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ABSTRACT: The glass transition temperature at the surface of polymer film is studied by the coarse-grained
molecular dynamics simulation. By the analysis of the segmental motion, the glass transition temperatures at the
surface region and that in the bulk region are determined separately. The glass transition at the surface region is
found to be lower than that in the bulk region. The molecular weight dependence of the glass transition temperature
obtained by the simulation agrees well with that obtained by the scanning force microscopic measurements.

1. Introduction simple, the method gives a good agreementTipmwith that

The glass transition of polymer film is an important problem obtaln(_ad from the analysis of th(_a free volum_e in the bulk. _It
in many microprocesses of polymers such as coating and also gives a good agreement with that obtained by scanning
printing? Experimental studiés!? indicate that the glass [OfC€ microscopy.
transition temperaturgy of ultrathin polymer films is different . .
from that of the bulk, and depends on the film thickne3g: 2. Simulation Method
increases or decreases depending on the interaction between the 2.1. Polymer.We used the beagspring model of Grest and
film and the materials sandwiching the film (the air or the base KremerZ® The polymer consists dfl beads connected by the
substrate). This change Ty has been considered to be caused following potential U(r)
by the interaction between the polymer phase and the outer 5 EN L
phase. Kajiyama et 814 confirmed this directly. They measured UB(r) = UPNS(r) + Ut(r) 1)
the friction force of a probe tip on the polymer surface as a
function of the temperature and showed that it changes
drastically at a certain temperature which they called the surface
glass transition temperaturd J). They showed thafl ; is 1., r\2
considerably (46:80 K) lower than that in the bulk. FENEy | T 5 KRy In(l - (—) ) (r=Ry

In the previous papé® we have shown that the result of the U = Ry
frictional force measurement of a probe tip done by Kajiyama ®, (r> Ry
et al. can be reproduced by molecular dynamics simulation.

However, the comparison was limited to qualitative aspects. In U™ (r) =
this paper, we will make quantitative comparison with the 4e {(g)lz _ (Q)G} _ {(1)12 _ (1)5} (" = 1o
experiment. r cut rewt) [V = (3)

Many molecular dynamics studies have been done for the 0 (r > rev
glass transition of the film of polymer melts!’ or grafted '
polymer!”18Most of the previous studies were focused on the
problem of how the glass transition temperature depends on
the film thickness. Few studies have been done for the problem
how the glass transition at the surface differs from that in the
bulk. An exception is the recent work of Yoshimoto et'al.
They calculated the dynamic modulus of polymer film as a
function of the distance from the surface and discussed the glass[h
transition temperature.

wherer is the distance between the beadStN¥r) and UM(r)
are given by

)

wherek is the spring constanR is the maximum extension of
the springg is the unit of the energy, anglis the unit of length.
The nonbonding interaction between the polymer segments
separated with the distancés also given by the Lennard-Jones
potential UM(r).

The time evolution of beads at positiop is calculated by

e Langevin equation

In this paper, we shall use a simple method to deterrjne o dr
We shall calculate the mean-square displacement of polymer m—"=— o ="+ W (t) (4)
segment (in a certain fixed time interval) as a function of the dt? ar, dt "

temperature and determirig from the plot. Although it is
wheremis the mass of beadd) is the total potential energy of
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Figure 1. Model of polymer film used in the present work. The system

consists of 100 chains each consisting of 100 beads. The size of the

simulation box is 32 x 320 x 320.

We used the following parameter set:= 30.Q/0%, Ry =
3.00, r¢t = 2.00, andT = 0.5r71, wherert is the unit of time
given by o(m/e)Y2. These parameters are the same as that of
Grest and Kremer except foft. The interval of one time step
is 0.0%. The unit of temperature iy = kgle.

2.2. Polymer Film.We consider a free-standing polymer film
placed normal to the axis (see Figure 1) extending infinitely
in x andy directions. We conducted the simulation in a box of
sizel x L x L. We used the periodic boundary condition for
the boundary normal to theandy axes; i.e., if a bead exists at
(%, ¥,2), image beads are assumed to exisxat(L, y £+ L, 2).

For the boundary at = 0, we used the staggered reflective
boundary conditioR? i.e., image beads are assumed to exist at
(x££ L2,y £ L/2, —2).

