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Abstract Thermoreversible networks obtained by the

Diels–Alder cycloaddition reaction of poly(vinyl furfural)

with urethane bismaleimides containing polyether chain

were synthesized. The formation of the networks was

confirmed by attenuated total reflectance in conjunction

with Fourier transform infrared spectroscopy (ATR–FTIR).

The materials thermal properties were investigated using

differential scanning calorimetry (DSC) and a coupling of

dynamic thermogravimetry with Fourier transform infrared

spectroscopy and mass spectrometry (TG–FTIR–MS) for

pyrolysis behaviour under nitrogen atmosphere. A thermal

decomposition mechanism of the networks and poly(vinyl

furfural) was discussed via evolved gas analysis. The

thermoreversibility of the networks was demonstrated by

the presence of the endothermic peak characteristic to the

retrodienic process on the DSC heating curves and also the

appearance of the exothermic peak, due to the dienic pro-

cess, on the DSC cooling curve. The dynamic contact angle

and free surface energy values of the networks were

determined. Measures of the heterogeneity and roughness

of the surfaces suggested that the surfaces of the networks’

films are more homogenous than the initial poly(vinyl

furfural) surface. Dynamic water vapour sorption studies

were conducted.

Keywords Retro-Diels–Alder � Thermal properties �
Pyrolysis behaviour � Evolved gas analysis � Contact angle �
Water vapour sorption

Introduction

Poly(vinyl alcohol) (PVA), a water soluble polymer satis-

fied requirements in fields such as packaging and phar-

macy. An advantage of PVA consists in the fact that it is a

biodegradable polymer with hydroxyl functionality. Its

main disadvantages are the low antimicrobial activity,

mechanical and thermal stability [1]. In order to improve

these properties, the structure of PVA needed modified.

The research and development of novel soft materials that

possess unique properties enabled enormous opportunities

in the fields of nanotechnology, biotechnology and medi-

cine. Structural modification of PVA can be made with

monofunctional and bifunctional compounds, the bifunc-

tional ones leading to the crosslinking of PVA [2–5],

whereas the monofunctional to simple chemical change to

the hydroxyl groups of PVA without any crosslinking

[6–12].

Cycloaddition reaction of poly(vinyl furfural) (PVF),

obtained by acetalisation of PVA with 2-furfural, with

bismaleimide leads to the obtaining of thermoreversible

crosslinked networks [13]. Recently the Diels–Alder (DA)

reaction based on macromolecular chemistry has attracted
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much attention particularly for providing new materials

[14–19]. The thermoreversibility of the DA reaction is an

interesting feature. The DA reaction between a diene and a

dienophile forms covalent bonds which can be easily

cleaved on heating. The equilibrium of the DA reaction

could be displaced towards the reagents by heating through

the retro-DA (rDA) reaction [20–27]. The utilization of the

DA reaction in polymer crosslinking to build up polymer

networks results in a new class of thermally reversible

crosslinked polymers. In recent years, these thermally

reversible crosslinked polymers were widely studied to

explore applications in hydrogels [28, 29], encapsulants

[30], adhesives [31], coatings [26] and structural materials

with shape-memory [32, 33].

Another interesting application of this reaction in

polymers is the formation of thermally reversible networks.

Due to the reversible nature of the reaction, it might be

possible to control the molecular mass of polymers and

therefore, some thermal and mechanical properties. Poly-

mers bearing pendant diene or dienophile groups have been

crosslinked by reaction with a bisdienophile or a bisdiene,

respectively [34–36]. Thus, thermoreversible networks

have been prepared using copolymers functionalized with

furylic groups [34–36], polyamides with maleimidic

functional groups [37, 38], polyurethanes functionalized

with furylic groups [39] or maleimide [40–42], PVF [13].

In a previous paper, some thermoreversible networks

based on PVF and maleimide multifunctional monomers

were synthesized [13]. However, due to the rigidity of

these networks and consequently to the high glass transi-

tion temperatures, the retrodienic process was delayed and

overlapped with the glass transition.

The purpose of this investigation is to study the influ-

ence of the acetalisation degree of PVF and molecular mass

of urethane bismaleimide on the thermal properties using

differential scanning calorimetry (DSC) and the pyrolysis

behaviour by thermogravimetry coupled with Fourier

transform infrared spectroscopy and mass spectrometry

(TG–FTIR–MS). The dynamic water vapour sorption of

the synthesized polymeric network structures was also

studied. The materials may be suitable as future mem-

branes for pervaporation of organic–water mixtures.

