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ABSTRACT: The effect of concentration of casting solution on the
surface dynamics of corresponding spin-coated poly(methyl
methacrylate) (PMMA) was investigated by measuring the surface
reorganization of fluorine tracer-labeled PMMA. The onset
temperature of fluorinated PMMA chain end reorganization (Tg°"¢")
was identified and is shown to depend on the PMMA concentration
in the film-forming solution. It was found that the surface Tz""* and
relaxation activation energy E, of the PMMA films prepared from 4.2
wt% PMMA cyclohexanone solution are 70°C and 260 kJ/mol
respectively, which are higher than those of the PMMA films
prepared from 0.8 wt% PMMA cyclohexanone solution (55 °C and

144 kJ/mol respectively). The Tg*™* and E, of PMMA films
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increased with increasing concentration of casting solution within
the range of 1.8wt% and 4 wt%. The chain entanglement of PMMA
chains is proposed as the speculative origins for this observed
depressed dynamics of poly(methyl methacrylate) chains on the
films surface prepared by casting solutions of various

concentrations.

Keywords: surface dynamics; poly (methyl methacrylate); chain

entanglement; casting solution concentration

1. INTRODUCTION

Many recent technological devices have been reduced to nanometer
scales, so that the performance of thin film coatings and nano-devices are
intimately correlated with the dynamic properties of the chains residing
on a surface. " In addition, the dynamics of polymer chains near a
surface is of significance for a broad range of practical applications,
including surface coatings, lubricants, adhesives, microelectronics and
biomedical engineering uses such as DNA packaging in viruses.”” For the
past two decades, investigations of chain dynamics on polymer surfaces

4,10-14

have attracted much attention and considerable data exits for

4,10-12

systems such as atactic polystyrene (PS) and poly ( methyl

methylacrylate) (PMMA) >"'® in particular. In these situations, the
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polymer chains were homogeneously distributed on the surface without
any chain association or preferred interactions. The results showed that
the quasi-equilibrated homopolymer chains on free surfaces exhibit faster
relaxation and lower T, compared with the molecules in bulk. '*'* These
enhanced surface dynamics of quasi-equilibrated homopolymer chains
are very representative of the general behavior for macromolecular
motions on a surface. However, it was reported previously'” that chain
aggregative structures significantly influence the surface dynamics of
PMMA, in which the relaxation activation energy (£,) and the onset
temperature of surface rearrangement (73;”"“) of the micellized PMMA
are much higher than those of the non-associated free chains.

For ultrathin polymer films, some factors have been reported to

influence the observed dynamics of chains, including measurement

20,21 22,23

ambients, molecular weight, tacticity and conformation of the

24-26 17,24,27-30

polymer, the nature or properties of the substrate surface and

interchain interactions.>'®

Fundamentally different from the features of
small molecules, the interactions of polymer chains are inherently
complicated, and for which the influence of chain entanglement has most
commonly been reported. The effect of entanglement on chain motion
was reported to be induced by different molecular weights (MW) and

28,33,34

concentrations of the solution. Polymers with low MW are

considered to exist as separate, discrete entities that form close-packed
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and sphere-like structures, in which the only interactions between the
chains arise from van der Waals forces. Conversely, polymers with high

36,3 o
7 resulting in

MW may form large systems of entangled chains,
restrained chain motions.’'*’ At the same time, it was observed that the
chain mobility of PS films prepared from the concentrated solution was
weakened, since the density of chain entanglement increased with
increasing solution concentration. > The chain entanglement was also
influenced by the solvent quality and annealing temperature. In a good
solvent, the interaction between the chain segments and solvent
molecules is more favorable than that between the chain segments,
resulting in swelling of the chains. *° For a solvent of poor quality, the
case is contrary to that above, with the chain coil size becoming smaller
and individual polymer chains would be more compact, so that the
interchain entanglement is further reduced.”’ It is documented that chain
conformations in spin-coated films are in nonequilibrium and in a

2 Due to the rapid drying of the solvent, the

partially disentangled state.
resultant dried film may retain a memory of the chain conformations in
the original solution, resulting in a lower entanglement density in the
films, which has been confirmed in recent experiments studying the
viscosity of freshly spin-coated polystyrene films supported by

43 44

silicon. Moreover, the entanglement recovery process occurs

spontancously above the glass transition temperature (7,) of the
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38,45,46

sample as verified by Teng et al.>®

who monitored the
reentanglement kinetics of freeze-dried polystyrene (PS) above 7.
Generally speaking, the chains near a thin film surface are not
geometrically confined and have lower entanglement density and greater
mobility relative to those in the bulk.”” Using more direct methods to
characterize surface dynamics in polymers, Boiko et al. '*'**">! found
that the temperature dependence of surface relaxation rates above the
apparent 7, corresponds to Arrhenius behavior, suggesting that surface
mobility can be ascribed on the segmental length scale. The elementary
unit involved in segmental motion has been postulated to be the Kuhn
segment,"’ typically several nanometers in length and comprising about
8—10 monomers.”” At the present time, the effect of chain entanglement
on the molecular motion on film surfaces is not clearly understood. In our
previous reports,””> the segmental mobility distribution at the
poly(methyl methacrylate) film surface within the depth of 9.0 nm was
investigated by measuring the surface reorganization of fluorinated
tracer-labeled PMMA using different surface-sensitive techniques with
various analytical depth capabilities. An approximately 2.4 nm surface
layer with depth-independent 7°"* was found, below which the 7%
increased with increasing depth. > At the same time, the constraint of
conformational freedom, reduction of free volume and increment of chain

packing density were proposed as the origins for this depressed dynamics
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of poly (methyl methacrylate) chains in the corona of collapsed dry
micelles tethered by a fluorinated block core."”

