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Poly(vinyl alcohol) (PVA) films annealed at different temperatures are used to explore the effects of the water

absorption on the formation of PVA-iodine complexes. It's found that the higher the annealing

temperature, the stronger the interaction force between PVA segments, and the smaller the free volume

of the PVA films. These mainly lead to the reduction of the amount of PVA segments with a moderate

degree of hydration (ie., PVA segments with moderate mobility), which are the major segments

participating in the formation of PVA-iodine complexes. Therefore, PVA films with higher water

absorption not only possess faster complexation speed and form more PVA-iodine complexes, but also
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increase the proportion of polyiodide ions with a longer length. Moreover, the complexation restricts the

PVA segments with high mobility, resulting in the formation of the intermolecular ordered structure. The

DOI: 10.1039/d1ra04867h

rsc.li/rsc-advances optical performance.

1. Introduction

Poly(vinyl alcohol) (PVA) possesses outstanding chemical
properties because of a large number of hydroxyl groups, which
could act as active sites for chemical modification or cross-
linking.* Since being synthesized by Herrmann and Haehnel in
1924,> PVA has been widely applied in many fields, such as
fibers, gel materials, water treatment, and so on.** Especially,
PVA is extremely suited for the application of polarizing films
used as the key functional layer for liquid crystal displays
(LCDs) to produce polarized light,”® due to the strong
complexation with iodide ions. PVA polarizing film plays the
role of optical switches in LCDs, and its quality determines the
display performance. With the popularity of telecommuting,
there is a huge demand for high-quality polarizers in the flat
panel display industry recently.

Currently, the mainstream process of commercial polarizers
can be divided into four steps, which influence each other.****
Generally speaking, the swelling process promotes the tensile
properties of the PVA base-films; the dyeing process produces
PVA-iodine complexes; the stretching process orients the
dichroic materials (i.e., PVA-iodine complexes) along the PVA
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water absorption dependence may guide the dyeing process to obtain PVA polarizers with excellent

molecular chains; the fixing process improves the durability by
immersing the polarized films in boric acid solution. Therefore,
PVA-iodine complexes resulted from the absorbed iodide ions
are one-dimensionally aligned along the highly oriented PVA
chains finally, leading to excellent dichromatic performance.
Based on these processes, lots of work had been carried out on
the factors affecting the formation of PVA-iodine complexes
and the strain-induced structural evolutions of PVA films at
various conditions.*™*

As for the formation of PVA-iodine complexes, from the
proven helix model of the amylose-iodine complex in solution,
Zwick™ proposed the helix model where polyiodide ions were
surrounded by helical PVA chains. However, Rundle et al.****
and Tebelev et al.*® suggested the aggregation model in which
polyiodide ions were surrounded by several extended PVA
segments. The latter was more reasonable and supported by
Kojima's work,* i.e., the extended conformation induced by
stretching the PVA films promoted the complex formation.
Meanwhile, Choi et al*** systematically investigated the
dependence of PVA-iodine complexes on the concentration of
iodine/potassium iodide (I,/KI) solution. They concluded that
the complexes mainly formed in amorphous regions of PVA
films at a low concentration of I,/KI solution, but iodide ions
penetrated into crystalline regions at a higher concentration.
On the other hand, they also found that the higher concentra-
tion of I,/KI solution, the more PVA-iodine complexes formed.
Furthermore, Oishi et al.***® explored the effects of the water
absorption of PVA films on the formation of PVA-iodine
complexes, and revealed that the amount of complex increased
with water absorption rising. Thus, many researchers> >’ tried
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to modify PVA films with plasticizers (such as pentaerythritol,
boric acid and so on) to promote the formation of PVA-iodine
complexes and the tensile properties. However, the above works
only focused on the factors influencing the formation of PVA-
iodine complexes, and did not point out which state of PVA
segments in the swollen films was the most conducive to the
formation of PVA-iodine complexes.

