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A B S T R A C T

In this study, as cast (AC, at 30 °C) and annealed (AN, at 130 °C, 3 h) samples of polyvinylidene fluo-

ride (PVDF) and PVDF/hyperbranched polyester (HBP) (90/10) blend ultrathin films were subjected to heat-

ing-cooling (30→210→30 °C) cycle, and studied for their changes in crystalline phase transition behavior us-

ing in situ Fourier transform infrared-transmission spectroscopy (FTIR-TS) and grazing incident reflection ab-

sorption spectroscopy (FTIR-GIRAS) techniques. Factor analysis was employed to extract the pure crystalline

and amorphous spectra as well as the percentage content of ferroelectric crystallinity for both the samples.

Irrespective of the thermal treatment (AC or AN) and spectral measurement (FTIR-TS or GIRAS) techniques,

neat PVDF sample exhibited irreversible phase transitions during heating-cooling cycle associated with the

transformation from ordered β-crystalline (1276 cm
−1

) into disordered amorphous (1234 cm
−1

) form. Interest-

ingly, annealed PVDF/HBP blend sample measured using FTIR-GIRAS exhibited reversible crystalline phase

transition behavior similar to a ‘dipole memory effect’ even after heating to 210 °C (>Tm) and then cooled

to 30 °C. Compared to neat PVDF, higher ferroelectric crystallinity and reversible phase transition in PVDF/

HBP blend may be attributed to (i) the existence of H-bonding between HBP (C O and OH groups) and

PVDF (–CH2 and –CF2) and/or (ii) HBP acting as a nanoparticle in PVDF matrix.

© 2017.

1. Introduction

In recent times, organic electronics, especially polymeric thin film

based memories have generated much interest among researchers and

technologists due to their ease of preparation, flexibility, miniaturized

dimensions, low-cost potential, low voltage operation, large capacity

for data storage, mechanical stability, etc. [1–6]. Among many mate-

rials, ferroelectric polymers such as vinylidene fluoride-trifluoroeth-

ylene [P(VDF-TrFE)] copolymers with VDF content 50–85 mol%

have gained attraction for use in non-volatile random access mem-

ory (NvRAM) devices due to their large spontaneous polarization of

about 0.1 C/m
2

[7,8], excellent polarization stability [9,10], switch-

ing times as short as 0.1 μs [11], better chemical stability [12] and

low-temperature sample processing conditions [13]. Though many re-

searchers have favored P(VDF-TrFE) due to its aforementioned ad-

vantages [7–13], it is imperative to focus our attention on improving

the ferroelectric characteristics of polyvinylidene fluoride (PVDF) ho-

mopolymer which exhibits polarization only under stretching or pol-

ing of its thick films [14,15], due to its cheaper raw material cost

and presence of higher C-F dipoles in the main chain compared to

P(VDF-TrFE).

⁎ Corresponding author.
⁎⁎ Corresponding author.
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Formation of polar β-crystalline form in PVDF thick films can

be increased by the addition of hydrated salts [15], ionic liquids (IL)

[16–18], nanoparticles [19–21], clay [22,23], nanotubes [24–26], etc.

Zhu et al. reported an increase in longer all-trans (β-crystalline) se-

quence formation with increasing IL loading in PVDF. Compared

to slow-cooling from melt, the higher formation of polar β- and γ-

crystalline forms in melt-quenched PVDF is attributed to the ion-di-

pole interactions between IL and PVDF chains [18]. On the other

hand, PVDF nanoscale films prepared using spin-casting technique

exhibit an interesting crystalline phase transition behavior compared

to its thick film case. In our recent studies, ferroelectric β-crystalline

content calculated using FTIR spectral data in spin-cast (at 30 °C)

PVDF ultrathin films [27] was found to be higher (∼71%) compared

to that of P(VDF-TrFE) (∼47%) case [28]. Also, a smaller addition

(10 wt.%) of hyperbranched polyester (HBP) significantly increased

the β-crystalline phase content in PVDF by 23% which is attrib-

uted to the H-bonding between carbonyl and/or hydroxyl groups of

HBP and –CH2 or –CF2 of PVDF [27]. Hence, instead of increas-

ing the β-crystalline form in PVDF thick films under the influence of

varying additives or under mechanical deformation, the β-crystalline

form in PVDF can be easily increased by preparing spin-cast films of

nanoscale thickness or by blending with HBPs as discussed above.

Until now, very few researchers have studied the phase transi-

tion behavior in ferroelectric polymers under a heating-cooling cycle.

