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ABSTRACT:

Beyond the peculiar glass transition temperature (Tg) studied extensively for over two
decades, we have investigated in this work the variation of the mass density of polymer
thin films, a key property barely put forward in the literature. We were able to directly
measure the mass density of polystyrene (PS) and poly (methyl methacrylate) (PMMA)
thin films as a function of their thickness from accurate Quartz Crystal Microbalance
(QCM) dissolution experiments. Depending on the chemical nature of the polymers,
the results showed an unambiguous variation of the mass density when the film
thickness was reduced: an increase for PS and a decrease for PMMA films. In the last
part, we measured the coefficient of thermal expansion (CTE) of both polymers to
rationalize the apparent inconsistency of an increase/decrease in the mass density
with the commonly observed depression/rise of the Tg of PS/PMMA films. Surprisingly,
the coefficient of thermal expansion and the mass density showed a similar variation
with thickness, pointing out a clear correlation between the glass transition

temperature, the coefficient of thermal expansion and the free volume of the polymer.

INTRODUCTION

Liquid, elastic or glassy polymeric and other organic thin films are of great
importance in many scientific fields, such as surface physical-chemistry, physiology,
biophysics and microelectronics. In addition to their fundamental interest, they come
into play in many industrial and technological processes such as nanolithography,
lubrication, paints, protective coatings, surface treatments, sensors and elastic

membranes. It is then of paramount importance to have an in-depth understanding of



the physics that governs the stability and dynamics of these confined systems. A large
body of work has been devoted to the peculiar properties of polymer thin films within
the past twenty years or so.’* As the thickness of the films decreases and approaches
the characteristic length scale of the individual polymer molecules (gyration radius, Rg),
confinement effects and interactions due to the presence of two interfaces are likely to
strongly alter various physical properties of the films. Indeed, diverse studies have
shown that the conformation®’, dynamics®, dewetting behavior®°, viscosity'!, mass
density'>'3 and physical aging'#'® of the polymer thin films are profoundly modified in
comparison to their bulk counterpart. In the case of polystyrene (PS) thin films
supported on silicon wafers for example, despite a notably abounding and growing
literature, it is still not fully understood why such films exhibit a large depression in their

glass transition temperature, Tg.'®

Beyond the sole Tg variation, the evolution of the film mass density as a function of
the thickness remains a key property that has been barely investigated so far. A
fundamental question that naturally rises then is Can the density and Tg variation in
thin polymer films be correlated? McCoy et al.'” were the first to attempt to establish a
link between density and Tg deviation. They hypothesized that the Tg shift observed
in confined geometries could be attributed to the inhomogeneous density profile of the
polymer. In the case of bulk polymer, it is clear that there is a strong connection
between density (via the free volume) and Tg.'® White and Lipson'® analyzed a set of
over 50 polymers and put forward a linear relationship between the experimental
values of Tg and the free volume percentage at Tg. Their study suggested that the
higher the Tg of a bulk polymer, the greater the critical free volume needed to reach
the rubbery state. On the other hand, for thin films, no consensus has yet emerged

regarding the variation of the density as a function of the film thickness.
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In the 1980s, some studies have shown from neutron or X-rays reflectivity
measurements that the density of 6.5 nm and 79 nm PS films were close to their bulk
values?® with even a slight decrease in mass density near the PS/substrate interface.®
At odds with these results, several groups including ours' 2'-23 have recently shown
using ellipsometry and X-ray/neutron reflectivity that an increase in the average density

of PS films deposited on silicon wafers when the thickness is reduced.

Several causes can explain such discrepancies between the different results
reported, such as the sample processing conditions (annealing time, evaporation and
quality of the solvent...)?* or the measurement method. All of these approaches require
a model fit to extract either the mass density profile (or a related quantity) for X-ray /
neutron reflectivity or the refractive index for ellipsometry. And they also raise some
concerns: i) As ultrathin polymer films are not homogeneous due to interfacial
interactions?, it is difficult to distinguish between two different good model fits. The
obtained density profile may then be subject to a question of uniqueness?®-?’ ii)
Concerning the refractive index, a strong correlation between the refractive index and
the film thickness, in particular for ultrathin films h<10 nm, may lead to questionable

refractive index values (see Figure S5).28

In order to dissociate the contributions of refractive index and film thickness, in a
previous study our group indirectly assessed an increase in the bulk density of PS thin
films with decreasing thickness by combining X-ray reflectivity (XRR) and
ellipsometry.’® A result in perfect agreement with Ata et al. 2! which does not avoid

however the choice of a good model.