Materials and methods

Materials

PVA in white crystalline form (viscosity-average molecu-

lar mass 77,000–79,000 containing 2 % acetate groups),

2-furaldehyde 99 %, dimethylformamide (DMF), p-toluene

sulphonic acid (p-TSA), poly(tetramethylene ether)glycol

(PTMEG) (Terathane 250, 650, 1,000 and 2,000) were

purchased from Aldrich and used as received. PVF was

prepared by acetalisation of PVA in DMSO as solvent and

in the presence of p-TSA according to a method described

in the literature [29]. The urethane bismaleimides, BMI-

(1–4), were prepared by the addition reaction of 4-malei-

midophenyl isocyanate with PTMEG having number-

average molecular masses of 250, 650, 1,000 and 2,000

according to the method described in the literature [30].

Synthesis of crosslinked PVF–urethane BMI networks

(NPVF)

To a solution of PVF (1 g) dissolved in 10 mL DMF was

added BMI (2.05:1 mol) and dissolved by stirring and

heating at 80 �C for 3 h. The reaction solution was

degassed in vacuum and quickly transferred to a glass plate

using a doctor blade (depth = 1 mm). The solvent was

evaporated at 80–90 �C for 24 h. The film was removed

from the glass plates by soaking in cold water.

Methods

ATR–FTIR

The Fourier transform infrared (FTIR) spectra were

recorded on a Vertex 70 (Bruker-Austria) instrument

equipped with a Golden Gate single reflection ATR

accessory, spectrum range 600–4,000 cm-1.

DSC

Differential scanning calorimetry (DSC) measurements

were conducted on a DSC 200 F3 Maia (Netzsch-Ger-

many). About 9 mg of each sample was heated in pressed

and pierced aluminium crucibles at a heating rate of

10 �C min-1. Nitrogen was used as inert atmosphere at a

flow rate of 50 mL min-1.

Thermal decomposition and evolved gas analysis studies

Thermal degradation of polymers and evolved gas analysis

(EGA) were performed using an online TG–DSC–FTIR–

MS system. The system is equipped with an apparatus for

simultaneous thermogravimetric and differential scanning

calorimetry analysis, model STA 449F1 Jupiter (Netzsch-

Germany), a FTIR spectrophotometer, Vertex-70 model

(Bruker-Germany) and a mass spectrometer (MS) model

QMS 403C, Aëolos (Netzsch-Germany). The thermo-

gravimetric analyzer was calibrated for temperature and

sensitivity using the melting points of the standard metals

(Hg, In, Sn, Bi, Zn) from -38.5 to 600 �C. Sample masses

ranging from 7 to 10 mg were heated from 25 to 600 �C, at
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a heating rate of 10 �C min-1. Nitrogen (99.999 % purity)

was used as carrier gas at a flow rate of 50 mL min-1 and

as a protective purge gas for the thermobalance at a flow

rate of 20 mL min-1. The samples were heated in open

Al2O3 crucibles, and another identical empty crucible was

used as reference material. Data collection was carried out

with Proteus software version 5.2 supplied by Netzsch. The

gases released during thermal decomposition were trans-

ferred through an isothermal transition line to the FTIR

device. The FTIR transferring line is made of polytetra-

fluorethylene (PTFE), is 1 m long, has an interior diameter

of 1.5 mm and was heated to 290 �C. A capillary quartz

transfer line with 75 lm diameter, heated at 290 �C, con-

nected the thermobalance with the QMS device. Recording

of mass spectra was made under the electron impact ioni-

zation energy of 70 eV. Data were scanned in the m/z range

from 1 to 140, and the measuring time for each cycle was

1.03 s. The gases were introduced into the TG-IR external

module, and FTIR spectra were recorded in the

600–4,000 cm-1 domain with a resolution of 4 cm-1. The

TG-IR module is equipped with a low volume gas cell

(V = 8.7 mL), 123 mm length, heated at 290 �C to avoid

the condensation of the compounds with reduced volatility,

and a sensitive liquid–nitrogen cooled MCT detector

(Mercury Cadmium Telluride) which covers a spectral

range between 600 and 4,000 cm-1. The acquisition of the

FTIR spectra was done with OPUS 6.5 software that con-

trols the starting and synchronizing of the apparatus.