There has been enormous interest in the question how size and
surface affects the glass transition temperature of thin polymer films.
Different groups of researchers have reached conflicting conclusions
during the last 20 years, even when studying the same type of polymer. In
the last years, there has been some evidence that this controversy is due to
the fact that the equilibration of thin polymeric films on substrates is not
well enough controlled (and not well understood). Therefore, there is
need for a careful examination of the factors which control the
establishment of thermal equilibrium in such polymer films near the glass
transition temperature when spin casting techniques are applied. At the
same time, it was also necessary to understand the knowledge about
effect of chain entanglement on the polymer motion on film surfaces. In
the present work, poly(methyl methacrylate) polymers end-capped with
two 2-perfluorooctylethyl methacrylate (FMA) units was used as a model
system, and the effect of concentration of casting solution on the surface
mobility of PMMA films was investigated. It was found that chain
entanglement may be main factor affecting the surface onset temperature

ons et)

of chain rearrangement (7% and surface relaxation activation energy

(Ey).
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2. EXPERIMENTAL SECTION

Materials

The poly(methyl methacrylate) polymers end-capped with two
2-perfluorooctylethyl methacrylate (FMA) units (PMMA,3-ec-FMA,,
PDI=1.05, where the subscript is the degree of polymerization) was
synthesized in our lab using atom transfer radical polymerization (ATRP),

13433 The chemical structure of the

as described in our previous work.
fluorinated moiety end-capped PMMA is shown in Fig 1. The
2-perfluorooctylethyl methacrylate was purchased from Sigma-Aldrich
Inc. The bulk 7, of the PMMA 43p-ec-PFMA, was 110°C as measured by
DSC, which was the same as the 7, of PMMA,;, homopolymer. This
indicates that the fluorinated units at the PMMA 3, chain end in this study
do not affect the 7, of PMMA. Cyclohexanone (Shanghai Reagent Co.)
was distilled twice under reduced pressure in the presence of CaH,. Other
reagent grade chemicals were purchased from Shanghai Reagent Co. and
used without further purification. Silicon wafers were used as substrates.
The substrates were cleaned before use in a piranha solution (a mixture of
H,SO, and H;0; in 3:1 by volume) at 130°C for 20min and then
thoroughly rinsed in deionized water and dried in pure nitrogen gas. The

thickness of SiO, on the Si substrates was ~2.2nm as measured by

ellipsometry EP3 SW (Accurion Co., Germany).
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C|H3 C|H3
-(CH2—§)430-ec-(CH2—§)2

lC=() ?=0

O-CH OCH,CH,(CF,),CF;

Fig. 1 Chemical structure of PMMA 430-ec-PFMA,

Film formation

Thin films of the polymer were spin-coated at 3600 rpm onto silicon
wafers from solutions of PMMA,30-ec-PFMA,; in cyclohexanone with
concentrations ranging from 0.8 wt% to 8.0 wt%. The films were dried
under vacuum (45°C) for 48 h to remove the residual solvent, then
subjected to a subsequent annealing process in air for various times and
temperatures for elucidating the surface dynamics. The thicknesses of the
resulting films, evaluated by ellipsometry, ranged from about 20 nm to
250 nm. More than four samples at each concentration were prepared to

ascertain the reproducibility of the contact angle measurements.

Characterization

Water contact angle measurements were used to investigate the
temperature-dependent changes in surface structure of the polymer films
as a function of annealing treatment as previously reported.'”>® Contact
angles (6) of water were measured by the sessile drop method (Kruss
DSA-10, Hamburg, Germany) at room temperature and ambient humidity.

Samples which had been heated in air were slowly cooled to room
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temperature before § measurement. The volume of the water drops used
in the measurements was always 3ulL. In order to ascertain the
reproducibility of the results of the measurements, the experimental errors
in measuring the 6 values were evaluated to be less than +2°.

X-ray photoelectron spectroscopy (XPS, PHI-5000C ESCA system)
was employed to characterize the films with a Mg Ka X-ray source
(1253.6 eV). The X-ray anode was operated at 250 W and the voltage was
maintained at 14.0 kV. Spectra were acquired at a detection angle of
15°(6=15°, sampling depth about 2.3 nm). Calibration was conducted on
the C 1s peak of the C-C bond at 284.6 ¢V. The data analysis was carried
out using the PHI-MATLAB software provided by PHI Corporation.

Atomic force microscopy (XEI-100, SPM, PSIA Co.) was used to
investigate the morphology of the top surface of the samples. SPM
measurements were performed in air with an etched silicon probe having
a length of 125 um. Scanning was carried out in the tapping mode at a
frequency of approximately 300 Hz.

Shear viscosities () of solutions of PMMAy;,-ec-PFMA, from
various mixing solvents at 25°C were measured at different shear rates by
viscometer (Antonpaar, MCR301, Austria). Zero-shear viscosities (1)
were obtained by extrapolating the obtained n values to the zero-shear

rate.
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3. RESULTS AND DISCISSION
Surface relaxation behavior of fluorinated PMMA films prepared
from casting solutions with different concentrations

Due to the rapid drying of the solvent, the spin-coated films may
retain a memory of the chain conformations in the original solution and

are in non-equilibrium state.*'**

Surface reorganization of the
PMMA 4;p-ec-PFMA, films, which refer to motion of the fluorinated units
along with its neighboring PMMA segments in order to attain an
equilibrium state corresponding to a minimal interfacial free energy,
occurred as a result of the annealing. Contact angle measurement is an
effective method for detecting the surface rearrangement of the
fluorinated PMMA films by tracing the enrichment of PFMA on the film

19,56-58
surface.

The surface reorganization behavior of the end-functional
PMMA was characterized by measuring the temperature-dependent
changes in water contact angles of the polymer films as a function of
annealing treatment temperature. The results of the dynamic water
contact angle measurements are presented in Fig.2(A). The water contact
angles remained at a constant value of 87° in the low temperatures region,
which demonstrates a characteristic of the glassy surface. After this
plateau region, the contact angles increased with increasing annealing

temperature. When the annealing temperature approached the bulk 7, of

PMMA(~110°C), the surface chains’ mobility was extremely high and

10
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the contact angle remained at a corresponding constant value of 105°. The

temperature dependence of the rearrangement process of the surface

chains can be fitted by three straight lines, as shown in Fig. 2. We can
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Fig. 2 (A) Water contact angle of spin-coated PMMAy3p-ec-PFMA,, film as a function
of annealing temperature and (B) F/C ratios of corresponding film as a function of the
annealing temperature. The annealing time: 24h. Solution concentration: 4.2%. The

photoelectron emission angle (6) was 15°. The dotted line is a visual guide.

define the intersection point of the two straight lines in the low
temperature region as the onset temperature for the surface chain

onset

rearrangement (73 ). For the film prepared from the solution with a
concentration of 4.2% as shown in Fig.2(A), its corresponding surface
T was 70°C.