On the other hand, Miyazaki et al.** quantitatively analyzed
the evolution of the condensed structure of PVA films stretching
in water and I,/KI solution with the help of small- and wide-
angle X-ray scattering (SAXS and WAXS), and they concluded
that the PVA-iodine complexes could act as junction points in
the microfibrillar network and resulted in the more efficient
extension of PVA chains during the stretching process. Subse-
quent studies®*”*? indicated that PVA films drawn in water above
50 °C induced inefficient extension of PVA chains. Recently, Li
et al** also systematically studied the influence of the
concentration of I,/KI solution and water temperatures on the
stretch-induced structural evolution of PVA films, and their
results agreed with Miyazaki's work well. They also concluded
that at 40 °C (below 50 °C) the stretch-induced recrystallization
occurring in the strain hardening stage could stabilize the
nanofibrils. These indicate that both PVA-iodine complexes
and water absorption are closely related to the orientation of
PVA chains during the stretching process. Especially, the water
absorption of PVA films is a key factor affecting both the
formation and orientation of PVA-iodine complexes, and
determines the final optical performance.

In the present study, we monitored the swelling and dyeing
processes of PVA films in real-time via the time-resolved ATR-
FTIR, and the variation of states of water in PVA films before
and after the dyeing process was quantitatively analyzed by
DSC. We conclude that the annealing treatment changes the
microstructure of PVA films, leading to the difference of water
absorption and the obvious distinctions in the complexation
reaction with iodide ions. Besides, a bridge between the PVA
segmental mobility close related to the water absorption and
the formation of PVA-iodine complexes is also established. This
work will be significantly helpful to understand the formation
mechanism of complexes at the molecular level when PVA films
are dyed in I,/KI aqueous solution.

2. Experimental section

2.1. Materials and sample preparation

Commercial PVA films with a thickness of about 75 pm, were
provided by Kuraray Co., Ltd. (Japan). The degree of polymeri-
zation is 2400, and the degree of saponification is larger than
99 mol%. The triad tacticity (mm = 0.21, mr = 0.43, rr = 0.36)
was estimated by means of Fourier transform infrared spec-
troscopy (FTIR) (As shown in Fig. S171) according to the Kenney
method.*® Both I, and KI purchased from Chengdu Chron
Chemicals Co., Ltd. (China), were analytical grade. All these
chemicals were used directly without further purification.

To obtain samples with different swelling properties, PVA
films were annealed at 50, 80, 100, 120 and 130 °C for 2 h in the
oven. Samples in the equilibrium swelling state were produced
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by immersing in 30 °C deionized water for 2 h, followed by
soaking in I,/KI solution 20 min to get equilibrium-dyeing PVA
films. The concentration of I,/KI solution was 0.002 mol L *
with a constant molar ratio of I,/KI = 1/4. Different PVA films
were named PVA-X, X meant the annealing temperature. For
example, the sample of PVA-50 represented PVA films were
annealed at 50 °C.

2.2. Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy (Frontier FT-IR Spectrometer, PerkinElmer
Co., Ltd., USA) was used to examine samples with the resolution
of 4 cm™" and accumulation of 16 scans.

Both the water diffusion into PVA films during the swelling
process and the formation of PVA-iodine complexes during the
dyeing process, were measured by the time-resolved ATR-FTIR
instrument equipped with a LiTaO; detector and a ZnSe
internal reflection element ATR cell at room temperature. The
schematic device was shown in Fig. 2a. The dry or the
equilibrium-swelling PVA film with the size of 2 cm x 2 cm and
the thickness of 75 um, was placed on the ZnSe cell, and then
a hydrophilic poly(tetrafluoroethylene) (PTFE) filter paper with
the size of 1 cm x 1 cm was put above it. Since the penetration
depth of the infrared light (IR) in the samples is about 0.5 um
(less than 75 pm) and the diffusion speed of water in filter paper
is much faster than that in samples, we thought that the
diffusion of water molecules in the thickness direction of PVA
films was uniform.

For the diffusion experiments, dry PVA films were used, and
after deionized water was injected into PTFE filter paper,
spectra were collected every 2 min with the resolution of 4 cm™*
and accumulation of 16 scans until spectra unchanged. For the
formation of PVA-iodine complex tests, PVA films in the equi-
librium swelling state were used, and after I,/KI solution was
injected into PTFE filter paper, spectra were obtained every
0.5 min with the resolution of 4 cm™" and accumulation of 8
scans until spectra were unchanging.

