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Dynamics of thin films of polgvinyl acetat¢ (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. Theax process, the key process of glass transition, is observed for thin films of PVAc and
PMMA as a dielectric loss peak at a temperatlitg in temperature domain with a fixed frequency. For
PMMA, the 8 process is also observed at a temperalyye For PVAc, T, decreases gradually with decreas-
ing thickness, and the thickness dependence ofs almost independent of the molecular weigh (<2.4
X 10°). For PMMA, T, remains almost constant as thickness decreases down to a critical thickness
which point it begins to decrease with decreasing thickness. Contrasfingtiecreases gradually as thickness
decreases td,, and belowd, 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 thg process. It is also observed that the relaxation strength is depressed as the thickness
decreases for both the polymers.
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Recent progress in theoretical and experimental studies

has clarified many properties of glass transitiph®]. How-  where the best-fit parameters afié =373.8 K, A=1.3
ever, the mechanism of the glass transition has not yet been0.1 nm, andé=1.28+0.20 [13]. The molecular weight
fully understood[3]. The major issue is the experimental (M,) dependence of ((d) has not been observed fot,,
approach to the investigation of the length scale of the glasgange from 1.X10° to 2.9x1(°, and hence, it was con-
transition and dynamics of the process such as dynamical cluded that the confinement effect of polymer chains within
heterogeneity[4,5]. According to the Adam and Gibbs thin layers may be neglected in such systems. Further mea-
theory, the dynamics of glass transitions are associated witsurements ofl in thin films of polymethyl methacrylate
cooperative motions that are characterized by a so-catled (PMMA) supported on two different kinds of substrate re-
operatively rearranging regioiCRR), in which molecules Vealed that the strong attractive interactions between sub-
move cooperatively with each othi]. The size of the CRR strate and polymers lead to increaseTinwith decreasing
is assumed to increase as temperature decreases to the glf¥§8 thickness[14]. . _
transition temperatur&,. The characteristic length scale as- N order to remove such interactions between substrate
sociated with such cooperative motions has been investigate'd Polymers, Forresdt al. measuredrq for freely standing
by multidimensional NMR[7], dielectric hole burning8], films of polystyrene by.BnIIoum Il.ght—scattenng measure-
and photobleachinf9] for bulk systems. Another approach MeNts(15,18. They obtained the thickness dependencépof

I. INTRODUCTION
Ty(d)=T;

to studying the length scale is the investigation of the finite-2S fOllOWS:

size effect on glass transition dynamics through confined do—d

systems such as thin polymer filis0] or small molecules g( 1- ) d<d,

in nanopore$11]. Ty(d)= 4 )
The first direct measurement of the reductioTjjin thin Tg : d>d,

polymer films has been made by Keddieal. in 1994[12].
In their work, the film thickness of the thin films of polysty- whereT is the glass transition temperature for thick filrs,
rene(PS supported on a hydrogen passivated silicon wafeis the constant, and, is the critical thickness. The critical
has been measured as a function of temperature by an elliphicknessd,, below which T, decreases linearly with de-
someter. The results showed that the obserfgdn such  creasing film thickness, depends on the molecular weight,
thin films can be described as a function of film thickneks, i.e., dy increases with the molecular weight in a way similar
as follows: to the radius of gyration of polymer chains.
In our previous papers, we performed electric capacitance
measurements for thin films of polystyrene supported on Al-
*Author to whom correspondence should be addressed. Preseéieposited glass substrate and determinedTihas a tem-

address: Department of Polymer Science and Engineering, Kyotperature at which the temperature dependence of capacitance
Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585,changes discontinuouspL7,18. As a result, we confirmed
Japan. Electronic address: fukao@ipc.kit.ac.jp the reduction off 4 in our system in a way similar to E¢l).
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TABLE I. The weight averaged molecular weightt, , the ratio  mers are listed in Table I. The glass transition temperatures
of M,, to the number averaged molecular weighyt, and radius of  of PVAc and PMMA in the bulk states are 303 and 373 K,

gyration of the polymer®; used in these studies. respectively. Thin polymer films were prepared by spin coat-
ing a toluene solution of PVA(PMMA) onto Al-deposited
M, M, /M, Ry(nm)? glass substrate. Film thickness is controlled by changing the

concentration of the solution. The thin films obtained by the

PVAC 124800 2.37 101 spin-coat method were anneaiedvacuofor 48 hours at 303
182000 2.95 12.2 K for PVAc and 353 K for PMMA, respectively. After an-
237100 2.64 12.8 nealing, Al was vacuum deposited once more onto the thin
PMMA 490200 411 18.6 films to serve an upper electrode. Vacuum deposition of Al
might increase the temperature of thin polymer films locally.
®The values oR; are obtained from Ref22]. However, no dewetting of polymer films has been observed

during the vacuum deposition of Al. Therefore, the local
Furthermore, we made volume relaxation measurements dieating of thin polymer films by the vacuum deposition, if
thin polystyrene films and measured the temperaiyfeat  any, would not affect the present experimental results.
which the imaginary component of complex thermal- Dielectric measurements were performed by using an
expansion coefficient has a peak at a given very low freLCR meter(HP4284A for the frequency range from 20 Hz
quency corresponding to the relaxation time about 100 set® 1 MHz and an impedance analyZ&olartron Instruments
during the heating process of a constant fdt@,2(. The SI11260 for the frequency range from 0.1 Hz to 1 MHz. The
temperatureT,, thereby obtained may be regarded as thelemperature of a sample cell was changed between 273 and
glass transition temperatufg,. In our measurements, it is 373 K for PVAc and between 263 and 423 K for PMMA at
found thatT, decreases slightly with decreasing film thick- a c_onstant rate_of 0.5 K/mln_. The dielectric measurements
ness down to a critical thicknes,, and belowd, it de-  during the heating and cooling processes were performed
creases very rapidly. The value @f changes wittM,, in the repeatedly several times. Data acquisition was made during
similar way to the radius of gyration of polymer chains. This (€ above cycles except the first cycle. The good reproduc-
behavior ofT, is quite similar to those obtained in freely ibility of dielectric data was obtained after the first cycle.