To go further and evaluate directly the variation of the refractive index of ultrathin

polymer films without the need of any model, we have proposed in a more recent work,
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a new method based on the adsorption of ceria (CeO2) nanoparticles (NPs) at the
surface of PS and PMMA thin films of different thickness.’? We found an increase in
density with a decrease in thickness for thin PS films as in our previous study '3. On
the contrary, poly(methyl methacrylate) (PMMA) films deposited on native silicon oxide
wafers showed a decrease in density when the film thickness is reduced. These results
are in agreement with those of Li et al.?® where the refractive index variation was
extracted this time not by ellipsometry but by contact angle measurements performed
on PS thin films supported on silicon wafers. Indeed, following the Lifshitz theory3°, the
effective Hamaker constant of PS films, calculated from contact angle data, was found
to increase significantly as the film thickness decreased. This leads to a strong
increase of the refractive index calculated from the Hamaker constant especially for
thinner films below 50 nm. In these approaches however, it is indeed the refractive
index variation that is assessed rather than the mass density directly. The link between
the refractive index and the density is made through the well-known Lorentz-Lorentz

equation which shows some limitations for very thin films.31-32

In this manuscript, we put forward a new experimental approach intended to
measure directly the mass density rather than the refractive index of polymer thin films
with the help of a Quartz Crystal Microbalance. This technique is known to gives
access to a mass variation per unit area by measuring the frequency changes of aSl
quartz crystal resonator.3® In addition, this method does not require any intermediate
quantity such as the refractive index nor any particular model fits to analyze the data.
In the last part of the manuscript, in order to discuss the possible correlation between

the measured mass density and glass transition temperature (Tg) variations usually



reported in the literature for PS and PMMA thin films, we measure the coefficient of

thermal expansion (CTE) of PMMA and PS thin films.

EXPERIMENTAL SECTION

1. Materials
Atactic (S: H: | = 40: 55: 5) PMMA (Mw = 120 kg/mol with PDI =1.06), PS (Mw = 136
kg/mol, PDI = 1.05) and Poly(a-methylstyrene) (a-PMS) (Mw = 374 kg/mol, PDI =1.05)

was purchased from Polymer Source Inc. (Canada).

2. Films preparation
Substrates. Standard Q303 silica-coated quartz sensors (Biolin Scientific,Sweden )
and special QSX 335 ones (ellipsometric measurements) with an intermediate titanium
layer and a 50 nm silicon dioxide layer (SiOz2) were used in the present work. Before
any use, the sensors were thoroughly cleaned and activated. They were washed in an
sds solution using an ultrasonic bath, rinsed copiously with DI water and ethanol and
dried under a flow of nitrogen before being exposed to UVO during 20 min to remove
all organic impurities adsorbed on the SiOx surface and activate (hydroxylate) the
upper surface (SiOH silanol groups) to recover a pristine, hydrophilic and reactive silica

surface.

At this point, it is interesting to note that the QCM sensors have a relatively thick
SiO2 layer of 50nm covered with films that are all thicker than 5nm. These features
guarantee that the underlying titanium substrate does not have a significant impact on

the behavior of the thin films, as shown by Zhang et al.3* on silicon substrates.



Thick film elaboration. Thick (>100 nm) polymer films of PMMA, PS and a-PMS
were spin-coated from different polymer/toluene solutions (20 to 80 g/l) at a speed of
1200 to 3000 rpm for 1 min onto cleaned and activated quartz sensors as stated
previously. They were then annealed at 135 °C overnight in a primary vacuum to

release any residual mechanical stress and/or solvent.

Ultrathin film elaboration. PMMA and PS films were spin-coated from different
polymer/toluene solutions (2 to 20g/l) at a speed of 2500 rpm for 1 min onto cleaned
quartz sensors or wafers. Concerning PS films, the solutions were not directly spin-
coated onto the SiOz2 surface as it impacts the stability of very thin films.3% 3% Sensors
were then silanized with a 2% (3-Aminopropyl)triethoxysilane (APTES)/toluene
solution for 30 min in order to generate an optimal surface for the anchoring of the thin
PS layer®6-37 and prevent any further dewetting.3® They were also annealed at 135°C

overnight.