In conducting the simulation, we first constructed the equi-
librium polymer configuration at high temperatufe< 1.0To)
using the density-biased Monte Carlo method (DBMC) proposed
by Aoyagi et ak! In this method, the probability of findingth
segment at positiorz is calculated by solving the one-
dimensional self-consistent-field equatiti?land the polymer
chains are generated using this probability. Starting from the
system, we obtained the equilibrium configuration by compu-
tational annealing, i.e., conducting the MD calculation at fixed
temperature for an extended period of time. Polymer configu-
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Figure 2. Density profile across the film is plotted for various

temperatures. The vertical axis stands for the density averaged over
the layer of thickness 06
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Figure 3. Mean-square displacement of a polymer segment in a time
interval t* is plotted against the meanposition of the segment for
various temperaturedN(= 100). The average is taken for each layer
of thickness &.

reasonably well with the previous works!® Notice that the
density is flat neaz = 0, indicating that the staggered reflective
boundary condition is a natural boundary condition for the bulk.

3. Results and Discussion

3.1. Analysis of Segment Motion at the Surfacelo study
the segment mobility near the surface, we divided the film into

ration at lower temperature was obtained by decreasing thel@yers normal to thez axis and calculated the mean-square

temperature and equilibrating the system.

All simulation was done for fixed number of beads of 10 000.
The number of chains was varied when the molecular weight
N (i.e., the number of beads per chain) is changed. The
simulation was done in the box of fixed sizedB% 320 x

displacement of the segment in each layer in a time intdrval
The thickness of the layer is, and a segment is regarded to

be in the layerfor the time interval betweethandt' + t if the
averagez coordinate £,(t') + z,(t' + t)]/2 is betweerv,ando(/

+ 1). The mean-square displacement of the segment in the layer

320. When the temperature was changed, we performed the/ S defined by

simulation for 1 500 000 time steps to relax the system and then

continued the simulation for another 1 500 000 time steps to
get the data for analysis.

Figure 1 shows an example of the configuration for the
simulation. The figure shows twice of the actual simulation box

since the staggered reflective boundary condition is used: the

chain in the bottom box is a mirror image of that in the top box
with half-periodicity shifted. The thickness of the film is about
300, which is sufficiently larger than the root-mean-square of
the polymer in the bulk region even for the largest polymer of
N = 200.

Figure 2 shows the density distribution across the film for
the polymer ofN = 100. The figure indicates that the width of
the surface region is about-3o. layers. This value agrees

[ra(t + 1) = r(t)]?

ninTayer/

2

oL = (6)
1

ninTayer/

It must be mentioned that(t) become inappropriate to
characterize the surface mobilitytifs taken to be very large:

for larget, the diffusion of segments blurs the layer dependence
of ¢(t). For smallt, howeverg[t) is a convenient to quantity

to characterize the surface mobility. In the following we will
choose a specific tim#& = 50z: the reason for this choice will

be discussed later. CDV
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Figure 3 showsp[t*) as a function ofz = o/ for various
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temperatures. It is seen that the segmental mobility near the
surface differs significantly from that in the inner region and Temperature (T,)

that this surface region is limited to the thickness of abayt 3 rjgyre 6. Segment density of the bulk polymer obtained by the MD
which is about the same as that determined by the density simulation of constant pressur® & 0) is plotted as a function of
profile. In the following, we will analyze the segment mobility —temperature.

for the first three layers near the surface separately from that in

the bulk region. mental mobility. As far as the scaling relation holds, the result
Figure 4 shows the mean-square displacement of segment ins independent of the choice of.
the entire time regiont & 50z to 1000@) at various temperature 3.2. Determination of the Glass Transition Temperature.