Under normal conditions, the main reasons accounting for the
variation of contact angles are the changes of the surface roughness or
chemical structures of a film. *** AFM was accordingly employed to

investigate the surface roughness of PMMA ;p-ec-PFMA,; films before

and after annealing. It was observed that the change of surface roughness

11
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was within 2 nm, as shown in Fig. S1 (ESI¥), for which values it was
proposed that the effect of surface roughness on contact angle is
negligible."” X-ray photoelectron spectroscopy (XPS) was used to detect
the variation of chemical composition of the topmost surface region of
the samples. Fig. 2(B) shows the variation of the F/C ratios for
PMMA j30-ec-PFMA, film surfaces during the annealing process. As
evident in Fig. 2(B), the onset temperature for F/C ratio incrementation at
a photoelectron emission angle of 15° is also 70 °C, above which the F/C
ratio increases with increasing annealing temperature. These results
correlate well with the contact angle measurements and confirm that the
increment of water contact angle for the fluorinated PMMA films after
annealing is due to segregation of the end-capped fluorinated
components.

In the following section, we focus on the surface 7" of the
PMMA 30-ec-PFMA, films prepared from various concentrations of
casting solution. Fig. S2 (ESIY) illustrates the water contact angle on
PMMA 30-ec-PFMA, films prepared from different concentrations of
polymer solutions as a function of annealing temperature. The onset
temperature of chain rearrangement 73" for PMMA 40-ec-PFMA, film
surfaces obtained from Fig. S2 (ESI¥) as a function of concentration of
casting solution is plotted in Fig. 3. The results show that the surface

TR”* increased from 55°C to 70°C with increasing concentration from

12
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0.8 wt % to 4.2 wt % and maintained an almost constant value of 70°C

when the concentration of casting solution was up to 8 wt%.
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Fig. 3 Surface chain rearrangement temperature 73" and apparent activation energy

(Ea) for PMMAu430-ec-PFMA; films prepared from solutions with different

concentration.

The thickness of the films was affected by the concentration of
casting solution. Fig.S3 (ESI{) shows the relationship between the
concentration of casting solution and the thickness of the resulting films.
The thickness of the films increased from 20 nm to 250 nm with increase
of solution concentration from 0.8 wt% to 8.0 wt%. According to a

61-63
1

three-layer mode , chain mobility of the surface layer may be

affected by the interaction between the polymer film and the substrate
64-66

when the thickness of the supported film was sufficiently thin

Therefore, it is necessary to determine whether the concentration

13
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onset

dependence of the surface Tx of the resulting film was related to the
thickness of the PMMA film. Fig.S4 (ESI{) shows the thickness
dependence of the glass transition temperature of both PMMA and

fluorinated end-capped PMMA (PMMA 430-ec-PFMA,) thin films. It was

110
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Fig. 4 Water contact angle of PMMAusp-ec-PFMA; spin-coated films vs annealing

temperature. The films were prepared from casting solutions with different

(13

concentration, but their thickness was almost the same. “A” the concentration of

casting solution was 3.5wt%, spinning rate 3600 rpm; “®”the concentration of casting

solution was 2.0 wt%, spinning rate 2300 rpm.

found that the fluorinated end group did not affect the glass transition
temperature of thin PMMA films. At the same time, the glass transition
temperature of thin PMMA films did not change when the film thickness
was above 20 nm. Fig.S4 (ESIY) indicates that the glass transition
temperature of thin PMMA films was the same regardless of the SiO, and
Si-H substrates, when the thickness of the thin PMMA films was above

20 nm.

14
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Fig. 4 shows the surface 73" of PMMA 3,-ec-PFMA, spin-coated
films with almost the same thickness prepared from casting solutions with
different concentrations. It is apparent that the surface 73" of
PMMA 430-ec-PFMA,;, spin-coated films is related to the concentration of
the corresponding film-formation solution. When the thickness of the

onset

films was the same, the surface 7z of the film prepared from higher
concentration of casting solution was higher than that of the film prepared
from lower concentration of casting solution. The results above indicate
that the surface Tx”"“ change with concentration of casting solution
shown in Fig. 3 was not caused by the thickness of the films. Since the
glass ftransition temperature (7;) of PFMA chains is near room
temperature,”’ and X-ray diffraction (XRD) illustrates an amorphous
PFMA state, " the migration of PFMA to the film surface is kinetically
controlled by the mobility of the PMMA chains. Therefore, the surface
Tx"" reflects to a certain extent the surface 7, of PMMA and the PFMA
segment did not influence the mobility of the PMMA chains. The surface
""" of PMMA30-ec-PFMA, films is 70°C and it is close to the surface
TR of PMMA (67°C) measured by polarization- rotating sum
frequency generation vibrational spectroscopy, ® in which the film was
prepared from a casting solution of similar concentration. The results

above indicate that the surface 73" on PMMA surface is affected by the

concentration of casting solution.
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Effect of solvent quality on the surface 7" of PMMA films
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Fig. 5 Surface Tr"™" for corresponding spin-coated PMMA30-ec-PFMA, films and
the zero-shear viscosity 1o of casting solution (at 25°C) as a function of the volume
ratio of ethanol in cyclohexanone solution. PMMA430-ec-PFMA, concentration: 3.5%.

The dotted line is a visual guide.

