polymer

www.elsevier.nl/locate/polymer

ELSEVIE Polymer 42 (2001) 6419-6423

Glass transition of ultra-thin films of modified PVC
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Abstract

Ultra-thin layers (2 = 50—150 nm) of PVC, functionalised in solution by thiophenol (t-PVC) and 4-aminothiophenol (am-PVC), were
prepared by spin-coating on silicon wafers. The glass transition temperature of these thin films was investigated by kinetic scan ellipsometry.
The Tg of the am-PVC and t-PVC modified PVC is found to increase more strongly with the degree of modification in thin layer geometry
than in the bulk. Also, Tg(h) of t-PVC exhibits a larger increase in the confined state as compared to am-PVC. This result is unexpected since
no specific interactions are assumed between thiophenyl group and the surface indicating that other driving forces for the alteration of Tg(/)
should be taken into account.

In a second step, the supported PVC thin films are chemically cross-linked in solution by terephthaloyl chloride. The Tg(h) of the polymer
layer increases with the cross-linking time more severely at a higher degree of modification but independently of the thickness of the layer
indicating that the diffusion process is not altered in thin layers. Above Tg, the thermal expansion coefficient o of the thin films is not
modified after cross-linking, whereas, it was found to decrease strongly between 4 and 8% of modification in the uncured state. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Much attention has been paid in recent years to the parti-
cular properties of polymer chains confined in thin film
geometry [1—11]. These thin films are of growing interest
in industrial applications such as electronic packaging,
protective coating and adhesion. The geometric and enthal-
pic constrains generated by the presence of a solid surface
have been shown to modify deeply the conformation [1], the
dynamics [2] or the dewetting behaviour [3] of the polymer.

The glass transition temperature of thin layers of poly-
mers has been investigated by many groups in the past few
years [4—11]. One of the main conclusion that can be drawn
from these works is that the Tg of thin films decreases for
weakly interacting systems [4—7] and increases on strongly
attractive surfaces [5—9]. In the case of freely standing PS
films, Tg decreases much more rapidly with decreasing film
thickness than for supported films [4]. Polymers at free
surfaces or in contact with repulsive surfaces are claimed
to be dominated by entropic effects such as disentangle-
ments, confinement effects or by chain-end segregation
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which leads to a Tg depression [8]. In contrast, the increase
of Tg for PMMA or poly-2-vinylpyridine (P2VP) thin
layers, as occurs on strongly attractive substrates, is often
ascribed to specific chain organisation (conformation, orien-
tation) or chain packing (local density fluctuation) [7,11].
The diffusion in thin films can also be modified with respect
to the bulk as reported by several workers [12—15]. Indeed,
the decrease of the diffusion coefficient was claimed for the
interdiffusion of polymers chains in thin films involving a
motion of the whole chain [12—13] while enhancement in
translational diffusion of chromophores was also reported in
the same geometry [14]. Moreover, it was stated by other
workers [15] that the diffusion of residual solvent in ultra-
thin films can be substantially hindered.

PVC can be chemically functionalised in solution and in
the melt using thiol compounds [16]. The degree of modi-
fication can be tuned between 0 and 30% by controlling the
time, the temperature and the proportion of solvent/non-
solvent used in the reaction. Moreover, the modified PVC
can be chemically cross-linked by terephthaloyl chloride in
solution. In this paper, we report on an investigation of the
glass transition of pure and modified PVC in thin layer
geometry. The influence of the degree and the nature of
the modification on Tg were examined. The supported
PVC films at various degrees of modification were
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Fig. 1. Evolution of the cos delta ellipsometric angle as a function of
temperature for 50 s cured am-PVC 12% (upper curve), non-modified
PVC (middle curve) and 12% am-PVC (lower curve) 50 nm thin films on
silicon wafer.

chemically cross-linked for different times and the Tg and
thermal expansion of the resulting samples were studied.

2. Experimental

Commercial bulk polymerised atactic PVC was obtained
from Rio Rodano Industries, Spain. The average molecular
weights determined by GPC were My = 112,000 g mol '
and My = 48,000 g mol~'. PVC powder modification was
done with aminothiophenol (am-PVC) or thiophenol (t-
PVC) according to reference [16].