standing films as shown in E€@) except the slight change in __1he thicknessl is related to the electric capacitance of
T, aboved. . thin films in the following way:C' = €’ €o(S/d), whereeg is

? Intensive investigations have been performed so fafh® permittivity of the vacuume’ is the permittivity of the
mainly on polystyrene film§10]. It is important to clarify ~Pelymer(PVAc or PMMA), andSis the effective area of the

whether the results extracted from the investigations on thiléctrode §=8.0 mnf). For the frequency range where
polystyrene films hold also for other polymers. In this paper,there are no contributions due to any dielectric d!spersqbn,
therefore, we investigate the dynamics of thin films of poly-may be regarded as constant for any change in frequency,
(vinyl acetat¢(PVAc) and PMMA by dielectric relaxation and h_ence, th_e film thlckne_ss is mve_rsely proporno_nal to the
spectroscopy. PVAc is a polymer suitable for dielectric re-€lectric capacitance. _Relatwe film thICkn_GSS at a given tem-
laxation measurements because a monomer unit of PVAc hd&¥rature may be obtained from the electric capacitance of the
a large dipole momerf21]. In PMMA, there is a strongs thin films at a frequency within the above-frequency range.
process that is due to the hindered rotation of the side groupn® frequency and the temperature we chose for the deter-
in addition to thea process21]. It is indispensable to in- mination of the relative thickness are 8 kHz and 298 K for

vestigate the size dependence of dynamics ofahmocess P VAC, and 1 kHz and 273 K for PMMA. The absolute val-

and theg process when elucidating the nature of glass tranyes of the film thickness for several films were measured

sition. directly by an atomic force microscop&himadzu SPM-
This paper consists of five sections. After the introduc-2900 in order to calibrate the film thickness.

tion, experimental details on preparation method of thin films _AAS Shown in a previous papgt8], the resistance of the
and dielectric relaxation spectroscopy are given in Sec. II. If\| €lectrodes cannot be neglected for dielectric measure-
Sec. Ill, experimental results on poWnyl acetate and ments of very thin fllms. This reS|§tance_Ieads to an artifact
poly(methyl methacrylateby dielectric relaxation spectros- 0SS peak on the high-frequency side; this peak results from
copy are shown. In particular, thickness dependence of thibe fa(_:t that the system is equivalent to a series circuit of a
temperatured, andT ; corresponding to the: and 8 peaks capacitor and r¢5|§tc[|23]. 'Because the peak shape in the
in the dielectric loss and the width of the distribution of the Téquency domain is described by a Debye-type equation, the

relaxation time of thex and 3 processes are focused in Sec. C"R peak” can easily be subtracted. The data thus cor-
lll. Discussions on the present experimental results com[€cteéd were used for further analysis in the frequency do-
pared with the results reported previously are given in Se¢"a":
IV and a summary is given in Sec. V. Il RESULTS

Il. EXPERIMENTS A. Poly(vinyl acetate)

The polymer samples used in this stud§VAc and 1. Dielectric relaxation of thea process in PVAc

PMMA) are purchased from Scientific Polymer Products, Figure 1 shows the dependence of the complex electric
Inc. The molecular weight and radius of gyration of the poly-capacitance €* =C’—iC") on the logarithm of frequency
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13000 FIG. 2. The temperature dependence of the imaginary part of the
40000 complex dielectric constant at 100 Hz for PVAc wi,=1.8
=~ o X 10° and three different thicknesses: corresponds to 440 nrd)
£ 35000 2000 2 to 54 nm, and to 12 nm. The value of the vertical axis is nor-
© O malized with the maximum value for the bulk sample. The arrows
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353 K . tures,U is the apparent activation energy, anglis the \_/o-
20000 . . . . . . 0 gel temperature. At a given temperature, the frequdriny
A [ VA S U A [ [/ creases with decreasing film thickness, i.e., the relaxation

f(Hz) becomes faster in thinner films. This thickness dependence

FIG. 1. The dependence of the complex electric capacitance ofif f (and 7,) becomes stronger as the temperature ap-
the logarithm of frequency at various temperatures for PVAc withProaches the glass transition temperature. This behavior is
M, =1.8x10°: (@ d=440 nm,(b) d=16 nm. Solid curves are quite similar to that observed in thin films of PS supported
calculated by Eq(3). on glass substrafd 7,19.

In order to check how thex process changes with film
at various temperatures for thin films of PVAc witti,,  thickness, the thickness dependence of the temperajuae
=1.8x10° and film thicknesse$a) d=440 nm and(b) d the frequency 100 Hz is shown in Fig. 4 for three different
—16 nm. In this figure, we find that the imaginary compo- molecular weights 1.210°, 1.8<1C°, and 2.4<10°. The
nentC” has a peak due to the process. The peak frequency €rror bars in Fig. 4 stand for the standard deviatiof jrfor
shifts to the higher-frequency side as temperature increaseie data acquired by measurements done repeatedly several
Comparing Figs. () and 1b), we find that the peak position times. Because the glass transition temperaliyecan be
shifts to the higher-frequency side at a fixed temperature as

the film thickness decreases from 440 to 16 nm. 10° S

The temperature change in the dielectric loss at 100 Hz 440nm o
normalized with the peak value for the bulk sample is shown N3l 62nm g
in Fig. 2 in the case of PVAc wittM,,=1.8x 10°. The di- 10t | S

electric peak due to the process possesses a maximum at
the temperatur@, . It is found in Fig. 2 that the temperature
T, decreases with decreasing film thickness. At the same
time, the peak width of thex process increases and the
height atT, decreases with decreasing film thickness. This
behavior is related to the change in the distribution of the