In order to further understand the effect of concentration of casting
solution, the mixed solvent system consisting of cyclohexanone (a good
solvent for PMMA) and ethanol (a poor solvent) was used to prepare
casting solutions for spin coating. The solvent quality can be changed
from good to poor by controlling the volume ratio of ethanol in the mixed
solvent, so that the effect of solvent quality on the surface Tx”"* of
spin-coated PMMA films could be investigated, in which chain structure

in the thin film was changed. As shown in the Fig. 5, the surface 73" for

16
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fluorine-labeled PMMA films decreased linearly from 70°C to 55°C with
increasing volume ratio of ethanol in the mixed solvent and then

remained at 55°C when the volume ratio of ethanol exceed 10%, which
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Fig. 6 XPS spectra (left) and F/C ratios (right) of PMMAus¢-ec-FMA,; spin-coated
films as a function of annealing temperature (24 h). The photoelectron emission
angle () was 15°. The concentration of casting solution: 3.5wt%. The volume ratio

of ethanol in cyclohexanone solution was 40%.

was almost same as that of the film prepared by 0.8 wt% PMMA
cyclohexanone solution. It is well known that the wetting behavior of
polymer film surfaces is determined by their chemical structures and

>>% The surface roughness of the spin-coated films

physical roughness.
before and after annealing was investigated by AFM. The results, given
in Fig. S1 (ESI}) show that the film surfaces are smooth and flat, with the
RMS roughness less than 30.0 nm, indicating that the effect of physical

roughness is negligible. >>® Therefore, the variation in contact angles

17
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shown above should be solely associated with the surface chemical
structures of the films, due to surface chain rearrangement. The chemical
composition of the topmost surface region was quantitatively analyzed by
XPS. Fig. 6 shows the F/C ratios for PMMA 43p-ec-PFMA,, films prepared
by 40% volume ratio of ethanol in cyclohexanone solution after annealing
at various temperatures. As evident in Fig. 6, the onset temperature for
F/C ratio incrementation at a photoelectron emission angle of 15° is about
55°C, above which the F/C ratio increases with increasing annealing
temperature. These results correlate well with the contact angle
measurements and confirm that the increment of water contact angle for
the fluorinated PMMA films prepared with ethanol/cyclohexanone mixed
solution after annealing is due to segregation of the end-capped
fluorinated components. These results indicate that the mobility of the
polymer chains on the film surface is gradually enhanced with increasing

volume ratio of ethanol in the mixed solvent.

Effect of the concentration of casting solution on surface dynamics of
corresponding spin-coated PMMA films
Contact angle measurement is one of the most effective and sensitive

methods for studying surface reconstruction and chain relaxation.'®”">®

7% The apparent activation energy (E,) for the surface relaxation of

fluorine-labeled PMMA films prepared from various concentrations of

18
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casting solutions was examined on the basis of the time-temperature
superposition principle for chain dynamics. The results above showed

that variation in contact angle on PMMA films after being annealed was

104 _ 104
;‘ "]
o 102f g 102p
- b
& 100} & o} B s o i
e z ‘v
s %Bf = % L Raaa
e ol e g6l x-’,f"
S f S af P
g 9 A'n
z (18 g 2k ,,.’ - = 90C
g o} S wf ./ e 95C
- 4 100C
5 ssf 5 S88f e
2 2 % v 105C
g 86 g 86F - < 110C
84 1 L 84 L . . .
1 10 100 1 10 100 1000
Annealing time( min) tX a_( min)
T

Fig. 7 (A) Time evolution of water contact angles of PMMAy3p-ec-PFMA, films
annealed at various temperatures. (B) Master curve of the annealing time-contact
angle relationship for PMMA 430-ec-PFMA,; films drawn from each curve in Fig. 5(A)
with the abscissa re-scaled by a temperature-dependent shift factor, ar (reference
temperature (75): 90 °C). The dashed line in panel b is a visual aid. The concentration

of casting solution: 2.8 wt%.

attributed to changes in chemical components on the film surface.
Therefore, water contact angle measurement of the films was employed
to evaluate their surface relaxation. Fig. 7 displays the time dependence
of the measured contact angle for PMMA ;0-ec-PFMA,; film at different
temperatures. The water contact angles exhibit an exponential increment
with increasing annealing time. The relaxation rate is highly dependent
on the temperature: a higher temperature results in a shorter time
necessary to attain a meta-stable contact angle. We re-scaled the abscissa

of each curve in Fig. 7 with a temperature- dependent shift factor, ar,

19
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using 90°C as the reference temperature (75), to qualitatively describe the
time and temperature dependence of the surface relaxation (a vertical
shift is also conducted). The curves in Fig. 7(A) are super-imposed into a
master curve shown in Fig. 7(B). This clearly demonstrates that a
time-temperature equivalence property, which is characteristic of the bulk
viscoelastic properties of polymeric materials, can be also applied to the

surface relaxation of the PMMA film.

Slope: -9792
E, =187 KJ/mol

Log ot

0.3 ' ' : '
-0.00016 -0.0001 -0.00004 0.00002

1/T-1/Ts (VK)

Fig. 8 Arrhenius plots of ar vs. temperature for PMMA 430-ec-PFMA; films. The solid
line is a linear least-squares fit to the data by Eq.1 with a slope for elucidating the

activation energy. The concentration of casting solution: 2.8 wt%

Fig. 8 shows the relationship between ar and annealing temperature,
which corresponds to a linear Arrhenius plot. The appearance of an

Arrhenius-related linear superposition suggests that the surface chains

20
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have a temperature-independent activation energy for relaxation, which is
different from the WLF-like chain relaxation present in bulk, with the
activation energy increasing with decreasing temperature. Similar
Arrhenius-related polymer surface dynamics have previously been
observed in the literature. '>°"’° The apparent activation energy for
surface relaxation can be obtained by fitting the data in Fig 8 with the

modified Arrhenius equation described by the following:

Loga, = E: (1 lj (1)

T2303R\T T,

where R is the gas constant, and E, is the apparent activation energy for
surface relaxation. The apparent activation energy (E,) for surface
relaxation of the PMMA film prepared from the 2.8 wt% solution is
estimated from the slope in Fig 8 to be 187 kJ/mol, which is lower than
the E, for a relaxation of bulk PMMA (460KJ/mol). "' This lower
activation energy for the film indicates that the mobility of the polymer
chains on the film surface is substantially enhanced compared to that in
the bulk, which is in accordance with the results determined by scanning
probe microscopy "*7°.