Dynamic contact angles studies

Dynamic contact angles were performed by the Wilhelmy

plate technique, using a Sigma 700 precision tensiometer

produced by KSV Instruments. The sample plate dimen-

sions were 50 9 8 mm, and rate of immersion–emersion

was 5 mm min-1 in water. Immersion depth was 5 mm in

standard conditions. All measurements were the average of

three contact angle measurements of the samples. Also, the

Wilhelmy plate method uses the interaction of a platinum

plate with the surface being tested. This is a method for

determination of the surface tension.

Dynamic water vapour sorption studies

Dynamic water vapour sorption capacity for all the syn-

thesized samples has been determined using the fully

automated gravimetric analyzer IGAsorp produced by

Hiden Analytical, Warrington (UK). It has an ultrasensitive

microbalance which measures the mass change as the

humidity is modified in the sample chamber at a constant

regulated temperature. The system is fully automated and

controlled by a software package.

Results and discussion

Synthesis and characterization of the crosslinked PVF–

urethane BMI networks (NPVF)

The thermoreversible networks were prepared by the DA

reaction of PVF having an acetalisation degree of 23 (PVF-1),

28 (PVF-2) and 30 % (PVF-3), respectively, with urethane

bismaleimide BMI-(1–4) containing a PTMEG chain of

different molecular masses according to Scheme 1 and

Table 1.

The formation of the networks has been confirmed by

the ATR–FTIR spectroscopy. For exemplification, the

spectra of the networks obtained from the PVF-2 are rep-

resented in Fig. 1.

Comparing the spectra of the networks with the one of

PVF-2, one can observe the disappearance or decreasing in

intensity of the absorption bands at 750 and 1,004 cm-1,

bands which are characteristic to the monosubstituted furan

ring and furan ring vibrations, respectively. This fact

clearly indicates that the reaction occured successfully.

Also, the formation of the networks is confirmed by the

appearance in their spectra of an absorption band as a

shoulder at 1,778 cm-1, band which is characteristic to the

furan–maleimide cycloadduct. Since there are no major

structural differences between the networks, they differ

only by the molecular mass number of PTMEG from the

BMI structure used in the synthesis, and the only differ-

ences between their spectra are in the intensities of the

absorption bands attributed to the ether linkage (which

appears at about 1,100 cm-1) and to the methylene group

(appearing between 2,680 and 3,010 cm-1), respectively,

intensities which are expected to increase with PTMEG

molecular mass number increase.

Thermal properties by DSC

Using the DSC method, the influence of the molecular

mass number of PTMEG on the glass transition tempera-

ture (Tg) and on the temperature of the endothermic peak

characteristic to the retrodienic process was studied. Thus,

in the DSC curves of the networks (Fig. 2), there can be

observed a decrease of the Tg of the network, when

increasing the molecular mass of PTMEG from the BMI

structure. Also, the temperature at which the retrodienic

process begins, starts decreasing when increasing the

molecular mass of PTMEG.

A possible explanation for the decreasing of the tem-

perature of the retrodienic process could be the following: a

higher molecular mass of PTMEG involves longer PTMEG

segments and a greater distance between the PVF chains,

thus leading to a higher mobility of the molecular chains.

Due to the higher mobility of the chains and to the lower
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packing of the chain segments, the heat transfer to the

cycloadducts could be faster accomplished, at a lower

temperature in order for the retrodienic process to occur.

The area of the endothermic peak attributed to the retro-

dienic reaction decreases with increasing of the molecular

mass of PTMEG since the furan–maleimide cycloadduct

ratio in the polymeric network is lower.

In order to observe the influence of the acetalisation

degree of PVF on the Tg and on the temperature of the

endothermic peak characteristic to the rDA reaction, the

DSC curves of the network based on BMI-2 with different

acetalisation degrees were recorded (Fig. 3).

The Tg value increases with the acetalisation degree of

PVF increase. This behaviour is due to the increasing of the

acetalisation degree of PVF which leads to an increasing of

the crosslinking degree of the corresponding network,

conferring a higher rigidity to the structure. The higher

rigidity determines a higher Tg of the network. The

retrodienic process begins at a higher temperature in the

case of the network based on the PVF with the highest

acetalisation degree.

Thermal stability studies

Figure 4a shows the simultaneous TG/DSC/DTG/Gram

Schmidt curves for PVF-1.

