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Dynamics of a and b processes in thin polymer films: Poly„vinyl acetate…
and poly„methyl methacrylate…
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Dynamics of thin films of poly~vinyl acetate! ~PVAc! and poly~methyl methacrylate! ~PMMA! have been
investigated by dielectric relaxation spectroscopy in the frequency range from 0.1 Hz to 1 MHz at temperatures
from 263 to 423 K. Thea process, the key process of glass transition, is observed for thin films of PVAc and
PMMA as a dielectric loss peak at a temperatureTa in temperature domain with a fixed frequency. For
PMMA, the b process is also observed at a temperatureTb . For PVAc,Ta decreases gradually with decreas-
ing thickness, and the thickness dependence ofTa is almost independent of the molecular weight (Mw<2.4
3105). For PMMA, Ta remains almost constant as thickness decreases down to a critical thicknessdc , at
which point it begins to decrease with decreasing thickness. Contrastingly,Tb decreases gradually as thickness
decreases todc , and belowdc it decreases drastically. For both PVAc and PMMA, the broadening of the
distribution of the relaxation times in thinner films is observed and this broadening is more pronounced for the
a process than for theb process. It is also observed that the relaxation strength is depressed as the thickness
decreases for both the polymers.

DOI: 10.1103/PhysRevE.64.051807 PACS number~s!: 64.70.Pf, 68.60.2p, 77.22.Gm
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I. INTRODUCTION

Recent progress in theoretical and experimental stu
has clarified many properties of glass transitions@1,2#. How-
ever, the mechanism of the glass transition has not yet b
fully understood@3#. The major issue is the experiment
approach to the investigation of the length scale of the g
transition and dynamics of thea process such as dynamic
heterogeneity@4,5#. According to the Adam and Gibb
theory, the dynamics of glass transitions are associated
cooperative motions that are characterized by a so-calledco-
operatively rearranging region~CRR!, in which molecules
move cooperatively with each other@6#. The size of the CRR
is assumed to increase as temperature decreases to the
transition temperatureTg . The characteristic length scale a
sociated with such cooperative motions has been investig
by multidimensional NMR@7#, dielectric hole burning@8#,
and photobleaching@9# for bulk systems. Another approac
to studying the length scale is the investigation of the fin
size effect on glass transition dynamics through confin
systems such as thin polymer films@10# or small molecules
in nanopores@11#.

The first direct measurement of the reduction inTg in thin
polymer films has been made by Keddieet al. in 1994@12#.
In their work, the film thickness of the thin films of polysty
rene~PS! supported on a hydrogen passivated silicon wa
has been measured as a function of temperature by an e
someter. The results showed that the observedTg in such
thin films can be described as a function of film thicknessd,
as follows:

*Author to whom correspondence should be addressed. Pre
address: Department of Polymer Science and Engineering, K
Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-85
Japan. Electronic address: fukao@ipc.kit.ac.jp
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Tg~d!5Tg
`F12S A

d D dG , ~1!

where the best-fit parameters areTg
`5373.8 K, A51.3

60.1 nm, andd51.2860.20 @13#. The molecular weight
(Mw) dependence ofTg(d) has not been observed forMw
range from 1.23105 to 2.93106, and hence, it was con
cluded that the confinement effect of polymer chains with
thin layers may be neglected in such systems. Further m
surements ofTg in thin films of poly~methyl methacrylate!
~PMMA! supported on two different kinds of substrate r
vealed that the strong attractive interactions between s
strate and polymers lead to increase inTg with decreasing
film thickness@14#.

In order to remove such interactions between subst
and polymers, Forrestet al. measuredTg for freely standing
films of polystyrene by Brillouin light-scattering measur
ments@15,16#. They obtained the thickness dependence ofTg
as follows:

Tg~d!5H Tg
`S 12

d02d

z D : d,d0

Tg
` : d.d0 ,

~2!

whereTg
` is the glass transition temperature for thick films,z

is the constant, andd0 is the critical thickness. The critica
thicknessd0, below which Tg decreases linearly with de
creasing film thickness, depends on the molecular wei
i.e., d0 increases with the molecular weight in a way simil
to the radius of gyration of polymer chains.

In our previous papers, we performed electric capacita
measurements for thin films of polystyrene supported on
deposited glass substrate and determined theTg as a tem-
perature at which the temperature dependence of capacit
changes discontinuously@17,18#. As a result, we confirmed
the reduction ofTg in our system in a way similar to Eq.~1!.
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Furthermore, we made volume relaxation measurement
thin polystyrene films and measured the temperatureTa at
which the imaginary component of complex therm
expansion coefficient has a peak at a given very low
quency corresponding to the relaxation time about 100
during the heating process of a constant rate@19,20#. The
temperatureTa thereby obtained may be regarded as
glass transition temperatureTg . In our measurements, it i
found thatTg decreases slightly with decreasing film thic
ness down to a critical thicknessdc , and belowdc it de-
creases very rapidly. The value ofdc changes withMw in the
similar way to the radius of gyration of polymer chains. Th
behavior ofTg is quite similar to those obtained in free
standing films as shown in Eq.~2! except the slight change i
Tg abovedc .

Intensive investigations have been performed so
mainly on polystyrene films@10#. It is important to clarify
whether the results extracted from the investigations on
polystyrene films hold also for other polymers. In this pap
therefore, we investigate the dynamics of thin films of po
~vinyl acetate!~PVAc! and PMMA by dielectric relaxation
spectroscopy. PVAc is a polymer suitable for dielectric
laxation measurements because a monomer unit of PVAc
a large dipole moment@21#. In PMMA, there is a strongb
process that is due to the hindered rotation of the side gr
in addition to thea process@21#. It is indispensable to in-
vestigate the size dependence of dynamics of thea process
and theb process when elucidating the nature of glass tr
sition.

