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Figure S1. FTIR spectrum of PVA film provided by Kuraray Co., Ltd. (Japan).

According to the Kenney method1, the triad tacticity was estimated by the following equation:
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Because of , we could calculate the triad tacticity (mm = 0.21, mr = 0.43, rr = 0.36).1
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Figure S2. Program of DSC testing for determining the states of water in PVA films.

Samples with the nominal weight of 2 ~ 5 mg, were cooled from 20 ℃ to -40 ℃ at a cooling rate of 5 

℃/min, lasted 3 min at -40 ℃, and then heated to 20 ℃ at a heating rate of 2 ℃/min.
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Figure S3. Subdivisions of multiple ice-melting peak areas of the equilibrium-swelling and the 

equilibrium-dyeing PVA samples through the variation of dT/dt based on the DSC heating curves.

The derivative of the sample temperature T as a function of the heating time t (i.e., dT/dt) deviates the 

programmed heating rate of 2 ℃/min when the phase transition happens, and the positive dT/dt peak (> 2 
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℃/min) usually locates at the end of the transition, so the positive peak can be regarded as the boundary of 

the two adjacent phase transitions2. Thus, freezable bound water is divided into freezable bound water Ⅰ and 

freezable bound water Ⅱ, and the normalized enthalpies of water in different states could directly be read 

from the curves. Then, the ratios of the weight of absorbed water in different states to the weight of dry 

PVA film could be calculated quantitatively through the equations (3 - 6). All the data is shown in Table 

S1 and Table S2.

Table S1. The ice-melting enthalpies corresponding to different states of water for swollen PVA films.

Peak 1 Peak 2 Peak 3Swollen 

samples
A (%)

ΔHfbw-I 
a wfbw-Ⅰ (%) ΔHfbw-II 

a wfbw-Ⅱ (%) ΔHfw 
a wfw (%)

wnfbw (%)

50℃ 83.24 51.18 32.49 — — 11.68 6.42 44.34

100℃ 68.67 29.38 17.16 11.15 6.52 12.16 6.15 38.84

120℃ 54.97 11.14 5.98 11.39 6.11 8.54 3.97 38.91

a The unit of the normalized melting enthalpy is J/g swollen PVA film.
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Table S2. The ice-melting enthalpies corresponding to different states of water for dyed PVA films.

Peak 1 Peak 2 Peak 3Dyed 

samples
A (%)

ΔHfbw-I 
a wfbw-Ⅰ (%) ΔHfbw-II 

a wfbw-Ⅱ (%) ΔHfw 
a wfw (%)

wnfbw (%)

50℃ 82.56 28.88 18.26 — — 12.02 6.58 57.72

100℃ 68.83 21.99 12.86 17.30 10.11 13.30 6.73 39.13

120℃ 54.79 — — 17.91 9.60 11.88 5.51 39.68

a The unit of the normalized melting enthalpy is J/g dyed PVA film.

Table S3. The wavenumbers of all peaks and corresponding bands assignment in IR spectra.

Band assignmentWavenumbe

r

(cm-1)
PVA H2O

3750 - 2950 O-H symmetry stretching vibration O-H symmetry stretching vibration

2944, 2906 C-H stretching vibration /

1750 - 1500 / O-H bending vibration

1141 crystal-sensitive band /

1046 C-O stretching vibration /

916 amorphous region /
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Figure S4. (a) The absorbance of δ (-OH, H2O, 1660 cm-1) as a function of diffusion time; (b) the 

varied spectra of Region II extracted from samples in the range of 3750 – 2950 cm-1; (c - e) for the 

synchronous and (c′ – e′) for the asynchronous 2DCOS contour maps calculated from the spectra shown 

in (b); the red for positive peaks and the blue for negative ones.
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2DCOS is an efficient tool to describe the specific responding sequence orders of characteristic bands 

corresponding to different structures or chemical species under the external stimulus, and absorption bands 

overlapped in 1D spectra are well-resolved in 2DCOS contour maps because of the enhancing resolution3. 

The range of 3750 – 2950 cm-1 in Region II (Fig. S4a, b) was selected for the calculation of 2DCOS, and 

the results for the synchronous and the asynchronous are represented in Fig. S4c – e and Fig. S4c′ – e′, 

respectively. From the synchronous and asynchronous contour maps calculated, it’s obvious that there is 

no distinction among different samples, indicating that the pre-annealing treatment did not change the 

process of water diffusion. Therefore, we choose PVA-50 as the example to describe the detailed analysis.

As shown in Fig. S4c, except for the positive cross-peak sited at φ (3453, 3175 cm-1) in the upper left 

side of the diagonal line, there are also three positive auto-peaks located at 3175, 3281, and 3453 cm-1 in 

the synchronous 2DCOS of PVA-50, while less information can be derived from this. Conversely, the 

asynchronous 2DCOS can not only distinguish compositions of the coupling bands, but also reflect the 

order of related bands. Five negative cross-peaks ψ ((3453, 3128 cm-1), (3569, 3453 cm-1), (3593, 3453 cm-

1), (3618, 3453 cm-1), and (3651, 3453 cm-1)) and two positive cross-peaks ψ ((3698, 3453 cm-1) and (3719, 

3453 cm-1)) are observed in the upper left side of Fig. S4c′, which indicates that the broad peak ν (-OH, 

PVA + H2O) in the 1D ATR-FTIR spectra is overlapped by eight single bands. Based on several previous 

works4-6, we know that:

(a) 3128 cm-1 is assigned to the νs (-OH, H2O) of tetrahedrally coordinated water molecules with 

strong hydrogen bonds in bulk water;

(b) 3453 cm-1 represents the νas (-OH, H2O) of incompletely coordinated water molecules in small 



S9

water clusters;

(c) 3569, 3593, 3618, and 3651 cm-1 are weak hydrogen bonds among water molecules or between 

hydroxyl groups and water molecules;

(d) both 3698 cm-1 and 3719 cm-1 are attributed to free water molecules with very weak or without 

hydrogen bonds.

Based on the Noda rules7, 8, for synchronous cross-peak φ (ν1, ν2) and asynchronous cross-peak ψ (ν1, 

ν2) in the upper left side of the diagonal line, if φ (ν1, ν2) * ψ (ν1, ν2) > 0, the characteristic band at ν1 

responses earlier than the one at ν2, while if φ (ν1, ν2) * ψ (ν1, ν2) < 0, the variation of band at ν1 is later 

than that of the one at ν2.

Thus, we conclude that the specific sequence orders of bands mentioned above is 3698, 3719 > 3128 > 

3453 > 3569, 3593, 3618, and 3651 cm-1, or (free water molecules with very weak hydrogen bonds) > (bulk 

water with strong hydrogen bonds) > (water clusters with incompletely coordinated water molecules) > 

(weak hydrogen bonds among water molecules or between hydroxyl groups and water molecules), which 

helps us to understand the mechanism of water diffusion into PVA matrix and draw the factors affecting 

the water diffusion process.
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Figure S5. The schematic mechanism of water diffusion into PVA matrix.
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