It was observed from the literature that PVF-1 follows a

somewhat similar thermal decomposition trend to that of

poly(vinyl alcohol) [43, 44]. Analysing the DTG curves,

three stages of structural thermal decomposition may be
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Table 1 The composition of the networks

Sample PVF BMI
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Fig. 1 ATR–FTIR spectra of the studied structures
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observed in the case of PVF-1. First, the sample PVF-1 loses

up to 2 % mass in the range 75–110 �C attributed to physical

dehydration. The first thermal decomposition stage occurs in

the range 200–290 �C with a mass loss of 22 % and may be

attributed to the breakdown of the polymer backbone by

partial dehydration with polyene formation, which further

decompose in the second stage together with macroradicals

cleavage. The second stage of thermal decomposition occurs

in the range 300–390 �C accompanied by a mass loss of

28 %. The last stage of thermal degradation takes place in the

range 390–500 �C, is accompanied by a mass loss of 37 %,

and is attributed to a complex degradation of polymer chains

by random cleavage reactions. A residue of 9 % was left at

600 �C. The Gram Schmidt curve shows that the highest

concentrations of evolved gaseous mixtures are recorded at

temperature values of 244, 334 and 441 �C, which corre-

spond to the temperature values of the DTG curve peaks,

where the thermal decomposition rates values are the high-

est. The three thermal decomposition stages were endo-

thermic processes, as evidenced by the simultaneous DSC

curves. Figure 4b shows the simultaneous TG/DTG/Gram

Schmidt curves for NPVF-2, as an exemplification, due to the

other networks similar thermal behaviour. All networks

exhibited two stages of thermal decomposition. The first

stage of thermal degradation of NPVF-2 ranges between 290

and 380 �C with a mass loss of 22 % and is attributed to the

decomposition of mainly urethane bonds and chemical

dehydration [45], while the second stage ranges between 390

and 490 �C, it is the main one and presents a 63 % mass loss

attributed to the further complex and advanced structural

cleavage, including ether moieties formation and decom-

position of other structural entities such as furan derivatives

[46]. A 13 % residue mass was found at 600 �C. All net-

works exhibited a seemingly higher thermal stability com-

pared to PVF-1. It was observed that the thermal stability of

the networks increased with the PTMEG molecular mass,

since the networks last decomposition stage is also based on

the oligoether chains scission. In this sense, as an example,

for NPVF-2 there was a much higher mass loss than for

NPVF-1 due to the much longer PTMEG chains (Fig. 5). The

two thermal decomposition stages were both correlated with

endothermic processes on the simultaneous recorded DSC

curves (not shown here). The Gram Schmidt curve shows
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that the highest concentrations of evolved gaseous mixtures

are recorded at temperature values of 322 and 429 �C.

EGA studies

MS analysis of the evolved gases

The interpretations of mass spectra were made in correla-

tion with NIST Mass Spectral Database. MS spectra

showed evolvement of complex gaseous mixtures. Figure 6

shows the MS spectra of the main gases evolved during

thermal decomposition of PVF-1 (Fig. 6a) and NPVF-2

(Fig. 6b) and correspond to the first peaks of the Gram

Schmidt curves, i.e. the first stage of thermal decomposi-

tion for each of the two samples, the other stages con-

taining similar signals. The same aspect concerns the FTIR

spectra in Fig. 7.

For PVF-1 (Fig. 6a), the m/z values of 18, 17 and 16

correspond to chemical dehydration. The m/z values of 96,

95, 67, 39, 38 and 29 were attributed to furan derivatives

such as 2-furfural, continuously evolved in the temperature

range 175–564 �C. In the same temperature range, the m/z

values of 78, 52, 51, 50, 39 and 38 may correspond to some

unsaturated polyene structures such as 1,5-hexadien-3-yne.