Frequency (Hz)
8&)

‘ ) - , : 10t PVAc
relaxation times and the relaxation strength with the film M =1.8x105
thickness.
Figure 3 displays the temperature dependence of the fre- 10’ e
guencyf of the « process for thin films of PVAc with three 27 28 29 3 3.1
different thicknesses 440, 62, and 18 nm, whieie associ- 1T(10°K)

ated with a characteristic time of the processr, via the FIG. 3. The relationship between the temperatlifeand the

relation 2 fr,=1. Each pomt ”_” Fig. 3 consists of a data SQtfrequencyf at which the dielectric loss possesses a maximum due to
(11T, ,logief). For each film thickness, the temperature de-ye ' process for PVAC withM,,=1.8x 10° and three different
pendence ofr, can well be reproduced by the Vogel- thicknessesO corresponds to 440 nnd) to 62 nm, and] to 18
Fulcher-Tammann(VFT) law [24]: 7,(T)=7,exdU/(T  nm. Solid curves are obtained by fitting the data to the VFT equa-
—To)], wherer,, is the relaxation time at very high tempera- tion.
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FIG. 4. Thickness dependence of the temperaiyréor PVAc FIG. 5. Thickness dependence of the relaxation strength normal-

with three different molecular weights© corresponds toM,, ized with the value of the bulk sample. Open circles correspond to

=1.2X10°, A to 1.8< 10°, and] to 2.4x 10°. The temperatur@,  the result obtained at 333 K for the process in PVAc withM,,

is a temperature at which the imaginary component of the complex= 2.4x 10° and open triangles to the result obtained at temperatures

dielectric constant possesses a maximum value at 100 Hz. at which the dielectric loss peak is located at 300 Hz for ghe
process in PMMA withM,,=4.9X 10°. Solid lines are obtained by
Eq. (6). The characteristic lengths are 13:8@.34 nm and 6.48

regarded as the value &f, obtained for a very low fre- +0.31 nm for thex process in PVAc and thg process in PMMA,

quency of the applied electric field, for exampfesy 1/(2  respectively
X 10? sec), the absolute value ©f; is lower than that of the
T, for =100 Hz. However, it is possible to extract quali- the bulk samplgsee open circlgs The temperature 333 K
tative information on the thickness dependencel gffrom  was chosen because the dielectric loss peak ofitheocess
the observed thickness dependencd ofin Fig. 4. is located at the center of the frequency window in the
The solid curve in Fig. 4 is obtained by using the samepresent measurement at this temperature. As the film thick-
form of Eq. (1) in which Ty is replaced byT, with param-  ness decreases, the normalized relaxation strength decreases
eters as followsT,=334.3:0.1 K, A=0.11+0.03 nm,s from 1 to about 0.2. This behavior in relaxation strength
=0.77+0.04. Because the single curve can reproduce th€orresponds to the decrease in the height atn dielectric
observed values off, for the three different molecular l0ss in Fig. 2. Thed dependence oAe will be discussed
weights, the temperatur€, seems to have almost rid,, later. The fitting parameters,y and B,y of the HN equa-
dependence, and hence, we conjecture Thas also |nde- tion are shown in Fig. 6. It is found that with decreasing film
pendent of the molecular weight fok,=1.2x10°-2.4 thickness the parametey,y decreases anfyy slightly in-
X 10° andd>10 nm. creases. The decreasedny with decreasing film thickness
In order to discuss the dynamics of theprocess in thin  implies the broadening of the distribution of the relaxation
flms of PVAc, the observed complex dielectric constanttimes.
€*(w) in Fig. 1 is fitted to the following model function:

09 .
PVAC ¢
€ (w)= €.+ A Me  (72M4 ae , (3 [ M=2.4x10° ? 4o T wel ]
[1+4 (i wTg) *HN]PHN 08 |  apy—— : @
Brw
where w=27f and e, is the permittivity at a very high & ¢ P
frequency. The second term in the right-hand <ide) is a £ o7 3
contribution from space char@25], and it may be attributed N I o
to pure dc conductivity ifm=1. In the case of PVAc, the osl @ ¢t .
fitted value ofm was found to be between 0.40 and 0.93 o .
depending on film thickness. The third term in the rhs comes [ r LR R L
from the a process and its form is empirically proposed by 05 ¢ ¢
Havriliak-Negami (HN) [26], where A€ is the relaxation . . :
strength, 7, is the characteristic timeyyy and By are the 10 100 1000
shape parameters. d (nm)
The thickness dependence of the relaxation stredgth FIG. 6. The thickness dependecne of the shape parameigrs

obtained from the observed values &f(w) at 333 K is  andp,, of the HN equation obtained by fitting the observed data at
shown in Fig. 5 for thin films of PVAc witiM,,=2.4x 10°, 333 K for PVAC withM,,= 2.4x 10°: open diamonds correspond to
whereA e is normalized with respect to the value &k for  «, and full diamonds tQ8,y .
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FIG. 7. The distribution functiofr (s) of the relaxation times of Ej
the « process at 333 K for PVAc witvl,,=2.4X 10°. The values E 20
are calculated by Eq5) with the best-fit parameters of the HN ~
equation. The solid curve stands for the resulttlef1400 nm and 151
the dotted curve for that al=19 nm. a
1.0

