomposition. 

The topography of pure PVA film is characterized by clusters aggregates, some of which align 

along well-defined direction forming intersecting rows with a higher topographic height of ~ 10 nm, 

and lower frictional and higher (stiffer) UFM contrast. At some places, UFM allowed us to resolve 

stiffer clusters ~ 45 nm in diameter arranged in a zig-zag pattern along a row. The alignment of the 

topographic clusters in rows can be explained as being due to the assembly of PVA crystalline nuclei 

(~5 nm in diameter according to XRD) located within the clusters. At other surface regions, well-

defined ribbon-like domains with a characteristic crystalline morphology are observed, which 

yielded lower frictional and lower (softer) UFM contrast. The lower UFM contrast in those areas can 

be explained by a slightly higher local content of water, which facilitates the assembly of the surface 

clusters and remains at the amorphous/crystalline interface. 

The incorporation of 1.0 wt.% glycerol led to modification in shape of the ribbon-like domains 

in pure PVA to rounded. Hence, glycerol molecules in a small quantity do not penetrate inside the 

PVA crystallites, but foster the reorganization of the amorphous PVA regions, alter the shape of the 

PVA crystalline domains, and preferentially accumulates at the amorphous/crystalline interface. In 

those films, the domains could only be clearly identified from LFM and UFM, as a topographical 

correlation was not apparent. In addition, pores of various sizes up to 300 nm in diameter were 

observed, which produced a characteristic higher frictional and higher (stiffer) UFM contrast.  

At the film with 2.0 wt.% glycerol content, domains with lower frictional contrast could also be 

observed, some with rounded interfaces like those seen in PVA/1.0 wt.% glycerol films, and others 

which rather resembled the ribbon-like domains found in the pure PVA film surface, but wider and 

joined together. It cannot be ruled out that a different phase formed by glycerol aggregates or 

glycerol-PVA complexes also contributes to the contrast of the domains, although the LFM images 

did not provide clues to justify the presence of lower friction domains of a different nature. 

In the PVA/glycerol films, we observed tip-induced surface modification effects, which were 

more significant in the presence of ultrasonic vibration. For the case of films with 1.0 wt.% glycerol 

tip-induced displacement of clusters with lower LFM/UFM contrast forming distinct domains led to 

modification of the domain shape and formation of heaps with distinct contrast at the edge of the 

scanned area. For glycerol contents higher than 2.0 wt.% glycerol, the tip-induced modification 

severely complicated the acquisition and analysis of SPM images.  

The presented research contributes to the understanding of crystallinity in PVA and its 

modification by plasticizers such as glycerol. Our findings deliver crucial insights into how glycerol 

impacts that nanostructure of PVA, thereby paving the way for tailoring PVA properties to achieve 

optimal performance.  
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