Yang et al. reported a significant reduction in the overall crystallinity

and ferroelectricity in P(VDF-TrFE-chlorofluoroethylene) terpolymer

https://doi.org/10.1016/j.vibspec.2017.12.003

0924-2031/© 2017.
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with increasing temperature during the heating cycle [29]. From

FTIR-GIRAS data, during heating (above melting, Tm)-cooling cy-

cle, an irreversible phase transition between the polar (ferroelectric)

and non-polar (paraelectric) crystalline phase at Tc was observed [30].

Our research group has also reported the structural phase transition

in spin-cast P(VDF-TrFE) ultrathin films as a function of varying

FTIR measurement modes [28], film thickness [31] and heating–cool-

ing temperature range [30]. Also, Factor Analysis (FA) of the FTIR

data was effectively used to extract the pure crystalline and amor-

phous phase spectra as well as to determine the quantitative changes

in β-crystalline content during the heating-cooling cycle [28,31].

Interestingly, no previous reports are available in the literature per-

taining to FTIR phase transition studies of PVDF and PVDF/HBP

blend during heating-cooling cycle. In continuation of our earlier pub-

lished works on PVDF [15,20] and PVDF/HBP [27], our objectives in

the present study are to analyze the crystalline phase transition behav-

ior in spin-cast PVDF and PVDF/HBP (90/10, in wt.%) blend ultrathin

film samples measured using two different FTIR spectroscopic modes,

viz. (a) FTIR-transmission spectroscopy (TS) and (b) FTIR-grazing

incident reflection absorption spectroscopy (GIRAS) modes as a func-

tion of two different sample preparation conditions (as-cast at 30 °C

(AC); annealed at 130 °C (AN)) during a heating-cooling (30→210

(>Tm)→30 °C) cycle.

2. Experimental

2.1. Materials

PVDF (Mw = 60,000) powder was received from Polysciences Inc.

(U.S.A.). KBr disks (for FTIR-TS measurement), acetone and DMF

were purchased from Sigma–Aldrich (U.S.A.) and used as received.

ITO coated glass substrates (for FTIR-GIRAS measurement) pur-

chased from SD Tech. (Korea) were cleaned using a 3-step process,

viz. immersing in soap solution, acetone-deionized water (1:1, v/v)

mixture and isopropanol-deionized water (1:1, v/v) mixture in a series

of 2 h each. The ITO substrates were further dried under nitrogen gun,

kept in a vacuum oven at 100 °C for overnight and stored in desiccator

for further use.

2.2. Sample preparation

Synthesis and characterization of third generation HBP (based on

pentaerythritol as a core molecule and dimethylol propionic acid as

AB2 monomer) [32], and its miscibility and crystallization behavior

with PVDF were reported in our previous studies [27]. In the present

study, calculated amount of PVDF and its blend with HBP (90/10,

w/w) were dissolved in filtered acetone: DMF (80:20, v/v) mixture

to form a 2 wt.% solution and kept stirring at 50 °C in a water bath

for overnight. The filtered homogenous and transparent solutions of

PVDF and PVDF/HBP (90/10) were spin-cast (1500 rpm for 30 s; step

speed 500 rpm) at 30 °C on KBr and ITO substrates using a heat-con-

trolled spin coating (HCSC) set-up (refer to Fig. 2 in Ref. [33]). Ther-

mal annealing of the spin-coated samples was carried out at 130 °C,

3 h in vacuo followed by slow-cooling to room temperature. As-cast

(at 30 °C) and annealed (at 130 °C, < Tm) ultrathin films prepared in

this study are henceforth referred to ‘AC’ and ‘AN’ samples, respec-

tively, and subjected to a heating-cooling (30→210→30 °C) cycle.

2.3. Characterization techniques

Unpolarized FTIR-TS and FTIR-GIRAS (at an incident angle of

ca. 85 °C from normal to the surface) spectra were recorded using

Bruker 66 V FTIR spectrophotometer at a resolution of 2 cm
−1

. Af-

ter mounting the sample in a custom-made heating cell, FTIR spec-

tra were recorded as follows: heating from 30 to 210 °C (ramp, 1 °C/

min), soak at 210 °C for 10 min (to remove the thermal history) and

cooling from 210 to 30 °C (ramp, −1 °C/min). The raw spectra were

smoothened (15°) by Savitsky-Golay method, base-line corrected,

normalized and used for further analysis.