2.3. X-ray diffractometer (XRD)

The crystalline structure of heat-treated samples was measured
by using the X-ray diffractometer (Ultima IV, Rigaku Co., Japan).
The Cu Ko X-ray radiation (A = 0.154 nm) was used, the oper-
ating voltage and current were 40 kV and 40 mA, respectively.
The scanning range was from 10° to 50° with a speed of
10° min~". The crystallinity (Xxgp) was calculated by the
following equation:

where A. and A, are the best-fitted areas of crystalline and
amorphous regions, respectively.

XXRD =

2.4. Swelling behavior

The water absorption of various PVA films annealed was eval-
uated by the immersion method. Samples were immersed in
distilled water at 30 °C for 2 h to reach the equilibrium swelling

© 2021 The Author(s). Published by the Royal Society of Chemistry
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state, and then dried in the oven at 130 °C for 10 h to remove
water. The weight reduction means the absolute weight of
absorbed water. Hence, the water absorption (A (%)) could be
calculated by the formula:

W — Wy

A (%) = % 100 )

dry
where W and Wy, mean the weights of samples in the equi-
librium swelling state and dried after 10 h, respectively. Each
sample was tested 5 times.

2.5. Differential scanning calorimetry (DSC)

The contents of water in different states in swollen or dyed PVA
films were determined by differential scanning calorimetry
(DSC 1, Mettler Toledo Co., Switzerland). Temperature and heat
flow scales were corrected by using highly-purified indium and
zinc as the standard. Samples with the nominal weight of 2-
5 mg, were cooled from 20 °C to —40 °C at a cooling rate of
5°C min~ ', lasted 3 min at —40 °C, and then heated to 20 °C at
a heating rate of 2 °C min ™. The testing program was shown in
Fig. S2.1

After scanned, the samples were dried for over 10 h at 130 °C,
and then weighted to determine the true water absorption (A
(%)). Moreover, the melting enthalpies of the absorbed water in
different states could be obtained by integration and normali-
zation from the DSC endothermic curves of samples (shown in
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Fig. S31). Therefore, the ratios of the weight of absorbed water
in different states to the weight of dry PVA film (wqy for
freezable bound water I, wg,,,.;; for freezable bound water II, wg,
for free water, and wyg,, for non-freezable bound water), could
be analyzed quantitatively through the following equations:*”~*°

Wit (%) = A:II;;: X (4 +100) 3)
Wiowar (%) = %ﬁ{j x (4 + 100) (4)
why (%) = izz x (4 4 100) (5)
Watow (Y0) = A — Wiow-1 — Weow-11 — Wiw (6)

where AHgyy.1, AHpw.ir, and AHy, are assigned to the normal-
ized melting enthalpies (J g~* wet samples) of freezable bound
water I, freezable bound water II, and free water, respectively.
AHg,, corresponding to the melting enthalpy of ice with the
imperfect crystal structure is 288.7 ] ¢~ ', and AHj,, representing

—1 40

that of ice with the perfect crystal structure is 333.5J g .

2.6. Raman spectroscopy

To distinguish the species of iodide ions in the samples, Raman
spectroscopy was carried out by Raman imaging microscope

~
&
-~

1142 cm™

'
'
'
(intermolecular order) ¥

PVA-130

PVA-120

Absorbance (a.u.)

PVA-80

PVA-50

1560 cm™ (C=C)
1660 cm™
9 (-OH, H,0);

1046 cm™
v (C-0)

1400

1800 1600 1200 1000 800 1800 1650 1500
Wavenumber (cm™)
50
(b) (101) (101) (C) 4140
' - B
; 40k o 1120 o,
~ = o © t 3
2 PVA-130| & {100 g
= > 30} 5 Thermal =]
= degradation =
Z : = 3 180 2
= PVA-120 £ : E
§ i ) (‘I('('I('( S : ‘ ’E
~— *; 20 F ‘”"I’Ip 460 g
= 2, s ] 2
- PVA-80 o ’ <
; {40 &
g 10 -~
PVA-50 120
. L L . oLl— ) ) 1 L 1
10 14 18 22 26 30 40 60 80 100 120 140
20 (°) Annealing temperature (°C)

Fig. 1
and water absorption.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) FTIR spectra and (b) XRD patterns of PVA films annealed at different temperatures; (c) effects of the annealing treatment on crystallinity
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(DXRxi, Thermo Fisher Scientific Co., Ltd., USA) with an exci-
tation laser radiation of 532 nm wavelength.

