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Water-borne adhesives have immense importance in cellulose-based materials, where their durability,
handling, and strength remain to be a major concern. The present work demonstrates the development
of three water-borne adhesives, namely, poly(l-vinyl-2-pyrrolidone-co-acrylic acid), poly(acrylonitrile-
co-acrylic acid), and poly(L-vinyl-2-pyrrolidone-co-acrylonitrile-co-acrylic acid) applicable for cellulose-
based materials. These acrylic-acid based adhesives were characterized by Fourier-transform infra-red
spectroscopy, thermogravimetric analysis, X-ray diffraction, gel permeation chromatography, and
universal testing machine. The synthesized polymer adhesives can be stored in the powder form for
a longer period, thus utilizing less space. In order to use as adhesives, suitable formulations can be
prepared in water. The adhesives show thermal stability up to 300 °C. Our studies show that poly(1-
vinyl-2-pyrrolidone-co-acrylonitrile-co-acrylic acid) showed higher lap shear strength (ASTM D-906)
than commercially available adhesives. In addition, these adhesives, being fluorescent in nature, can be
detected under UV light and thus are applicable for the detection of fractured joints of any specimen.
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1. Introduction

Adhesives are arguably one of the most demanding areas of
research that are applicable in the design of items ranging from
small decorative to electronics,’ automobiles,> and space
industries.’ Adhesives are one of the many sources of industries
that decide the economic well-being of a nation. Adhesives have
been an integral part of human life since the early civilizations.
The first commercial glue was obtained in Holland in 1690;
casein glue was manufactured in Switzerland in the early
nineteenth century.*® In modern times, the synthesis of adhe-
sives is carried out using different polymeric materials, such as
polyurethanes, epoxy, acrylates, and cyanoacrylates.

Acrylic acid-containing polymers, due to their extensive
cross-linking ability, are highly accepted in different applica-
tions such as wound dressing,® drug delivery,” and environ-
mental safety.® In coatings and furnishings, acrylic-based
adhesives are considered to be the most suitable owing to
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This property also helps in anti-counterfeiting applications, thus adding further to their utility.

their durability, cure speed, strength, and low toxicity.® Because
of these advantages, acrylic-based adhesives are widely used in
various industries, such as dentistry, civil constructions, engi-
neering, and textiles.

Water-borne adhesives are easy to handle and safe to use. As
the World Health Organisation (WHO) and the government
agencies are emphasizing on reducing the use of organic
solvents, thus adhesives obtained without the use of organic
solvents are in demand. Furthermore, with regard to the emis-
sion of organic solvents into the atmosphere, water-borne
adhesives meet the restricted European environmental legisla-
tion (Directive 1999/13/CE). Water-borne adhesives, such as
solvent-borne adhesives, do not emit volatile solvents during
curing.** Among water-borne adhesives, acrylic-based water-
borne adhesives have been the focus of research for the last
few years. They can be tuned to control the glass transition
temperature and the cross-linking density; they have low
plateau modulus and are cost-effective as well.”®*” They are
expected to have high strength due to the hydrogen bonding of
water with the polar groups.”™ Due to the factors mentioned
above, acrylic adhesives have been the critical choice for the
bonding of cellulosic materials.**® There are four different
types of cellulose, namely, I, II, III, and IV, of which I and II are
naturally occurring, and III and IV are derived.”* Cellulose-
based materials, such as papers, woods, cardboards, ply, and
plant fibers, are an important part of our daily use. Cellulose is
used in furnishing, textiles, medicines, electrical equipment,
food packaging, and building materials.>*** These materials as
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adherents require adhesives that give high strength and can
withstand high temperatures. Water-borne adhesives are suit-
able for these adherents because of the ability of cellulose to
absorb water molecules via H-bonding.