3. Results and discussion

3.1. Phase transition studies using FTIR-TS

Fig. 1 represents the FTIR-TS spectra recorded during heat-

ing–cooling (30→210→30 °C) cycle for both AC and AN samples of

(a) PVDF and (b) PVDF/HBP (90/10) blend as a function of vary-

ing phase transition temperatures. During heating cycle (30→210 °C),

both AC-PVDF and AC-blend samples undergo crystalline phase tran-

sition from low-temperature to high-temperature phase. The A1

(1276 cm
−1

) band assigned to ferroelectric crystalline phase and sen-

sitive to sequences of four or more trans form (C–F) is decreased

sharply in absorption intensity during heating cycle. The absorption

intensity of B1 band at 1405 cm
−1

assigned to chain (C–C) orientation

does not change considerably even when the sample transformed to

Fig. 1. FTIR-TS: Temperature induced changes in (a) PVDF and (b) PVDF/HBP (90/10) samples (AC and AN) as a function of heating(H)–cooling(C) sequence in the order of (i)

30H, (ii) 140H, (iii) 210H, (iv) 140C, (v) 80C and (vi) 30C.
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high-temperature phase, since the trans-gauche conformational

change is considered to occur without any changes in the chain ori-

entation direction as reported by Tashiro et al. [34,35]. During the

cooling cycle (210→30 °C), the all-trans form associated with A1

band is converted into the disordered amorphous phase (1234 cm
−1

)

which is an evidence for the irreversible β-crystalline phase transition

upon cooling from melt. Phase transition behavior in AN-PVDF and

AN-blend samples were observed to be similar to that of AC samples

though with higher A1 band intensity, and is attributed to the enhanced

ferroelectric β-crystalline content aided by the partial conversion of

disordered polymer chains existing in AC condition into more ordered

β-crystalline form in AN samples.

In order to confirm the suitability of the materials for the fabri-

cation of NvRAM devices, it is imperative to not only control their

crystalline structure but also to identify the application of thermal

range in which the samples exhibit their ferroelectric characteristics.

A clear change in the crystalline content is not easily identified from

the qualitative spectral analysis as shown in Fig. 1, and hence, we fo-

cused our attention on studying the quantitative changes in crystalline

(A1) sensitive bands using FA of the spectral data obtained from heat-

ing-cooling studies. From raw FTIR data analysis, it is very difficult

to identify non-overlapping bands of crystalline and amorphous-phase

bands due to the fact that the raw IR data is a mixture spectra of

both the phases existing together. Hence, it becomes even more dif-

ficult to extract the pure spectrum of each phase and to calculate

their content in each sample. Our research group has effectively used

FA to identify the number of independent components in the mixture

spectra and the concentration of each pure component present in the

mixture [27,28,31,36]. The theoretical aspects of FA have already

been published in our earlier report [28]. 358 data points were taken

into consideration in the frequency range of 1460–1000 cm
−1

for all

the samples used in the present study.

3.1.1. FTIR-TS: factor analysis of AC samples

The spectral features of the low-temperature (<Tm) and high-tem-

perature (>Tm) phases extracted using FA of PVDF-AC (27 spec-

tra) and blend-AC (23 spectra) samples during heating-cooling

(30→210→30 °C) cycle are discussed in this section. From Table 1 of

FA data, the (IND)k function between the first maxima and the min-

ima show the presence of 8 and 6 components in the mixture spec-

tra for PVDF-AC and blend-AC, respectively. The initial assump-

tion was that each sample from heating–cooling studies exists with

the major component present being either the low- or high-temper-

ature crystalline phase. The other following components (from 3rd)

may be factors related to the changes in the chain orientation, sur-

face scattering, etc. and their magnitude is assumed to be negligible

or much less when compared to the changes in the low- or high-tem-

perature phase contents. As shown in Table 1, the first and the sec-

ond eigenvalues and their corresponding eigenspectra were employed

by FA to extract the product spectrum of PVDF and its blend sam-

ples (Fig. S1 in Supplementary Information). The minima and max-

ima at 1275 and 1231 cm
−1

, respectively of the product spectrum were

employed for obtaining the pure-component spectra. The extracted

pure low-temperature (crystalline) and high-temperature (amorphous)

phase spectra as shown in Fig. 2 are designated as PuS-1 and PuS-2,

respectively. Narrow and well-defined PuS-1 peaks at

Table 1

FTIR-TS: FA data of PVDF and PVDF/HBP (90/10) AC and AN samples subjected to heating-cooling (30→210→30 °C) cycle.

