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ABSTRACT 

The post-functionalization of poly(vinyl alcohol) (PVA) with a hierarchical structure has been 

challenging because conventional polymer functionalization reactions are performed in 

homogeneous solution states. In this study, the selective functionalization of PVA was achieved 

in supercritical carbon dioxide (sc-CO2) through acetylation in the amorphous region only, and not 

in the crystalline region. The crystalline region of PVA was retained in the amorphous-selective 

acetylated PVA synthesized in sc-CO2. In addition, the oriented structure of the PVA crystallites 

was maintained even after acetylation of the drawn PVA film in sc-CO2. Moisture adsorption 

affected the crystalline structure of the PVA acetylated in sc-CO2. The acetylated PVA synthesized 

in sc-CO2 included a larger number of water molecules under humid conditions, while the increase 

in thickness was smaller than that of randomly acetylated PVA. This reason was the rigid 

crystalline structure and the sequential hydrophilic PVA units in the PVA acetylated in sc-CO2.  
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Introduction 

Conventional post-functionalization of polymers progresses in the solution state, where the 

polymer chains are disentangled and homogeneously dissolved in solvents. Therefore, the 

polymers are randomly functionalized. For post-functionalization, polymer chains are regarded as 

a linear chain, and only the degree and distribution of functional groups in the linear chain are 

focused.1,2 Controlling the morphology of the functionalized polymers and retaining the 

hierarchical structure of the precursor polymers have remained challenging.3,4  

Crystalline polymers possess various hierarchical structures, ranging from chain-folding and 

growing lamellae to spherulites.5,6 The size ranges from several nanometers to several millimeters. 

These hierarchical structures of crystalline polymers contribute significantly to the material 

performance, such as mechanical properties, thermal properties, and gas permeability.7–11 Thus, 

controlling the higher-order structures of polymer materials is significant for the development of 

high-performance polymer materials.  

However, the higher-order structures of crystalline polymers disappear after functionalization 

because of the random nature of functionalization. Recently, side-chain crystallization has 

attracted significant attention for controlling higher-order structures after post-functionalization. 

For example, poly(acrylate ester)s, poly(methacrylate ester)s, and poly(acryl amide)s with long 

alkyl chains,12–18 perfluoroalkyl side chains,19–24 and oligoethylene glycol side chains25,26 have 

been reported. The crystallization of the side chains can control the mechanical properties, surface 

properties, and bio-affinities of the polymers. However, crystallization of the main chain was not 

observed in these polymers. Moore and co-workers investigated the post-functionalization of 

polymers in gel states and also their structural and physical properties. Crystalline polymers such 
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as syndiotactic polystyrene and poly(ether ether ketone) partially retained their crystalline region 

even after post-functionalization in gel states.3,4,27–30  

Our group has previously developed the post-functionalization of poly(vinyl alcohol) (PVA) 

in film state using supercritical carbon dioxide (sc-CO2). Butyralization of PVA in sc-CO2 

endowed different mechanical and adhesion properties in gel and solution states.31 Unfortunately, 

through post functionalization, the crystalline region of PVA disappeared and the distinct higher-

order structure was destroyed. In this study, we achieved the selective acetylation of PVA in the 

amorphous region alone in sc-CO2. Interestingly, the highly ordered hierarchical structure, 

including the crystalline structure and orientation, were maintained post functionalization. 

 

Results and discussion 

Acetylation of PVA in the film state was performed in sc-CO2 at 60 °C and 15 MPa31–33 using 

a pressure reactor cell (Scheme 1). In this reaction condition, the acetylation in sc-CO2 was 

progressed with high distribution in the samples and high reproducibility. The acetylated PVA 

(Ac-PVAsc) remained in the film state even after the reaction, and the obtained film was dissolved 

in dimethyl sulfoxide (DMSO). For comparison, Ac-PVAsoln was obtained by the post-

functionalization of PVA with acetyl chloride in the solution state. Hexamethylphosphoric 

triamide (HMPA) was employed as the solvent in the homogeneous solution reaction because both 

PVA and poly(vinyl acetate) (PVAc) dissolve in HMPA. The progress of acetylation in sc-CO2 

and HMPA solution was investigated by nuclear magnetic resonance (NMR) spectroscopy and 

Fourier transform infrared (FT-IR) spectroscopy. Peaks from PVA and PVAc were observed in 

the NMR spectra of Ac-PVAsc and Ac-PVAsoln, respectively. The quantitative acetylated degrees 
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(ADs) of the functionalized PVA samples were calculated to be 33 mol% and 52 mol%, 

respectively, from their NMR spectra. 