Another major issue with commercially available adhesives
is their reduced storage lifespan as they dry up once the seal is
opened. Adhesives in the form of powder could be a solution to
the short lifespan. Very little research has been carried out in
the field of powdered adhesives, and their applications and
scope**”” to meet the long-term storage demand. Moreover, the
thermal stability of commercially available adhesives is are
poor, making them unsuitable in high temperature applica-
tions. Many research groups have conducted experiments to
develop adhesives based on high temperature-resistant epoxy*®
and polyurethane® but temperature-resistant acrylic-based
adhesives are very rare without using any stabilizing agents.*®
Again, the market value of commercially available adhesives can
be increased manifold if they have fluorescence characteristics.
Fluorescent adhesive systems can be of great utility in crafts and
designs for the easy detection of fractured joints. Earlier reports
suggest the use of fluorescent dyes for imparting the fluores-
cence characteristic to adhesive systems® but this may lead to
health and environmental issues.*” Fluorescent adhesives are
widely used in various fields, such as dental care, medical care,
and visualization of fingerprints.*

Keeping all these aspects in mind, we have attempted to
formulate three sets of acrylic-based water-borne powder
adhesives for cellulosic materials, which are thermally stable
and fluorescent. The adhesion of cellulosic materials, i.e., wood
and paper bonded by these water-borne acrylic systems, were
studied and compared with that of the best quality commer-
cially available adhesive in the local market. One of our adhe-
sive formulations showed almost double the lap shear strength
compared to the commercially available adhesive. To the best of
our knowledge, this is the first report of the formulation of
acrylic-based water-borne thermally stable powder adhesive
systems with fluorescence property, which has the added
benefit of anti-counterfeiting application. In short, we present
three ideal cost-effective water-based adhesives that can address
all the issues related to adhesives for our daily use.

2. Experimental

2.1. Materials

1-Vinyl-2-pyrrolidone (VP) was purchased from Sigma Aldrich;
crylonitrile (Acn) and acrylic acid (Acr) were purchased from
Merck. Azobisisobutyronitrile (AIBN) was obtained from Spec-
trochem. Acetone, dimethylformamide (DMF), dimethylsulfoxide
(DMSO), and chloroform were purchased from Merck. Milli-Q
water was used wherever necessary. All these materials were of
analytical grade and were used without further purification.

2.2. Preparation of P(VP-Acr)

0.05 mol (3.43 mL) Acr was added dropwise to 0.05 mol (5.34 mL)
VP with a pinch (approximately 0.005 g) of AIBN as the initiator
and the stirring was continued for 1 hour. The reaction flask was
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then evacuated by a vacuum pump and kept at 60 °C for 3 hours.
After the completion of the reaction, a stiff yellowish solid lump,
the copolymer of VP and Acr, namely, poly(1-vinyl-2-pyrrolidone-
co-acrylic acid) [denoted by P(VP-Acr)], was formed. The material
thus obtained was then taken out with the help of a spatula and
kept in a desiccator for 24 hours. The dried polymer was crushed
to a powder with the help of a mortar and pestle. The powder
material thus obtained was stored in an airtight container for
further use as an adhesive.

2.3. Preparation of P(Acn-Acr)

The P(Acn-Acr) adhesive was obtained by a procedure similar to
that reported in Section 2.2. Acn was used instead of VP along
with Acr as the monomers and a similar procedure was carried
out to obtain a solid lump. After the completion of the reaction,
an off-white-colored stiff solid lump, the copolymer of Acn and
Acr, namely, poly(acrylonitrile-co-acrylic acid) [denoted by
P(Acn-Acr)], was formed. This copolymer was also crushed to
a powder and stored in an airtight container for further use as
an adhesive.

2.4. Preparation of P(VP-Acn-Acr)

0.05 mol of VP (5.34 mL) and Acn (3.27 mL) were mixed with
0.005 g AIBN and kept under stirring conditions. This was fol-
lowed by the addition of 0.05 mol of Acr (3.43 mL) dropwise and
stirring was continued for another 1 hour. The reaction flask
was then evacuated by a vacuum pump and then kept at 60 °C
for 3 hours. A light yellow-coloured stiff solid lump, namely,
poly(1-vinyl-2-pyrrolidone-co-acrylonitrile-co-acrylic acid), was
obtained [denoted by P(VP-Acn-Acr)], which was crushed to
a powder and stored in an airtight container for further use as
an adhesive.