Components PVDF-AC PVDF/HBP-AC PVDF-AN PVDF/HBP-AN

Eigenvalue IND × 10
4

Eigenvalue IND × 10
4

Eigenvalue IND × 10
4

Eigenvalue IND × 10
4

1. 25.02510 0.1669 21.40430 0.2018 24.14730 0.1732 24.09280 0.1783

2. 0.799000 0.0785 0.476700 0.1019 0.750300 0.0667 0.795300 0.0696

3. 0.167200 0.0194 0.109400 0.0329 0.094200 0.0211 0.100000 0.0253

4. 0.005758 0.0127 0.006751 0.0205 0.006036 0.0122 0.007801 0.0166

5. 0.002114 0.0077 0.002283 0.0105 0.000891 0.0105 0.002092 0.0131

6. 0.000206 0.0077 0.000145 0.0105 0.000558 0.0090 0.000541 0.0127

7. 0.000167 0.0076 0.000109 0.0106 0.000212 0.0087 0.000323 0.0128

8. 0.000138 0.0074 0.000065 0.0112 0.000113 0.0088 0.000244 0.0131

9. 0.000077 0.0076 0.000063 0.0116 0.000071 0.0093 0.000130 0.0140

10–20 Not shown here

21. 0.000010 0.0340 0.000005 0.2247 0.000009 0.0531 0.000028 0.0881

22. 0.000007 0.0472 0.000004 0.7554 0.000009 0.0780 0.000025 0.1300

23. 0.000007 0.0700 0.000002 – 0.000008 0.1285 0.000022 0.2134

24. 0.000006 0.1175 0.000006 0.2650 0.000018 0.4382

25. 0.000005 0.2551 0.000004 1.0047 0.000013 1.5517

26. 0.000004 0.9506 0.000004 – 0.000009 –

27. 0.000003 –

Fig. 2. FTIR-TS: Extracted pure-component spectra (PuS-1 and 2) using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). As-cast (AC) samples were used in this study.
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1275, 1173 and 1073 cm
−1

for both the samples are assigned to the

ferroelectric pure β-crystalline phase which is predominant at lower

temperature of the heating-cooling cycle. 1173 and 1073 cm
−1

bands

do partially overlap with PuS-2 bands (amorphous phase) at 1194,

1067 cm
−1

for PVDF and 1184, 1052 cm
−1

for blend samples and

hence not considered as pure crystalline spectral bands. Interestingly,

the band appearing at 1275 cm
−1

for both the samples is non-over-

lapping with any of the amorphous phase bands and hence used for

measuring crystalline content. Likewise, the 1231 cm
−1

band in PuS-2

for both the samples is identified as the non-overlapping amorphous

phase band in addition to the non-overlapping amorphous phase bands

at 1108 (PVDF) and 1117 cm
−1

(blend).

Fig. 3 exhibits the percentage content of all-trans β-crystalline

phase quantitatively calculated using FA of the FTIR-TS data mea-

sured during heating-cooling cycle. The β-crystalline content at 30 °C

for both PVDF-AC and blend-AC were calculated as 59% and 67%,

respectively, during the heating cycle. When the same samples were

cooled to 30 °C from melt (at 210 °C), the β-crystalline content dras-

tically reduced to 27% and 25%, respectively. The amount of crys-

talline content observed after cooling to 30 °C is almost equivalent to

the crystalline content at near 190 °C during heating cycle for both the

samples. Both the samples exhibit melting behavior at near 180 °C,

which may result in the loss of polarization through an ordered (crys-

talline) → disordered (amorphous) phase transition and the formation

of a statistical combination of TG, TG′, T3G and T3G′ isomers packed

in a disordered lattice during this phase transition [31,37–39].

3.1.2. FTIR-TS: factor analysis of AN samples

Table 1 shows the FA data carried out using 26 spectra each of

PVDF-AN and blend-AN samples selected from the heating-cool-

ing cycle. Based on (IND)k function between the first maxima and

minima, 7 and 6 components could be present in PVDF-AN and

blend-AN, respectively. Corresponding abstract eigenspectra based on

those components and product spectra obtained from the first and

second abstract eigenspectra are shown in Fig. S2. The minima and

maxima at 1225 and 1276 cm
−1

for PVDF-AN, and the minima and

maxima at 1231 and 1276 cm
−1

for blend-AN were chosen for ob-

taining the pure component spectra. The extracted pure crystalline

(PuS-1) and amorphous (PuS-2) phase spectra for both the samples

are shown in Fig. 4. PuS-1 of both the samples exhibits well-de-

fined crystalline bands at 1276, 1173 (1175 cm
−1

for blend-AN) and

1073 cm
−1

. Though the bands at 1173 and 1073 cm
−1

partially over-

lap with the high-temperature (PuS-2) phase bands, the peak appear-

ing at 1276 cm
−1

is non-overlapping with any of the PuS-2 bands

and hence considered for measuring the pure ferroelectric phase crys-

talline content for both the samples. Interestingly, the 1231 cm
−1

peak

identified as the non-overlapping band in AC condition overlaps with

PuS-1 peaks in the AN condition, and hence, non-overlapping bands

at 1106 cm
−1

(PVDF-AN) and 1110 cm
−1

(blend-AN) in PuS-2 were

treated as pure amorphous phase bands.