 

 

Scheme 1. Acetylation of PVA in sc-CO2 or HMPA solution. 

 

 

Figure 1. (a) FT-IR spectra of PVA, Ac-PVAsc and Ac-PVAsoln, and (b) expanded FT-IR 

spectra of Ac-PVAsc and Ac-PVAsoln at the band of carboxyl groups and schematic image of 

hydrogen bonding between carboxyl groups and hydroxyl groups. 

 

The FT-IR spectra of PVA, Ac-PVAsc, and Ac-PVAsoln are shown in Figure 1a. In the FT-

IR spectra of Ac-PVAsc and Ac-PVAsoln, absorption bands of the carbonyl groups were observed 

at approximately 1700 cm-1, indicating that PVA acetylation progressed even in sc-CO2. A sharper 

absorption band of the carbonyl groups of Ac-PVAsc was observed at 1740 cm-1 (Figure 1b) 

relative to that of Ac-PVAsoln. In contrast, Ac-PVAsoln exhibited a broad absorption band of the 

carbonyl groups and a shoulder at 1710 cm-1. The absorption band at a lower wavenumber was 

assigned to hydrogen-bonded carbonyl groups. We speculate that the carbonyl groups of Ac-
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PVAsoln are hydrogen bonded to the hydroxyl groups of the neighboring monomer units.34 

Because Ac-PVAsoln was randomly acetylated, a large number of acetyl groups were located next 

to hydroxyl groups. In contrast, a greater number of acetyl groups in Ac-PVAsc were isolated from 

hydrogen bonding interactions. Because sc-CO2 selectively penetrated the amorphous region of 

PVA, as shown in Figure 2, the amorphous region of PVA was preferentially functionalized in sc-

CO2. Therefore, the acetyl groups in Ac-PVAsc were concentrated in the amorphous region, while 

the remaining crystalline region contained only hydroxyl groups. This selective functionalization 

resulted in a sharp carbonyl absorption band, without any shoulder. In addition, an absorption band 

of crystallite region of PVA was observed at around 1140 cm-1 in FT-IR spectra of not only PVA 

but also Ac-PVAsc. This data suggested that the crystallite region of PVA was remained through 

acetylation in sc-CO2. 

 

 

Figure 2. Proposal mechanism of amorphous-selective acetylation of PVA film in sc-CO2. 
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Figure 3. (a) X-ray diffraction profiles and (b) DSC thermograms of PVA, Ac-PVAsc and Ac-

PVAsoln. 

 

X-ray diffraction measurements were performed to investigate the amorphous-selective 

acetylation in sc-CO2. The Ac-PVAsc film exhibited a 101/10-1 reflection peak of PVA at 19.8°,35 

while Ac-PVAsoln exhibited only an amorphous halo and no diffraction peaks of PVA crystallites 

(Figure 3a). In only the acetylation in sc-CO2, the crystallite structure, crystallinity Xc, and 

crystallite size D of PVA were remained. These results supported that acetylation in sc-CO2 

progressed in the amorphous region rather than in the crystalline region. After acetylation in sc-

CO2, Ac-PVAsc was dissolved into DMSO and cast. The DMSO was removed at 200 °C to prepare 

the recast film. Sharp diffraction peaks of PVA crystallites were observed in the XRD profiles of 

the recast film. The polymer chains of Ac-PVAsc reassembled and formed a crystalline structure 

after being destroyed upon dissolution into the solvent. However, the crystallinity of the recast 

film was lower than that of Ac-PVAsc because the acetyl groups in the amorphous region and in 

the folded parts of the crystalline region of Ac-PVAsc hindered the reformation and recovery of 

PVA crystallites in the recast film. The retention of crystallinity in Ac-PVAsc and its recovery in 

the recast film mean that the amorphous-selective acetylation in sc-CO2, and not random 

acetylation in the solution state, maintained the PVA segments in the crystalline region, promoting 
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the “blocky” functionalization. This is also the reason for the amorphous-selective penetration of 

sc-CO2 into the PVA films. These results are consistent with the FT-IR analysis of the isolated 

carbonyl groups of Ac-PVAsc. 