2.5. Preparation of paper samples for the adhesive test

The applications of our adhesive systems were checked in
different sets of paper materials. The specimens were prepared
as per the ASTM-D1876 peel method (T peel test), as shown in
Fig. 1(A), to test the adhesive strength. Four sets of paper
samples were taken for the test with different GSM (Gram per
Square Meter) values, as shown in the ESI, Fig. S1(A).t Normal
A4 size map litho paper (GSM value = 75), oil paper (GSM value

(8)

76 mm

82.6 mm

76 mm

B

s

Fig.1 (A) Dimensions of a paper specimen prepared for the adhesive
tests as per ASTM-D1876; (B) dimensions of the wood specimen
prepared for the adhesive tests as per ASTM D-906.
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= 40.85), chart paper (GSM value = 118), and hard paper of
carton material (GSM value = 212) were considered and the
adhesives were applied.

2.6. Preparation of the wood sample for the adhesive test

The adhesive test was performed for wooden materials. For
testing the adhesive strength, we took a wood specimen of
Gmelina Arborea, which is popularly known as Gomari (in local
Assamese language) and is extensively used in households and
furnishing. The moisture content of the wood specimen was
calculated as per the ASTM D-4442 method** and was found to
be 10.55%. The wood was then cut into required pieces to make
the samples of dimensions as per the ASTM D-906 (Fig. 1(B))
standard and polished using sandpaper (Fig. S1(B)).t The test
samples were made by applying the formed adhesives, after
dispersion in water. The average thickness of the adhesive
layers was 0.158 mm and the area density of the applied adhe-
sive was 0.4 mg mm >, The samples were kept in dry conditions
away from moisture before the application of the adhesive.

2.7. Lap shear strength test

The lap shear strength test determined the adhesive strength. It
is further a measure for the cohesion (inner strength) of the
adhesive and gives information about the quality of the adhesive.

The lap shear strength was calculated according to eqn (1).*®

Shear strength (op) = Fax/4, 1)

where Fp,.x(N) is the observed maximum failing load (force) and
A (mm?) is the bonding surface area of the sample.

2.8. Methods

The Fourier-transform infra-red (FT-IR) spectra were recorded
by using a PerkinElmer FT-IR spectrophotometer in the trans-
mission mode. Since the polymers could be ground to a fine
powder, the FT-IR spectra were recorded in the KBr mode by
making pellets. The samples were handled carefully and always
stored in a desiccator to avoid contact with moisture.

The thermal properties of the polymer adhesives were
examined by thermogravimetric analysis (TGA) using a Perki-
nElmer TGA 4000 thermogravimetric analyzer at a heating rate
of 10 °C min ™" in a nitrogen environment with a gas flow rate of
20 mL min ™",

The X-ray diffraction (XRD) patterns were collected on
a Bruker D8 Advance diffractometer using Cu radiation operating
at 40 kv and 40 mA at a scan rate of 2 s per step.

The molecular masses of the copolymers were recorded using
gel permeation chromatography (GPC) using a Waters Corpora-
tion chromatograph (UV-Vis detection-2489, USA).

The lap shear strength was measured by a Hounselfield
(England) Universal Testing Machine (UTM), Model H 100K-S
(having a maximum load cell of 100 kN). All the measure-
ments were taken using a load cell of 250 N.
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3. Results and discussion

3.1. Chemical synthesis

Acrylic acid (Acr) is known to be widely used as a precursor for
the synthesis of the adhesives. In all the reactions mentioned
above, Acr was taken as a common monomer owing to its
adhesive formulation property. By varying the other monomers,
the required set of adhesive formulations can be obtained. It
may be assumed that the reaction proceeds in the following
way: Acr is a monomer with an acidic group and a terminal
alkene. In the presence of another monomer, free radical
polymerization takes place with the addition of a small amount
of the initiator (AIBN). The terminal double bonds are poly-
merized, which leads to extensive cross-linking, eventually
leading to the formation of a thickened mass of polymer lump,
which can be crushed to a powder. Because of the presence of
the polar -COOH group of Acr, it forms a highly cross-linked
polymer with other monomers having polar moieties, such as
VP and Acn. The monomers undergo the thermal polymeriza-
tion reaction and form the respective copolymers with excellent
adhesive properties.