2.7. Ultraviolet-visible spectroscopy (UV-vis)

Ultraviolet-visible spectroscopy (UV-1800, Shimadzu Co., Japan)
was used to detect the formation of the PVA-iodine complex.
Dyed PVA films were dried at room temperature and then tested
at a wavelength range from 200 to 800 nm.

3. Results and discussion

3.1. Structure and swelling properties of annealed PVA
samples

The FTIR spectra of PVA films annealed at various temperatures
are shown in Fig. la. It is obvious that with the annealing
temperature increasing, the absorbance of intermolecular order
(i.e., crystal-sensitive band, 1142 cm™') of PVA*“* becomes
more intense slightly, while the stretching vibration of C-O
(v(C-0)) at 1046 cm ™' is fading, these phenomena mean that
the annealing treatment enhances the interaction between PVA
molecular segments. There still exist weak peaks of the bending
vibration of hydroxyl (§(-OH, H,0)) at 1660 cm™ " related to
bound water in all samples undergone heat treatment, which
suggests the residual bound water cannot be removed
completely. Compared with the other samples, PVA annealed at
130 °C appears an obvious characteristic peak of the conjugated
double bonds (C=C) at 1560 cm ™", indicating the occurrence of
the thermal degradation.”® Moreover, when the annealing
temperature increases, the crystalline peak at 26 = 19.57° cor-
responding to the (101) (101) doublet* shifts to a higher Bragg
angle gradually (as shown in Fig. 1b), which manifests the
perfection of PVA crystal structure. The dependence of crystal-
linity and water absorption of PVA films on the annealing
temperature shows in Fig. 1c. With the increase of annealing
temperature, the crystallinity of PVA increases while the water
absorption decreases remarkably. However, Kojima*® system-
atically investigated the permeability of water in the casting PVA
films annealed, and found that the crystallinity of dry PVA
membranes was not affected by the annealing treatment,

()

Pressure column

IR light

-~ 0.5pm ¢ ~75pm

Fig. 2
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whereas the degree of hydration changed significantly. There-
fore, the effects of the pre-annealing treatment on the water
absorption and the formation of PVA-iodine complexes will be
discussed in detail in the next sections. Considering the
chemical structure stability and the water absorption of
samples, PVA films annealed at 50, 100, and 120 °C were
selected for further study.

3.2. Diffusion of water molecules into the PVA films

By means of the time-resolved ATR-FTIR instrument (illustrated
in Fig. 2a), the diffusion behavior of water molecules into the
annealed PVA films was conducted to explain that samples with
higher annealing temperatures possess lower water absorption.
Fig. 2b shows that I,/KI solution has the same characteristic
peaks as deionized water, which suggests that the effects of I,
and KI on bulk water molecules are minimal. Meanwhile, the
bands presenting in the range of 3750-2950 cm ™' are assigned
to the coupling bands of stretching vibration of hydroxyl groups
in PVA and water, while 1750-1500 cm ™' represents 3(-OH,
water). All IR bands were listed in Table S3,f and the peaks
belonging to PVA at 1141 cm™ ' and 916 cm™ " (i.e., inter- and
intramolecular order) were of major concern in this experiment.

As shown in Fig. 3a-c, the time-resolved ATR-FTIR spectra of
PVA films annealed at different temperatures shows the same
trend during the water diffusion. With the diffusion time
increasing, the absorbance of 1141 ecm™' and 916 cm™*
decreased, while that in the range of 3750-2950 cm ™" and 1750~
1500 cm ' increased significantly. This result suggests that
water molecules penetrate into the microvoids of PVA films,*®
and then interact with the hydroxyl groups in PVA chains.
Finally, the strong interaction between PVA segments is
destroyed, which results in the enhancive freedom of PVA
chains and the decrease of the inter- and intramolecular
ordered structures remarkably. Besides, the peak at 1660 cm ™
corresponding to d(-OH, water) shifts to lower wavenumber,
indicating the increase of free water molecules with weak
hydrogen bonds in the final equilibrium state. To further
distinguish the stages of water molecules diffusion clearly, we
directly employed the contour maps to describe the absorbance

— Dry PVA film

» s e o -
A Il/l\l solution 1141 em™ and 916 cm

B (inter- and intramolecular order)
Deionized water )
3267 cm™
'
! v(-OH, PVA)
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o(-OH, H:()):

3242 em™

v,(-OH)

Absorbance (a.u.)
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(a) The schematic device of the time-resolved ATR-FTIR instrument; (b) FTIR spectra of deionized water, I5/KI solution, and dry PVA film.
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Fig. 3 Time-resolved ATR-FTIR spectra and the corresponding contour
and (b’) for PVA-100; (c) and (c’) for PVA-120.