2. Distribution of the relaxation times 0 0.02 0.04 0.06 0.08 0_110

. . 1/d (14
The experimental observation that tk&(w) does not (t/nm)

obey a simple Debye equation but rather a complicated HN F|G. 8. (a) The thickness dependence of the normalized full

equation may be accounted for by assuming #fgtw) is  width at the half maximunw/w, for the « process in PVAc with

expressed as the sum of the Debye equations with differem,,=2.4x 10° (O), and theg in PMMA with M,,=4.9x 10 (A).

relaxation times in the following way: The width for PVAc is evaluated at 333 K and that for PMMA is at

the temperature at which th& peak in the dielectric loss is located

+= F(logeT)d(logeT) at 300 Hz.(b) The thickness dependence of the width, andAT

) (4) of the @, B peaks in the dielectric loss at 40 Hz in the temperature
domain. The width is normalized with that of the bulk sample.

* =
€ (w) 6°°+AEJ:30 TTior

where the second term in EB) is omitted.F(s) is a distri-

bution function of the logarithm of the relaxation times of ness dependence of is given by the equationw(d)
the a process $=log.7) and is normalized as follows: =wgy(1+a/d), wherewy=0.92+0.03 anda=22.0=1.6 nm
[T2F(s)ds=1. If it is assumed that* (w) is expressed by for the a process of PVAc. This broadening of the distribu-
the HN equation, the analytical form &f(s) may easily be tion of the relaxation times and its functional form have

obtained in the following way with the parametesg, also been observed in thin films of polystyrene by dielectric
Bun, andry: relaxation spectroscofyt8] and ellipsometric measurements
[27].

1
F(s)=—[1+2e“NC0~9sin 77 ayy + €290~ 9]~ Arn/2
aa

B. Poly(methyl methacrylate)

X sin

Buntan ! (5) 1. Temperature dispersion of dielectric loss

e*HNo~S)sin 7 arpyy )

apn(Xo—S)
1+e COST N Figure 9 shows the temperature change in the imaginary

wherex,=log, part of the complex dielectric constant at a fixed frequency
0™ e 10- 5 — —
Figure 7 displays the distribution of Iggr,, calculated in for PMMA with M,,=4.9x 10° andd =900 and 9.5 nm. The

terms of Eq.(5) with the parameters,, Buy, and o at value of ¢” is normalized with the mafimum value for the
333 K for thin films of PVAc withM,,=2.4x10° and d bulk sample §=900 nm). The valuee” at a fixed fre-
=1400 and 19 nm. In this figure, it is found that the averagejuency (40 H2) displays an anomalous increase with tem-
relaxation time of then process decreases with decreasingperature due to the and 8 processes, and it possesses two
film thickness, and that the width of the distribution of the maxima at the temperaturds, and T;. The values ofT,
relaxation timesr,, becomes broader in thinner films. In or- and T4 depend not only on the frequenéyout also on the
der to quantify the change in the distribution iof, the full  film thickness, as we may see in Fig. 9; in the casef of
width w at the half maximum{(FWHM w) at 333 K of F(s) =40 Hz,T,=401 KandTz=320 K ford=900 nm, and
was evaluated as shown in Figagfor thin films of PVAc  T,=383 KandT;=301 Kford=9.5 nm. Both the height
with M,,=2.4X10° (see open circlgs |t is found that the and the width of the3 peak are larger than those of the
width w increases with decreasing film thickness. The thick-peak. The origin of thex process is attributed to the micro-
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FIG. 9. The temperature dependence of the imaginary part of the 315
complex dielectric constant at 40 Hz for PMMA with the thickness <
of 9.5 and 900 nm. The vertical axis is normalized with the maxi- = 310 f
mum value for the bulk sample. The value fb+9.5 nm is mag- 305 |
nified by a factor of 4.5. 40Hz
300
Brownian motion of the polymer main chain, while that of (b) B process
the B process is to the hindered rotation of the side branch of 295 1'0 160 10'00

PMMA [21].
In order to extract the peak temperatufigsand T, and
the widthsAT, andAT, the observed values’ as a func-

d (nm)

FIG. 11. Thickness dependence ©f, and T4 at 40 Hz for

tion of temperature were fitted by the sum of the two Lorent-PMMA. The arrows indicate the critical thickneds.

zian functionse//{1+[(T—T;)/AT;1?} (i=a,B). The func-

tional form has no physical meaning, but it is used only to  The dependence of the frequerfayn the reciprocal of the
obtain the peak temperature and the width. If necessary, tHemperature§, and T is shown in the dispersion map of
contribution due to dc conductivity was also taken into ac-Fig. 10 for PMMA with M,,=4.9x 10° with three different
count by adding another peak at higher temperature to th&lm thicknesses. The number of data points of thprocess
fitting function. The thickness dependence of the widths ofis limited because the small peak merges with the large

the @ and 8 processes in the temperature domain, normalpeak as the frequency increases, and as a result it is much

ized with those in the bulk sampleT; /AT? is shown in Fig.
8(b), WhereATi0 is the width for the bulk sample. The solid
lines in Fig. 8b) are given byATi(d):ATiO(lJra/d). In
PMMA, AT%=7.9+0.5 K anda=16.7+2.0 nm for thea
process andT}=48.4-0.9 K anda=1.3+0.3 nm for the
B process.

10000 T T T T T T T . .

PMMA o 1070nm o

15nm &

9.5nm o

B 1070nm =

- 15nm &

F 1000 | 9.5nm =
a
[ =4
(7]
3
o
]

i 100} &
10 . . . . . . . . .
24 2.6 2.8 3.0 3.2 34
110K

FIG. 10. Dispersion map of PMMA for various thicknesses.
Circles correspond ta@=1070 nm, triangles tal=15 nm, and
boxes tod=9.5 nm. Full and open symbols are for theprocess
and theB process, respectively.

more difficult to extracfT , at higher frequencies.