The reactions were carried out at different concentrations of
the monomers to get the optimized concentration (0.05 mol) of
the monomers and optimum temperature (60 °C), which
resulted in the best possible adhesive materials. Using the
concentration of monomers other than that mentioned in the
procedure did not yield the products of our interest. Other
reaction conditions did not form a stiff polymer lump to be
stored as a powder and also did not result in the gel-like
adhesive with the addition of water. Scheme 1 shows the poly-
merization reaction of VP and Acr; Scheme 2 shows the reaction
of Acn and Acr. We took acrylic acid as one of the monomers by
varying the other two since acrylic acid was found to be the
major component of the adhesive. The major role of acrylic acid
in adhesive formulation was confirmed by the reaction between

CH.
/ 2 o \C/OH
CH
| N\, —oH woom w (] ow
N 0 AIBN, vacuum Il I
+ | > vacuu > | m n
/C" 3 hours, 60 °C N o
H,C
\%3 Acr

P(VP-Acr)

Scheme 1 Schematic representation for the synthesis of the copol-
ymer P(VP-Acr).

N [¢)
I o \
| - Lot iy
CH + CH » vacuum H
H;C// HZC/ 3 hours, 60 'c (|; " "
Acn Acr w

P(Acn-Acr)

Scheme 2 Schematic representation for the synthesis of the copol-
ymer P(Acn-Acr).
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Scheme 3 Schematic representation for the synthesis of the copol-
ymer P(VP-Acn-Acr).

Mixing of monomers Polymer lump Polymer lump

Crushed to powder

Powdered adhesive

Fig. 2 Series of steps depicting the formation and storage of the
adhesive powder.

VP and Acn,*® which resulted in the formation of a polymer with
no adhesive property.

To obtain the best results, we carried out the copolymeriza-
tion reaction of all the three monomers, ie., VP, Acn, and Acr
(shown in Scheme 3) to obtain the ideal product of our choice,
i.e., the powdered water-borne adhesive with high thermal
stability.

The synthesis of P(VP-Acn-Acr) was carried out earlier using N-
methyl pyrrolidone as the solvent.*” But, in our present proce-
dure, we carried out the synthesis without the use of a solvent,
thus rendering more rigid products due to extensive cross
linking.**

Normal light UV light (254 nm) UV light (365 nm)

Fig. 3 Photographic images of (A) P(VP-Acr), (B) P(Acn-Acr), and (C)
P(VP-Acn-Acr) under normal light, UV light (254 nm), and UV light (365
nm), respectively.
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These obtained rigid polymers were crushed, ground to
powder, and stored in an airtight container, as depicted in
Fig. 2. The pictures of the polymer powders thus obtained were
taken under normal light and UV light, as shown in Fig. 3. The
pictures of the polyacrylic-based water-borne adhesive powders
under UV lamp show that the adhesives are highly fluorescent,
thus expanding their utility towards the detection of fracture
joints after adhesion.

3.2. Fourier-transform infra-red (FT-IR) analysis

The synthesized copolymers were characterized with the help of
FT-IR spectroscopy. The FT-IR spectra of the copolymers, along
with acrylic acid (Acr), are shown in Fig. 4. Acr shows a peak at
3452 cm ™" for carboxylic O-H stretching. All the three polymers,
P(VP-Acr), P(Acn-Acr), and P(VP-Acn-Acr), show peaks at 3436,
3434, and 3436 cm ™', respectively, corresponding to carboxylic
O-H stretching. The shift of the peak towards shorter wave-
length indicates the involvement of the carboxylic O-H group of
the copolymers in H-bonding. The peaks at 2934, 2926, and
2924 ecm ™" correspond to alkane C-H stretching for P(VP-Acr),
P(Acn-Acr), and P(VP-Acn-Acr), respectively, indicating the
formation of alkanes by alkene polymerization. Acr, P(VP-Acr),
P(Acn-Acr), and P(VP-Acn-Acr) show carboxylic C=O stretch-
ing peaks at 1710, 1726, and 1728 cm™ ", respectively, hence
showing an increase in THE stretching frequency, indicating
that polymerization has taken place and the involvement of
O-H group in hydrogen bonding. Acr shows a peak at 1628 cm ™ *
corresponding to the C=C stretching frequency, which is
absent in all the three polymers, thus further confirming the
polymerization of the alkenes. The presence of peaks at 1436,
1420, 1404, and 1422 cm™ " signify the C-H bending modes, and
the peaks at 1220, 1162, 1666, and 1164 cm™ ' correspond to the
C-O stretching of Acr, P(VP-Acr), P(Acn-Acr), and P(VP-Acn-Acr),
respectively. Apart from these, P(Acn-Acr) and P(VP-Acn-Acr)
show peaks at 2248 and 2244 cm™ ", respectively, which corre-
spond to C-N (triple bond) stretching, which is absent in P(VP-
Acr). Also, P(VP-Acr) and P(VP-Acn-Acr) both show peaks at 1658

Acrylic Acid
= P(VP-Acr)
= P(Acn-Acr)
w P(Acn-Acr)

Intensity (a.u.)