(Fig. 3a’-c/). According to the variation of absorbance, the
diffusion time was divided into three regions with the blue
dashed lines as boundaries. Because the penetration depth of
IR incident light (~0.5 um) is much less than the thickness of
samples (75 pm, as shown in Fig. 2a), Region I is defined as the
diffusion of water molecules outside the detection range, which
is proved by the unchanged signal intensity of water. Drastic
variation in absorbance suggests that Region II represents the
diffusion process of water within the detection range. The
absorbance of Region III keeps the same, which is a symbol of
diffusion equilibrium.

The time dependence of the absorbance of 3§(-OH, H,O,
1639 cm™ ') for all samples is presented in Fig. 4a, and show that
the time of both Region I and Region II rises with the pre-
annealing temperature increasing. Herein, to better under-
stand the interactions between PVA and water molecules during

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3750 - 3000 cm™ T 1660 cm™ T
v(-OH, PVA + H,0) | $(-OH, H,0) Abs. (a.u.)
ar 60.00 0.38
033
region III 029
024
B 31.92
0.19
region II 0.14
B 13,06 0.096
region I 0.048
~0.00 0.0

3000 1750 1500 1250 1000 750

Wavenumber (cm™) o
S. (a.u.,
0.39

region IIT 934

0.29
=1 4124
0.24

region Il 0.19

0.15
-+ 19.14
0.097

region I
% 0.049

3500 3000 1750 1500 1250 1000 750
Wavenumber (cm™)
Abs. (a.u.)
r 70.00 0.44
region IIT 0.39
B 52.97 0.33
0.28
region I1 s
0.17
- 22.70
011
region I
0.055
0.00 0.0

3000 1750 1500 1250 1000 750
Wavenumber (cm™)

3500

maps during water diffusion into PVA films, (a) and (a’) for PVA-50; (b)

the water diffusion, two-dimensional correlation spectroscopy
(2DCOS) with enhancing spectral resolution was conducted.***
The range of 3750-2950 cm™ " in Region II was selected for 2D
correlation analysis, and the results of PVA-50 are represented
in Fig. 4c and d (the others are shown in Fig. S47). From the
asynchronous contour maps, we determined that the broad
peak v(-OH, PVA + H,0) in the 1D ATR-FTIR spectra is over-
lapped by eight single bands. According to the Noda rules,**°
we conclude that the specific sequence orders of bands
mentioned above is 3698, 3719 > 3128 > 3453 > 3569, 3593, 3618,
and 3651 cm ' (the detailed analysis shown in Fig. S4f).
Therefore, the process of water diffusion into PVA films can be
described as following (the schematic mechanism shown in
Fig. S51): free water molecules with very weak hydrogen bonds
first enter the PVA matrix, and then bulk water with strong
hydrogen bonds penetrates into microvoids (i.e., the free

RSC Adlv, 2021, 11, 28785-28796 | 28789
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Fig.4 (a) The absorbance of 3(—OH, H,0, 1660 cm™?) as a function of diffusion time; (b) the varied spectra of Region Il extracted from PVA-50in
the range of 3750-2950 cm™; (c) synchronous and (d) asynchronous two-dimensional correlation spectroscopy (2DCOS) contour maps of
PVA-50 calculated from spectra shown in (b), with the red for positive peaks and the blue for negative ones.

volume) of the PVA matrix. With time increasing, the confined
bulk water splits into smaller water clusters, and the clusters
interact with hydroxyls in the PVA chains, resulting in the
weakening of not only the hydrogen bonds between water
molecules but also the interaction between PVA segments. The
PVA films finally reach a diffusion equilibrium state.