The thermal properties of Ac-PVAsc and Ac-PVAsoln were investigated by differential 

scanning calorimetry (DSC). The melting temperature of Ac-PVAsc was 221 °C, which was 

similar to that of unmodified PVA (Figure 3b). No melting temperature was observed in the DSC 

thermogram of Ac-PVAsoln. These mean that the Ac-PVAsc was a crystalline polymer whereas 

Ac-PVAsoln was an amorphous polymer. This was consistent with the results of the FT-IR and X-

ray diffraction analyses. In addition, the crystallinity of Ac-PVAsc calculated from the DSC curves 

and the crystallinity was also remained even after acetylation in sc-CO2. The DSC thermograms 

of PVA, Ac-PVAsc, and Ac-PVAsoln for the cooling and second heating processes are shown in 

Figure S6–S8. Ac-PVAsc also exhibited crystallization temperature at 196 °C, similar to PVA. 

The observed recrystallization behavior of Ac-PVAsc was attributed to the remaining PVA 

segments through “blocky” functionalization in sc-CO2. However, the DSC curve of Ac-PVAsoln 

showed a glass transition temperature at 39 °C. The glass transition temperatures at 11 and 45 °C 

in the DCS thermogram of Ac-PVAsc would originat from the side chain and main chain dynamics 

of PVAc, while that at 87 °C was attributed to PVA (Figure S7).36 However,  the glass transition 

behaviors of Ac-PVAsc were not completely coincident to those of PVA and PVAc. The reason 

would be that the segment structure in Ac-PVAsc were different from those of unmodified PVA 

and Ac-PVAsoln. These results supported the amorphous-selective post-functionalization of PVA 

in sc-CO2. 
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Figure 4. (a) X-ray diffraction profiles, (b) DSC thermograms and (c) X-ray diffraction fiber 

photograph of undrawn PVA, UD-PVA, and Ac-UD-PVAsc.  

 

As mentioned above, the crystalline structure and crystallinity of PVA were maintained after 

acetylation in sc-CO2. To control the higher-order structure, uniaxially drawn PVA (UD-PVA) 

was acetylated in sc-CO2 to obtain an Ac-UD-PVAsc film. The AD of Ac-UD-PVAsc was 

calculated to be 31 mol% from its 1H NMR spectrum (Figure S9). X-ray diffraction measurements 

were performed to investigate the structure of Ac-UD-PVAsc. The X-ray diffraction profiles and 

DSC curves revealed almost the same crystalline structure and crystallinity for both Ac-UD-

PVAsc and UD-PVA (Figure 4a and 4b). X-ray fiber photographs are shown in Figure 4c. The 

orientation π of more than 90% of the crystallites remained constant even after post-

functionalization in sc-CO2. This result suggested that post-functionalization in sc-CO2 progressed 

almost only in the amorphous region, and that the oriented conformation of crystallite structure of 

PVA was retained. 
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Figure 5. NR profiles (upper) and SLD profiles (bottom) of thin films of (a) PVA, (b) Ac-PVAsc 

and (c) Ac-PVAsoln under dry and humid conditions.  

 

To investigate the moisture absorption behavior of Ac-PVAsc functionalized in sc-CO2, 

neutron reflectivity (NR) measurements of the Ac-PVAsc thin films under humid conditions were 

performed at BL16 SOFIA, MLF, J-PARC reflectometer.37,38 Thin films of PVA, Ac-PVAsc, and 

Ac-PVAsoln were prepared by spin coating because the smooth thin films with less than 100 nm 

thickness were indispensable for the NR measurements. The NR profiles and fitting parameters 

are presented in Figure 5 and Table S3. Kiessig fringes were observed in all NR profiles. The 

thickness of the PVA thin film under humid conditions increased to approximately twice, relative 

to that under dry conditions. The reason was that the hydrophilicity of PVA enhanced the 

absorption of D2O moisture.39,40 On the other hand, the thickness of the acetylated PVA thin films, 

namely the Ac-PVAsc and Ac-PVAsoln thin films, was similar under humid and dry conditions. 

Their relative thicknesses under dry and humid conditions were 104% and 112%, respectively. In 
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addition, their SLD values under humid conditions were also increased, although the hydrophobic 

acetyl side chains prevented the adsorption of D2O, different from the behavior of PVA. 

Different changes in the Ac-PVAsc and Ac-PVAsoln thin films were observed under dry and 

humid conditions. The increase in the thickness of the Ac-PVAsc film was smaller than that of the 

Ac-PVAsoln film, whereas the SLD value of the Ac-PVAsc film was much larger than that of the 

Ac-PVAsoln film. Thus, the film thickness and SLD values of the two films followed an opposite 

trend. 