This paper consists of five sections. After the introdu
tion, experimental details on preparation method of thin fil
and dielectric relaxation spectroscopy are given in Sec. II
Sec. III, experimental results on poly~vinyl acetate! and
poly~methyl methacrylate! by dielectric relaxation spectros
copy are shown. In particular, thickness dependence of
temperaturesTa andTb corresponding to thea andb peaks
in the dielectric loss and the width of the distribution of t
relaxation time of thea andb processes are focused in Se
III. Discussions on the present experimental results co
pared with the results reported previously are given in S
IV and a summary is given in Sec. V.

II. EXPERIMENTS

The polymer samples used in this study~PVAc and
PMMA! are purchased from Scientific Polymer Produc
Inc. The molecular weight and radius of gyration of the po

TABLE I. The weight averaged molecular weightMw , the ratio
of Mw to the number averaged molecular weightMn , and radius of
gyration of the polymersRg used in these studies.

Mw Mw /Mn Rg(nm)a

PVAc 124800 2.37 10.1
182000 2.95 12.2
237100 2.64 12.8

PMMA 490200 4.11 18.6

aThe values ofRg are obtained from Ref.@22#.
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mers are listed in Table I. The glass transition temperatu
of PVAc and PMMA in the bulk states are 303 and 373
respectively. Thin polymer films were prepared by spin co
ing a toluene solution of PVAc~PMMA! onto Al-deposited
glass substrate. Film thickness is controlled by changing
concentration of the solution. The thin films obtained by t
spin-coat method were annealedin vacuofor 48 hours at 303
K for PVAc and 353 K for PMMA, respectively. After an
nealing, Al was vacuum deposited once more onto the t
films to serve an upper electrode. Vacuum deposition of
might increase the temperature of thin polymer films loca
However, no dewetting of polymer films has been observ
during the vacuum deposition of Al. Therefore, the loc
heating of thin polymer films by the vacuum deposition,
any, would not affect the present experimental results.

Dielectric measurements were performed by using
LCR meter~HP4284A! for the frequency range from 20 H
to 1 MHz and an impedance analyzer~Solartron Instruments
SI1260! for the frequency range from 0.1 Hz to 1 MHz. Th
temperature of a sample cell was changed between 273
373 K for PVAc and between 263 and 423 K for PMMA
a constant rate of 0.5 K/min. The dielectric measureme
during the heating and cooling processes were perform
repeatedly several times. Data acquisition was made du
the above cycles except the first cycle. The good reprod
ibility of dielectric data was obtained after the first cycle.

The thicknessd is related to the electric capacitanceC8 of
thin films in the following way:C85e8e0(S/d), wheree0 is
the permittivity of the vacuum,e8 is the permittivity of the
polymer~PVAc or PMMA!, andS is the effective area of the
electrode (S58.0 mm2). For the frequency range wher
there are no contributions due to any dielectric dispersione8
may be regarded as constant for any change in freque
and hence, the film thickness is inversely proportional to
electric capacitance. Relative film thickness at a given te
perature may be obtained from the electric capacitance of
thin films at a frequency within the above-frequency ran
The frequency and the temperature we chose for the de
mination of the relative thickness are 8 kHz and 298 K
PVAc, and 1 kHz and 273 K for PMMA. The absolute va
ues of the film thickness for several films were measu
directly by an atomic force microscope~Shimadzu SPM-
9500! in order to calibrate the film thickness.

As shown in a previous paper@18#, the resistance of the
Al electrodes cannot be neglected for dielectric measu
ments of very thin films. This resistance leads to an artif
loss peak on the high-frequency side; this peak results f
the fact that the system is equivalent to a series circuit o
capacitor and resistor@23#. Because the peak shape in th
frequency domain is described by a Debye-type equation,
‘‘ C-R peak’’ can easily be subtracted. The data thus c
rected were used for further analysis in the frequency
main.

III. RESULTS

A. Poly„vinyl acetate…

1. Dielectric relaxation of thea process in PVAc

Figure 1 shows the dependence of the complex elec
capacitance (C* 5C82 iC9) on the logarithm of frequency
7-2
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DYNAMICS OF a AND b PROCESSES IN THIN . . . PHYSICAL REVIEW E64 051807
at various temperatures for thin films of PVAc withMw
51.83105 and film thicknesses~a! d5440 nm and~b! d
516 nm. In this figure, we find that the imaginary comp
nentC9 has a peak due to thea process. The peak frequenc
shifts to the higher-frequency side as temperature increa
Comparing Figs. 1~a! and 1~b!, we find that the peak position
shifts to the higher-frequency side at a fixed temperature
the film thickness decreases from 440 to 16 nm.

The temperature change in the dielectric loss at 100
normalized with the peak value for the bulk sample is sho
in Fig. 2 in the case of PVAc withMw51.83105. The di-
electric peak due to thea process possesses a maximum
the temperatureTa . It is found in Fig. 2 that the temperatur
Ta decreases with decreasing film thickness. At the sa
time, the peak width of thea process increases and th
height atTa decreases with decreasing film thickness. T
behavior is related to the change in the distribution of
relaxation times and the relaxation strength with the fi
thickness.