Fig. 5 presents the quantitative changes in ferroelectric β-crys-

talline phase content of PVDF-AN and blend-AN samples during

heating-cooling cycle. The amount of β-crystalline content in PVDF-

Fig. 3. FTIR-TS: Percentage content of β-crystalline phase calculated using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). As-cast (AC) samples were used in this study.

Fig. 4. FTIR-TS: Extracted pure-component spectra (PuS-1 and 2) using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). Annealed (AN, 130 °C) samples were used in this study.



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

Vibrational Spectroscopy xxx (2017) xxx-xxx 5

Fig. 5. FTIR-TS: Percentage content of β-crystalline phase calculated using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). Annealed (AN, 130 °C) samples were used in this

study.

AN and blend-AN samples at 30 °C during the heating cycle was cal-

culated to be 67% (59% for AC case) and 79% (67% for AC case),

respectively. The ordered ferroelectric phase is transformed to disor-

dered amorphous phase in the melting range (∼170 °C) during heat-

ing cycle for both the samples which indicate the loss of dipole ori-

entation. β-phase content in PVDF-AN and blend-AN were reduced

to 40% (27% for AC case) and 35% (25% for AC case), respectively,

when cooled to 30 °C from melt, though not drastically as in the case

of AC samples. For PVDF-AN, the β-crystalline content increased by

around 8% and 13% during heating and cooling temperatures at 30 °C,

respectively, compared to PVDF-AC sample used in the present study

and also higher than that observed in the PVDF/TrFE (72/28)-AN case

[28]. Addition of HBP in PVDF further increased the β-crystalline

content by ∼12% at 30 °C during heating cycle. This comparative

data is an indication that the PVDF-AN and Blend-AN samples could

serve as an alternative to PVDF/TrFE in NvRAM applications. Thus,

the annealing process influence an increase in the number of dipoles

oriented normal to polymer chain axis and also in the conversion of

some of the amorphous phase into ferroelectric β-crystalline phase.

Additionally, the reversible phase transition in PVDF-TrFE between

low-temperature ↔ high-temperature crystalline phases attributed to

its unique Curie transition temperature [30,31] is not observed in the

present study using PVDF, which means that higher service tempera-

ture range could be used for PVDF compared to PVDF-TrFE.

3.2. Phase transition studies using FTIR-GIRAS

The phase transition behavior of PVDF and PVDF/HBP (90/10)

blend AC and AN samples studied using FTIR-GIRAS technique un-

der a heating–cooling (30→210→30 °C) cycle is shown in Fig. 6. The

data obtained is similar to that obtained using FTIR-TS studies ex-

cept the fact that FTIR-GIRAS is sensitive to dipole and chain orienta-

tion bands. A1 band associated with the ferroelectric crystalline

phase appearing at 1274 cm
−1

(PVDF) and 1272 cm
−1

(blend) is sen-

sitively detected by FTIR-GIRAS technique and its absorption inten-

sity is enhanced exclusively, whereas the B1 band corresponding to

chain orientation at 1413 cm
−1

for both PVDF and blend sam-

ples showed reduced absorption intensity compared to that observed

under FTIR-TS mode. The B2 absorption intensity band (B2, )

at 1199 cm
−1

for both PVDF and the blend samples associated with

νasCF2 is reduced remarkably for both the samples unlike AC and AN

of PVDF and its blend samples measured using FTIR-TS mode.

3.2.1. FTIR-GIRAS: factor analysis of AC samples

Spectral features of high-temperature and low-temperature phases

during a heating-cooling (30→210→30 °C) cycle were studied us-

ing FA of the 24 and 19 reflection absorption spectra recorded for

PVDF-AC and blend-AC samples, respectively. Frequency range of

1500–1050 having 206 data points for both PVDF-AC and blend-AC

sam

Fig. 6. FTIR-GIRAS: Temperature induced changes in (a) PVDF and (b) PVDF/HBP (90/10) samples (AC and AN) as a function of heating(H)–cooling(C) sequence in the order of

(i) 30H, (ii) 140H, (iii) 210H, (iv) 125C and (v) 30C.
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ples were considered during FA to extract the pure component spec-

tra. From the FA data given in Table 2, the number of factors for both

the samples were determined from the (IND)k value and were found

to be 7 and 4 for PVDF-AC and blend-AC, respectively. Eigenspectra

and product spectrum of the first eigen spectrum and the second eigen

spectrum are represented in Fig. S3 for both the samples.