As shown in Fig. 10, the branch of th& process is well
separated from that of the process for the frequency range
below about 500 Hz. However, th@process approaches the
a process as the frequency or the temperature increases, be-
cause the slope of the straight line corresponding toghe
process is much smaller than that of tegrocess: the cor-
responding apparent activation energies in this frequency
range are 656 kJ/mol for the « process and 32.7
+0.2 kJ/mol for theB process. In this limited frequency
range investigated here, thickness dependence of the appar-
ent activation energy cannot be observétere, it should be
noted that thew branch may indeed be fitted by a straight
line in Fig. 10, because of the limitation of the frequency
range, but we do not intend to deny the validity of the VFT
law.) In Fig. 10, we find that both the and processes shift
to the higher-frequency side at a fixed temperature, as the
thickness decreases, i.e., both the relaxations become faster.

2. T, and T as a function of thickness

In order to quantify the thickness dependencel gfand
T4, the frequency is fixed to be 40 Hz and the temperatures
T, andT; are evaluated from the observed curvesbfvs T
for various film thicknesses from 9.5 to 1000 nm. The results
are summarized in Fig. 11, where Figs(dland 11b) dis-
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900 d d - - 180 In order to investigate the dynamical behavior in thin
800 } g, () d=S00NM aoak 21160 films of PMMA with d=900 and 9.5 nm, we observed the
700 | = e P T frequency dependence of the complex dielectric constant at a
800 } Do 323K ® J450 fixed temperature, as shown in Fig. 12. Corresponding to
T 500 } 100 © Fig. 9, the large peak due to tieprocess may be seen in the
< a0 | 80 = C” vsf plot and a small contribution from the process may
© 300 b 1 &0 © also be observed at the foot of the largepeak at 403 K.
S According to the procedure of data analysis done for PVAc,
200 f 40 the observedC* is fitted to a model function consisting of
100 | sl 20 the two HN functions. In Fig. 12, the calculated values with
0101 1;)2 1;)3 1;)4 1;)5 1'05 0 this model function are shown as solid curves. For thick
f(Hz) films, the model function may very well reproduce the ob-
50000 y y r] 4000 served results for the temperature and frequency range
48000 (b) ¢=0.5nm 373K o shown in Fig. 12. For very thin films, the data at higher
~. 333K ® {3000 frequency (above 16 Hz) include relatively large errors.
46000 . Therefore, in such a case, we used the data beldWwHD
o ™ for the data fitting.
£ 44000 | 12000 & In order to evaluate the distributidR(s) and the relax-
© 42000 1 © ation strengthA e, the fitting parameters were obtained for
J 1000 the B process at the temperature at which {Bepeak is
40000 | located at 300 Hz for various film thicknesses. In this case,
H because the temperatures are located between 323 and 338 K

38000 - -~ . . . a 0 depending on the film thickness, the contribution from ¢he
10 10 10 process can safely be neglected. Using the parameters
ayn,s» Bun,g. and gz obtained by fitting to the HN equa-
FIG. 12. The dependence of the complex electric capacitance ofion, we evaluated the distribution functidf(s) of the re-
the logarithm of frequency at various temperatures for PMMA with |axation time of theB process for PMMA, where the sub-
M, =4.9xX10% (8 d=900 nm,(b) d=9.5 nm. Solid curves are script 8 means that these parameters are obtained fogthe
calculated by the sum of two HN equations. process, and then we obtained the thickness dependence of
FWHM w. The result ofw is shown in Fig. 8) (see open

play the thickness dependence of the temperaflyemdT,  triangles. For the s process of PMMAw,=4.7+0.2 and
observed at 40 Hz for the thin films of PMMA witm,, @=3.20£0.02 nm. In this figure, the result of for the «
=4.9x10°, respectively. process in PVAc is also shown insteadwofor the « process

Figure 11a) shows thatT, remains almost constant iN PMMA, because it was difficult to obtaiw for the «
within the experimental accuracy as the film thickness deProcess in PMMA. In addition tev, the normalized widths
creases down to a critical thickness ., at which pointT,, of the dielectric loss peak in the temperature domain due to
begins to decrease rapidly with The solid curve in Fig. thea and processesAT;/AT? (i=a,p), are also shown
11(a) belowd,, .. is given by a linear relation betwedn, and  in Fig. 8b). Because the relaxation timeis a function of
d, although it does not appear to be a straight line because #fie temperatureTl, the distribution function of relaxation
the logarithmic scale of the horizontal axis. The amount oftimesF (log. 7) may be converted into that in the temperature
the depression of , in the thin films is about 20 K between domain, where the distribution function of the relaxation
the bulk sample and the thinnest film with=9.5 nm. In  times with respect to temperature is given BY(T)
this case, the critical thickness, . is found to be about 20 =F[log, #(T)](dlog, 7/dT). Therefore, the distribution of the
nm for thea process at 40 Hz. relaxation time can be evaluated not only fréilog, 7) but

