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Abstract

In this letter, we are presenting a novel approach for the deposition of Layer-by-Layer (LbL)
coatings capable of conferring flame retardant properties to flexible polyurethane foams exploiting
sub-second deposition times. The process yields nanoscale coatings able to reduce by 33% one of
the main fire safety parameters, namely the heat release rate peak, with a total treatment time of
only 2.5 s. This new approach turned out to be three to four order of magnitude faster than
conventional LbL treatments. Such results make it possible for the exploit of LbL as a competitive,

efficient and ecofriendly technology at industrial scale.

KEYWORDS: layer by layer, chitosan, fast deposition, polyurethane foams, flame retardancy, cone

calorimetry.



In the last decade, the LbL has arisen as standard for the controlled fabrication of nanostructured
coatings or surface-based devices. '* The reason for such success relies in the intrinsic simplicity of
this technique that exploits the physical and chemical interactions occurring in solution between
two or more reagents for the step-by-step deposition of stratified or highly interpenetrated
nanostructured coatings. ° Since the most widely exploited interaction is represented by the
electrostatic attraction between water-based suspensions of nanoparticles or polyelectrolytes, for
virtually any aqueous-based system it is possible to find a matching counterpart and deposition
conditions, yielding a steady film build-up. Furthermore, the assembly final properties can be
controlled by means of key parameters like molecular weight, temperature, ionic strength, and pH. '
Recently the LbL assembly has been adopted for the build-up of fire protective coatings,
demonstrating how nanostructured assemblies can be efficient in the protection of fabrics, foams
and plastics. *’ Different functional coatings comprising of nanoparticles, polyelectrolytes and
biomacromolecules can be deposited. ®'*> From a practical and real point of view, the LbL
assembly of fire protective coatings represents one of the possible answer to the current and
incessant demand for green and non-toxic solutions since the some of the currently adopted
chemicals have been proven to be toxic and persistent in the environment, eventually ending in the
food chain, and in the bodies of animals and humans. "> Thus, it is easy to understand why the LbL
with the use of aqueous-based solutions at low concentration, the possibility of employing green
components and, most important, of achieving extraordinary results has attracted the interest of both
academic and industrial researchers. Unfortunately, this technology is currently held back by the
enormous (if compared to industrial scale) amount of time often required to obtain the desired
functional coatings. An additional drawback is represented by need to remove a large amount of
water from the PU structure after each deposition/rinsing step.

Spray-assisted LbL deposition is often proposed as a viable tool in order to speed up the process; '
' however, this approach is of limited practicability when considering a porous substrate such as

flexible open cell polyurethane (PU) foams. Indeed, for this latter substrate a sprayed



polyelectrolyte/nanoparticle solution would not be able to fully penetrate inside the PU complex 3D
structure and coat each available surface (as thicknesses are in the range of 10-50 mm), resulting in
an incomplete and thus inefficient coating; in addition, the porous structure may also result difficult
to rinse. For these reasons, dipping appears to be the best way to achieve a homogenous and
efficient nanocoating on PU foams. Unfortunately, although recent research solutions not involving
spray have provided strong improvements in reducing the duration or the number of the deposition
steps required, '’ the standard treatment time still remains in the order of several minutes while
the water removal issue has never been addressed: unacceptable constraints for a possible real
industrial exploitation.

Thus, finding a way for the fast deposition of functional LbL coatings represents a crucial issue to
be addressed for the real life application and industrial applications of this technology.

In this paper, we are proposing a novel approach for the deposition of LbL coatings capable of
conferring fire protection properties to PU exploiting sub second deposition times which are three to
four order of magnitude faster than standard and current LbL treatments. This approach is based on
the standard LbL adsorption process that relies on the interactions between oppositely charged
species, significantly accelerating the deposition times from some minutes to sub seconds by

imparting strong deformation to the substrate, as schematically depicted in Figure 1.
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Figure 1. Fast LbL deposition on flexible PU foams: (a) schematization of the process and
phenomena occurring during the LbL assembly on flexible PU foam, (b) schematization of a 2 bi-
layers (BL) dried coating and FESEM pictures of 2 BL treated foam, (c) comparison between

overall treatment times reported in the scientific literature for LbL on PU foams and in this work.