T T
2500 2000 1500

Wavenumber (Cm™)

T T
4000 3500 3000 500

Fig.4 FT-IR spectra of Acr, P(VP-Acr), P(Acn-Acr), and P(VP-Acn-Acr).
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Fig. 5 The probable H-bonding in P(VP-Acn-Acr).

and 1656 cm ™' corresponding to the carbonyl group of amide
and an additional peak at 1288 cm ™' corresponding to C-N
stretching, which is absent in P(Acn-Acr).

The major changes in the FT-IR spectrum of acrylic acid on the
formation of the polymers could be correlated with the reactions,
as shown in Schemes 1-3. The probable H-bonding in P(VP-Acn-
Acr), as described by the FT-IR results above, is shown in Fig. 5.

3.3. Thermo-gravimetric analysis (TGA)

The TGA thermograms of the synthesized adhesives, along with
the standard commercial adhesive, are shown in Fig. 6. The
figure shows the thermal degradation patterns of the adhesives
from room temperature up to 800 °C. The TGA spectra show the
formation of thermally stable polymeric adhesive materials. For
the copolymer P(VP-Acr), the weight loss of about 10% was
observed from 100 °C up to 235 °C, which could be due to the
loss of moisture. P(Acn-Acr) was found to be stable up to 200 °C,
and no weight loss was observed. The TGA spectral data clearly
shows that the most thermally stable copolymer is P(VP-Acn-
Acr), which was found to be stable up to 300 °C. Hence, we
can ascertain that P(VP-Acn-Acr) is the most stable adhesive and
P(VP-Acr) is thermally the least stable among the synthesized
adhesives. The thermal stability of our adhesive systems is
much higher when compared to the standard commercial
adhesive. This data explains the stability and hence the utility of
the formed adhesive at high temperature. The formulation of
the copolymer using all the three monomers was necessary to
obtain the thermally stable adhesive. The reason for the high
thermal stability of P(VP-Acn-Acr) might be the intra-molecular
interaction and H-bonding of the different polar groups within
the copolymer as compared to the other two copolymers,
leading to synergistic interactions.**** Acrylic-based adhesives
are known to be thermally very stable;*>*' however, it is chal-
lenging to synthesize an acrylic-based water-borne adhesive
without any aromatic moiety possessing such excellent thermal
stability,*> which we have successfully overcome. Obtaining
a thermally stable water-borne adhesive is a challenging task.

25412 | RSC Adv, 2020, 10, 25408-25417
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Fig. 6 TGA spectra of the copolymers.

Most of the previous works reported the thermal stability of
these adhesives below 300 °C, which is lesser than the values
obtained by our system, P(VP-Acn-Acr). All the three synthesized
polymer adhesives were completely degraded above 760 °C.
Hence, our system could be a perfect water-borne adhesive for
high-temperature applications. A comparison of our adhesive
with few other water-borne adhesives is shown in Table 1.

3.4. X-ray diffraction (XRD)

The XRD plots of the three polymers are shown in Fig. 7. The
plots show no sharp peaks, indicating the amorphous behavior
of the synthesized polymers, thus suggesting cross-linking. The
corresponding peaks for P(VP-Acr), P(Acn-Acr), and P(VP-Acn-
Acr) can be observed at the 26 values of 19.81, 20.21, and
20.13, respectively. It can be noted that the position of the peaks
is the same in all the three cases. However, the peak intensity is
the least in the case of P(VP-Acn-Acr), suggesting the highest
amount of cross-linking in the case of P(VP-Acn-Acr), causing
the distortion of the intrinsic lattice arrangement. This distor-
tion leads to a decrease in its crystallinity, thereby causing
a decrease in the peak intensity.**> The amorphous nature of
P(VP-Acn-Acr) also increases the grinding ability and dis-
persibility of the polymer, hence making it the most deserving
candidate to be used as the adhesive.