The E, values of PMMA films prepared from casting solutions of
various concentrations are determined by the same time-temperature
equivalent shift of the contact angle vs. annealing time curves, and the

linear correlations between the logarithmic a7 and 1/7-1/T; values are

shown in Fig. S5 (ESIY). The E, for surface dynamics of the PMMA

21
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films prepared by 0.8 wt% and 1.8wt% casting solutions are very similar,
with values of 144 and 152 KJ/mol, respectively. The E, data for surface
dynamics of PMMA films prepared by various concentration of casting
solutions were presented in Fig. 3. For the PMMA films prepared from
casting solutions with concentration above 4.2 wt% casting solution, the
E, 1s measured to be about 260 KJ/mol, which was lower than that for the
micellized PMMA on the surface (about 310 KJ/mol) reported
previously."” The E, for the PMMA film prepared from casting solution
with concentrations above 4.2 wt% solution are about twice as high as
those of the films prepared from casting solutions with concentrations
below 1.8 wt%. The E, for the PMMA films increased from 152 KJ/mol
to about 260 KlJ/mol when the concentration of the corresponding
film-formation solution increased from 1.8wt% to 4.2wt%. Thus, it can be
predicted from the magnitude of the activation energy that the energy
barrier of thermal molecular motion for the chains in the films prepared
from the solution with lower concentration may be increased in
comparison with those for the chains in the films prepared from the

solutions with higher concentrations.

The cause of casting solution concentration dependence of the surface
dynamics of PMMA films

It is commonly observed that polymer chains tend to form aggregates
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in polymer solutions of sufficiently high concentration.”* The origin of
the aggregation is the interchain attraction forces. From this point of view,
one would expect that these interactions are maximized in the solid state
when the polymer chains are densely packed. In fact, the formation of
aggregates in thin films is well-documented for various polymers.
Therefore, one would expect that the morphology of a spin-cast film
depends on the relative strengths of the cohesive force of the solution and
the centrifugal force asserted by the spinning. When the centrifugal force
is comparable to the cohesive force of the solution, one would expect to
see a spin speed dependence of the film morphology. In this regard, the
viscosity of the polymer solution can, to a certain extent, reflect the
intermolecular interactions. In other words, a higher solution viscosity
suggests higher intermolecular forces, and vice versa. "  The
zero-shear viscosity 1ngis a basic quantity in the global-motion dynamics
of polymer chains in solution, which is an important parameter that
suggests the effect of chain entanglement on polymer dynamics.” The
concentration regimes for the fluorine-labeled PMMA solutions were
determined using solution rheology measurements. Shear rate sweeps
from 80 to > 1000 s™' were performed on polymer solutions ranging from
2 to 10% in cyclohexanone solution at 25 + 0.2°C. All the solutions
investigated in this study displayed shear thinning behavior at high shear

rates (viscosity-shear rate curves not shown). The initial slope of the plot
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of the shear stress-shear rate data where Newtonian behavior was

observed gives the zero shear viscosity, 77, The 77, values are plotted as a
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Fig. 9 Fluorine-labeled PMMA concentration dependence of the zero-shear viscosity

of cyclohexanone solutions at 25 + 0.2171.

function of concentration in Fig. 9 for the fluorine labeled PMMA. It is
apparent that the dependence of the zero shear viscosity of the solution on
the concentration (C;) can be divided into three regions. Based on the
literature, '*"" for C, < 1.8%, the solutions are dilute, the macromolecular
chains are separated and can not contact with each other; thus the change
of np with the concentration 1s small. For 1.8 % < C; < 4.0% (semi-dilute
solutions), the dimensions of the macromolecular chains decrease and
they contact each other due to the thermal motion. The quantity of
isolated chains is reduced and a certain amount of entanglement occurs,
so that the degree of chain entanglement increases and large systems of

entangled chains are formed, resulting in ¢ increasing sharply with the
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increasing concentration. For C; > 4.0 wt% (concentrated solutions), the
density of chain entanglement still increases but the variation in the
degree of entanglement is small, resulting in 1, increasing slowly. By
comparison, it is obvious that in these three concentration regions, the
observed change in 7, is identical to that of the surface T3¢ of the
films shown in Fig. 3. This result suggests that surface ;""" of the
resulting film is related to entanglement of the PMMA chains on the film
surface.

Fig. 5 shows the zero-shear viscosity 7, of 3.5 wt% fluorine labeled
PMMA solutions vs the volume ratio of ethanol in the cyclohexanone
solvent. It is observed that the zero-shear viscosity mny decreases with
increasing volume ratio of ethanol in cyclohexanone and it will be less
than 10 mPa.s and decrease slightly when the volume ratio of ethanol in
the solvent is more than 10%. At the same time, it is apparent from both
concentration of casting solution and solvent quality-dependent surface
TR that it almost reaches minimum value at 55°C when the zero-shear
viscosity of casting solution was below 10 mPa.s.

When a polymer solution is subjected to rapid drying, as in
spin-coating, the polymer chains in the solution may not have enough
time to attain equilibrium before vitrifying. As a result, some memory of
the chain conformations in the solution may carry over to the resulting

dry film. Such an effect has been confirmed by investigating the
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relationship between the surface structures of spin-coated fluorinated
polymer films and their corresponding film-formation solution/air

. 54,78,79
interface structures. 78,7

When a polymer solution is dried, the sample
volume decreases consequently, the interpenetration between neighboring
chains increases. Rapid drying can, however, preclude the chains from
achieving full interpenetration before vitrification, resulting in the final,
dried film having a smaller degree of entanglement than would be the
case at equilibrium. The notion that spin-coated polymer films possess

less entanglement than at equilibrium has been confirmed in recent

experiments studying the viscosity of freshly spin-coated polystyrene
75
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Fig.10 Relationship between surface T% , apparent activation energy (E,) of

PMMA films and the corresponding zero-shear viscosity of casting solutions.

26

Page 26 of 38



Page 27 of 38

Soft Matter

B4 At the same time, a more detailed

films supported by silicon.
analysis of the data by Steiner * suggested the formation of a
surface-near region with more strongly deformed chains during spin
coating.