Figure 3 displays the temperature dependence of the
quencyf of the a process for thin films of PVAc with three
different thicknesses 440, 62, and 18 nm, wheref is associ-
ated with a characteristic time of thea processta via the
relation 2p f ta51. Each point in Fig. 3 consists of a data s
(1/Ta , log10f ). For each film thickness, the temperature d
pendence ofta can well be reproduced by the Voge
Fulcher-Tammann~VFT! law @24#: ta(T)5ta

` exp@U/(T
2T0)#, whereta

` is the relaxation time at very high temper

FIG. 1. The dependence of the complex electric capacitanc
the logarithm of frequency at various temperatures for PVAc w
Mw51.83105: ~a! d5440 nm, ~b! d516 nm. Solid curves are
calculated by Eq.~3!.
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tures,U is the apparent activation energy, andT0 is the Vo-
gel temperature. At a given temperature, the frequencyf in-
creases with decreasing film thickness, i.e., the relaxa
becomes faster in thinner films. This thickness depende
of f ~and ta) becomes stronger as the temperature
proaches the glass transition temperature. This behavio
quite similar to that observed in thin films of PS support
on glass substrate@17,18#.

In order to check how thea process changes with film
thickness, the thickness dependence of the temperatureTa at
the frequency 100 Hz is shown in Fig. 4 for three differe
molecular weights 1.23105, 1.83105, and 2.43105. The
error bars in Fig. 4 stand for the standard deviation inTa for
the data acquired by measurements done repeatedly se
times. Because the glass transition temperatureTg can be

on

FIG. 2. The temperature dependence of the imaginary part of
complex dielectric constant at 100 Hz for PVAc withMw51.8
3105 and three different thicknesses:s corresponds to 440 nm,n

to 54 nm, andh to 12 nm. The value of the vertical axis is no
malized with the maximum value for the bulk sample. The arro
indicate the values ofTa at 100 Hz.

FIG. 3. The relationship between the temperatureTa and the
frequencyf at which the dielectric loss possesses a maximum du
the a process for PVAc withMw51.83105 and three different
thicknesses:s corresponds to 440 nm,n to 62 nm, andh to 18
nm. Solid curves are obtained by fitting the data to the VFT eq
tion.
7-3
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FUKAO, UNO, MIYAMOTO, HOSHINO, AND MIYAJI PHYSICAL REVIEW E 64 051807
regarded as the value ofTa obtained for a very low fre-
quency of the applied electric field, for example,f '1/(2p
3102 sec), the absolute value ofTg is lower than that of the
Ta for f 5100 Hz. However, it is possible to extract qua
tative information on the thickness dependence ofTg from
the observed thickness dependence ofTa in Fig. 4.

The solid curve in Fig. 4 is obtained by using the sa
form of Eq. ~1! in which Tg is replaced byTa with param-
eters as follows:Ta

`5334.360.1 K, A50.1160.03 nm,d
50.7760.04. Because the single curve can reproduce
observed values ofTa for the three different molecula
weights, the temperatureTa seems to have almost noMw
dependence, and hence, we conjecture thatTg is also inde-
pendent of the molecular weight forMw51.23105-2.4
3105 andd.10 nm.

In order to discuss the dynamics of thea process in thin
films of PVAc, the observed complex dielectric consta
e* (v) in Fig. 1 is fitted to the following model function:

e* ~v!5e`1Av2me2 i (p/2)m1
De

@11~ ivt0!aHN#bHN
, ~3!

where v52p f and e` is the permittivity at a very high
frequency. The second term in the right-hand side~rhs! is a
contribution from space charge@25#, and it may be attributed
to pure dc conductivity ifm51. In the case of PVAc, the
fitted value ofm was found to be between 0.40 and 0.
depending on film thickness. The third term in the rhs com
from thea process and its form is empirically proposed
Havriliak-Negami ~HN! @26#, where De is the relaxation
strength,t0 is the characteristic time,aHN and bHN are the
shape parameters.

The thickness dependence of the relaxation strengthDe
obtained from the observed values ofe* (v) at 333 K is
shown in Fig. 5 for thin films of PVAc withMw52.43105,
whereDe is normalized with respect to the value ofDe for

FIG. 4. Thickness dependence of the temperatureTa for PVAc
with three different molecular weights:s corresponds toMw

51.23105, n to 1.83105, andh to 2.43105. The temperatureTa

is a temperature at which the imaginary component of the com
dielectric constant possesses a maximum value at 100 Hz.
05180
e

e

t

s

the bulk sample~see open circles!. The temperature 333 K
was chosen because the dielectric loss peak of thea process
is located at the center of the frequency window in t
present measurement at this temperature. As the film th
ness decreases, the normalized relaxation strength decr
from 1 to about 0.2. This behavior in relaxation streng
corresponds to the decrease in the height atTa in dielectric
loss in Fig. 2. Thed dependence ofDe will be discussed
later. The fitting parametersaHN and bHN of the HN equa-
tion are shown in Fig. 6. It is found that with decreasing fi
thickness the parameteraHN decreases andbHN slightly in-
creases. The decrease inaHN with decreasing film thickness
implies the broadening of the distribution of the relaxati
times.

x

FIG. 5. Thickness dependence of the relaxation strength norm
ized with the value of the bulk sample. Open circles correspond
the result obtained at 333 K for thea process in PVAc withMw

52.43105 and open triangles to the result obtained at temperatu
at which the dielectric loss peak is located at 300 Hz for theb
process in PMMA withMw54.93105. Solid lines are obtained by
Eq. ~6!. The characteristic lengths are 13.8460.34 nm and 6.48
60.31 nm for thea process in PVAc and theb process in PMMA,
respectively

FIG. 6. The thickness dependecne of the shape parametersaHN

andbHN of the HN equation obtained by fitting the observed data
333 K for PVAc withMw52.43105: open diamonds correspond t
aHN and full diamonds tobHN .
7-4



H

re

of
:

g
in
e

r-

ck

u-
ve
tric
ts

ary
cy

e

m-
wo

f

-

ull

at
d

ure
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2. Distribution of the relaxation times

The experimental observation that thee* (v) does not
obey a simple Debye equation but rather a complicated
equation may be accounted for by assuming thate* (v) is
expressed as the sum of the Debye equations with diffe
relaxation times in the following way:

e* ~v!5e`1DeE
2`

1` F~ loget!d~ loget!