On the other hand, thickness dependencé& pteems to  also from the width in the temperature domain. Comparing
be to some extent different from that ©f,, as shown in Fig. these results with each other, we found that the distribution
11(b). The temperaturd ; decreases slightly with decreas- of the relaxation times of thex process becomes much
ing film thicknesslown to a critical thicknesd,; . even for  broader with decreasing film thickness, while for fBigro-
the relatively thick films. Below a critical thicknesg ., Tg  cess, this broadening is weaker or remains almost constant
decreases more rapidly with decreasing film thickness. Theith decreasing film thickness.
depression inT; is about 25 K also in this case for the  Figure 5 shows the dependence of normalized relaxation
thickness range investigated here, and the critical thicknesstrength on the reciprocal of film thickness for {Bgrocess
dg, is about 19 nm. It is quite interesting that the critical in thin films of PMMA (see open trianglesThe relaxation
thickness of theB process almost agrees with that of the strengths are obtained by fitting the observed frequency de-
processd, .~dgs (=d.). This result may suggest that there pendence of dielectric loss for the process at temperature
is a strong correlation between theprocess and thg pro-  at which theB peaks are located at 300 Hz. The dependence
cess, although the two processes at 40 Hz exist quite sepaf normalized relaxation strength of the process in thin
rately on the dispersion map in Fig. 10. films of PVAc with M,,=2.4x 10° is also shown in Fig. 5.
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However, that of thex process in PMMA has not yet been glass transition may be dominant. If we meastefor thin
evaluated because the dielectric loss due toattprocess in  films of PVAc with still higher molecular weights, however,
this case is much smaller than that due to erocess. M, dependence GF, vsd may be observed in a similar way
More precise and wider frequency range measurements with T, in the freely standing films of PS.
be required to extract the relaxation strength ofdhgrocess
in PMMA especially in thinner films. B. Thickness dependence of , and Tz in PMMA

In Fig. 5, it is found that the dielectric strengths of both

lows: scale of theB process, if any, should be smaller than that of

the a process, because the characteristic time ofghgro-

cess at a fixed temperature in the temperature range investi-

AelAepy=1— 7, (6) gated here is much shorter than that of thprocess. In this
case, the thickness dependencd gihould be stronger than

where A e, is the relaxation strength of the bulk sample, that of T at a fixed frequency. However, the observed re-
anda is a constant independent df The characteristic Sults do not obey this expectation; as shown in Fig. 11, for
lengths fitted by Eq(6) are 13.8:0.3 and 6.30.3 nm for d>dac (=dgc), T, remainsalmost independent of thick-
the a process in PVAc and thg process in PMMA, respec- neéssand T, decreases slightly with decreasing film thick-

tively. ness . _ . .
According to a layer model, as discussed in the literature

[12,18,29, T4 and the dynamics of thin films are controlled
by the competition between the two different effects. Firstly,
We have successfully observed many properties of dythe existence of a mobile layer near surfaces leads to the
namics of thex process in PVAc and the and 38 processes speedup of the dynamics of the process(and also thes
in PMMA. Here, we will discuss some of the results ob- process Within the mobile layer molecular motions are en-
served in this study. hanced compared with those in the bulk state. The origin of
the enhancement of molecular motion is supposed to be due
to the higher density of chain ends of polymer chdB@] or
to the restriction on cooperative motions characteristic of the
In the case of PVAc, it has been observed that the temg|ass transition within the surface lay[@8,31]. In the latter
peratureT, of the a peak in the temperature domain at 100 case, the layer thickness of the mobile layer is of an order of
Hz decreases with decreasing film thickness in a manner dehe size of the cooperatively rearranging regi@RR) [28].
scribed by Eq(1). The thickness dependence Bf has al-  secondly, the attractive interaction between the polymers
most noM,, dependence in thbl,, range from 1.X10° to  and the substrate leads to the slowing down of the dynamics
2.4x10°. of the motion[32,33. For example, the adsorption of poly-
In the case of the freely standing films of polystyrene,mer chains onto the substrate cau$gf the thin films to
Mattssonet al. show that in a lowM,, regime M,,<3.47  increase compared with that in the bulk state.
X 10°) the value ofT 4 observed by Brillouin light scattering Here, some comments should be added on the Al elec-
has no molecular weight dependence and it decreases gradtode of our thin films. In our measurements, the film is
ally with decreasing film thickness in a similar way to Eq. covered with Al on both sides. Although the lower Al layer
(1) [28]. On the other hand, in a higM,, regime M,,  may be regarded as a rigidolid) wall because of the exis-
=5.14x 10°) the thickness dependence Bf shows a dis- tence of glass substrate, the upper Al layer cannot be re-
tinct molecular weight dependence given by E2). and it  garded as a rigid wall for the following reason4) After
depends on the radius of gyration of the polymer ciaBl. = measurements up to about 415 K, “wrinkles” are often ob-
Although the existence of the interfacial interaction mayserved on the upper Al layer by an optical microscope, which
lead to the difference in thd and M,, dependence oy indicates that the upper Al layer is no rigid wall, but it moves
between the freely standing films and the thin films sup-according to the thermal expansion of polymer lay&s.
ported on substrate, our recent study shows that the tempergihe glass transition temperature of our thin films shows al-
ture T, observed at 100 and 1 kHz by dielectric relaxationmost same thickness dependence as that of uncapped thin
spectroscopy has a similar thickness dang dependence to films, which have no upper solid layer but have free surfaces
Eq. (2) for thin PS films supported on Al-deposited glass[18]. From these experimental results, it can be expected that
substratd17,18. Therefore, it is expected that the thicknessthe upper Al layer does not affect the thermal properties of
and M, dependence of , in thin films supported on sub- polymer films, and accordingly, there may be some mobile
strate may be compared with that ©f in freely standing layer near the boundary between the upper Al layer and the
thin films. For this reason, the observed resultsTgrin thin ~ polymer layer.
films of PVAc may correspond to the loM,, regime ob- In the case of thin films of PMMA, it has been reported
served by Mattssoet al. in the freely standing films of PS. that the glass transition temperature strongly depends on the
In the regime,confinement effect of polymer chainghin interaction between the polymers and the substrate. Keddie
thin films is not dominant for the reduction @, or T, but  and Jones show thahe Ty increases with decreasing film
the finite-size effectdue to a length scale intrinsic to the thicknesgor SiO, substrate, whilét decreases with decreas-