Fig. 10 shows the onset temperature of chain rearrangement 7"
and its corresponding energy barrier (£,) for PMMA film surfaces as a
function of the corresponding zero-shear viscosity of their casting
solutions. The results show that both 7" and E,increase linearly with
increasing #, of the corresponding solution within the range of 10 to 36
mPa.s, which corresponds to the concentration range of 1.8 wt% to 4.2
wt%. Both surface 73" and E, for the PMMA film surfaces did not
change when the corresponding #, of the casting solution was below 10
mPa.s and above 36 mPa.s. Therefore, the cause of casting solution
concentration-dependent surface dynamics of the resulting spin-coated
films may be explained as follows. When the concentration of the
fluorine-labeled PMMA solutions 1s below 1.8 wt%, the macromolecular
chains are separated and do not have direct contact with each other. Since
spin-coated films are formed by the very rapid evaporation of solvent
under a high rate of spinning of the substrate, the chain conformations in
the corresponding casting solution are frozen in a non-equilibrium state,

resulting in formation of a film surface with a smaller degree of

entanglement, which promotes the mobility of the segments at the film
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onset

surface. Thus, the surface 73" of the resulting spin-coated films with
casting solution concentration of below 1.8 wt% was almost 55°C and
changes little as the concentration increases within this range (as shown
in Fig. 3). For 1.8 % < C, < 4.2% (semidilute solutions), the dimensions
of the macromolecular chains decrease and they impact each other due to
the thermal motion. Thus, the quantity of isolated chains is reduced and a
certain amount of entanglement occurs; the degree of chain entanglement
increases and large systems of entangled chains are formed, resulting in a
sharp increase of mg with increasing concentration. Thus, the degree of
chain entanglement on the resulting spin-coated film surface increases
with increasing concentration of the corresponding casting solution.
Intrachain entanglements are effective in restricting the mobility of the
chain segments in polymer condensed matter materials.’”* It is clear that
high concentrations can result in heavy entanglement of the polymer
chains and the mobility of the molecules is correspondingly lessened. ** It
is found that both the surface 73" and surface relaxation activation
energy E, of the PMMA films increased with increasing concentration of
casting solution. For C, > 4.2 wt% (concentrated solutions), the density of
chain entanglement still increases but variation in the degree of
entanglement is small, resulting in a slow increase inn,.  Consequently,

it was demonstrated that high concentrations of solution result in heavy

entanglement of chains in the films, resulting in a gradually lessening of
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the mobility of the surface segments of the chains. The surface Tz of
corresponding PMMA films reached about 70°C and was almost constant
when the concentration was above 4.2 wt%.

The solvent quality can influence the conformation of polymer
chains to a large extent.”® By the use of solvents of different qualities, the
degree of entanglement can be further fine-tuned. Specifically, when
solvents with poorer quality are used, individual polymer chains would be
more compact, and so the interchain entanglement would accordingly be
further reduced. It is apparent from Fig. 5 that the macromolecular chains
are separated and can not contact with each other when the volume ratio
of ethanol in the solvent was more than 10%. Therefore, it is obvious that

onset

the decrease 1n the surface 7% with increasing ethanol content in the
casting solutions shown in Fig. 5 can be attributed to a decrease in
interchain entanglement. From the results above, it is evident that the
surface TR”"* increases with increasing the degree of chain entanglement

on the PMMA film surface, which was accomplished using various

values of the zero-shear viscosity of the casting solutions.

4. CONCLUSIONS
In this paper, the effect of concentration of casting solution and
solvent quality on the surface dynamics of corresponding spin-coated

fluorine-labeled PMMA thin films were investigated. The results showed
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onset

that the surface chain rearrangement temperature 73" and the apparent
activation energy (£,) for surface relaxation increased from 55°C to about
70°C, from 144 KlJ/mol to about 260 KlJ/mol, respectively, with
increasing concentrations of fluorine-labeled PMMA in the casting
solutions from 1.8wt% to about 3.8 wt%. However, when the
concentration of the casting solution was below 1.8wt% and above 3.8
wt%, both surface 73" and E, remained at a constant value. It was
found by investigating the relationship between the zero-shear viscosity
No and concentration of casting solution that the surface dynamics of
spin-coated PMMA films was related to the zero-shear viscosity of the
corresponding polymer solution. Therefore, the enhanced surface 73"
and higher E, for the PMMA suggest that the entanglement of PMMA
chains substantially reduces their chain dynamics on the surface. It was
also evident that the mobility of the polymer chains on the film surface
was gradually enhanced with increasing volume ratio of a poor solvent
(ethanol) in the solvent system. The surface dynamics of PMMA are well
correlated to the entanglement of the PMMA chains: a higher degree of
PMMA chain entanglement results in larger depression of PMMA
segment mobility on the surface. In conclusion, chain entanglement not
only influences the chain mobility in the films but also has a pronounced

inhibiting effect on surface segmental motion. This work will help

increase the understanding of the effect of chain entanglement on the
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surface dynamics of polymer thin films.

Acknowledgements

We are thankful for support from the National Natural Science Foundation of China
(NSFC, No0.21174134, No.21374104 ), the Natural Science Foundation of Zhejiang
Province (No. LY13B040005) and Program of Graduate Innovation Research in

Zhejiang Sci-Tech University (No.YCX13002).

Notes

Department of Chemistry, Key Laboratory of Advanced Textile Materials and
Manufacturing Technology of the Education Ministry, Zhejiang Sci-Tech University,

Hangzhou 310018, China.

* Email: wxinping@yahoo.com or wxinping@zstu.edu.cn . Tel/fax: +86-571-8684-3600.