11 ivt
, ~4!

where the second term in Eq.~3! is omitted.F(s) is a distri-
bution function of the logarithm of the relaxation times
the a process (s5 loget) and is normalized as follows
*2`

1`F(s)ds51. If it is assumed thate* (v) is expressed by
the HN equation, the analytical form ofF(s) may easily be
obtained in the following way with the parametersaHN ,
bHN , andt0:

F~s!5
1

p
@112eaHN(x02s)sinpaHN1e2aHN(x02s)#2bHN/2

3sinFbHN tan21S eaHN(x02s)sinpaHN

11eaHN(x02s)cospaHN
D G , ~5!

wherex05 loget0.
Figure 7 displays the distribution of log10ta calculated in

terms of Eq.~5! with the parametersaHN , bHN , andt0 at
333 K for thin films of PVAc with Mw52.43105 and d
51400 and 19 nm. In this figure, it is found that the avera
relaxation time of thea process decreases with decreas
film thickness, and that the width of the distribution of th
relaxation timesta becomes broader in thinner films. In o
der to quantify the change in the distribution ofta , the full
width w at the half maximum~FWHM w! at 333 K ofF(s)
was evaluated as shown in Fig. 8~a! for thin films of PVAc
with Mw52.43105 ~see open circles!. It is found that the
width w increases with decreasing film thickness. The thi

FIG. 7. The distribution functionF(s) of the relaxation times of
the a process at 333 K for PVAc withMw52.43105. The values
are calculated by Eq.~5! with the best-fit parameters of the HN
equation. The solid curve stands for the result ofd51400 nm and
the dotted curve for that ofd519 nm.
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ness dependence ofw is given by the equationw(d)
5w0(11a/d), wherew050.9260.03 anda522.061.6 nm
for the a process of PVAc. This broadening of the distrib
tion of the relaxation times and its functional form ha
also been observed in thin films of polystyrene by dielec
relaxation spectroscopy@18# and ellipsometric measuremen
@27#.

B. Poly„methyl methacrylate…

1. Temperature dispersion of dielectric loss

Figure 9 shows the temperature change in the imagin
part of the complex dielectric constant at a fixed frequen
for PMMA with Mw54.93105 andd5900 and 9.5 nm. The
value of ẽ9 is normalized with the maximum value for th
bulk sample (d5900 nm). The valueẽ9 at a fixed fre-
quency~40 Hz! displays an anomalous increase with te
perature due to thea andb processes, and it possesses t
maxima at the temperaturesTa and Tb . The values ofTa
and Tb depend not only on the frequencyf but also on the
film thickness, as we may see in Fig. 9; in the case of
540 Hz, Ta5401 K andTb5320 K for d5900 nm, and
Ta5383 K andTb5301 K for d59.5 nm. Both the height
and the width of theb peak are larger than those of thea
peak. The origin of thea process is attributed to the micro

FIG. 8. ~a! The thickness dependence of the normalized f
width at the half maximumw/w0 for the a process in PVAc with
Mw52.43105 (s), and theb in PMMA with Mw54.93105 (n).
The width for PVAc is evaluated at 333 K and that for PMMA is
the temperature at which theb peak in the dielectric loss is locate
at 300 Hz.~b! The thickness dependence of the widthDTa andDTb

of the a, b peaks in the dielectric loss at 40 Hz in the temperat
domain. The width is normalized with that of the bulk sample.
7-5
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FUKAO, UNO, MIYAMOTO, HOSHINO, AND MIYAJI PHYSICAL REVIEW E 64 051807
Brownian motion of the polymer main chain, while that
theb process is to the hindered rotation of the side branch
PMMA @21#.

In order to extract the peak temperaturesTa andTb and
the widthsDTa andDTb , the observed valuese9 as a func-
tion of temperature were fitted by the sum of the two Lore
zian functionsẽ i9/$11@(T2Ti)/DTi #

2% ( i 5a,b). The func-
tional form has no physical meaning, but it is used only
obtain the peak temperature and the width. If necessary
contribution due to dc conductivity was also taken into a
count by adding another peak at higher temperature to
fitting function. The thickness dependence of the widths
the a and b processes in the temperature domain, norm
ized with those in the bulk sampleDTi /DTi

0 is shown in Fig.
8~b!, whereDTi

0 is the width for the bulk sample. The soli
lines in Fig. 8~b! are given byDTi(d)5DTi

0(11a/d). In
PMMA, DTa

057.960.5 K anda516.762.0 nm for thea
process andDTb

0548.460.9 K anda51.360.3 nm for the
b process.

FIG. 9. The temperature dependence of the imaginary part o
complex dielectric constant at 40 Hz for PMMA with the thickne
of 9.5 and 900 nm. The vertical axis is normalized with the ma
mum value for the bulk sample. The value ford59.5 nm is mag-
nified by a factor of 4.5.