o ol

IV. DISCUSSIONS

A. Thickness dependence of ,, in PVAc

051807-8



DYNAMICS OF o AND g PROCESSES IN THIN . .. PHYSICAL REVIEW B4 051807

ing film thicknesdor the Au substrat¢14]. Local thermal from each other in the dispersion méfg. 10. Both values
analysis measurements showed tfgt of thin films of  ofd, . andd, . agree well with the radius of gyration of the
PMMA supported on SiQis 7 K higher ford=20 nmthan  polymer chain Ry~18.6 nm), and hence, this behavior may
that for the bulk films, whileTy on SiQ, with hexamethyldi-  be controlled by the polymeric nature of PMMA.
silizane is 10 K lower fod=20 nm[34]. In thin films of For bulk polymers, the coupling between theprocess
PMMA supported on Al-deposited silicon substrate, it is re-and g process has been investigated by multidimensional
ported thafT of thin films with d=40 nm is higher by 14  NMR [36] and dielectric relaxation spectroscopg7,38.
+4 K than that of bulk PMMA[35]. o Spiesset al. show that in PMMA, theB process predomi-
The above results appear to contradict with the preserfaniy influences the time scale of theprocess, leading to a
results. quever, by comparing 'the present results wit articularly high mobility of the main chain itself. This cou-
those obtained by other methods, it can easily be found th ling observed in the bulk PMMA may be related to the

all_results except ours are those for thin films with correlation between the thickness dependenck,adind that
>20 nm. Our measurements show that ¢#20 nm, T, o .
of Tz. At the moment, it is impossible to answer the ques-

remains almost constant within experimental accuracy, or . . .
might increase slightly with decreasing film thickness. If Wetlon of Whe_ther the cor_relat_lon betwee_n these tWO relaxation
would measurd, at much lower frequency than 40 Hz, say processes is stronger in thin PMMA films than in the bulk.
1 mHz, we could observe more distinct thickness depen- 1he drastic change at, . implies the crossover from the
dence ford>20 nm. Therefore, for this thickness range, theNomal a process to other type of dynamics. Recently, de

present results are not inconsistent with those reported in th@ennes proposed a sliding motion, which can be activated

literature. The decrease ifi, (T,) with decreasing film via a soft skin layer near the surface instead of normal

thickness below about 20 nm may also be observed by ellipdynamics39,40. Belowd., the sliding motion may be ac-

sometry or local thermal analysis if the measurements will bdivated in this case. The measurement$/gf dependence of
done for thin films withd<20 nm. T, and T for thin films of PMMA are highly desirable in

In the case of PVAc and PMMA, strong attractive inter- Order to clarify the nature of the above behaviorbpand
actions with hydroxyl groups present at aluminum surfacel -
are developed. If the Al surface is fixed on glass substrate,
this strong attractive interaction may reduce the chain mobil- C. Distribution of the relaxation times

ity and, as a resulf increases with decreasing film thick-  The distribution of the relaxation times of theprocess
ness. However, it can be expected that, even if there is the in thin films of PVAc has been found to become broader
attractive interaction between polymers and ugper Al yith decreasing film thickness. The widthof the distribu-
layer, this interaction may not contribute to the reduction ofijony in PVAC withd=9.5 nm is about 2.5 times as broad as
chain mobility because the upper Al layer is not fixed with {5t in bulk PVAc. On the other hand. the widihfor the 8
glass substrate and it moves according to the thermal eXPaBiocess in thin films of PMMA depends on film thickness
sion of the polymer layer. _ much more weakly, as shown in Fig(a The correspond-
The results reported in the literatuf&3,34,33 suggest ng width AT; in temperature domain has a similar thickness
that the effect of the interaction between the polymer and thﬁependence i.e., the thickness dependenc&Tof is much
substrate is sensitive to the condition of the surface of the,o,ker than, tha’E ofAT . in PMMA. From these observa-
substrate in thin films of PMMA. In the: process in PMMA  yiqns it is found that the distribution of relaxation times of
on Al-deposited substrate, the mobile layer associated witk,. , process depends on film thickness much stronger than
cooperative length scale of the glass transition tends to rgp.; of the 8 process. The intrinsic length scale of tjge
duceTyandT,, while the attractive interaction between the o5 is expected to be much smaller than that ofathe
polymer and the substrate tends to increase them. As a res‘;?rocess, as deduced from Fig. 10. The present observation on

the two effects cancel each other out and the observed valyge thickness dependence of the distribution of the relaxation
of T, mayremain almost constarfor d>d, ., as shown in i as is consistent with this expectation.