Also, the signals at m/z = 68, 67, 53, 42, 41, 39, 38 may

correspond to furan and/or some conjugated diene struc-

tures such as 1,3–pentadiene, 2-methyl-1,3-butadiene. The

m/z values of 60, 45 and 43 correspond to acetic acid which

evolved continuously in the temperature range

190–534 �C. The m/z values of 44, 16, 12 may be attributed

to carbon dioxide evolvement continuously in the temper-

ature range 190–414 �C. Also, the m/z values of 32 and 16

may be attributed to oxygen evolvement. The m/z values of

28, 27, 26 may correspond to ethylene evolvement in the

range 205–294 �C. Ethylene oxide may be also identified

in the gaseous mixture at m/z values of 44, 43, 42, 15 and

12 continuously evolved in the range 190–534 �C. The MS

spectrum of the NPVF-2 network (Fig. 6b) exhibited all the

above mentioned m/z signals from the thermal decompo-

sition of PVF-1 and also new m/z signal values at 78, 77

and 51 corresponding to benzene ring. This aspect indicates

that the thermal decomposition mechanism of the network

structures follows two simultaneous paths. One path con-

sists of the PVF-1 backbones decomposition. The other

path implies the thermal decomposition of the crosslinks by

urethane bond scission, decarboxylation with carbamates

intermediates, release of ammonia with furan derivatives

and aromatic intermediates evolvement. The higher

molecular mass solid structures formed during the former

stage of thermal decomposition of the networks further

decompose in the latter stage following a more complex

decomposition mechanism by random cleavage.

FTIR analysis of the evolved gases

The FTIR spectra confirmed the MS spectra results. Fig-

ure 7 shows the FTIR spectra of the main gases evolved

during thermal decomposition of PVF-1 (Fig. 7a) and

NPVF-2 (Fig. 7b).
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For PVF-1 (Fig. 7a), the absorption bands characteristic

to carbon dioxide appear at 2,358 and 671 cm-1. In addition,

there could be observed weak absorption bands at 3,735 and

1,510 cm-1, which are specific to water and they may appear

principally due to PVF chains dehydration. The peak at

1,510 cm-1 may also correspond to C=C stretching vibra-

tion from furan/and or polyene moieties together with the

peak at 1,543 cm-1. Among these bands, there are present

peaks at 1,747 and 3,566 cm-1 that can be attributed to the

stretching vibrations of C=O and OH groups from acetic

acid. For NPVF-2 (Fig. 7b), the absorption bands charac-

teristic to carbon dioxide appear at 2,358 and 669 cm-1. The

broad peak at 3,249 cm-1 and the regions from 1,300 cm-1

to around 2,000 cm-1 and 3,500–4,000 cm-1 were attrib-

uted to the loss of water vapours. The peaks from 1,600 to

2,000 cm-1 region represent vibrations of C=O and C=C

bands, from polyenes, overlapping with those from water

loss [47]. The region from 600 to 800 cm-1 corresponds to

aromatic entities evolvement.

Thermoreversibility by DSC

The thermoreversibility of the networks has been investi-

gated by applying multiple heating–cooling cycles in DSC

(Fig. 8).

On the first heating curve of NPVF-7 (h1), one can

observe the appearance of the endothermic peak charac-

teristic to the retrodienic reaction which indicates the

scission of DA cycloadduct’s linkages and the recovery of

PVF and bismaleimide [48]. When cooling the sample

from 180 to 40 �C, there can be observed on the recorded

curve (c1) the appearance of a broad exothermic peak, with
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a maximum at 110 �C, peak which suggests the re-bonding

of the furan–maleimide cycloadduct by the DA reaction of

these functional groups. The second (h2) and the third (h3)

heating curves show a good reproducibility of the retro-

dienic process, thus demonstrating the thermoreversible

character of the sample.

The synthesized networks are not soluble in the same

organic solvents in which the comprising compounds

(PVF, BMI) are and they swell in such solvents. This issue

was resolved by heating the networks in an aprotic dipolar

solvent, such as N-methyl-2-pyrrolidone (NMP), at 160 �C

for 1 h, after which they solubilized. As an exemplification,

a solution 5 % of NPVF-7 in NMP was formed by the rDA

reaction after maintaining it at 160 �C for 1 h (Fig. 9a).

The solution turned into gel after maintaining it at 80 �C

for 3 h (Fig. 9b).

Contact angle measurements

The dynamic contact angles of PVF-1 and networks have

been determined by Wilhelmy plate technique. The values

for advancing (hadv) and receding (hrec) contact angles were

obtained by measurements made in water and ethylene

glycol. It was observed that both advancing and receding

dynamic contact angles increase when increasing the

molecular mass of PTMEG from the structure of the

bismaleimide used in the synthesis. This behaviour is

normal, since the hydrophobic nature of PTMEG is already

known. The differences between the advancing contact

angles and the receding ones, known as contact angle

hysteresis, yield measures of the heterogeneity and

roughness of the surface, which were also calculated

(Table 2). The obtained values suggest that the surfaces of

the networks’ films are more homogenous than the surface

of the initial PVF.