Based on the diffusion mechanism, we can draw the
following conclusion that the time of Region I and Region II is
determined by the free volume and intermolecular forces of the
PVA matrix together. Therefore, Fig. 4a indicates that PVA films
annealed at the higher temperatures possess the smaller free
volume and the stronger interaction (ie., intermolecular
hydrogen bonds interaction) between PVA chains, which leads
to the longer time of Region I and Region II. Moreover, these
will result in the poor water absorption and mobility of PVA
segments in the equilibrium swelling state.

3.3. Formation of PVA-iodine complexes during the dyeing
process

The spectral variation during the dyeing process was recorded
by the time-resolved ATR-FTIR spectra (Fig. 5a—c). It is obvious
that the spectra of different samples have the same trend during

28790 | RSC Adv, 2021, 11, 28785-28796

dyeing, but the trend is opposite to that of water diffusion into
the PVA matrix (Fig. 3a—c). Since there is no difference between
the FTIR spectra of water and L,/KI solution (Fig. 2b), the
changing of spectra is attributed to the formation of PVA-iodine
complexes. The absorbance of 1141 ecm ' and 916 cm™*
increase while that in the range of 3750-2950 cm ™" and 1750~
1500 cm™ ' decrease with the dyeing time rising. These results
suggest that iodide ions diffused into the PVA matrix interact
with the hydroxyl groups in PVA chains, and participate in the
formation of PVA-iodine complexes. The PVA-iodine complex
formed induces the decrease of the freedom of PVA segments,
which is in line with the increase of the absorbance of the inter-
and intramolecular ordered structures of PVA. Moreover, the
peak at 1645 cm ™' assigned to 3(-OH, water) shifts to a higher
wavenumber, suggesting that the content of bound water is
increasing gradually with the formation of PVA-iodine
complexes.

With the help of the corresponding contour maps of the
time-resolved ATR-FTIR spectra, we define two regions with the
blue dashed lines as boundaries as illustrated in Fig. 5a’-c’. The
absorbance of Region I' changes with time significantly, while
that of Region II' remains unchanged. Hence, Region I’ is
defined as the formation of PVA-iodine complexes, and Region

© 2021 The Author(s). Published by the Royal Society of Chemistry
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IT' is a symbol of the equilibrium dyeing state. After I,/KI solu-
tion was injected into PTFE filter paper placed above the
equilibrium-swelling PVA film, the absorbance of the sample
changed immediately, which indicates the thickness of PVA
film has little effect on the diffusion of iodide ions. Therefore,
we think that the water which permeated into the PVA matrix
might act as the diffusion channels of iodide ions. Furthermore,
the absorbance of 1142 em ™' (intermolecular order) (Fig. 5d)
takes more time to reach the equilibrium state for the sample
annealed at a higher temperature. In other words, the higher
pre-annealing temperature, the worse water absorption and
ability to form PVA-iodine complexes, which is consistent with
Miyasaka' conclusions.**?*** Obviously, there must be a rela-
tionship between the segmental mobility of PVA chains in the
equilibrium swelling state and the formation of PVA-iodine
complexes, and it will be proven in the next section.

3.4. States of water in the swollen and dyed PVA films

According to the theory of three water states,>” states of water in
the polymer matrix are classified by hydrogen bonds. Non-
freezable bound water (Fig. 6a) represents the restricted water
molecules bonded with hydroxyl groups through strong
hydrogen bonds, while freezable bound water (Fig. 6b and c) is
the molecules that weakly interact with hydroxyl groups and
ambient water molecules, and the others are defined as free
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water (Fig. 6d) possessing the same structure and freedom as
bulk water. Thus, the mobility of PVA segments can be esti-
mated by the hydration degree of hydroxyl groups in PVA
chains, i.e., the mobility of PVA segments corresponding to free
water, freezable bound water, and non-freezable bound water
are the strongest, middle, and worst, respectively. These provide
us a method to quantitatively analyze the mobility of PVA
segments.