As reported in Figure 1 a, the substrate is fist immerged in the solution and then quickly deformed
in order to remove the excess of polyelectrolyte/water before moving to the next deposition step.
This process practically solves the two main problems related to LbL and PU foams as it allows for
extremely short deposition times and an almost instantaneous, reproducible and efficient removal of
excess solution. In the adopted configuration, the deposition time (i.e. the time the substrate is put
into contact with the solution) has been set at 0.5 s with a total treatment time of only 2.5 s
(including a first deposition step for surface activation and assuming a continuous process) for the
deposition of functional 2 BL coatings. This is in strong contrast with previously reported LbL

coatings where the total treatment times (calculated as the sum of the reported deposition times



under the assumption of assuming a continuous process) are in the order of tens of minutes, as
reported in Figure 1. Despite the fact that the total treatment time may be reduced by several orders
of magnitude, the proposed approach poses several inherent scientific challenges that must be faced
such as the use of a high efficient LbL formulation capable of reaching high performances at low
deposition steps, while withstanding the deformation imparted to the sample during the process.
Indeed, when the substrate is compressed and its volume is reduced to the minimum, the very same
deformation is transferred to the coating that can either survive the deformation or detach from the
surface. In order to overcome such challenges, we propose the use of an all-polyelectrolyte LbL
assembly specifically designed for imparting more flexibility to the coating during the process with
respect to a nanoparticles containing one. Indeed, the use of nanoparticles has been proven to imply
extra constraints on the LbL assembly conditions due to their propensity for self-aggregation and
their rigid nature eventually increasing the stiffness of the assembled nanocoating. *'**

This latter choice represents an additional challenge, as up to now the presence of nanoparticles in
the coating has been referred as a mandatory condition in order to obtain the desired fire protection

2326 Por the above reasons, in this

performances while keeping low the number of deposition steps.
work we address the use of chitosan (CH) and poly(phosphoric acid) (PPA) specifically chosen in
order to minimize the layers needed for a functional coating; this formulation represents a LbL
system in which thermally stable structures can be generated, due to the interaction of CH and PPA
upon heating as demonstrated for similar LbL coatings containing CH and ammonium
polyphosphate.”” Such structures can act as a physical barrier and protect the PU from heat, mass
and oxygen transfer, thus resulting in a fire protection.

First, the LbL growth of the selected constituents has been checked by infrared spectroscopy on
silicon wafers. The coating has been deposited on PU foams a lab-scale padder, following the
procedure graphically described in Figure 1 a. The morphology of the untreated and 2 BL-treated

has been then imaged by FESEM microscopy and the achieved flame retardant properties have been

evaluated by means of cone calorimetry under irradiative heat flux of 35 kw/m’.



Assemblies have been grown on Si wafer employing the conventional dipping time of 1 min per
layer and, subsequently, reducing it to very short deposition times in order to mimic the deposition

conditions adopted for the flexible PU foams. The main results are reported in Figure 2.
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Figure 2. Coating growth followed by IR spectroscopy: (a) intensity surface plot as a function of
each deposited layer (odd and even numbers corresponding to chitosan and poly(phosphoric acid)
adsorption steps, respectively), (b) layer dependent intensity of the peak at 1080 cm™ and (c) 3D

projection of the 1800-800 cm™ IR region.

As depicted in Figure 2, the characteristics signals of CH and PPA increase in intensity after each
deposition step. As far as chitosan is concerned, NH;" asymmetric and symmetric stretching
vibrations and glyosidic linkage C-O-C stretching vibrations can be found at 1640, 1550, and 1080
cm’, respectively; on the other hand, PPA signals related to stretching of P=O, PO, and P-O-P are

"' 2 The intensity plot of the 1080 cm™ peak, reported in Figure

easily detected at 1260, and 890 cm
2 b, suggests a linear growth regime for this assembly either at 1 min, 1 s or 0.5 s. As expected, by

reducing adsorption time to 0.5 s, the intensity at each deposition step decreases; this behaviour was

expected as the reduction in deposition time would allow for a lower quantity of polyelectrolyte to



be adsorbed on the surface. Nevertheless, such reduced linear growth demonstrates that the LbL
deposition of selected reagents can occur even with extremely low deposition times.