The advancing dynamic contact angle values were used

to calculate the free surface energy, described in Owens

and Wendt’s equations by the dispersive and the polar

component (Eq. (1)), where h represents the advancing

dynamic contact angle, cL is the free surface energy value

of the liquid, cd
L and cp

L are the dispersive and the polar

components of the free surface energy of the liquid, and cp
S

and cd
S are the dispersive and polar components of the free

surface energy of the sample’s film.

ð1þ cos hÞ � cL ¼ 2 � ðcd
S � cd

LÞ
1=2 þ 2 � ðcp

S þ cp
LÞ

1=2: ð1Þ

Using the advancing dynamic contact angles of the sur-

face of the polymer film in two liquids (water and ethylene

glycol), a two equation system was obtained and from it, the

two components of the free surface energy were calculated.

The increase of the molecular mass of PTMEG from the

bismaleimide used in the synthesis leads to a decrease of the

free surface energy of the polymer networks films. In all the

cases, the polar component was higher than the dispersive

one. This permitted to conclude that the dipolar forces and

hydrogen bonds had an important effect in the structure of the

investigated polymer films [49].

Dynamic water vapour sorption measurements

Before sorption measurements, the samples were dried at

25 �C, in flowing nitrogen (250 mL min-1) until the mass

of the samples was in equilibrium at RH \ 1 %. After this
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Fig. 9 Thermally reversible behaviour of NPVF-7
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step, the relative humidity (RH) was gradually increased

from 0 to 90 %, in 10 % humidity steps, having a pre-

established equilibrium time between 10 and 20 min, and

the sorption equilibrium was obtained for each one. Then,

the RH decreased and the desorption curves were recorded.

Dynamic water vapour sorption is another interesting

surface property of materials. In this case, the forces

involved in the process vary from strong like hydrogen

bonds to weak van der Waals. Sorption isotherms at 25 �C

for the samples are presented in Fig. 10a and desorption

ones in Fig. 10b.

The shapes of sorption/desorption isotherms are deter-

mined by the adsorption mechanism and can be explained

by the nature of adsorption. Due to the presence of the

hysteresis loop and according to IUPAC classification, the

sorption/desorption isotherms can be associated to type

V curves describing sorption on hydrophobic/low hydro-

philic materials with weak sorbent–water interactions, with

low sorption at low RH, and sometimes moderate sorption

at the middle RH and suddenly high water sorption at RH

close to 90 [50]. The samples do not absorb or adsorb small

amounts of water at low RH until the sorption capacity

increases suddenly; this high water sorption results from

water clusters formation followed by creation of water

monolayer covering the surface at medium RH. As it can

be seen, the samples have low affinity for water, the

reduced water sorption onto the dry surfaces of the films

confirming the structures non-polar nature. The presence of

hysteresis is caused by the small rate of desorption com-

pared with the rate of sorption and indicates that the

samples possess pores.

The values of water vapour sorption capacities (sorption

water measured in % dry basis) for the samples are affected

by the molecular mass of PTMEG, decreasing from 4.09 to

2.52 with the increase of the molecular mass from 250 to

2,000 (Table 3). PTMEG generally exhibits low surface

energy, a poor wettability and weak adhesive bonding. It

absorbs very few water molecules, mainly because of its

hydrophobic nature.

It can be observed from Fig. 10b that the final mass is

not the same with the initial one, because a part of sorbed

water remains in the sample bounded through hydrogen

bonds. When water in vapour form is absorbed into the

polymer, water molecules fill the voids that are formed

between polymer chains. A part of this water remains

trapped in the material bounded by hydrogen bonds. From

the desorption branch of the isotherms and using the BET

(Brunauer–Emmett–Teller) kinetic model, the BET surface

Table 2 Contact angle measurements

Sample Dynamic contact angle Hysteresis Free surface energy

Water Ethylene glycol

ha
adv hb

rec
hadv hrec cd cp c

PVF-2 64.89 36.77 53.61 21.43 32.12 6.65 29.82 36.47

NPVF-3 76.69 53.58 67.04 36.99 23.11 5.66 22.23 27.9

NPVF-4 82.9 57.61 78.62 38.66 25.29 2.21 22.6 24.81

NPVF-5 84.82 58.8 79.17 43.48 26.02 2.86 19.82 22.68

NPVF-6 82.16 56.55 79.06 39.15 25.61 1.7 24.4 26.1
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Fig. 10 Sorption (a) and desorption (b) isotherms of the studied

structures recorded at 25 �C

Table 3 Estimated values of the BET models parameters

Sample Mass/%

(% dry basis)