The bands at 1211 and 1278 cm
−1

were employed as minima and

maxima, respectively in the product spectrum for PVDF-AC sam-

ple (Fig. S3) and the 1209 cm
−1

minima and 1274 cm
−1

maxima for

blend-AC sample were chosen for obtaining the pure-component spec-

tra using FA. Though, the extracted pure-component spectra obtained

as a function of annealed samples reported by our group [27] by GI-

RAS is not conclusive like the literature reported in Ref. [28], the

heating-cooling studies by GIRAS is more effective in extracting the

pure-component spectra as depicted in Fig. 7. PuS-1 for both the

samples represents the ferroelectric low-temperature all-trans phase

while the PuS-2 represents the high-temperature amorphous phase.

Crystalline bands in PuS-1 of PVDF-AC sample are identified at

1378, 1274, 1232, 1184, 1155 and 1074 cm
−1

whereas for blend-AC

sample, the crystalline bands are shifted to lower wavenumber in

comparison to that of PVDF-AC sample. The bands at 1274 and

1155 cm
−1

for PVDF-AC and 1270 and 1151 cm
−1

for blend-AC sam-

ples are non-overlapping with the amorphous phase bands. The bands

at 1274 (PVDF) and 1270 cm
−1

(blend) are considered as ferroelectric

crystalline bands and could be used for measuring the sample crys-

tallinity. Except the bands at 1218, 1105 and 1257, 1214 cm
−1

for

PVDF-AC sample and blend-AC samples respectively, all other bands

in PuS-2 are overlapping with the crystalline bands of PuS-1. Hence,

the non-overlapping bands (1218 for PVDF-AC and 1257, 1214 cm
−1

for blend-AC) are considered as amorphous phase bands [28,31].

The quantitative estimation of ferroelectric crystalline phase con-

tent using FA for PVDF-AC and blend-AC samples from heat-

ing-cooling cycle measured using GIRAS is shown in Fig. 8. The fer-

roelectric content of blend-AC sample at 30 °C during heating was

found to be 74%, which is higher than that of PVDF-AC (72%) and

P(VDF/TrFE)(72/28)-AN [28] samples. The ferroelectric content af-

ter melting at 210 °C for both PVDF-AC and blend-AC samples were

found to be 13% and 51%, respectively. The ferroelectric contents for

PVDF-AC and blend-AC samples after cooling to 30 °C from melt

were found to be 59% and 80%, respectively. The AC sample exhibits

a reversible crystalline phase transition with increased ferroelectric

crystalline content in the case of blend sample due to the “non-isother-

mal annealing effect” [8]. The reasons for enhanced ferroelectric con-

tent in blend sample is owed to the (i) presence of HBP in the blend

mixture and the existence of H-bonding between the carbonyl and/

or hydroxyl groups of HBP and –CH2 or –CF2 of PVDF in the blend

[40–42], (ii) presence of HBP in nanoscale (2–15 nm) thereby act-

ing as an nanoparticle in the blend mixture [43–45], and/or (iii) the

formation of more extended all-trans fractions during cold-crystal-

lization by interrupting the chain mobility or the presence of HBP

in the blend nucleating β-crystals, perhaps epitaxially on their

Table 2

FTIR-GIRAS: FA data of PVDF and PVDF/HBP (90/10) AC and AN samples subjected to heating–cooling (30→210→30 °C) cycle.