3.5. Composition of the commercial adhesive

Commercial water-borne adhesives are composed of different
additives, along with the main component, polyvinyl acetate
(PVAc). Together with PVAc, plasticizers such as dibutyl fuma-
rate and anti-coalescing agent, such as polyvinyl alcohol, are
used. Surfactants such as sodium lauryl sulfate, surface-active
agents such as Triton X-200, and curing agents such as
sodium carbonate are also present.”**® Going through the
compositions of the commercial adhesive, we can ascertain that
our system could be cost-effective.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Comparison of the thermal stability of the P(VP-Acn-Acr) adhesive with some earlier reported water-borne adhesive formulations

Sl. No Adhesive system Thermal stability Ref.
1 P, N-flame retardant that enhances the mechanical strength of the adhesive Below 300 °C 43
2 Glyc-methacrylate grafted enzyme-treated soybean meal adhesive Around 200 °C 44
3 Nanoclay supported wood/phenol formaldehyde bond lines Below 200 °C 45
4 Polyether siloxane diol modified polyurethane adhesive 268 °C 46
5 CNT modified acrylic resin-glycidyl methacrylate Below 200 °C 47
6 Acrylic pressure-sensitive adhesive 300 °C 48
7 Effect of DMA on the properties of the acrylic latex adhesives Around 350 °C 49
8 Silicone-based flame retardant adhesive in plywood Below 300 °C 50
9 Poly(vinyl pyrrolidone-acrylonitrile-acrylic acid) powder adhesive 300 °C Our system
a gel-like material on dispersion up to some extent. The adhe-
i sive gels were found to be almost soluble in high boiling
¥y solvents such as DMSO. The use of dispersion of DMSO as the
X i \' B ?&‘:'::;)Acn) adhesive would take longer curing time, which would eventually
y r,\ | - .= P(VP-Acr) restrict the practical utility of the adhesives. Thus, water was
S \ found to be the most suitable solvent for the formulation of the
s adhesives, hence restricting the use of hazardous organic
2 solvents. The adhesives formed after dispersion in water are
g shown in Fig. 8(B).
=
: 3.7. GPC analysis
The number average molecular mass (M,) and weight average
\J J J ) \J J \J

10 20 30 40 50 60 70 80
20 (degree)

Fig. 7 XRD analysis of the copolymers.

3.6. Formation of the adhesive gel

Unlike commercial adhesives, our adhesive formulations were
achieved by mixing a specific amount of the powdered polymers
with water to form the sticky gels. All three sets of polymers were
mixed with water to form the respective adhesives. The quantity
of water required for adhesive formation was determined by
several trials and finally optimized. This step of optimization is
important as the sol-to-gel ratio determines and controls the
adhesive properties.”” 100% w/v dispersion was taken as the
standard for the formulation of the adhesive. Typically, 10 mL
of water was added dropwise to 10 g of P(VP-Acr) and kept for
about 40 minutes for dispersion. After 40 minutes, the polymer
dispersion in water was mixed well with the help of a spatula to
form a gel-like material, which was used as the adhesive. A
similar procedure was used to obtain the adhesives of the
polymer powders, P(Acn-Acr) and (VP-Acn-Acr).

The dispersion of the polymer powder, P(VP-Acn-Acr), was
checked in different solvents, as shown in Fig. 8(A). The
dispersion of P(VP-Acr) and P(Acn-Acr) was also observed in
different solvents (ESI, Fig. S2 and S37). The dispersion of the
polymers in organic solvents did not result in the formation of
the gel-like adhesive materials. Apart from water, ethanol forms

This journal is © The Royal Society of Chemistry 2020

molecular mass (M) of the polymer adhesives were analysed
with the help of GPC. The molecular mass distribution of the

Fig. 8 (A) Dispersion of the polymer powder P(VP-Acn-Acr), in various
solvents; (B) dispersion of the polymers P(VP-Acr), P(Acn-Acr), and
P(VP-Acn-Acr), respectively, in water as ready-to-use adhesive gels.
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polymers is shown in the ESI (Fig. S4(A-C)).t The polydispersity
index of P(VP-Acr), P(Acn-Acr), and P(VP-Acn-Acn) was found to
be 1.0227, 1.0095, and 1.0122, respectively, which indicates that
the formed polymer adhesives are monodisperse.