BET analysis

ABET/m2 g-1 Monolayer/g g-1

PVF-2 4.0970 70.758 0.0202

NPVF-3 3.3863 51.806 0.0148

NPVF-4 3.0286 44.624 0.0127

NPVF-5 2.5290 41.322 0.0118

NPVF-6 2.6814 43.975 0.0125

Studies on Diels–Alder thermoresponsive networks 1479

123

Author's personal copy



area and the value of the monolayer were calculated using

the instrument’s software (Table 3). The BET model is

often used for modelling of the sorption isotherms and it is

based on following BET equation, where W is the mass of

sorbed water, Wm is the mass of water forming a mono-

layer, C is a sorption constant and RH is relative humidity.

W ¼ Wm � C � RH

1� RHð Þ � 1� RHþ C � RHð Þ : ð2Þ

This model describes the sorption isotherms up to a

relative humidity of 40 %, depending on the type of

sorption isotherm and on the type of material [50].

As can be seen in Table 3, the BET surface area of the

films decreases from 70.8 to 41.32 (m2 g-1) and the value

of the monolayer from 0.0202 to 0.0118 with the increase

of the PTMEG molecular mass. The characterization of

these materials shows that they possess porous structures

[51–57].

The study of water sorption in materials is important for

many applications, such as in the coatings industry, food

industry and many others.

Conclusions

Thermoreversible networks were obtained by the DA

cycloaddition reaction of PVF with urethane bismaleimides

containing polyether chains, where PVF was prepared by

acetalisation of PVA in DMSO as solvent and in the pre-

sence of p-TSA. The formation of the networks was evi-

denced by ATR–FTIR. The materials thermal properties

were investigated using DSC and TG–FTIR–MS coupling.

The thermoreversibility of the networks was demonstrated

by the reproduction of the endothermic peak characteristic

to the rDA process on the DSC heating curves and also the

appearance of the exothermic peak, due to the DA reaction,

on the DSC cooling curve. Pyrolysis behaviour was studied

under nitrogen atmosphere. A thermal decomposition

mechanism of the networks and PVF was discussed

through evolved gas analysis. The dynamic contact angle

and free surface energy values of the networks were

determined. Measures of the heterogeneity and roughness

of the surfaces indicated that the surfaces of the networks’

films were more homogenous than the initial PVF surface.

Dynamic water vapour sorption studies were also con-

ducted. It was found that the values of water vapour

sorption capacities for the samples were affected by the

increasing of molecular mass of PTMEG.
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3. Giménez V, Mantecón A, Cádiz V. Modification of poly(vinyl

alcohol) with acid chlorides and crosslinking with difunctional

hardeners. J Appl Polym Sci Part A. 1996;34:925–34.

4. Figueiredo KCS, Alves TLM, Borges CP. Poly(vinyl alcohol)

films crosslinked by glutaraldehyde under mild conditions. J Appl

Polym Sci. 2009;111:3074–80.

5. Yang S, Liu G, Wang X, Song J. Electroresponsive behaviour of

a sulfonated poly(vinyl alcohol) hydrogel and its application to

electrodriven artificial fish. J Appl Polym Sci. 2010;117:

2346–53.

6. Gousse C, Gandini A. Acetalization of polyvinyl alcohol with

furfural. Eur Polym J. 1997;33:667–71.

7. Fernández MD, Fernández MJ, Hoces P. Poly(vinyl acetal)s con-

taining electron-donor groups: synthesis in homogeneous phase

and their thermal properties. React Funct Polym. 2008;68:39–56.

8. Chetri P, Dass NN. Preparation of poly(vinyl butyral) with high

acetalization rate. J Appl Polym Sci. 2001;81:1182–6.

9. Eastman SA, Lesser AJ, McCarthy TJ. Quantitative poly(vinyl

alcohol) modification in ionic liquids: esterification and urethanation

with low surface tension producing reagents. Macromolecules.

2010;43:4584–8.
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