Then the coating was easily transferred to open cell PU foams through the procedure described in
Figure 1. Samples were imaged before and after the deposition and the resulting flame retardant

properties evaluated by cone calorimetry; collected data are reported in Figure 3.
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Figure 3. FESEM observations performed on un modified (a) and 2 BL-treated (b) PU foam (inlets
show detailed surface region at increased magnification), (c) heat release rate 3D plots of
unmodified and 2 BL-modified PU foam, (d) comparison between the achieved reduction in peak of
heat release rate as a function of the deposition time for this work and other works published in the

scientific literature.

When imaged at low magnification, the unmodified PU foam shows a typical 3D structure made of

open cells connected to each other (Figure S1 a in Supporting Information): at high magnifications,



the surface of the cell wall is revealed and appears smooth and clean (see Figure 3a and its inlet).
The deposition of 2 BL is capable of imparting apparent changes in foam surface morphology
yielding a thin and homogenous nanocoating that uniformly coats the PU 3D structure, easily
following its complex geometry and without altering its open cell nature (compare Figures S1 a and
S1 b in Supporting information). In addition, as reported in the highest magnification micrographs
(inlet of Figure 3 b), this all-polymer coating has been found wrapped around the cell wall edges,
thus demonstrating that the assembly survived the deposition process and the related compression
deformations without the formation of polyelectrolyte complex aggregates. Elemental analyses
(Figure S2 in Supporting Information) confirmed the presence of both components within the
coating.

The functional properties of the deposited coating have been assessed by means of cone
calorimetry. This test evaluates the specimen reactions when exposed to a heat flux of 35kW/m?,
typically found in developing fires. The high temperatures reached favour the sample degradation,
release combustible volatile gases and flaming combustion. During the test the heat release rate
(HRR) of the sample is evaluate and plotted as a function of time (as reported in Figure 3 c); from
the plot, the maximum peak is calculated (pkHRR) and used as main parameter for performance
evaluation. Other cone parameters are reported in Table S1 in Supporting Information.

Upon exposure to the cone heat flux, the structure of the unmodified PU quickly collapses
eventually forming a vigorously burning pool of a low viscosity liquid and reaching the maximum
in heat release rate (531 kW/m?®). Such behaviour is well known in the literature and has been
related to an increase in the combustion rate of other burning items and, subsequently, a faster fire
spread. *°°

This phenomenon does not occur when the PU is treated with 2 BL of CH/PPA; instead of
collapsing, the structure, protected by the thermally stable carbonaceous structures produced by the
coating, slowly shrinks as it is slowly consumed by the fire, thus resulting in a 33% reduction in

pKHRR (358 kW/m®). As showed in Figure 3 d, this result is similar to other LbL assemblies



published in the literature, even if in the present manuscript the number of layers is significantly
lower than other systems. Furthermore, the fact that it took only 2.5 s to achieve such performances
is extremely crucial and in strong contrast with other works, where more than 15 min are required to
achieve similar results.

In conclusion in the present work we have presented an ultra-fast approach for the deposition of
functional and environmentally friendly LbL coatings on flexible substrates. Morphological
assessment proved the effective deposition of a LbL nanocoating on flexible PU foams while
combustion tests demonstrated the efficiency of the deposited coatings in reducing one of the main
parameters in fire safety, the peak of heat release rate. This work makes it possible for the use of
Layer by Layer as a competitive and efficient technology to be exploited at industrial scale, not only
for the production of fire protecting coatings, but also for other application fields employing

flexible substrates.

Supporting Information. Full experimental details, low magnification FESEM micrographs of
untreated and 2BL-treated PU foams, elemental analysis performed on 2 BL-treated PU foam and
cone calorimetry data of untreated and LbL-treated PU foams. This material is available free of

charge via the Internet at http://pubs.acs.org.
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