FIG. 10. Dispersion map of PMMA for various thicknesse
Circles correspond tod51070 nm, triangles tod515 nm, and
boxes tod59.5 nm. Full and open symbols are for thea process
and theb process, respectively.
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The dependence of the frequencyf on the reciprocal of the
temperaturesTa and Tb is shown in the dispersion map o
Fig. 10 for PMMA with Mw54.93105 with three different
film thicknesses. The number of data points of thea process
is limited because the smalla peak merges with the largeb
peak as the frequency increases, and as a result it is m
more difficult to extractTa at higher frequencies.

As shown in Fig. 10, the branch of theb process is well
separated from that of thea process for the frequency rang
below about 500 Hz. However, theb process approaches th
a process as the frequency or the temperature increases
cause the slope of the straight line corresponding to thb
process is much smaller than that of thea process: the cor-
responding apparent activation energies in this freque
range are 65166 kJ/mol for the a process and 32.7
60.2 kJ/mol for theb process. In this limited frequenc
range investigated here, thickness dependence of the ap
ent activation energy cannot be observed.~Here, it should be
noted that thea branch may indeed be fitted by a straig
line in Fig. 10, because of the limitation of the frequen
range, but we do not intend to deny the validity of the VF
law.! In Fig. 10, we find that both thea andb processes shift
to the higher-frequency side at a fixed temperature, as
thickness decreases, i.e., both the relaxations become fa

2. Ta and Tb as a function of thickness

In order to quantify the thickness dependence ofTa and
Tb , the frequency is fixed to be 40 Hz and the temperatu
Ta andTb are evaluated from the observed curve ofe9 vs T
for various film thicknesses from 9.5 to 1000 nm. The resu
are summarized in Fig. 11, where Figs. 11~a! and 11~b! dis-

e

-

.

FIG. 11. Thickness dependence ofTa and Tb at 40 Hz for
PMMA. The arrows indicate the critical thicknessdc .
7-6
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DYNAMICS OF a AND b PROCESSES IN THIN . . . PHYSICAL REVIEW E64 051807
play the thickness dependence of the temperaturesTa andTb
observed at 40 Hz for the thin films of PMMA withMw
54.93105, respectively.

Figure 11~a! shows thatTa remains almost constan
within the experimental accuracy as the film thickness
creases down to a critical thicknessda,c , at which pointTa
begins to decrease rapidly withd. The solid curve in Fig.
11~a! belowda,c is given by a linear relation betweenTa and
d, although it does not appear to be a straight line becaus
the logarithmic scale of the horizontal axis. The amount
the depression ofTa in the thin films is about 20 K betwee
the bulk sample and the thinnest film withd59.5 nm. In
this case, the critical thicknessda,c is found to be about 20
nm for thea process at 40 Hz.

On the other hand, thickness dependence ofTb seems to
be to some extent different from that ofTa , as shown in Fig.
11~b!. The temperatureTb decreases slightly with decreas
ing film thicknessdown to a critical thicknessdb,c even for
the relatively thick films. Below a critical thicknessdb,c , Tb
decreases more rapidly with decreasing film thickness.
depression inTb is about 25 K also in this case for th
thickness range investigated here, and the critical thickn
db,c is about 19 nm. It is quite interesting that the critic
thickness of theb process almost agrees with that of thea
process;da,c'db,c([dc). This result may suggest that the
is a strong correlation between thea process and theb pro-
cess, although the two processes at 40 Hz exist quite s
rately on the dispersion map in Fig. 10.

FIG. 12. The dependence of the complex electric capacitanc
the logarithm of frequency at various temperatures for PMMA w
Mw54.93105: ~a! d5900 nm, ~b! d59.5 nm. Solid curves are
calculated by the sum of two HN equations.
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In order to investigate the dynamical behavior in th
films of PMMA with d5900 and 9.5 nm, we observed th
frequency dependence of the complex dielectric constant
fixed temperature, as shown in Fig. 12. Corresponding
Fig. 9, the large peak due to theb process may be seen in th
C9 vs f plot and a small contribution from thea process may
also be observed at the foot of the largeb peak at 403 K.
According to the procedure of data analysis done for PVA
the observedC* is fitted to a model function consisting o
the two HN functions. In Fig. 12, the calculated values w
this model function are shown as solid curves. For th
films, the model function may very well reproduce the o
served results for the temperature and frequency ra
shown in Fig. 12. For very thin films, the data at high
frequency ~above 104 Hz) include relatively large errors
Therefore, in such a case, we used the data below 104 Hz
for the data fitting.

In order to evaluate the distributionF(s) and the relax-
ation strengthDe, the fitting parameters were obtained f
the b process at the temperature at which theb peak is
located at 300 Hz for various film thicknesses. In this ca
because the temperatures are located between 323 and 3
depending on the film thickness, the contribution from thea
process can safely be neglected. Using the parame
aHN,b , bHN,b , andt0,b obtained by fitting to the HN equa
tion, we evaluated the distribution functionF(s) of the re-
laxation time of theb process for PMMA, where the sub
script b means that these parameters are obtained for thb
process, and then we obtained the thickness dependen
FWHM w. The result ofw is shown in Fig. 8~a! ~see open
triangles!. For theb process of PMMA,w054.760.2 and
a53.2060.02 nm. In this figure, the result ofw for the a
process in PVAc is also shown instead ofw for thea process
in PMMA, because it was difficult to obtainw for the a
process in PMMA. In addition tow, the normalized widths
of the dielectric loss peak in the temperature domain due
the a andb processes,DTi /DTi

0 ( i 5a,b), are also shown
in Fig. 8~b!. Because the relaxation timet is a function of
the temperatureT, the distribution function of relaxation
timesF(loget) may be converted into that in the temperatu
domain, where the distribution function of the relaxatio
times with respect to temperature is given byF̃(T)
[F@ loget(T)#(d loget/dT). Therefore, the distribution of the
relaxation time can be evaluated not only fromF(loget) but
also from the width in the temperature domain. Compar
these results with each other, we found that the distribut
of the relaxation times of thea process becomes muc
broader with decreasing film thickness, while for theb pro-
cess, this broadening is weaker or remains almost cons
with decreasing film thickness.