Characterization Methods

Quartz Crystal Microbalance. A QCM-D set-up with dissipation monitoring (Q-Sense
Explorer instrument, Biolin Scientific, Sweden) was used to measure the variation of
the mass density of the ultra-thin and thick polymer films as a function of their
thickness. The main principle is to monitor the dissolution of the spin-coated films
inside the QCM cell with the help of a good solvent (toluene) through a systematic
measurement of the overall mass loss as a function of film thickness as summarized
in Figure 1. The frequency of the film-covered sensor in air was taken as reference.
Toluene was then injected with a syringe pump (push/pull) equipped with Teflon
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tubings withstanding organic solvents. The desorption of polymer chains from the
quartz sensor was then very precisely monitored by measuring any increase/decrease
of the resonance frequency fk for 6 higher overtones (f3, f5, f7, f9, f11, f13). In data
processing, the first harmonic is usually neglected because it presents a singular
behavior due to the finite size of the crystals and its high sensitivity to mounting
constraints (O-rings...).The best agreement between theory and experiment is indeed
reached for overtones between 5 and 13.3° After ~ 6 hours of dissolution, pure toluene
is injected to remove the dissolved polymer chains. The final frequencies ffinal Of the
quartz crystal covered with an irreversible adsorbed residual layer were then measured
(step 1 in Figure 1). As the quartz crystal sensor was in contact with toluene, its
resonance frequency is also affected by the density and viscosity of the solvent.*? The
final frequency fiinal is then corrected by subtracting the frequency shift (ft ) due to the
presence of toluene. fi is measured separately (step 2 in Figure. 1) by injecting toluene

onto the nitrogen dried sensor.



1. Frequency variation 2. Frequency variation
due to the film dissolution due to toluene injection
Resonance frequency  Toluene injection. Film solvation Dry sample with residual
set to zero. Initial followed by a desorption of the layer. Frequency set to zero
thickness h, polymer chains

4 Sample in air ) [Sample in toluene ) 4 Sample in air )

- |
| | | ) —
1 6 !

[ Sample in \ [Sample in toluene\ [Sample in toluene\

pure toluene 'Q
f
ffinal 4= U\J’T\le t

" I I [

Film almost completely dissolved with the exception of Toluene injection. Change in the
an irreversibly adsorbed residual layer (h,). medium viscosity and density.
Measurement of the final frequency f,,, after rinsing Measurement of frequency f;

Figure 1. Schematic of the dissolution of a polymer film inside a QCM cell to compute

its mass density mrim ~ (final -ft) (See further down for details).

The methodology followed for data analysis is detailed further down in the text.

Ellipsometry and AFM Measurements. The initial thickness of each film h, was
measured QSX335 sensors using an UVISEL spectroscopic ellipsometer (Horriba
Jobin Yvon, France) at three angles of incidence (65°, 70° and 75°) in the wavelength
range between 260 and 860 nm. The multilayer model used for QSX335 sensors

consisted of a titanium substrate covered by three successive layers (titania ~ 2nm,
9
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silica ~40 nm and the polymer thin film). The exact titania and silica layer thicknesses
were determined on the bare sensor using a Cauchy model prior to spin-coating the
polymer solution (an extra APTES layer (0.8 nm) is added in the model in the case of
PS). The polymer film thickness was then measured and analyzed using a Cauchy
model as well. In order to check the spatial homogeneity of the film, thickness
measurements were performed on different area of each substrate. The results agreed
within less than 10% error. The computation of ultra-thin polymer films thickness (<15
nm) from spectroscopic ellipsometry is a delicate task as thickness and refractive index
are two strongly coupled parameters. In order to develop an entirely model-
independent approach, the film thicknesses were also measured by AFM imaging
(tapping mode in air with a freshly calibrated Dimension ICON from Bruker) by
performing scratches with a sharp blade on the polymer film and measuring the
generated step height on the sensor. The measurements obtained by ellipsometry and

AFM on QCM sensors agreed within 5-10% error (see Sl for more details Figure S1).

Residual layer. The residual layer (h1) corresponds to the irreversibly adsorbed
polymer layer left behind on the sensor after rinsing the polymer films with toluene for
6h; a procedure known as the Guiselin's experiment*!. We double-checked the
residual thickness on QCM sensors by ellipsometry and AFM scratches
measurements. As it is quite difficult to determine with precision the thickness of the
ultrathin residual films by AFM without damaging the sensor, we have also performed
some X-ray reflectivity thickness measurements. Some sensors then had to be cut in
half to avoid interference from the sensor edge, considerably reducing the
measurement area and making XRR measurements rather difficult. Whatever the

starting thickness, for all the studied PMMA and PS films, the residual layer did not
10
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drop below 1 nm after more than 24 hours of toluene rinsing and does not go beyond
2 nm after 6 hours of rinsing (See Sl Figure S4). For ultrathin films where the mass
density calculation is more sensitive to the residual thickness than for thicker films, we
chose to calculate the mass density for PS and PMMA films at two particular residual
thicknesses: i) h1=0, the lowest possible bound (no residual film), and ii) h1=2 nm, the

upper bound according to our measurements and literature results as well. 35 42-43