and chain length. Here the mean-square displacement of theFigure 5 shows the mean-square displacement at the surface
surfacegd(t) is the average ap(t) for the three layers near the (¢(t*;T)) and that in the bulk #n(t*;T)) plotted against
surface, and that for the bull(t) is the average for the three  temperature for the chain &f = 100. It is seen that the mean-
layers near the center. square displacement starts to increase sharply at certain tem-
It is seen thab(t) is larger tharpy(t) in the entire time region, perature which can be associated with the glass transition
indicating that the segmental mobility near the surface is higher temperature. The characteristic temperature can be obtained by
than that in the bulk and that both functions have the scaling the intersection of the two lines characterizing the behavior at
form low and high temperatures.
To check whether the temperature obtained by this method
o) = Oz(i)“ dut) = Oz(ti)“ @) correqunds to the glass transition temperature optaineq by the
b conventional method, we performed a series of simulation for
bulk system using the periodic boundary condition for all the
for the time regiont < 300Qr, wherets andt, are the times walls and the constant-pressure condition of Andef8&rere
characterizing the local segment in the surface and the bulk the pressure is chosen to be zero. We calculated the density as
region. The exponent is about 1/2 for both the bulk and the a function of temperature, and the result is shown in Figure 6.
surface region. According to the tube model, this corresponds The density has a break point &t= 0.4Ty, indicating the
to the unconstrained Rouse-like motion within a tébe. glass transition. This temperature is in good agreement with
The temperature dependence of the segmental mobility the bulk glass transition temperature shown in Figure 5. This
should, in principle, be characterized by the temperature validates the procedure of determining the glass transition
dependence ofs and 7,. However, sinceps(t)and ¢y(t) have temperature of the polymer film in the bulk and the surface
the scaling form neat* = 50r, we usedps(t*;T) = o?(t*/ts region. The surfac@gy is lower than the bully. This result is
(T))> to characterize the temperature dependence of the segsimilar to the experimental results of Tanaka et al. CDV



6236 Morita et al.

Macromolecules, Vol. 39, No. 18, 2006

& 25
@) & * [N=20 400
S o
E 15 r 380 o S
g surface 00 /,?o' o
% 05 F 360 B /’
a v & o
) ~ S e
8 0r L o7 /,,EI'
2 05 oL 2 340 o e
§ 01 02 03 04 05 06 oy - e
§ Temperature (T) = 320 .
Obulk (exp)
(b) & ? [N=s0 300 e ®bulk (sim)
£ 15 r | /o Osurface(exp)
§ 1+ surface 280 . M surface(sim)
K| o
05 260 I | |
S ot 103 104 105 106 107
g
Z-0.5 ' ' Mn
g 0.1 02 03 04 05 06 Figure 8. Glass transition temperatures are plotted against the
§ Temperature (T,) molecular weight. Filled symbols indicate the results of MD simulation,

and open symbols indicate the result of the experiment of Tanaka et

& 2 al?
ORO . [N=200
= . r
g with the parametemct slightly different from theirs, the
5 1L surface i
2 agreement is reasonable. _
& 051 (iii) Using same value oft andp, the simulation result ;™
2 ol of the surface is converted to actual values.
g 05 ] . . \ Figure 8 shows the comparison between the experimental
g e 01 02 03 04 05 o6 glass transition temperature obtained by Tanaka ®aad that
2 : * Temperature (T,) ! obtained by the simulation using the above conversion. The

) ) agreement between the experiment and simulation is very good.
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against the temperature for the cas (2), 50 (b), an ©. the bulk and the surface. This indicates that the change of the
glass transition temperature near the surface is well represented

3.3. Comparison with Experiments. Figure 7 shows the by the simulation.
temperature dependence of the mean-square displacement at the )
surface and in the bulk region for the chainfvf= 20, 50, and 4 €onclusion
200. In all cases, the transition temperatures are obtained clearly. In this paper, we determined the glass transition temperature

To compare theTy obtained by the simulation with the at the surface and in the bulk region from the temperature
experimentally of Tanaka et a,we mappedN and Ty of the dependence of the mean-square displacement function of
simulation to the experimental value as follows: polymer segmenp(t*;T) and¢p(t*;T). We have shown that

(i) First, the experimental result of the bulk is fitted to the needs not be very long*(has been chosen to bedj@nd that
Flory—Fox equation the glass transition temperature obtained by the method agrees
well with that obtained by the free volume analysis. We have
also shown that the method gives a good agreement with the
results by scanning force microscopy.

The method proposed here does not require very long
computation time and may be used to study the effect of
molecular weight distribution or the effect of additives of small
molecular weight, etc. We shall report these studies in the future.

T,M,) = T, — K/Mn ®)

whereMj is the molecular weightTy. is the glass transition
temperature of the polymer with infinite molecular weight, and
K is the material constant. The parametdgs and K are
obtained by the least-squares method @s= 379.57 [K] and

K = 1.52 x 10* [K]. These values are not so far from those in
the literature?’

(i) Next, the simulation result fofg in the bulk is also fitted
by eq 8 assuming that the number of be&tiand the glass
transition temperaturg ;" of the simulation are converted to
the actual molecular weight! of PS and the actualy as
follows:
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