Supplementary Information

1  Electronic Supplementary Information (ESI) available: AFM topographies of
various PMMA films before and after annealing; water contact angle of various
spin-coated PMMAy30-ec-PFMA, films as a function of annealing temperature, the
thickness of various spin-coated PMMAysp-ec-PFMA, films; glass transition
temperature of the PMMA and fluorine-labeled PMMA films on Si-SiO, and Si-H

substrates with different thickness; apparent activation energy determination for

31



Soft Matter

surface dynamic of PMMAy3p-ec-PFMA; films prepared from various concentrations

of casting solutions. See DOI: 10.1039/b000000x/

References

1 C. R. Daley, Z. Fakhraai, M. D. Ediger and J. A. Forrest, Soft Matter, 2012, 8,
2206-2212.

2 C. Kim, A. Facchetti and T. J. Marks, Science, 2007, 318, 76-80.

3 J. H. Lee, J. Y. Chung and C. M. Stafford, ACS Macro. Lett., 2012, 1, 122-126.

4 H. G. Peng, Y. P. Kong and A. F. Yee, Macromolecules, 2010, 43, 409-417.

5 D. Peng, Z. Yang and O. K. C. Tsui, Macromolecules, 2011, 44, 7460-7464.

6 Z. Yang, C. Andrew, C. H. Lam and O. K. C. Tsui, Macromolecules, 2011, 44,
8294-8300.

7 K. Konstadinis, B. Thakkar, A. Chakraborty, L. W. Potts, R. Tannenbaum, M. Tirrell
and J. F. Evans, Langmuir, 1992, 8, 1307-1317.

8 J. Israelachvili, P. McGuiggan, M. Gee, A. Homola, M. Robbins and P. Thompson, J.
Phys. Condens. Matter, 1990, 2, 89-98.

9 M. Erber, M. Tress, E. U. Mapesa, A. Serghei, K. J. Eichhorn, B. Voit and F. Kremer,
Macromolecules, 2010, 43, 7729-7733.

10 Z. Fakhraai and J. A. Forrest, Science, 2008, 319, 600-604.

11 C. J. Ellison and J. M. Torkelson, Nature Mater., 2003, 2, 695-700.

12 Z. Yang, Y. Fujii, F. K. Lee, C. H. Lam and O. K. C. Tsui, Science, 2010, 328,

1676-1679.

32

Page 32 of 38



Page 33 of 38

Soft Matter

13 R. D. Priestley, C. J. Ellison, L. J. Broadbelt, and J. M. Torkelson, Science, 2005,
309, 456-459.

14 R. D. Priestley, Soft Matter, 2009, 5, 919-926.

15 J. A. Forrest and K. Dalnoki-Veress, Adv. Colloid Interface Sci., 2001, 94,
167-195.

16 K. Tanaka, A. Takahara and T. Kajiyama, Macromolecules, 1998, 31, 863-869.

17 J. L. Keddie, R. A. L. Jones, and R. A. Cory, Faraday Discuss., 1994, 98, 219-230.

18 S. Yamamoto, Y. Tsujii and T. Fukuda, Macromolecules, 2002, 35, 6077-6079.

19 B. Zuo, W. Liu, H. Fan, Y. Zhang, T He, and X. P. Wang, Soft Matter, 2013, 9,
5428-5437.

20 A. Serghei, and F. Kremer, Macromol. Chem. Phys., 2008, 209, 810-817.

21 O’Connell, P. A.; Hutcheson, S. A.; Mckenna, G. B. Journal of Polymer Science
Part B: Polymer Physics, 2008, 46, 1952—1965.

22 C. B. Roth, A. Pound, S. W. Kamp, C. A. Murray and J. R. Dutcher, Eur. Phys. J. E,
2006, 20, 441-448.

23 K. Dalnoki-Veress, J. A. Forrest, C. Murray, C. Gigault and J. Dutcher, Phys. Rev.
E, 2001, 63, 031801.

24 Y. Grohens, M. Brogly, C. Labbe, M. O. David and J. Schultz, Langmuir 1998, 14,
2929-2932.

25 K. Fukao, Eur. Phys. J. E, 2003, 12, 119-125.

26 R. N. Li, C. Andrew, Z. H. Yang and O. K. C. Tsui, Macromolecules, 2012, 45,

1085-1089.

33



Soft Matter Page 34 of 38

27 J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens and J. R. Dutcher, Phys. Rev. Lett.,
1996, 77, 2002.

28 J. H. van Zanten, W. E. Wallace and W. L. Wu, Phys. Rev. E, 1996, 53, R2053.

29 M. Alcoutlabi and G. B. McKenna, J. Phys.: Condens. Matter, 2005, 17, R461.

30 J. S. Sharp and J. A. Forrest, Phys. Rev. E, 2003, 67, 031805.

31Y. H. Lin, Macromolecules, 1990, 23, 5292-5294.

32 H. R. Brown and T. P. Russell, Macromolecules, 1996, 29, 798-800.

33 (a) D. H. Huang, Y. M. Yang, G. Q. Zhuang and B. Y. Li, Macromolecules, 2000,
33, 461-464. (b) D. H. Huang, Y. M. Yang, G Q. Zhuang and B. Y. Li,
Macromolecules, 1999, 32, 6675-6678.

34 0. K. C. Tsui and H. F. Zhang, Macromolecules, 2001, 34, 9139-9142.

35 W. R. Rong, Z. Y. Fan, Y. Yu, H. S. Bu and M. Wang, Journal of Polymer Science
Part B: Polymer Physics, 2005, 43, 2243-2251.

36 O. Salim and S. Martin, Macromolecules, 2010, 43, 4429-4434.

37Y. H. Lin and J. H. Juang, Macromolecule, 1999, 32, 181-185.

38 C. Teng, Y. Gao, C. Teng, Y. Gao, X. Wang, W. Jiang, C. Zhang, R. Wang, D. Zhou
and G. Xue, Macromolecules, 2012, 45, 6648-6651.

39 A. Rudin and D. Burgin, Polymer, 1975, 16, 291-297.

40 A. Clough, M. Chowdhury, K. Jahanshahi, G. Reiter and O. K. C. Tsui,
Macromolecules, 2012, 45, 6196-6200.

41 A. Raegen, M. Chowdhury, C. Calers, A. Schmatulla, U. Steiner, G. Reiter, Phys.

Rev. Lett., 2010, 105, 227801.