Components PVDF-AC PVDF/HBP-AC PVDF-AN PVDF/HBP-AN

Eigen value IND × 10
4

Eigen value IND × 10
4

Eigen value IND × 10
4

Eigen value IND × 10
4

1. 28.2381 0.1355 18.5236 0.3498 22.2253 0.2404 24.0991 0.2086

2. 0.4345 0.0973 0.3056 0.2416 0.4732 0.1684 0.4826 0.1581

3. 0.3040 0.0286 0.1554 0.0845 0.2793 0.0516 0.3912 0.0449

4. 0.0116 0.0224 0.0073 0.0722 0.0128 0.0381 0.0139 0.0352

5. 0.0036 0.0207 0.0019 0.0750 0.0034 0.0348 0.0025 0.0358

6. 0.0017 0.0205 0.0015 0.0783 0.0025 0.0306 0.0020 0.0366

7. 0.0015 0.0201 0.0013 0.0818 0.0011 0.0293 0.0017 0.0376

8. 0.0009 0.0205 0.0008 0.0884 0.0005 0.0302 0.0011 0.0397

9. 0.0009 0.0204 0.0006 0.0981 0.0004 0.0314 0.0010 0.0420

10–17 Not shown here

18. 0.0001 0.0404 0.0000 4.0034 0.0000 0.1391 0.0002 0.1342

19. 0.0000 0.0553 0.0000 – 0.0000 0.2009 0.0002 0.2296

20. 0.0000 0.0829 0.0000 0.3224 0.0001 0.5496

21. 0.0000 0.1404 0.0000 0.7058 0.0000 4.3646

22. 0.0000 0.3251 0.0000 2.6991 0.0000 –

23. 0.0000 2.0716 0.0000 –

24. 0.0000 –

Fig. 7. FTIR-GIRAS: Extracted pure-component spectra (PuS-1 and 2) using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). As-cast (AC) samples were used in this study.
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Fig. 8. FTIR-GIRAS: Percentage content of β-crystalline phase calculated using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). As-cast (AC) samples were used in this study.

surfaces [44,46]. The reversible phase transition between the low-tem-

perature and high-temperature phase detected in the range of

130–150 °C for both the samples implies the existence of polarization

at higher temperature range than that observed from other earlier stud-

ies using P(VDF/TrFE) (72/28) sample [28].

3.2.2. FTIR-GIRAS: factor analysis of AN samples

In order to calculate the ferroelectric crystalline phase content and

to determine the working temperature range of ultrathin film based

devices for electronic applications, 23 and 22 spectra of PVDF-AN

and PVDF/HBP blend (90/10)-AN samples, respectively were sub-

jected to a heating-cooling cycle (30→210→30 °C). Frequency range

of 1500–1000 cm
−1

containing 260 data points for both the samples

were considered for extracting the pure component phases using FA.

Table 2 shows the FA data of both the samples subjected to heat-

ing–cooling cycle. The number of eigenspectra (Fig. S4) can be deter-

mined from the number of factors from (IND)k value given in Table

2 and were found to be 7 and 4 for PVDF-AN and blend-AN sam-

ples, respectively. The product spectrum obtained by the product of

the 1st and 2nd eigenspectra is depicted in Fig. S4 for both the sam-

ples. Minima and maxima were observed at 1276 and 1228 cm
−1

, re-

spectively for PVDF-AN sample, and the minima and maxima ob-

served at 1251 and 1274 cm
−1

, respectively for blend-AN sample were

employed for obtaining the pure-component spectra using FA. The ex-

tracted pure-component spectra designated as PuS-1 and PuS-2 (Fig.

9) represent the low-temperature and high-temperature phases, respec-

tively. The crystalline bands (in PuS-1) of PVDF-AN sample appear

at 1278, 1199, 1083 and 1054 cm
−1

, and in the case of blend-AN

sample, the crystalline bands appear at 1270, 1232, 1182, 1153 and

1074 cm
−1

.

Since, the 1278 cm
−1

crystalline band is overlapped with the

1297 cm
−1

band of high-temperature phase spectrum, it is not con-

sidered for measuring sample crystallinity in the case of PVDF-AN

sample. An increase in the chain orientation absorption band intensity

(B1) may have resulted in some interference of B1 sensitive band over

A1 and B2 sensitive bands, and since FA can be used for binary mix-

tures containing only two factors, the presence of a third component

probably sensitive to chain orientation may have resulted in the par-

tially overlapped crystalline and amorphous bands [28] as observed in

annealed samples by GIRAS. All the crystalline bands except 1232

and 1074 cm
−1

of PuS-1 of PVDF-AN sample are non-overlapping

bands with the amorphous bands of PuS-2. Though the crystalline

bands at 1270, 1182 and 1153 cm
−1

are non-overlapping bands, the

1270 cm
−1

is considered for measuring the ferroelectric crystallinity

of the sample whereas, the non-overlapping bands at 1228 and

1149 cm
−1

are considered as amorphous phases as shown in Fig.

9(a) for PVDF-AN sample. In the case of blend-AN sample, the

bands obtained for PuS-1 are 1380, 1270, 1232, 1182, 1153 and

1074 cm
−1

as observed from Fig. 9(b). The non-overlapping bands at

1270, 1182 and 1153 cm
−1

are regarded as low-temperature phases

while the band at 1255 cm
−1

is considered as high-temperature amor-

phous phase since it is not overlapping with any of the low-tempera-

ture bands [28].