Glass transition temperature (Tg) and coefficient of thermal expansion
(CTE). The thermal properties of PMMA films were studied using silicon wafers only.
Indeed, quartz sensors are multilayered systems with different thermal expansivities,
modelling them as function of the temperature is then a possible source of errors. A
hot stage (LInKAM TMS600) was used to generate thermal variations (30-145°C) and
transitions for PMMA thin films. Prior to the measurement, each sample was heated
well above Tg and cooled down very slowly to RT under primary vacuum to erase the
thermal history of the thin films. The measurements were then made between 30 and
150 °C at 5 °C interval. At each measurement, the temperature was kept constant for
5 minutes to reach equilibrium. The heating rate was set to 1°/min between two
measurements. The thickness h(T) and the refractive index n(T) of the different films
were determined from the fitting of data at each temperature (see Sl Figure S2). Tg
and CTE were determined by fitting the thickness h(T) versus temperature plot with
two straight lines for T < Tgand T > Tg4. The glass transition temperature was defined
by the intersection of the two lines; CTE being the slope of the best-fit line normalized
by h(T120) (Where T120 is the temperature at 120°C in order to compare with the work

of Wu et al.#4) it follows :
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x= h(Tizo) (i_:) .

Before heating PMMA films prepared on silicon wafers for thermal analyses, we
set their thickness to the value determined by X-ray reflectivity (XRR) at room
temperature to avoid any bias in the calculation of the refractive index. Technical
details of the reflectometer and the data analysis methods are described elsewhere.’
AFM images also revealed that the films were homogeneous and extremely smooth
with typical root-mean-square (rms) roughness ~ 3 + 1 A on several 25 mmZ2areas (see

S.I Figure S3).

The thermal properties (CTE and Tg) of PS films have been extracted from our
previous work'® where the samples preparation is fully detailed. The measurements
were also made by heating from 30 to 150 °C at 5 °C interval.'® Note that heating or
cooling the samples does not change the results since thermal history has been erased
during the annealing. As described below in the text, we found the same CTE vs.
thickness trend as Kawana et al*®> where the measurements were taken by acquiring
full spectroscopic scans every 10 °C from 150 °C to 30 °C after keeping the samples

at 150 °C for 1 h on the hot stage.

RESULTS AND DISCUSSION

In the first part, we will highlight, detail and verify the soundness of our methodology
through the measurement of the mass density of thick polymer fiims (>100 nm)
presenting normal bulk properties. In the second part, we will directly measure the

mass density of ultrathin polymer films (<100nm) under confinement conditions.
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Mass density and QCM

Let’s consider a polymer film deposited on a circular sensor of radius R which

thickness drops from h2 to ht under the effect of a good solvent. The

desorbed/dissolved volume and mass are: AV =mR?*(h, —h;) and Am =

ptR?(h, — h,), respectively, where p is the average mass density (g/cm3) of the

removed material. In the case of a thin and homogeneously distributed layer rigidly
attached to the sensor surface*® (which is the case for glassy film), the quantitative
relationship between the frequency change and the adsorbed(/desorbed) mass per

unit area increment can be derived with the help of the Sauerbrey equation*’:

Af  =2fF Am

k J/Pqlq TR?

[2]

where f, is the resonant frequency of the crystal (5 MHz); p, the quartz density (2.648
g/cm3), u, the quartz shear modulus (2.947 x 10" g/cm s2) and k the frequency
overtone number. The legitimate use of the Sauerbrey equation in this context will
discussed further down. The term Am/nR? is the mass per unit area, Amg =
p(h)(h, — hy). The average density of a polymer film of thickness h, — h, can thus be

expressed as:

,D(h) — —Pqlq Afk

2f¢  k(hy—hq) 5]

A
Equation 4 means that the term Yk is directly proportional to the mass density

k(hy—hq)

QCM-determination of the mass density of thick bulk polymer films
13
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To test and validate our QCM approach, we have (re)determined the bulk mass
density of several glassy polymers on thick films. Beyond the classical and already
discussed PS and PMMA, a-PMS was also measured to test the soundness of our

methodology.