Figure 5 shows the dependence of normalized relaxa
strength on the reciprocal of film thickness for theb process
in thin films of PMMA ~see open triangles!. The relaxation
strengths are obtained by fitting the observed frequency
pendence of dielectric loss for theb process at temperatur
at which theb peaks are located at 300 Hz. The depende
of normalized relaxation strength of thea process in thin
films of PVAc with Mw52.43105 is also shown in Fig. 5.

on
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However, that of thea process in PMMA has not yet bee
evaluated because the dielectric loss due to thea process in
this case is much smaller than that due to theb process.
More precise and wider frequency range measurements
be required to extract the relaxation strength of thea process
in PMMA especially in thinner films.

In Fig. 5, it is found that the dielectric strengths of bo
the processes have a similar thickness dependence as
lows:

De/Debulk512
ã

d
, ~6!

whereDebulk is the relaxation strength of the bulk samp
and ã is a constant independent ofd. The characteristic
lengths fitted by Eq.~6! are 13.860.3 and 6.560.3 nm for
thea process in PVAc and theb process in PMMA, respec
tively.

IV. DISCUSSIONS

We have successfully observed many properties of
namics of thea process in PVAc and thea andb processes
in PMMA. Here, we will discuss some of the results o
served in this study.

A. Thickness dependence ofTa in PVAc

In the case of PVAc, it has been observed that the te
peratureTa of the a peak in the temperature domain at 1
Hz decreases with decreasing film thickness in a manner
scribed by Eq.~1!. The thickness dependence ofTa has al-
most noMw dependence in theMw range from 1.23105 to
2.43105.

In the case of the freely standing films of polystyren
Mattssonet al. show that in a lowMw regime (Mw<3.47
3105) the value ofTg observed by Brillouin light scattering
has no molecular weight dependence and it decreases g
ally with decreasing film thickness in a similar way to E
~1! @28#. On the other hand, in a highMw regime (Mw
>5.143105) the thickness dependence ofTg shows a dis-
tinct molecular weight dependence given by Eq.~2! and it
depends on the radius of gyration of the polymer chain@28#.

Although the existence of the interfacial interaction m
lead to the difference in thed and Mw dependence ofTg
between the freely standing films and the thin films su
ported on substrate, our recent study shows that the temp
ture Ta observed at 100 and 1 kHz by dielectric relaxati
spectroscopy has a similar thickness andMw dependence to
Eq. ~2! for thin PS films supported on Al-deposited gla
substrate@17,18#. Therefore, it is expected that the thickne
and Mw dependence ofTa in thin films supported on sub
strate may be compared with that ofTg in freely standing
thin films. For this reason, the observed results onTa in thin
films of PVAc may correspond to the lowMw regime ob-
served by Mattssonet al. in the freely standing films of PS
In the regime,confinement effect of polymer chainswithin
thin films is not dominant for the reduction ofTg or Ta , but
the finite-size effectsdue to a length scale intrinsic to th
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glass transition may be dominant. If we measureTa for thin
films of PVAc with still higher molecular weights, howeve
Mw dependence ofTa vs d may be observed in a similar wa
to Tg in the freely standing films of PS.

B. Thickness dependence ofTa and Tb in PMMA

In PMMA, it can be expected that the characteristic leng
scale of theb process, if any, should be smaller than that
the a process, because the characteristic time of theb pro-
cess at a fixed temperature in the temperature range inv
gated here is much shorter than that of thea process. In this
case, the thickness dependence ofTa should be stronger than
that of Tb at a fixed frequency. However, the observed
sults do not obey this expectation; as shown in Fig. 11,
d.da,c ('db,c), Ta remainsalmost independent of thick
nessand Tb decreases slightly with decreasing film thic
ness.

According to a layer model, as discussed in the literat
@12,18,29#, Tg and the dynamics of thin films are controlle
by the competition between the two different effects. First
the existence of a mobile layer near surfaces leads to
speedup of the dynamics of thea process~and also theb
process!. Within the mobile layer molecular motions are e
hanced compared with those in the bulk state. The origin
the enhancement of molecular motion is supposed to be
to the higher density of chain ends of polymer chains@30# or
to the restriction on cooperative motions characteristic of
glass transition within the surface layer@28,31#. In the latter
case, the layer thickness of the mobile layer is of an orde
the size of the cooperatively rearranging region~CRR! @28#.
Secondly, the attractive interaction between the polym
and the substrate leads to the slowing down of the dynam
of the motion@32,33#. For example, the adsorption of poly
mer chains onto the substrate causesTg of the thin films to
increase compared with that in the bulk state.

Here, some comments should be added on the Al e
trode of our thin films. In our measurements, the film
covered with Al on both sides. Although the lower Al laye
may be regarded as a rigid~solid! wall because of the exis
tence of glass substrate, the upper Al layer cannot be
garded as a rigid wall for the following reasons.~1! After
measurements up to about 415 K, ‘‘wrinkles’’ are often o
served on the upper Al layer by an optical microscope, wh
indicates that the upper Al layer is no rigid wall, but it mov
according to the thermal expansion of polymer layers.~2!
The glass transition temperature of our thin films shows
most same thickness dependence as that of uncapped
films, which have no upper solid layer but have free surfa
@18#. From these experimental results, it can be expected
the upper Al layer does not affect the thermal properties
polymer films, and accordingly, there may be some mob
layer near the boundary between the upper Al layer and
polymer layer.