These polymers were spin cast from cyclohexanone solu-
tions on (111) silicon wafers. The substrates were treated
during at least 2 h in an UV-ozone chamber prior to poly-
mer deposition. The polar character of the surface was high-
lighted by contact angle measurements which provide
values of the dispersive and polar surface energy of y& = 39
mN m ™' and y? =36 mN m ', respectively. The thickness
variation (50—150 nm) was achieved by varying the concen-
tration of the solution (20 and 40 g L™"). The spin coated
samples were studied after annealing at Tg + 70°C, for at
least 24 h and cooled at constant rate. Cross-linking of the
samples was done by dipping the film and the substrate in a
0.1 M solution of terephthaloyl chloride in toluene, at 0°C.
In order to study the kinetic of cross-linking in thin films, the
samples were removed from the solution at different reac-
tion times, washed with toluene and dried in an oven above

Tg for 24 h under reduced pressure in order to remove any
trace of residual solvent.

The Tg of the bulk polymer samples, was investigated by
DSC at a heating rate of 2°C min~'. Spectroscopic ellipso-
metry experiments were performed by using a Sopra ES4M
apparatus, equipped with a heating rate programmable hot-
stage, working in a range of wavelength from 0.4 to 0.8 pm.
For the measurements of both film thickness and expansion
coefficients, the ellipsometric angles were recorded at stabi-
lised temperatures increased by 10°C increments. The fit of
the ellipsometric angles tan ¢ and cos A in the overall range
of frequency allows the calculation of thickness and refrac-
tive index of the layers. The so-called kinetic ellipsometric
scans are performed at a heating rate of 2°C min~'. The
experimental data points are divided in two sets of points
corresponding to temperature range below and above the
estimated rupture in the slope. The points are fitted using
a linear least-square routine. The range of temperature is
changed by step of 2°C to find the best fit for the two
lines. The experimental glass transition temperature of a
thin film of thickness 4, Tg(h), is defined as the temperature
where the two lines intersect.

3. Results and discussion

From DSC investigations of bulk samples, Tg is found to
be 105 * 3°C for am-PVC and 75 * 2°C for t-PVC, both
modified at 20%, whereas the bulk Tg of non-modified PVC
lies at 87 = 1°C. A depression in Tg occurs when introdu-
cing a thiophenyl group in the PVC chain whereas the
presence of an amine group located on the thiophenol modi-
fier increases the Tg of the bulk PVC. The increase of the
bulk glass transition, Tg®, of am-PVC with the side-chain
modification is ascribed to an increase in the strength of the
inter-molecular interactions, through H-bonding between
the polar side-groups. Actually, the existence of these
specific interactions can cause a decrease in the degree of
freedom of the side-chain along with a decrease in the free-
volume. Conversely, repulsive interactions between thio-
phenyl groups in t-PVC lead to a decrease of the bulk Tg.

Fig. 1 shows that the Tg of PVC ultra-thin films can be
determined from the kinetic ellipsometric scans performed
at one wavelength, namely, 0.75 pm. The break in the slope
of the curves cos A = f{(T), due to an increase in the thermal
expansion of the PVC layer, corresponds to the change from
the glassy to the rubbery state, i.e. to the glass transition.
The Tg measured for the non-modified PVC 50 nm film is
Tg(h) = 95 + 3°C, whereas, it was only Tg® = 87°C for the
same PVC in the bulk. This 8°C increase of Tg is probably
due to favourable interactions taking place between the PVC
chloride atoms and the silicon substrate. The evolution of
the Tg(h) of the modified PVC is much more striking. The
modification of the PVC increases the Tg(h) of a 50 nm thin
film to 155 and 120 = 3°C for thiophenol and aminothio-
phenol, respectively. The increase of Tg(#) in the thin layer
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Fig. 2. Evolution of the Tg as a function of the degree of modification for
(@) bulk t-PVC, (®) bulk am-PVC, (A) 150 nm thin film of am-PVC, (H)
50 nm thin film of am-PVC and () 50 nm thin film of t-PVC.

of am-PVC is due to the attractive interactions involving the
amine function of the polymer side-groups and the silanols
of the Si—O, covered silicon surface. The presence of speci-
fic interactions, such as H-bonds [17], has been shown to
strongly influence the Tg(h) of PMMA on silicon [9], for
instance. Kinetic ellipsometric scan experiments performed
on a 50 nm thin film of am-PVC 12% spin coated on silicon
wafers covered by a thin gold evaporated layer were carried
out. No modification in Tg(k) was observed in that particu-
lar case where no specific interactions can be developed
between the polymer and the substrate. This is a strong
evidence of the significant influence of specific interactions
on the Tg(h).