The QCM sensors coated with the polymer films were introduced into the QCM
cell and all the frequencies (fundamental and overtones) were then taken in air as a
reference and set to zero. Toluene, a good solvent for the polymers, was then injected
for 1 minute to fill the cell inducing an instantaneous large drop of the frequencies due
to the presence of two simultaneous phenomena : (i) the environmental and
predominant change (ftin Figure 1) in the medium viscosity and density (air/toluene)
commonly observed when a liquid is injected*® and (ii) the swelling/solvation of the
polymer network when the solvent penetrates into the film increasing consecutively its
mass. The swelling initiates a gradual desorption of polymer chains and release of
trapped solvent accompanied by an monotonous increase of the frequency as shown
schematically in Figure 1 .The signal level off then after ~ 6 hours to a final (asymptotic)
frequency fiinal leaving behind a residual polymer layer (h1) bound irreversibly to the
sensor surface.?? 35 48 At the end of the dissolution experiment, the sensor was
removed, dried and put back in the QCM cell and toluene was injected again in order
to measure directly and accurately the frequency drop (ft) exclusively due to the
change in the medium (Figure 2b). In our methodology, we take into consideration the
initial state of the rigid (glassy) polymer film in air and the final one after complete
dissolution of the film. What happens in between is not analyzed in this work. To
compute the areal mass density ones needs to ascertain that the film behaves as a

rigid layer at the beginning and the end of the process where we intend to use the
14
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Sauerbrey equation. Our system must therefore verify that i) the frequency variation
due to the sole desorption (Afk = final -ft) is indeed the same for each overtone ii)
together with a very low dissipation D.*° As can be seen in Table 1 and figure 2, that
gathers all the fiinal values for the 6 overtones obtained for a 300 nm PMMA film, the
final averaged mean value of the frequency change (Afk = fiinal -ft ) presents indeed the
same constant value with a very low dispersity (£9.7Hz or £ 0.5 %) and negligible
dissipations AD = Drina-Dt ~ 0£2 10 for each overtone. A result, that legitimates the

use of the Sauerbrey equation to compute the removed mass by unit surface Ams.

15



16

2000

1500 -

frequency, Hz

—

4 o

o o

o o
| L |

frequency, Hz

-300 -
b)
0 100 200 300 400
time (mn})

TolueneT

-400

Figure 2. a) Frequency variation of a 300 nm PMMA film dissolution monitored over 6
overtones by QCM (step1 in Figure 1) b) Measurement of the environmental frequency
variation ft due to the toluene injection on a dried sensor covered with an irreversibly

adsorbed residual layer (step 2 in Figure 1).
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Overtone 3 5 f7 f9 f11 f13
ffinal +1717 +1787 +1832 +1855 +1848 +1861

ft -336 -276.5 -227.5 -214 -197 -185
Afi = frina-ft | +2053 | +2063.5 | +2059.5 +2069 +2045 +2046

Mean Afik= 205619.7 Hz

Table 1. final (film dissolution + medium change), ft (medium change) and ffina-ft

(frequency drop due to film dissolution only) values for a 300 nm PS film.

All the measurements made on the different polymer films have been processed
and analyzed in the very same manner. For each film, four parameters were measured:
Af from QCM measurements, initial thickness (hz2), and residual thickness (h1) as
discussed in the experimental section. According to (Eq.4), if the mass density p is

constant and then independent of the film thickness as for bulk films (>100 nm), it

follows that
Tk¢ = p(hy — h
2 € =plhy = hy) [5]
JPak
with C = %= 0.1767 s g cm2. The bulk mass densities p of PMMA, PS
(0]

and a-PMS films were then figured by plotting %C vs. film thickness (h2-h1).

As it can be seen in Figure 3, the data are very well accounted by a linear fit
(COD>99.99) suggesting as expected a constant mass density for thicker film. Table
2 presents the measured polymer densities together with very similar values found in

the literature.
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Figure 3: CAf vs. film thickness (h2-h1) plots for PMMA, PS and a-PMS. The slope of

the linear fit gives the bulk mass density of each polymer.

Polymer Mw Tg p (g.cm3) p (g.cm™3) this

(kg.mol') ~ (°C) literature®® work
PMMA 1.183%0.009
PS 136 100 ~1.055 1.056+0.002
374 177 ~1.06 1.056+0.004

Table 2. Polymer “bulk” mass densities from QCM dissolution experiments.

Our method seems to work quite well to determine the density of bulk samples
(>100 nm) of PS, PMMA and p-PMS. It should be noted furthermore that the density
is not affected by the absolute value of the residual layer h1 (<~2 nm) as hzis much
larger than h1 (and then hz2-h1~h2). These results support that it is possible to determine

the bulk mass density of (glassy) polymer films from QCM dissolution experiments.