34



Page 35 of 38

Soft Matter

42 S. Napolitano and M. Wubbenhorst, Nat. Commun., 2011, 2, 260.

43 O. K. C. Tsui, Y. J. Wang, F. K. Lee, C. H. Lam and Z. Yang, Macromolecules,
2008, 41, 1465-1468.

44 D. R. Barbero and U. Steiner, Phys. Rev. Lett., 2009, 102, 248303.

45 D. M. Joshua, D. F. Paul, L. F. Melissa and D. V. Kari, Eur. Phys. J. E, 2013, 36, 7.

46 Y. Lin, Y. Tan, B. Qiu, Y. Shangguan, E. Harkin-Jones and Q. Zheng, J. Phys.
Chem. B, 2013, 117, 697-705.

47 Y. M. Boiko, Colloid Polym. Sci., 2011, 289, 971-979.

48 Y. M. Boiko and J. Lyngaae-Jorgensen, Polymer, 2005, 46, 6016-6024.

49 J. Fu, B. Li and Y. Han, J. Chem. Phys., 2005, 123, 064713.

50 T. Kajiyama, K. Tanaka, N. Satomi and A. Takahara, Macromolecules, 1998, 31,
5150-5151.

51 D. Qi, M. Ilton and J. A. Forrest, Eur: Phys. J. E, 2011, 34, 56.

52 D. W. Van Krevelen, Properties of polymers, 3rd ed.; Elsevier: Amsterdam, 1997.

53 B. Zuo, Y. Liu, L. Wang, Y. Zhu, Y. Wang, X. P. Wang, Soft Matter, 2013, 9,
9376-9384.

54 H. Ni, X. Li, Y. Hu, B. Zuo, Z. Zhao, J. Yang, D. Yuan, X. Ye, X. P. Wang, J. Phys.
Chem. C, 2012, 116, 24151-24160.

55 X. F. Wang, H. Ni, D. Xue, X. P. Wang, R. Feng and H. F. Wang, J. Colloid
Interface Sci., 2008, 321, 373-383.

56 X. P. Wang, X. B. Wang and Z. F. Chen, Polymer, 2007, 48, 522-529.

57 D. Wong, C. A. Jalbert, P. A. V. O’Rourke-Muisener and J. T. Koberstein,

35



Soft Matter Page 36 of 38

Macromolecules, 2012, 45, 7973-7984.

58 J. D. Miller, S. Veeramasuneni, J. Drelich, M. R. Yalamanchili and G. Yamauchi,
Polymer engineering and science, 1996, 36, 1849-1855.

59 N. Hideo, I. Ryuichi, H. Yosuke and S. Hiroyuki, Acta. mater, 1998, 46,
2313-2318.

60 H. J. Busscher, A. W. J. Busscher, P. VAN, P. D. Bobr, H. P. D. Jono and J. Arends,
Colloids and Surfaces, 1984, 9, 319-331.

61 M. Bhattacharya, M. K. Sanyal, T. Geue and U. Pietsch, Phys. Rev. E., 2005, 71,
041801.

62 S. Kawana and R. A. L. Jones, Phys. Rev. E., 2001, 63, 021501.

63 K. Paeng, S. F. Swallen and M. D. Ediger, J. Am. Chem. Soc., 2011, 133,
8444-8447.

64 1. Siretanu, J. P. Chapel and C. Drummond, Macromolecules, 2012, 45, 1001-1005.

65 R. N. Li, F. Chen, C. H. Lam and O. K. C. Tsui, Macromolecules, 2013, 46,
7889-7893.

66 D. Qi, Z. Fakhraai and J. A. Forrest, Phys. Rev. Lett., 2008, 101, 096101.

67 K. Honda, M. Morita, O. Sakata, S. Sasaki and A. Takahara, Macromolecules,
2010, 43, 454-460.

68 Q. Li, R. Hua, I. J. Cheah and K. C. Chou, J. Phys. Chem. B, 2008, 112, 694-697.

69 C. Qian, S. Zhang, J. Li, B. Zuo and X. P. Wang, Soft matter, 2014, 10, 1579-1590.

70 A. Horinouchi, H. Y. Atarashi and F. K. Tanaka, Macromolecules, 2012, 45,

4638-4642.

36



Page 37 of 38

Soft Matter

71 S. Saito and T. Nakajima, J. Appl. Polym. Sci., 1959, 2, 93-99.

72 K. Tanaka, A. Takahara and T. Kajiyama, Macromolecules, 2000, 33, 7588-7593.

73 N. Satomi, K. Tanaka, A. Takahara, T. Kajiyama, T. Ishizone and S. Nakahama,
Macromolecules, 2001, 34, 8761-8767.

74 E. Wyn-Jones and J. Gormally, Aggregation Process in Solution, Elsevier:
Amsterdam, 1983.

75 (a) A. Ohshima, H. Kudo, T. Sato and A. Teramoto, Macromolecules, 1995, 28,
6095-6099. (b) A. Ohshima, A. Yamagata and T. Sato, Macromolecules, 1999, 32,
8645-8654.

76 A. V. Dobrynin, R. H. Colby and M. Rubinstein, Macromolecules, 1995, 28,
1859-1871.

77 R. H. Colby, L. J. Fetters, W. G. Funk and W. W. Graessley, Macromolecules, 1991,
24, 3873-3882

78 D. Xue, X. P. Wang, H. Ni, W. Zhang and G. Xue, Langmuir, 2009, 25, 2248-2257.

79 X. Ye, B. Zuo, M. Deng, Y. Hei, H. Ni, X. Lu and X. P. Wang, J. Colloid Interface
Sci., 2010, 349, 205-214.

80 K. R. Thomas, A. Chemmeviere, G. Reiter and U. Steiner, Phys. Rev. E., 2011, 83,

021804.

37



Soft Matter

Table of contents entry:

Surface Dynamics of Poly(Methy methacrylate) Films

Affected by Concentration of Casting Solution

Huokuan Tian, Yuhui Yang, Jia Ding, Wanglong Liu, Biao Zuo, Juping Yang,

Xinping Wang*

60 (o]

surface

~ = =
Spin coating

Surface T,°"¢ of resulted
film
S
S

30 Increasing conc
1

70} W

PMMA chains at illt”

PMMA film

0.5 1

10

Concentration of film-formation solution(wt%)

Suppressed surface dynamics of poly (methyl methacrylate) chains on the surface of

spin-coated film prepared from concentrated casting solution.

Page 38 of 38