Nevertheless, restriction of the discussion to the effect of
the nature of the interfacial interactions is limiting. Indeed,
the sulphur group, located at the junction of the chain back-
bone and the bulky side-group in t-PVC, is not at a favour-
able position for interacting specifically with the surface
because of steric constrains. Other type of interactions,
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Fig. 3. Evolution of the Tg with the cross-linking time for thin layers of am-
PVC. (@) represents a 150 nm film modified at 4%, (k) a 50 nm film
modified at 4%, (®) a 150 nm film modified at 8%, () a 50 nm film
modified at 8%, (X) a 150 nm film modified at 12% and (A) a 50 nm
film modified at 12%.

such as attractive van der Waals forces or Coulombic inter-
actions can be envisaged. Moreover, the effect on Tg can
also be due to modifications of entropic factors of the chains
induced by the presence of thiophenol side-groups in the
PVC which could, in turn, influence the chain packing
near the interface. Functionalising the PVC by aminothio-
phenol group instead of thiophenol, is likely to modify the
stiffness of the chains. This last parameter has already been
pointed out as a significant factor on the adsorption process
[18] and in the Tg(h) of thin layer [19].

Fig. 2 shows the linear increase of Tg with the increase of
the degree of modification of the am-PVC and t-PVC in thin
films. Confining am-PVC in the thin layer, i.e. # = 150 or
50 nm, which corresponds, approximately, to 12 and 4 times
the radius of gyration of the PVC chains, respectively,
increases Tg(h) more severely than in the bulk. At the
solid interacting surface, aminothiophenol side-groups are
likely to be stuck to the surface and the density of segments
pinned to the surface increases with the degree of modifica-
tion. The higher the density of segments bonded to the
substrate, the longer the time for large scale relaxation of
constrains generated during the spin-coating process for the
am-PVC. It is worth noting, from the slight increase of
Tg(h) for pure PVC thin films, namely 8°C, that the energy
of interaction of the chloride group with the substrate is
likely to be weaker than the interaction energy of the modi-
fied side groups with the surface. However, the behaviour of
the 50 nm thin film of t-PVC is more striking. As discussed
previously, no strong specific interactions with the surface
are expected with that polymer. Therefore, from the obser-
vation made on this system, purely enthalpic considerations
should not only be taken into account to explain the evolu-
tion of Tg(h). Entropic constrains generated in the thin layer
should also be considered. Thus, the spin-coating process is
assumed to induce a deformation of the chains that cannot
relax even after very long annealing times [11]. The chains
in thin film of modified t-PVC are, therefore, suggested to be
frozen-in in non-equilibrated conformational states. The
possible adsorption of aggregates or surface aggregation
of modified polymer chains formed in solution could be
responsible, to some extent, of changes in the packing
density at the film/silicon interface [20] which are likely
to strongly modify the Tg(h).

In order to improve the thermal stability of the thin films,
often required for industrial applications in electronic
devices for instance, we have used the amine functionality
of the am-PVC to chemically cross-link the polymer in situ
in the thin layer. The chemical curing reaction offers the
advantages of preventing thermal or photo-degradation in
the film often encounter in other cross-linking methods.
However, since the reacting species have to diffuse through
the layer, the increase of the Tg(h) recorded for the thin
polymer layers could modify the translational motion of
the reactants and hinder the reaction of aminothiophenol
side-groups buried in the film. Indeed, several workers
have reported that the diffusion of chromophores [14,15]
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Table 1