QCM-determination of the mass density of ultrathin polymer films

After putting forward our QCM dissolution approach on thick polymer films, we have tackle to
measure directly the mass density of ultrathin films known to vary with the thickness.'3 21 2%,

18



19

51 We have followed the very same protocol as for thicker films. We have then plotted in Figure
4a) the thickness dependence of the mass density for PS and PMMA films for the two residual
thicknesses h1=0 and h1=2 nm. One can clearly see on these data that the density of both PS

and PMMA films does vary with the film thickness whatever the residual thickness hi. In
particular, the density of PS starts to deviate from its bulk value around 30-35nm
equivalent to 3 Rg (Rg~11 nm for PS chains). A feature that fits well with what has
been observed and measured for several decades, where confinement and interaction
effects due to the presence of two interfaces begin to strongly alter the various physical
properties of the films as their thickness approaches the characteristic length scale of
individual polymer chains (Rg). The same trend is observed for PMMA. Larger

differences appear furthermore with ultra-thin films where h1 strongly affect the

Af g

absolute value of the density as expected since p ~ PR
271

For thicker films, the

density barely changes with h1. Note that the measurement of the mass per unit area
is not limited by the mass sensitivity of the QCM technique (17.7 ng/cm2-Hz for a 5
MHz crystal). Indeed, QCM is able to detect molecules adsorption on a sensor.>?> The
uncertainty on the determination of the residual layer thickness defines the uncertainty
on the measurement. For this reason, we have bracketed the possible density values

that a thin film might take between a residual layer of 0 and 2 nm.

These QCM results clearly confirm our indirect assessments made earlier using either
XRR/ellipsometry or nanoparticles adsorption.?-13 It is furthermore quite reassuring
that those three different approaches based on different physical grounds are indeed

giving the same results.
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Figure 4. a) Mass density of PS (orange) and PMMA (green) ultrathin films as a
function of the thickness extracted from QCM measurements. The dashed lines are a
hyperbolic fit to the data (Eq. 6 and 7). b) and c) Mass per unit area ms as a function
of PS and PMMA film thickness, respectively. The dashed lines are a linear fit to the

data.

The data of Figure 4a) tend to show a hyperbolic variation of the mass density

with the PS film thickness according to

K
p(PS) = —+ pyuik [6]

20
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K
p(PMMA) = ppyyc — + [7]

If follows that mg should then increase linearly according to
ms(PS) = p(Wh = K + ppuirh [8]
ms(PMMA) = p(h)h = ppyh — K [9]

Figure 4b) and c) clearly confirms this statement where m, shows a linear
variation with a slope of 1.055 and 1.20 g/cm? corresponding well to the bulk mass
density of PS and PMMA respectively.®® Our initial assumption of a hyperbolic variation

of the density with the film thickness is then experimentally confirmed.

If we consider the absolute value of the mass density, it can be challenging for the
thinnest PS films where p lies between 1.36 and 1.66 g/m?3. Such a value might appear
unphysical if one thinks about the bulk conformation of polymer chains (with no
interaction with any interface) where the amorphous state cannot have a higher density
that its crystalline counterpart. Furthermore, if one considers the Van der Waals volume
of a styrene monomer (66.1 cm®mol) and its molecular weight (~ 105 g/mol), it follows
a monomer density of 1.59 g/cm3. A close-packing of these “monomers” in 3D
although unusual would give a density of (0.74 *1.59) ~1.17 g/cm3. A calculation that
does not take in account any extra interaction coming into play at the polymer/substrate
interface. Within ultra-thin supported polymer films, the chains might indeed be strongly
attracted to the surface leading to some densification/stratification?®. Indeed, it appears
from recent simulation and experimental reports that very high density well above the

bulk values can be obtained in PS (/PMMA) films either under strong confinement®4-55
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or high pressure.®®-% Rissannou and Harmandaris have simulated that a PS film
supported by multiple graphene sheets would have a maximum density peak at 5 g/cm?®
very close to the substrate®® with an almost parallel orientation of the phenyl with
respect to the graphene surface. Of course, silicon is not graphene but the interactions
unfolding at the PS/silicon interface are significant otherwise there would not be the
presence of a residual and irreversibly adsorbed polymer layer.3% 4243 |t should be
noted that a strong increase of the density close to the substrate is not incompatible
with an increase of mobility at the free surface. In the same study, Rissanou and
Harmandaris®* have shown that the phenyl rings actually extend into the air in an
almost perpendicular orientation with, apparently, a much faster mobility of the PS
chains. What is important in this work is the trend line of the variation of the density as
a function of the film thickness rather than its absolute value, which may indeed be
very sensitive to the final thickness of the residual layer. The QCM methodology allows
direct measurement of the upper and lower density limits for a given residual layer

thickness.