In the case of thin films of PMMA, it has been reporte
that the glass transition temperature strongly depends on
interaction between the polymers and the substrate. Ke
and Jones show thatthe Tg increases with decreasing film
thicknessfor SiO2 substrate, whileit decreases with decreas
7-8
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DYNAMICS OF a AND b PROCESSES IN THIN . . . PHYSICAL REVIEW E64 051807
ing film thicknessfor the Au substrate@14#. Local thermal
analysis measurements showed thatTg of thin films of
PMMA supported on SiOx is 7 K higher ford520 nm than
that for the bulk films, whileTg on SiOx with hexamethyldi-
silizane is 10 K lower ford520 nm @34#. In thin films of
PMMA supported on Al-deposited silicon substrate, it is
ported thatTg of thin films with d540 nm is higher by 14
64 K than that of bulk PMMA@35#.

The above results appear to contradict with the pres
results. However, by comparing the present results w
those obtained by other methods, it can easily be found
all results except ours are those for thin films withd
.20 nm. Our measurements show that ford.20 nm, Ta
remains almost constant within experimental accuracy, orTa
might increase slightly with decreasing film thickness. If w
would measureTa at much lower frequency than 40 Hz, sa
1 mHz, we could observe more distinct thickness dep
dence ford.20 nm. Therefore, for this thickness range, t
present results are not inconsistent with those reported in
literature. The decrease inTa (Tg) with decreasing film
thickness below about 20 nm may also be observed by e
sometry or local thermal analysis if the measurements wil
done for thin films withd,20 nm.

In the case of PVAc and PMMA, strong attractive inte
actions with hydroxyl groups present at aluminum surfa
are developed. If the Al surface is fixed on glass substr
this strong attractive interaction may reduce the chain mo
ity and, as a result,Tg increases with decreasing film thick
ness. However, it can be expected that, even if there is
attractive interaction between polymers and theupper Al
layer, this interaction may not contribute to the reduction
chain mobility because the upper Al layer is not fixed w
glass substrate and it moves according to the thermal ex
sion of the polymer layer.

The results reported in the literature@13,34,35# suggest
that the effect of the interaction between the polymer and
substrate is sensitive to the condition of the surface of
substrate in thin films of PMMA. In thea process in PMMA
on Al-deposited substrate, the mobile layer associated w
cooperative length scale of the glass transition tends to
duceTg andTa , while the attractive interaction between th
polymer and the substrate tends to increase them. As a re
the two effects cancel each other out and the observed v
of Ta may remain almost constantfor d.da,c , as shown in
Fig. 11~a!. For the b process, it is expected that the tw
effects no longer cancel each other out and the mobile la
has a dominant effect onTb . In order to check the validity of
the above idea, we should measureTa andTb of PMMA thin
films for a substrate that has almost no attractive interac
between the polymer and the substrate. In such a case,
expected that as the thickness decreases,Ta decreases faste
than doesTb .

In the present measurements, it is observed that fod
,da,c a drastic decrease inTa begins with decreasing film
thickness. To our surprise,Tb also begins to decrease dra
tically with decreasing film thickness at almost the same fi
thicknessdb,c('da,c). This indicates that there is a stron
correlation between thea process and theb process in
PMMA thin films, although both processes are located aw
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from each other in the dispersion map~Fig. 10!. Both values
of da,c anddb,c agree well with the radius of gyration of th
polymer chain (Rg'18.6 nm), and hence, this behavior ma
be controlled by the polymeric nature of PMMA.

For bulk polymers, the coupling between thea process
and b process has been investigated by multidimensio
NMR @36# and dielectric relaxation spectroscopy@37,38#.
Spiesset al. show that in PMMA, theb process predomi-
nantly influences the time scale of thea process, leading to a
particularly high mobility of the main chain itself. This cou
pling observed in the bulk PMMA may be related to th
correlation between the thickness dependence ofTa and that
of Tb . At the moment, it is impossible to answer the que
tion of whether the correlation between these two relaxat
processes is stronger in thin PMMA films than in the bul

The drastic change atda,c implies the crossover from the
normal a process to other type of dynamics. Recently,
Gennes proposed a sliding motion, which can be activa
via a soft skin layer near the surface instead of normaa
dynamics@39,40#. Below dc , the sliding motion may be ac
tivated in this case. The measurements ofMw dependence of
Ta and Tb for thin films of PMMA are highly desirable in
order to clarify the nature of the above behavior onTa and
Tb .

C. Distribution of the relaxation times

The distribution of the relaxation times of thea-process
ta in thin films of PVAc has been found to become broad
with decreasing film thickness. The widthw of the distribu-
tion in PVAc with d59.5 nm is about 2.5 times as broad
that in bulk PVAc. On the other hand, the widthw for theb
process in thin films of PMMA depends on film thickne
much more weakly, as shown in Fig. 8~a!. The correspond-
ing width DTi in temperature domain has a similar thickne
dependence, i.e., the thickness dependence ofDTb is much
weaker than that ofDTa in PMMA. From these observa
tions, it is found that the distribution of relaxation times
the a process depends on film thickness much stronger t
that of theb process. The intrinsic length scale of theb
process is expected to be much smaller than that of tha
process, as deduced from Fig. 10. The present observatio
the thickness dependence of the distribution of the relaxa
times is consistent with this expectation.