Coefficient of thermal expansion and Tg of bulk and thin film PVC obtained from ellipsometric experiments for the thin films. PVC * refers to coefficient of

thermal expansion drawn from literature [21] for the bulk PVC

Thermal expansion coefficient Tg (°C) Below Tg (K™ Above Tg (K™
Bulk PVC 87 + 1 69%x107° 17%x107*
Pure PVC (150 nm) 90+ 3 1.9%107* 56%107*
am-PVC 4% (150 nm) 93+3 1.8x107* 52%x107*
am-PVC 8% (150 nm) 98+3 1.5x107* 19%107*
am-PVC 12% (150 nm) 105 + 4 13x107* 1.8x107*
Cured am-PVC 12% (150 nm) 137 + 4 1.1x107* 1.8x107*

can be enhanced by the presence of a solid surface at a
distance evaluated at about 4 radius of gyration, Rg.
Furthermore, The diffusion coefficient of the bulk PVC is
D=1x10"°m?s™" for ethanol vapour at 30°C [21].
Roughly 50-100 s would be required for this small mole-
cule to diffuse through a 150 nm film. Although our experi-
ments are carried out at 0°C and the therephtaloyl chloride
molecules are bigger than ethanol, diffusion of reactive
molecules through the overall thickness of the films can
occur in the time scale of our experiments.

Fig. 3 shows that Tg(h) increases linearly with the curing
time independent of the film thickness and the degree of
PVC modification. Moreover, it can be noticed that the
slope of the curves increases with the degree of modification
independent of the film thickness. Finally, Tg(4) remains
lower, at a given reaction time, for the 150 nm films than
for the 50 nm films. These observations allow us to conclude
that the curing reaction proceeds without any perturbation
due to the presence of a solid underlying attractive surface.
The efficiency of the cross-linking agent is not strongly
altered. Indeed, the large increase of Tg(h) at high degrees
of PVC modification indicates that the cross-linking density
of the network increases in the thin layer. Therefore, a suffi-
cient amount of cross-linking agent is capable to reach the
reactive sites of the polymer even below the Tg of the bulk
polymer and well below the Tg of the polymer in the thin
layer.

The thermal expansion coefficient normal to the surface
ay = 1/h(dh/dT) of the thin films can be calculated from the
spectroscopic ellipsometry experiments carried out at differ-
ent temperatures. The thermal expansion of the 150 nm
layers below Tg(h) is roughly identical, namely
1.8x107*-1.1x 10"*K™" for pure PVC, modified PVC
or cross-linked PVC. In contrast, above Tg(h) the expansion
coefficient ay for pure PVC and am-PVC 4% is 5.6 X 10™*
and 5.2x 107" K™', respectively, which is significantly
higher than for the am-PVC at 8 and 12%, i.e.
1.8 X 10~* K™! but also higher than the bulk thermal expan-
sion as shown in Table 1. This result accounts for a stronger
decrease of the packing density of the chains with tempera-
ture for pure and 4% modified PVC in the thin layer, as
compared to those of 8§ and 12% am-PVC but also as
compared to the bulk. A transition in the expansion coeffi-
cient occurs for a small amount of modified side-groups, i.e.

between 4 and 8%. No further decrease in ay is observed by
increasing the degree of modification. Surprisingly, as indi-
cated in Table 1, the chemically cross-linked samples do not
exhibit any further decrease in the thermal expansion of the
layer as would be expected in the bulk. The chemical brid-
ging between the chains induces no decrease in the variation
of the packing density within the cured thin layers with the
temperature. Furthermore, the refractive index of the thin
films remains unchanged after curing indicating that no
increase in the density of the layer occurs in the cross-linked
samples. These results yield the conclusion that the packing
density in a thin layer is mainly governed by the conforma-
tion adopted by the chains at an interface and that chemical
cross-linking does not strongly modify this arrangement.
Moreover, in the course of curing, the non-equilibrium
conformation in the thin layer, as suggested above, could
be preserved and, therefore, participate to the strong
increase of the Tg(h). Finally, AFM investigation of the
thin films reveals that the roughness of the samples remains
unchanged before and after curing with a calculated R, value
equal to 0.3 nm in average.

The unexpected effects of the chain modification of PVC
on the Tg(h) in thin films were highlighted in this work. The
origin of the driving force for the modification of the Tg of
confined polymers is still an open question. The nature of
the interfacial interactions is not the only significant para-
meter and entropic factors of the chains should be taken into
account. In addition, besides fundamental outcomes, this
system is a promising route to achieve resistant, thermally
stable surface protective ultra-thin films.
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