3.8. Lap shear strength test results

The lap shear strength of the adhesives was taken after applying
the adhesive formulation on the surface of the specimen and
then attached by applying a minimal force. A small amount of
the adhesive formulation (1 g mL™"), typically 0.25 g of the
adhesive powder dispersed in 0.25 mL water, was sufficient to
be applied in an area of 6.25 cm®. Hence, the application rate of
the adhesive was found to be approximately 0.4 mg mm > for
the preparation of the samples for the lap shear strength test.
3.8.1. Lap shear strength of paper materials. The lap shear
strength test of the paper materials was carried out as per the
ASTM D-1867 peel method (T-peel test).”® All the adhesives were
found to form an extremely strong bond with the paper mate-
rials. The oil paper seems to have low GSM value but it is stiffer
than normal paper, although in the both cases, tensile failure
occurs due to strong bonding with the adhesive. The adhesive
strength was observed in three sets for each type of paper
material. In all the sets of the three adhesives, specimen failure
occurred due to extremely strong adhesive bonding, thus

View Article Online
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making our adhesives the perfect candidates for paper
materials.

3.8.2. Lap shear strength test of wooden materials. All the
acrylic acid-based water-borne adhesive formulations were
applied to the wooden materials as per the standard ASTM D-
906.> The samples needed no heat curing after the application
of the adhesives. The thickness of the adhesive layers was
between 0.11 to 0.25 mm. The samples were kept in a desiccator
for the lap shear strength test. The lap shear strength tests for
the wooden materials were performed as per ASTM D-906 at
room temperature. Before the lap shear strength test, the
samples were kept at a humidity of 50% and a temperature of
23 °C for seven days (as per ASTM requirements).

The lap shear strength tests were carried out for all the three
adhesives applied on wooden materials in seven sets to obtain
the perfect average strength of the adhesives. To check the real
applicability and the market value, we have used one of the
most widely used water-borne wood adhesives (commercially
available) purchased from the local market and compared the
strength with our products. The adhesive strength was calcu-
lated in terms of force/area, where the areas of contact of the
two wooden parts with the adhesive, ie., 625 mm?®, were
considered. P(VP-Acr) and P(Acn-Acr) show low values of lap
shear strength when applied to wood. Interestingly, P(VP-Acn-
Acr) shows much higher strength than all the other sets,

Table 2 Applied force and lap shear strength of the prepared adhesives and comparison with the commercially available adhesive

The maximum force

required to rupture adhesive Force/width Lap shear strength

Adhesives Sl. No joints (N) (N mm™) maximum force/area (kPa)
P(VP-Acr) adhesive 1 122.90 4.726 486

2 172.90 6.570

3 127.00 4.922

4 29.65 1.136

5 77.40 2.964

6 16.65 0.638

7 304.00 11.740
P(Acn-Acr) adhesive 1 13.85 0.521 78

2 22.50 0.843

3 5.35 0.2004

4 21.00 0.824

5 20.33 0.779

6 48.35 1.582

7 Specimen failure —
P(VP-Acn-Acr) adhesive 1 763.00 30.520 2150

2 693.00 26.650

3 763.00 29.350

4 710.00 27.300

5 1344.00 52.900

6 707.00 27.190

7 897.00 34.500
Commercial adhesive 1 469.50 18.200 1331

2 627.00 24.300

3 555.00 20.940

4 401.50 15.560

5 832.00 31.760

6 303.60 11.950

7 288.00 11.350
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including the commercially available adhesive. In fact, the
maximum force required to rupture P(VP-Acn-Acr) was found to
be 1344 N, which shows the effectiveness of the adhesive in
binding wood materials. Moreover, P(VP-Acn-Acr) has the
maximum thermal stability up to 300 °C. This result shows that
the adhesive has great production value and can easily remains
stable under extreme heat. The obtained values for all the
adhesives are given in Table 2. The mean and the standard
deviation of the values are presented in the ESI (Table S1).}
For water-borne adhesives, the shear strength increases with
the increase in cross linking.*® The high value of the adhesive
shear strength of P(VP-Acn-Acr) might be due to the extensive
cross-linking compared to the other two adhesives.