Fig. 11(a). For the B process, it is expected that the two
effects no longer cancel each other out and the mobile layer
has a dominant effect oR . In order to check the validity of
the above idea, we should measiliggandT ; of PMMA thin As shown in Fig. 2, the dielectric loss peak due to the
films for a substrate that has almost no attractive interactiofrocess becomes more depressed with decreasing film thick-
between the polymer and the substrate. In such a case, it @ss. This is consistent with the result that the relaxation
expected that as the thickness decreabgslecreases faster strengthAe decreases with decreasing film thickness, as
than doesT ;. shown in Fig. 5. The thickness dependenca efis found to

In the present measurements, it is observed thatdfor obey Eq.(6). Here, we will try to give a possible explanation
<d, a drastic decrease i, begins with decreasing film on the decrease iAe with decreasing thickness.
thickness. To our surprisd,; also begins to decrease dras- If there is no interaction between dipole moments, the
tically with decreasing film thickness at almost the same filmrelaxation strengtt €, is described as follows:
thicknessdg ((~d, ). This indicates that there is a strong 2
correlation between ther process and thg3 process in Ae %M @

o o ,

PMMA thin films, although both processes are located away 3kgT

D. Thickness dependence oA e
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whereN is the dipole number density, is the dipole mo- decrease with thickness. The valuedyf is about 20 nm.
ment of the relaxing unitkg is the Boltzmann constant, and On the other hand, the temperatufg decreases slightly
T is the temperature. Now it is assumed thaheighboring  with decreasing film thickness from the bulk to a critical
dipole moments are relaxed in a cooperative manfiéren  thicknessd; .. Belowdg ., T4 decreases more rapidly with
N and uo should be replaced b)/n and nug in Eq. (7), decreasing film thickness. The valuedf . is almost equal
respectively. As a result, we obtain the relaxation strengtho d, ..

A€, for such a cooperative motion in the following way: (4) The widthsAT, and AT, of the peaks in dielectric
5 loss in the temperature domain are measured for botlxthe
Ae~n Npug ®) and B processes in thin films of PMMA withM,=4.9
N3k T X 10°. As the thickness is decreased, the widtff, in-

creases much faster tha ;. This indicates that the broad-
Here, it may be expected that the numheés proportional to  ening of the distribution of relaxation times of theprocess
the intrinsic length of the motion in question. Because coopis much more sensitive to the change in thickness than that of
erative motions are disturbed near surfaces or interfaces, thge g process.
intrinsic length of the motions may be reduced ani de- Here, it should be noted that the experimental valu€g,of
creased. Thereforé e of the region near surfaces and inter- can be defined in two different ways. One is the temperature
faces can be expected to be smaller than that of the bulkt which the slope of the straight line of volume vs tempera-
system. By averaging along the direction normal to the filmture changes discontinuously and may be observed by

surface, the relaxation strengte is expressed by “dilatometry.” The other is the temperature at which the
characteristic time of ther process because 48ec or 16
Aegy| 1 sec observed by relaxation measurements such as dielectric
Ae=Aepy 1- 5( 1—m) a}, 9 relaxation spectroscopy. The former is called thermodynamic
u

measure ofTy (thermodynamicT,) and the latter is called

_ _ . o dynamic measure of, (dynamic T,). It is not yet clear
where¢ is the effective thickness of the surface regidns  whether both twdl y's agree with each other. In our previous
the overall thickness, and ey, and Aegy, are the relax-  paperq18,20, it is found that the thermodynamii, has no
ation strength of the bulk region and the surface regionsqmolecular weight dependence, while the dynafjchas a
respectively. Here, the relatioh e, > A€sys is satisfied.  distinct molecular weight dependence in the case of thin sup-
On the basis of this simple picture, the observed thicknesgorted films of polystyrene. It is also found in RE£7] that
dependence ok e in Eq. (6) may be reproduced. The value there is a correlation between thedependence of the ther-
of a is given bya=&(1—Aegy¢/Aepy). Therefore, the modynamicTy and the width of the loss peak due to the
observed result otk e in the present measurements is con-process. In this paper, several properties of the dynargic

sistent with the idea of cooperative motions. have been measured and discussed.
In this paper, several length scales characteristic of the
V. SUMMARY thickness change ift,, AT,, Tg, ATz, A€, andw have

) ) ) _been introduced. The physical quantities sucAag, AT,

We made dielectric relaxation measurements for thiny and Ae have been found to be described by the linear
films of poly(vinyl acetat¢ and polymethyl methacrylate  equation of the reciprocal ad. This result suggests that a
supported on Al-deposited glass substrate. The results olfayer model be applicable to explain the thickness depen-
tained in the present measurements are summarized as fQ’ence’ as shown in Sec. IVD. In such cases, the character-

lows: . . istic lengthsa anda are correlated with the thickness of the

. (1) T.he temperaturd , corresponding to the peak in the surface layer, which can be expected to be comparable to
dielectric loss due to the process at 100 Hz is measured asyq jze of the CRR. On the other hand, the crossover thick-
a function of film thickness for thin films of PVAc with three nessesl,, , andd,,, are almost equal to the radius of gyra-
different mqlecular weightd,,=1.2x<10°, 1.8x 10", .and tion of the polymér chain and are expected to be molecular
2.4% los' l.t IS fo_und thatT, decreases gr_adually W'th de- weight dependent. These crossover thicknesses may be
creasing film thickness and the decreasing ratélofin- gy onaiy associated with dynamics of polymer chains. In or-
creases more and more in thinner films. Furtherm®fehas ey o understand the present experimental results, a model
almost no molecular weight dependence. will be required, where the nature of polymer dynamics is

(2) The width of the distribution of the relaxation times of 5yen into account, as well as the intrinsic nature of the glass
the a process increases with decreasing film thickness, whilg. o hsition.

the relaxation strength of the process decreases with de-
creasing film thickness.

(3) The thickness dependence of the temperatliyeand
T4 corresponding to the peaks in the dielectric loss due to the This work was partly supported by a Grant-in-Aido.
a and B processes at 40 Hz, respectively, are measured fat164039% from the Ministry of Education, Science, Sports
thin films of PMMA with M,,=4.9x10°. The temperature and Culture of Japan, and a Grant-in-Aid for Scientific Re-
T, remains almost constant as the thickness is decreasesgarch on Priority Areas, Mechanism of Polymer Crystalli-
down to a critical thicknesd,, ., at which point it begins to  zation(No. 12127203
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