This peculiar increase of the PS film density might be due, as pointed out further up,
to a confinement effect which directly impacts the chain conformation.56 Jones et al.’
have used Small-Angle Neutron Scattering (SANS) to probe the molecular
conformation of PS chains in ultrathin and confined films. The authors have shown that
the chains retain their unperturbed Gaussian conformations in the direction parallel to
the surface of the film whereas the radius of gyration of the chains in the confinement
direction is strongly reduced. Based on these results, one might expect that such a
conformation would favor denser films. In a similar vein, Koga et al.?? 57 have shown

by X-ray and neutron reflectivity experiments that an adsorbed PS layer at the
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polymer/substrate interface are composed of two different sublayers: i) flattened chains
in contact with the substrate with higher density than bulk (compact chain packing) and

ii) loosely adsorbed chains with bulk density in contact with air.

Furthermore, to explain the opposite trend observed for the PMMA i.e the decrease of
the film density with the thickness (figure 4b), we can hypothesize that the polymer
chain conformation at the polymer/SiO:2 interface play a key role.%8-%° PMMA chains at
such hydrophilic interface exhibit oriented methyl ester groups along the direction
normal to the interface®® reducing then the number of available conformations. These
restrictions may lead to situations where larger segments of the chains can no longer
arrange themselves in a denser way as in the bulk. At this point, it should be noted that
our atactic PMMA has no reason to exhibit higher density at the substrate interface, as
recently shown by Ahn et al. ®' by X-ray reflectivity; a feature usually observed with

stereoregular PMMA .62

In addition to the role played by the chain conformation, another point that could
be considered is the amount of solvent sequestered in the films after annealing.
Because vitrification of spincoated films generally occurs during solvent removal, it was
pointed out that residual solvent can remain trapped inside the thin films®® thus
increasing definitively the average density of the films. The study of Garcia-Turiel and
Jerbme using gas chromatography showed that the relative amount of trapped toluene
located at the PS—substrate interface increased from 2 to ~35% with decreasing
thickness from 500 to 15 nm.®* Although reported by others groups®5-¢, such
enrichment effect is still far from being unanimously accepted. ¢’ Regarding PMMA

films, there are not enough extensive studies to identify a clear trend. However, it is
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conceivable that in the case of a lower density the solvent can be removed more easily

upon annealing.

Correlation between Tg and mass density in thin films

Such a variation of the density in ultra-thin PMMA and PS films naturally raises
the following question: Are the reduction in film thickness and the subsequent
increase/decrease in the mass density compatible with a depression/rise of the Tg as
commonly reported in the literature for PS% and PMMAS%9-70 respectively? Indeed, the
Tg reduction observed for PS ultra-thin films and ascribed to an increase in the free
volume seems rather contradictory with a higher mass density. In fact, we believe that
the argument that states that PS ultra-thin films should have more free volume at room
temperature (RT) than in the bulk is likely misleading. In fact, the value of the film
density at room temperature (about 20°C) is in no way predictive of its variation with
temperature; or how the polymer film will gain free volume with temperature as well.
One crucial parameter to take into account is the coefficient of thermal expansion
(CTE) which refers to the rate at which a material expands with an increase in
temperature Especially, for PS films, several papers*> 68 71 reported an increase of the

CTE with decreasing thickness.

In order to better understand the role played by the CTE in this context, we have
monitored the thermal expansion of PMMA and PS thin films as a function of their
thicknesses with the help of temperature-controlled hot stage ellipsometer. The
measured values are gathered in table 3 and shown in the Figure 6 together with data
coming from previous literature results.** 68 71 |t is observed that Tg increases (table
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3) with decreasing PMMA film thickness, while CTE dramatically decreases in the glass

state as the film thickness is reduced below 50 nm.

Thickness (nm)

Tg (°C)

CTE 10K 0.68

Table 3. Glass transition temperature (Tg) and coefficient of thermal expansion

(CTE) of PMMA and PS"3 thin films in the glassy state as a function of their thickness.
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Figure 5. Thermal expansivity of PS and PMMA films supported on SiOx-Si*4 and
H-Si*% 68 surfaces, measured in the glassy state by ellipsometry*> 68 and neutron