3.9. Fluorescence characteristics of the adhesives

The polymer adhesives P(VP-Acr), P(Acn-Acr), and P(VP-Acn-Acr)
are all fluorescent in nature, as evident from the images under
a UV lamp, as shown in Fig. 3. The reason for the fluorescence
behaviour of the synthesized copolymers could be the internal
charge transfer (ICT).”® Because of the absence of any
conjugation/aromatic moieties in the polymers, fluorescence
due to 7 to 7* transition could be ruled out. Also, due to the
presence of N-containing moieties, along with the chromo-
phores, fluorescence due to aggregation-induced emission (AIE)
could be ruled out.”” The presence of carbonyl groups as the
chromophore might be responsible for ICT due to its easily
accessible electrons, leading to the fluorescence characteristics
of the adhesives.®® The fluorescent nature of the adhesive
polymers makes them suitable for their utilization in crafts and
museums to detect the fracture joints under a UV lamp. Also,
the adhesives can be utilized in an anti-counterfeit application
to deliver secret messages.

3.9.1. Fluorescence characteristics of the adhesives for the
detection of joint fractures. Most of the adhesives used in
museums and crafts are non-fluorescent, which makes it difficult
to detect the fracture parts after the application of adhesives.
McFadden et al. have successfully shown the utility of fluorescent

Fig. 9 (A) The picture depicting the bonding of a broken specimen
design (left) by P(VP-Acn-Acr) and the visibility of the broken joint
under normal light (middle) and long-wavelength UV light (right); (B)
the figure depicting the visibility of the words written by the adhesive
under UV light (365 nm), which are invisible under normal light.

This journal is © The Royal Society of Chemistry 2020
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adhesives for the detection of fracture joints in antiques and
crafts.*® Most of the time, the development of the fluorescent
adhesive required the use of dyes or additives, in which the
leaching of dyes and additives from the resins may cause envi-
ronmental and health problems. In this work, fluorescence
adhesives were obtained without the use of external agents. The
adhesives could be of great use in crafts to detect the fractured
portion under a UV lamp (365 nm), whereas the fracture joints
are unnoticeable under normal light. Fig. 9(A) shows a broken
ceramic specimen bonded by P(VP-Acn-Acr) and the visibility of
the bonded portion under long-wavelength UV light.

3.9.2. Applicability of the adhesives in anti-counterfeit
applications. The adhesives being fluorescent can be useful in
sending secret messages, which is an additional feature of the
adhesive systems. In the past, polymers with anti-counterfeit
applications have been developed but the reported anti-
counterfeiting fluorescent polymeric materials were obtained by
the addition of fluorescent media such as carbon dots.®* In our
system, this property was obtained without the use of external
fluorescent agents. Hence, our adhesives can be of additional use
for anti-counterfeiting of different delicate designs, including
logos and fingerprints, and to pass secret messages. Fig. 9(B)
shows the visibility of ‘SECRET MESSAGE’ under UV light, which
is not otherwise visible under normal light.

4. Conclusions

In this work, three water-borne adhesives, namely, poly(1-vinyl-
2-pyrrolidone-co-acrylic acid), poly(acrylonitrile-co-acrylic acid),
and poly(1-vinyl-2-pyrrolidone-co-acrylonitrile-co-acrylic acid)
have been synthesized successfully. The synthesized acrylic-acid
based adhesives were found to be water-based; hence, water
formulations can be easily made. Being water-based, the
adhesives minimize the problems associated with the use of
toxic organic vapors in the adhesive industry. The best part of
the synthesized adhesives is that they can be stored in the form
of powders for the long-term use, which also makes them easy
to carry and handle. The adhesives were found to be thermally
stable; one of the adhesives showed thermal stability up to
300 °C. The lap shear strength of the adhesives was found to be
appreciably high; one of our systems showed strength greater
than one of the most popular commercially available adhesives.
The adhesives were found to be fluorescent, without the addi-
tion of any external fluorescent agent. The fluorescence char-
acteristic of the adhesives makes them suitable candidates for
the detection of fractured joints under UV light, which is not
otherwise visible under normal light, thus making them
important tools in the craft-making industry and related to
antiques. Moreover, the polymers can also be used as anti-
counterfeiting agents in intelligence. Thus, in a nutshell, we
tried to develop adhesives with multiple applications and better
storage options, thus making them better options than
commercially available adhesives.
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