To further investigate these structural changes, the X-ray diffraction measurements were 

performed under dry and humid conditions; the X-ray diffraction profiles are shown in Figure 6. 

For PVA, the intensity of the (101/10-1) diffraction peak decreased, and the peak shifted from 

19.9° to 19.7° with increasing humidity. It is concluded that this behavior was because water 

molecules interacted the PVA thin film, including the crystallite region, and increase the distance 

between the PVA molecular chains in the crystallite cell.41 In the case of Ac-PVAsc, the diffraction 

peak of the crystallites of Ac-PVAsc shifted from 19.9° to 19.7° with increasing humidity. This 

peak shift in Ac-PVAsc was similar to that of PVA crystallites. The inclusion of water molecules 

in the crystalline region suggested that the hydroxyl groups of the side chains in the crystalline 

region interacted with the water molecules, and the protons of their hydroxyl groups were 

exchanged with those of H2O molecules.41,42 In contrast, randomly modified Ac-PVAsoln 

exhibited no crystalline peaks under both dry and humid conditions, as shown in Figure S13. 
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Figure 6. X-ray diffraction profiles of thin films of (a) PVA, and (b) Ac-PVAsc under dry and 

humid conditions. 

 

To understand the behavior of PVA, Ac-PVAsc and Ac-PVAsoln under high-humidity 

conditions, we calculated the volume fraction of water molecules from the SLD values of the 

results of the NR fitting profiles. The crystalline regions in the PVA and Ac-PVAsc thin films 

interacted with the D2O molecules. The amorphous regions in all the three samples occupied a 

large free volume. Therefore, proton-deuterium exchange progressed in both the crystalline and 

amorphous regions. Because the D2O vapor flowed and fresh D2O vapor was provided in the 

humidity-controlled chamber during the NR measurements, the hydroxyl groups in the samples 

were deuterated gradually. Therefore, under high-humidity conditions in the NR measurements, 
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almost all the protons of the hydroxyl groups in the side chains should be exchanged with 

deuterium. 

In this discussion, if all protons of the hydroxyl groups in PVA were exchanged with deuterium, 

the SLD value of deuterated PVA was estimated to be 2.47  10-4 nm-2. Using the SLD values of 

deuterated PVA and D2O, the volume fraction of D2O in the PVA film was estimated to be 48%. 

The SLD value of deuterated Ac-PVAsc including 33% of acetyl groups was calculated to be 1.88 

 10-4 nm-2 and the SLD value of Ac-PVAsc under humid condition was 2.75  10-4 nm-2. 

Therefore, the volume fraction of water in the Ac-PVAsc thin films was 19%. The SLD value of 

deuterated Ac-PVAsoln was 1.64  10-4 nm-2 and the bulk layer in the Ac-PVAsoln thin film under 

humid conditions contained no water molecules. This is because the acetyl groups randomly 

introduced in Ac-PVAsoln would hamper the penetration of water molecules into the film. Under 

the conditions of NR measurements, the proton-deuterium exchange at the hydroxyl groups in the 

samples should not progress completely. If no proton-deuterium exchange occurred, the volume 

fractions of water in PVA, Ac-PVAsc, and Ac-PVAsoln under high humidity conditions would be 

65%, 36%, and 9%, respectively. Anyway, Ac-PVAsc included a larger volume of water 

molecules under humid conditions than Ac-PVAsoln. Thus, we concluded that the thickness of the 

Ac-PVAsc film remained nearly unchanged under humid conditions because the rigid crystallite 

structure of PVA was retained even after acetylation in sc-CO2. 
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Conclusions 

We selectively acetylated the amorphous region of PVA using sc-CO2. The crystalline structure 

and orientation of acetylated PVA were retained in sc-CO2, although the randomly acetylated PVA 

in the solution state possessed only an amorphous region, and not a crystalline region. The 

crystallinity and orientation before and after acetylation in sc-CO2 were unchanged. In addition, 

the crystalline structure was formed after recasting because PVA segments were present in the 

PVA acetylated in sc-CO2. The PVA segments in the PVA acetylated in sc-CO2 absorbed larger 

amounts of water in the thin film, while the increase in thickness after the absorption of water was 

smaller than that of randomly acetylated PVA. These results were attributed to the rigid crystalline 

region of PVA after acetylation in sc-CO2. Our study demonstrates the promising potential of the 

block-like structure of PVA acetylated in sc-CO2. 
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