The quantitative variation in ferroelectric phase as a function of

phase transition temperature is shown in Fig. 10 for PVDF-AN and

blend-AN samples. The ferroelectric content of blend-AN at 30 °C

Fig. 9. FTIR-GIRAS: Extracted pure-component spectra (PuS-1 and 2) using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). Annealed (AN, 130 °C) samples were used in this

study.
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Fig. 10. FTIR-GIRAS: Percentage content of β-crystalline phase calculated using FA of (a) PVDF and (b) PVDF/HBP blend (90/10). Annealed (AN, 130 °C) samples were used in

this study.

during heating is higher than that of blend-AC and PVDF-AN by

GIRAS and computed to be 85%, which is higher than that of

AN-P(VDF/TrFE) (72/28) [28]. In our previous study, the spin-coated

P(VDF-TrFE)(72/28) AN sample exhibited an irreversible phase tran-

sition occurring at around 120 and 115 °C during heating and cool-

ing, respectively. The crystalline phase that initially formed due to the

spin-coating action was destroyed at melt state resulting in reduced

ferroelectric crystalline phase content when cooled to room tempera-

ture from melt [30]. However, in the present study, the blend-AN sam-

ple exhibits a reversible phase transition between the low-temperature

and high-temperature phases occurring at near 135 and 120 °C during

heating and cooling, respectively. The higher amount of β-phase and

the unique reversible hysteresis loop between ordered and disordered

phases observed even after cooling from melt exhibited by blend-AN

sample makes it suitable for use in the fabrication of electronic devices

such as non-volatile memory, sensors, etc. with higher operating tem-

perature range. Such reversible crystalline phase behavior is not ob-

served in the case of PVDF-AN sample, which implies the importance

of the role played by HBP as a suitable blend component for improv-

ing the ferroelectric phase in PVDF.

4. Conclusion

As-cast (AC, at 30 °C) and annealed (AN, at 130 °C) samples

of PVDF and PVDF/HBP blend (90/10) ultrathin films were stud-

ied for their changes in β-crystalline behavior under heating-cool-

ing (30→210(>Tm)→30 °C) cycle measured using in situ FTIR-TS

and FTIR-GIRAS modes. Pure high-temperature and low-temperature

spectra as well as quantification of the ferroelectric crystalline con-

tent were carried out using FA of the samples used in this study.

From the FA of FTIR-TS data, AN samples exhibited higher fer-

roelectric content in comparison to that of AC samples. Compared

to FTIR-TS technique, FTIR-GIRAS is more sensitive to dipole and

chain-orientation changes. Interestingly, from the FA of FTIR-GIRAS

data, blend-AC sample was found to exhibit a reversible crystalline

phase transition with increased ferroelectric crystalline content than

PVDF-AC sample aided by the “non-isothermal annealing effect.”

The reason for enhanced ferroelectric content in the blend sample is

owed to the (i) the existence of H-bonding between the carbonyl and/

or hydroxyl groups of HBP and –CH2 or –CF2 of PVDF in the blend

and (ii) the presence of HBP in nanoscale (2–15 nm) thereby acting as

an nanoparticle in the blend mixture. The reversible phase transition

between the low-temperature and high-temperature phase detected in

the range of 130–150 °C for both the samples implies the existence

of polarization at higher temperature range than that observed from

other earlier studies using P(VDF/TrFE) (72/28). The higher amount

of β-phase and the unique reversible hysteresis loop between ordered

and disordered phases observed even after cooling from melt exhib-

ited by blend-AN sample makes it suitable for use in the fabrication

of electronic devices such as non-volatile memory, sensors, etc. with

higher operating temperature range. Such reversible crystalline phase

behavior is not observed in the case of PVDF-AN sample.

Among two different FTIR modes used in this study, FTIR-GIRAS

data is more preferred than using FTIR-TS data for the following rea-

sons:

FTIR-TS using KBr as the measurement substrate is not preferred

due to the fact that the substrates used for memory devices (Gold or

ITO coated glass slides) are not IR transparent. On the other hand, the

substrate used for measuring FTIR-GIRAS (Gold or ITO coated glass

slides) is similar to that used in the fabrication of electronic devices

and hence the data obtained from GIRAS is more reliable than that ob-

tained from TS technique.

Due to the inherent measuring parameters like variable angle of in-

cidence (ca. 80–88° from the normal to the surface) and polarization

of the incident i.r. beam (into s- and p- polarization) upon reflectance

from the surface, GIRAS data is more sensitive to chain and dipole

orientations, and can be effectively used in identifying the best sample

conditions suitable for device fabrication.

Overall, the data extracted from this study were useful in iden-

tifying the best possible sample preparation condition (AN) that ex-

hibit maximum β-crystalline content along with favorable chain and

dipole orientations ((PVDF/HBP) blend (90/10) sample spin-cast on

ITO) suitable for use in NvRAM devices.
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