D. Thickness dependence ofDe

As shown in Fig. 2, the dielectric loss peak due to thea
process becomes more depressed with decreasing film th
ness. This is consistent with the result that the relaxat
strength De decreases with decreasing film thickness,
shown in Fig. 5. The thickness dependence ofDe is found to
obey Eq.~6!. Here, we will try to give a possible explanatio
on the decrease inDe with decreasing thickness.

If there is no interaction between dipole moments, t
relaxation strengthDe0 is described as follows:

De0'
Nm0

2

3kBT
, ~7!
7-9
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whereN is the dipole number density,m0 is the dipole mo-
ment of the relaxing unit,kB is the Boltzmann constant, an
T is the temperature. Now it is assumed thatn neighboring
dipole moments are relaxed in a cooperative manner. Then
N and m0 should be replaced byN/n and nm0 in Eq. ~7!,
respectively. As a result, we obtain the relaxation stren
Den for such a cooperative motion in the following way:

Den'n
Nm0

2

3kBT
. ~8!

Here, it may be expected that the numbern is proportional to
the intrinsic length of the motion in question. Because co
erative motions are disturbed near surfaces or interfaces
intrinsic length of the motions may be reduced andn is de-
creased. Therefore,De of the region near surfaces and inte
faces can be expected to be smaller than that of the
system. By averaging along the direction normal to the fi
surface, the relaxation strengthDe is expressed by

De5DebulkF12jS 12
Desur f

Debulk
D 1

dG , ~9!

wherej is the effective thickness of the surface region,d is
the overall thickness, andDebulk and Desur f are the relax-
ation strength of the bulk region and the surface regio
respectively. Here, the relationDebulk.Desur f is satisfied.
On the basis of this simple picture, the observed thickn
dependence ofDe in Eq. ~6! may be reproduced. The valu
of ã is given by ã5j(12Desur f /Debulk). Therefore, the
observed result onDe in the present measurements is co
sistent with the idea of cooperative motions.

V. SUMMARY

We made dielectric relaxation measurements for t
films of poly~vinyl acetate! and poly~methyl methacrylate!
supported on Al-deposited glass substrate. The results
tained in the present measurements are summarized as
lows:

~1! The temperatureTa corresponding to the peak in th
dielectric loss due to thea process at 100 Hz is measured
a function of film thickness for thin films of PVAc with thre
different molecular weightsMw51.23105, 1.83105, and
2.43105. It is found thatTa decreases gradually with de
creasing film thickness and the decreasing rate ofTa in-
creases more and more in thinner films. Furthermore,Ta has
almost no molecular weight dependence.

~2! The width of the distribution of the relaxation times
thea process increases with decreasing film thickness, w
the relaxation strength of thea process decreases with d
creasing film thickness.

~3! The thickness dependence of the temperaturesTa and
Tb corresponding to the peaks in the dielectric loss due to
a andb processes at 40 Hz, respectively, are measured
thin films of PMMA with Mw54.93105. The temperature
Ta remains almost constant as the thickness is decre
down to a critical thicknessda,c , at which point it begins to
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decrease with thickness. The value ofda,c is about 20 nm.
On the other hand, the temperatureTb decreases slightly
with decreasing film thickness from the bulk to a critic
thicknessdb,c . Below db,c , Tb decreases more rapidly wit
decreasing film thickness. The value ofdb,c is almost equal
to da,c .

~4! The widthsDTa and DTb of the peaks in dielectric
loss in the temperature domain are measured for both tha
and b processes in thin films of PMMA withMw54.9
3105. As the thickness is decreased, the widthDTa in-
creases much faster thanDTb . This indicates that the broad
ening of the distribution of relaxation times of thea process
is much more sensitive to the change in thickness than tha
the b process.

Here, it should be noted that the experimental values oTg
can be defined in two different ways. One is the temperat
at which the slope of the straight line of volume vs tempe
ture changes discontinuously and may be observed
‘‘dilatometry.’’ The other is the temperature at which th
characteristic time of thea process because 102 sec or 103

sec observed by relaxation measurements such as diele
relaxation spectroscopy. The former is called thermodyna
measure ofTg ~thermodynamicTg) and the latter is called
dynamic measure ofTg ~dynamic Tg). It is not yet clear
whether both twoTg’s agree with each other. In our previou
papers@18,20#, it is found that the thermodynamicTg has no
molecular weight dependence, while the dynamicTg has a
distinct molecular weight dependence in the case of thin s
ported films of polystyrene. It is also found in Ref.@17# that
there is a correlation between thed dependence of the ther
modynamicTg and the width of the loss peak due to thea
process. In this paper, several properties of the dynamicTg
have been measured and discussed.

In this paper, several length scales characteristic of
thickness change inTa , DTa , Tb , DTb , De, andw have
been introduced. The physical quantities such asDTa , DTb ,
w, and De have been found to be described by the line
equation of the reciprocal ofd. This result suggests that
layer model be applicable to explain the thickness dep
dence, as shown in Sec. IV D. In such cases, the chara
istic lengthsa and ã are correlated with the thickness of th
surface layerj, which can be expected to be comparable
the size of the CRR. On the other hand, the crossover th
nessesda,c anddb,c are almost equal to the radius of gyr
tion of the polymer chain and are expected to be molecu
weight dependent. These crossover thicknesses may
strongly associated with dynamics of polymer chains. In
der to understand the present experimental results, a m
will be required, where the nature of polymer dynamics
taken into account, as well as the intrinsic nature of the gl
transition.
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