There are three peaks in the DSC ice-melting curves as shown
in Fig. 7a and b, and the melting-peak temperature depends on
the perfection of ice crystal structure (i.e., the states of water in
the PVA matrix). Therefore, Peak 1, Peak 2, and Peak 3 are
assigned to freezable bound water I, freezable bound water II,
and free water, respectively. The heating curves of PVA films in
the equilibrium swelling and equilibrium dyeing states show
the same trend. When the pre-annealing temperature rises,
Peak 1 (lower than —10 °C) moves to a lower temperature and
a shoulder Peak 2 (lower than Peak 3) splits away from Peak 3
(around 0 °C). Since PVA films annealed at higher temperatures
possess stronger intermolecular interaction and smaller free
volume, the water molecules in the PVA matrix become more
restricted and form more imperfect ice crystal structures. This
results in the decrease of Peak 1 and the split of Peak 3. More
interestingly, compared with the swollen samples (Fig. 7a), the
samples after the dyeing process (Fig. 7b) show an apparent
decrease of Peak 1, and Peak 1 of the dyed PVA-120 film even
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Fig.7 Heating curves of PVA films in the equilibrium swelling state (a) or the equilibrium dyeing state (b); (c) subdivisions of multiple ice-melting
peak area of the equilibrium-swelling PVA-100 film through the variation of dT/dt; (d) variation of the water contents in different states before and

after the dyeing process.
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disappears. This is attributed to the formation of PVA-iodine
complexes, which increases the interaction of PVA segments
and results in the reduction of the number of water molecules
in freezable bound water I (shown in Fig. 6b).

Furthermore, the weight ratios between absorbed water in
different states and dry PVA film could be calculated quantita-
tively (an example is shown in Fig. 7c, and the detailed
descriptions are shown in Fig. S31), and the results are pre-
sented in Fig. 7d. It is clear that bound water (especially non-
freezable bound water) is the major state of water existing in
all samples, and the amount of free water is only about 5 wt% of
the dry PVA film. This is ascribed to a large number of hydroxyl
groups in the PVA matrix that can form strong hydrogen bonds
with water molecules. More importantly, the amount of non-
freezable bound water in equilibrium-swelling PVA films is
stable around 40 wt% of the dry PVA film, which indicates that it
is not dependent on the water absorption. And the differences
in water absorption are mainly reflected in the content of
freezable bound water.

After dyeing, although the total water absorption of sample
changes just a little, the existing states of water in the PVA
matrix have obviously changed (Fig. 7d). For PVA-50, the tran-
sition from freezable bound water I to non-freezable bound
water mainly took place. However, freezable bound water I was
mainly transformed into freezable bound water II for PVA-100
and PVA-120, and non-freezable bound water increased just
a little. It's also important to note that the higher water
absorption, the more the reduction of freezable bound water I
after the dyeing process. Hence, we conclude that compared
with PVA segments representing freezable bound water II and
free water, PVA segments corresponding to freezable bound
water I have the strongest ability to form PVA-iodine complexes.
And PVA-50 with the highest water absorption could produce
the largest amount of PVA-iodine complexes. Besides, PVA
segments assigned to non-freezable bound water do not
participate in the complexation with iodide ions because of the
strong hydrogen bonds (Fig. 6a), which is proved by the
remarkable increase of the amount of non-freezable bound
water after the dyeing process. It's obvious that PVA segments
with moderate hydration (Fig. 6b) are the most conducive to the
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formation of PVA-iodine complex. Thus, we think that the
formation of PVA-iodine complexes is formed by several adja-
cent PVA chains surrounding iodide ions, and the iodide ions
act as the junction points restricting the mobility of PVA
segments. This result supports the aggregation model proposed
by Rundle.***®

3.5. Chemical species produced by iodine in dyed PVA films

There are four peaks exhibited at Raman spectra (Fig. 8a), and
the peaks located at 215 cm ™" and 318 cm " are the overtone
bands of 106 cm ™" and 160 cm™ ", respectively.?>5*** The two
strong scattering peaks suggest that iodine elements mainly
exist in the forms of I;— (106 cm ') and I;~ (160 cm™ ') in the
dyed PVA films. Interestingly, the relative intensity between I;~
and Is~ changes with the decrease of water absorption, indi-
cating the major existing form of iodine elements is greatly
dependent on the states of PVA segments. In other words, PVA
films annealed at higher temperature possess the worse
mobility of segments in the swollen states, and iodine elements
mainly form I;~ ions. Moreover, UV-vis spectroscopy was used
to detect the chemical species produced from the complexation
of PVA and iodide ions.”*®” In the UV region of Fig. 8b, three
absorption peaks appearing at 213, 295, and 362 nm represent
the free I, I;7, and I, I;", respectively, and there are no
significant differences. Whereas in the visible region, due to the
gradual reduction of the relative proportion of the PVA-I5~
complex, the wavelength of the maximum absorption peak
(Amax) shifts from 581 nm to 543 nm, and this conclusion is
consistent with Raman spectra. On the other hand, the absor-
bance of An.x and 645 nm (PVA-I;~ complex) decreases
remarkably, revealing the total amount of PVA-iodine
complexes reduced. These results agree with the DSC testing,
and further demonstrate that both the total amount and the
forms of PVA-iodine complex are affected by water absorption.