reflectivity.4

It is striking to observe that the variation of CTE with the film thickness seems
opposite for PMMA and PS as in the case of the mass density and Tg (Figure 5). From
these results, it is then clear that if thinner PS films thermally expand more rapidly than
thicker ones, they may reach the critical free volume at a lower temperature (Tg). In
other words, the thinnest film reaches the critical density (inverse of the critical free
volume) before the thick film (see Figure S6). An analogy could be made between the
behavior of an ultrathin PS film and that of a spring which, once compressed, has
stored potential energy. The energy inside the film originating from confinement effects
when the thickness is reduced and the interfacial interactions with the two interfaces
would be released by a thermal energy input or by the influence of a supercritical gas.
As an example, ultra-thin PS films show abnormal high swelling under supercritical
CO2 (70% versus 5% in bulk).”?"3 As ellipsometry does not directly measure the free
volume, we have extracted (Figure 6) from the work of Ougizawa et al.”* free volume
variations of PS (1090K) thin films on silicon wafers for two thicknesses (22 and 1200
nm) studied by energy variable positron annihilation lifetime spectroscopy (EVPALS).
From Figure 6a, one can draw the following conclusions: (i) the free volume (hence the
inverse of the density) at RT is smaller in the 22 nm thin film than in 1200 nm bulky
one (ii) the free volume in the 22 nm thick film increases with temperature much faster
than for the 1200 nm bulky film, in perfect agreement with our ellipsometric results
(Fig.6). (iii) the Tg associated with the free volume variation is 84 and 100 °C for 22

nm and 1200 nm films, respectively.
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The thermal expansion coefficient is found to increase sharply as film thickness
is decreased. This behavior is obtained both in the glassy and rubbery states. This
dependence of the CTE on the thickness of the film in the melt has already been
highlighted by other authors,?"- 7' and could be explained by (i) the interactions
unfolding at the substrate/ PS film that influence its behavior below and above Tg.7® (ii)
fast evaporation of the solvent during the spin-coating process that can lead to non-
equilibrium conformations of the polymer chains. As a result, the chains are trapped in
distorted conformations with a reduced degree of interchain overlap introducing
residual stresses into the film. Even though residual stresses are found to fade away
upon increasing annealing time and temperature, they cannot be completely

suppressed.’®
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Figure 6. a) Change of free volume hole size with temperature of 22 nm (orange

square) and 1200 nm (orange circle) PS films extracted from literature.”* b) Schematic

representation showing that the critical free volume V' is reached at a lower
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temperature for the thinner PS film and at higher temperature for the PMMA thinner

film.

PMMA (and PS) thin films are known to have higher and lower Tg respectively
than in the bulk. It is then conceivable to assume that Tg is higher (/lower) because
such thin films reach their critical free volume at a higher (/lower) temperature due to

a lower(/higher) thermal expansion as schematically depicted in figure 6b.

CONCLUSION

Understanding how mass density varies in polymer thin films is not an easy task
because many measurement techniques rely heavily on modeling, and thus are not
applicable to thin films for which the density may not be homogeneous due to the
presence of interfaces. In this work, we proposed a new approach to directly measure
the mass density of thin and ultrathin polymer films by monitoring their dissolution in
good solvent in a QCM cell through the systematic measurement of the overall mass
loss as a function of their thickness. This method does not require any intermediate
quantity such as the refractive index nor any particular model to analyze the data to
get insights on the polymer film mass density. In a first part, we have validated our
methodology by measuring densities of three common thick (>100nm) glassy polymers
films with values very similar to those reported in the literature. In a second part, we
tackled to measure the mass density variation of ultra-thin PS and PMMA films with
thickness. The results showed an opposite behavior for PS and PMMA. These striking
results raised the question of the consistency of an increase/decrease in mass density

with the commonly observed depression/elevation of Tg for PS and PMMA films.
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Although there is still some uncertainty in the absolute value of the density of ultrathin
films due to imprecision in the thickness the residual layer, the QCM dissolution
technique allows to delimit its borders. Beyond that, it is worth to note that our direct
measurements are in very good agreement with many other works in the literature
based on different physical grounds (e.g., ellipsometry'3 2! x-ray reflectivity'3 21,
EVPALS’4, contact angle measurement?®, characterization of nanoparticles
adsorption'?, magnetic Levitation®" 77) leading to a large experimental consensus on

the variation of the mass density of ultrathin PS films with thickness.

In the last part, we have measured the thermal expansion of both polymers to
better understand the role of the coefficient of thermal expansion in the peculiar
properties of theses thin films. Surprisingly, the coefficient of thermal expansion CTE
and the mass density showed a similar variation with thickness, pointing out a clear
correlation between the glass transition temperature, the coefficient of thermal
expansion and the free volume of the polymer thin films. This key result finally enables
to rationalize the counter-intuitive and opposite variation between the mass density
and the Tg found in this work for both PMMA and PS thin films; an interpretation that
is not incompatible with the role played by other features like an increased chain
mobility at the free surface of a PS film for example. It is important to note that this
apparent link between CTE, density and Tg, highlighted in this work on two polymers,
needs to be further investigated to test its soundness before generalizing it. The effect
of the interactions unfolding at the substrate/film interface on CTE and Tg is currently

under investigation.
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