3.6. Discussion

Based on the results in previous sections, it's proved that the
formation of PVA-iodine complexes is related to the water
absorption of PVA films strongly. Besides, PVA films with
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(a) Raman spectra and (b) UV-vis spectra measured for samples after the dyeing process.
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Fig. 9 The schematic mechanism of the swelling and dyeing processes for dry PVA films.

different water absorption are obtained by annealing treatment,
and the process of water molecules diffusion into the PVA matrix
is observed by the time-resolved ATR-FTIR (shown in Fig. S57).
These suggest that water absorption is reduced with the
annealing temperature rising, resulting from the stronger inter-
action force (i.e., intermolecular hydrogen bonds) and smaller
free volume (i.e., microvoids). For the convenience to describe
these relationships, the schematic mechanism of the swelling
and dyeing processes for dry PVA films is shown in Fig. 9.

For the double network model of PVA films referring to
polymer chain network and fibrillar network,***** we propose
that both the entangled PVA chains in the amorphous region
and the tightly packed chains in the lamellae gradually become
relaxed during the swelling process,*® which is ascribed to the
interaction between water molecules penetrating into the PVA
matrix and the hydroxyl groups of PVA. As shown in Fig. 9, free
water mainly occupies microvoids in the PVA matrix, and the
others are assigned to PVA segments with various degrees of
hydration. It's interesting that the amount of non-freezable
bound water in equilibrium-swelling PVA films is not depen-
dent on the water absorption because of a large number of
hydroxyl groups, and the difference in water absorption is
mainly reflected in the content of freezable bound water
(especially freezable bound water I). These are attributed to the
stronger interaction force and smaller free volume of PVA
samples with higher annealing temperature. Namely, the
difference of PVA samples with different water absorption is
mainly the amount of PVA segments with a moderate degree of
hydration corresponding to freezable bound water I.

In the dyeing process, iodide ions penetrate into the swollen
PVA matrix, followed by the transformation from the loosely
hydrated PVA segments to the intermolecular ordered structure.
DSC testing shows that the formation of PVA-iodine complexes
mainly results in the reduction of freezable bound water I,
revealing these corresponding segments are the major
segments participating in the complexation. Thus, the swollen
PVA films with higher water absorption (i.e., the larger amount
of freezable bound water I) need less time to reach the equi-
librium dyeing states, and produce more proportion of poly-
iodide with longer length, and also form more PVA-iodine
complexes.

28794 | RSC Adv, 2021, N, 28785-28796

4. Conclusions

In present work, the swelling properties of PVA films were
controlled by annealing treatment, and the effects of the water
absorption on the formation of PVA-iodine complexes were
investigated in detail. The swelling process of PVA films moni-
tored by the time-resolved ATR-FTIR, reveals that the higher
annealing temperature, the stronger intermolecular hydrogen
bonds interaction between PVA segments, and the smaller free
volume of the PVA matrix. This results in the decrease of water
absorption, and DSC further proves that the amount of freez-
able bound water is mainly reduced. At the same time, the
variation of states of water in PVA films before and after the
dyeing process suggests the major PVA segments participating
in the complexation are the moderately hydrated segments, and
the swelling and dyeing processes induce the increase and
decrease of the freedom of PVA chains, respectively. What's
more, PVA films with higher water absorption have faster
complexation speed and produce more proportion of polyiodide
with longer length, and also form more PVA-iodine complexes.
These are attributed to the strong segmental mobility of PVA
films with high water absorption. Therefore, it's feasible to
adjust the water absorption (i.e., the segmental mobility) to
control the formation of PVA-iodine complexes in the industrial
production of PVA polarizers with outstanding optical
performance.
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