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X-ray reflectivity study on the surface and bulk glass transition of polystyrene
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The surfaces of polystyren®9 films decorated with gold nanoclusters were investigated by x-ray reflec-
tivity measurements. The thicknesses of the films are much larger than the radii of gyration of the different PS
samples. By annealing the films above the glass transition tempefgtareembedding process of the clusters
into the polymer is detected which is accompanied by a substantial increase in the cluster layer thickness due
to Brownian motion. These processes start at a sufficiently low viscosity and may be regarded as a probe of the
glass transition in the near surface region of the PS films. Simultaneously the thermal expansion of the entire
film and hence its approximate bulk behavior were monitored. Two samples of different molecular weight do
not show a significant difference between the surface and Hykalues.
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. INTRODUCTION rene of molecular weight greater tham,,=40000 g/mol,
and it appeared to be liquidlike fovl,,<30000 g/mol, sug-
During the past few years many works have been pubgesting a stronger dependence of the surfagevith My
lished where the glass transition of polymers in confinedhan expected in the bulk and hence an increased mobility at
geometries was investigated. The main focus concentrated dhe surface. This effect was explained by surface segregation
thin films which have been investigated mainly by four dif- of chain end groups and verified by dynamic secondary ion
ferent techniques. Ellipsometf¢—3], x-ray reflectivity mea- mass spectroscopic depth profilifg4]. Later the same
surementg4—6], Brillouin light scattering(BLS) [7,8] and  group reported molecular weight dependent values of the
positron annihilation lifetime spectroscopALS) [9] were  surface glass transition temperature that dropped even below
applied to films of different thicknesses. All these experi-room temperature foM, lower than 50000 g/mof15]. In
mental techniques are somehow sensitive to properties reontrast to these works are the shear modulation force mi-
lated to the density change of the polymer at the glass trarsroscopy (SMFM) measurements performed by & al.
sition temperatureTy. Apparently contradictory results [16] that do show the samié,, dependence both at the sur-
obtained in these works could be explained by pointing ouface and in the bulk for supported as well as freely standing
the importance of the interaction between the polymer filmfilms. Atomic force microscopyAFM) adhesion measure-
and the supporting substrdt2,10]. This led to either a de- ments by Tsuiet al. [17] did not show evidence for an en-
crease or an increase M, with decreasing film thickness hancement in the surface relaxation either. Similar results are
depending on the strength of the polymer-substrate interag@roposed by the near edge absorption fine strucNEeX-
tion. In general, the less attractive the substrate the strongé&FS) measurements of Liet al. [18] that did not show a
the T4 reduction with decreasing thickness, whereas théiigher mobility at the surface as well. Thus, so far the ques-
strongest reductions were found in freely standing polymetion whether the glass transition is altered at a free surface
films [7]. still is discussed controversially. A comprehensive summary
The reasons for the scatter in the observed valueBgof and interpretation of the above-quoted publications and oth-
are still not clear and have demanded techniques to investérs can be found in Ref19].
gate effects on the surface itself rather than to measure

changes that affect _t_he entire polymer layer. A layer model Il. EXPERIMENT
with enhanced mobility at the surface was proposed to ex-
plain the deviations from the bulk valu¢g], but could not We present x-ray reflectivity measurements where the em-

be confirmed unambiguously. A technique that is sensitive ibedding of gold clusters on PS surfaces, which form during
a depth from about 5 nm from the surface is PALS. Xieal.  deposition, is used as a probe of the viscosity of the polymer
[11] did not find a deviation from the bulk value of PS in the near surface regiofi20,21. Simultaneously the
samples at the surface while on the other hand &am. change of the thermal expansion coefficiest of the poly-
[12] could find a decrease using a related method. Besidesjer atT, is monitored in order to measure the glass transi-
mechanical relaxation properties have been probed by scation integrated over the film thickness . It has been shown
ning force microscopy. At room temperature Kajiyastaal.  before that for sufficiently thick PS films on Si/SiQ(dp

[13] found the surface to be in the glassy state for polysty=Rg, with Rg the radius of gyrationthe change of the
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thermal expansion coefficienty, occurs at the bulk glass i
transition temperature of the polymg2]. Thus, in order to 10*
minimize substrate effects, only thick samples which fulfill
this condition were used in the present study. Films with 102
almost monodisperse PS of two different molecular weights
My=3800 g/mol (PS) and M,,=220000 g/mol (PS2
were prepared on silicon wafers with a native oxide layer by
spin coating and by casting from solution, respectively. The
samples were annealed@t 10 ® mbar for 12 h(PS and
1 h (PS2 at 30 K aboveT, before being cooled down to
room temperature at slow rates of about 0.3 K/rf81)
and 1 K/min (PS2, respectively. This guarantees that the
polymer is as much relaxed as possible before the gold is
evaporated. The evaporation was done in an ultrahigh 107°
vacuum(UHV) chamber at a deposition rate of 0.8 A/min. T T
Gold layers of nominal thicknesses of 10 #S1) and 0.1 02 03 04 05
20 A (PS2 were prepared on the PS films with thicknesses q, (A‘1)
of dps;=800 A anddps~1.2 um, respectively. The poly-
mer was kept at a constant temperature with=50 K be-
low T4 during preparation of the samples.

It is known that the evaporation of noble metals such a
gold or silver onto polymer surfaces in UHV generally leads

action is much weaker than that among the metal atomspoyement of smaller clusters into the bulk polymer material
Therefore an atom impinging onto the surface retains a higly Brownian motion31,32,26.

mobility and thus diffuses until it sticks at a nucleation site ~ The x-ray measurements were performed at the Ham-
or will desorb agairj23]. Provided that the evaporation rate pyrger Synchrotronstrahlungslat@tASYLAB at DESY) at
is sufficiently low, relatively few spherically shaped clustersine ™ peamlines W1.1 and BW?2 with wavelengths
grow [24]. If the relationT<T, holds as well, the clusters —1 18 A and 1.55 A, respectively. The samples were
are confined to a narrow s_l_Jrface regiEQO,ZS,ZQ. These  mounted in a vacuum celp=10"% mbar) in order to pro-
were the preparation conditions for the examined samplegige good temperature stability, and to prevent dewetting of
PS1 and PS2. the PS films with higher temperaturg&3]. After reaching a
_An upper limit for the thermal energy of a gold atom gesjred temperature using a heating rate of 1 K/min, for a
hitting the polymer surface during the preparation is estiyyaiting time of 30 min relaxation of the metal-polymer sys-
mated byEy a,=7KgTpau With T, 5,=3130 K being the  tem was allowed. It turns out that at temperatufesT, no
boiling temperature of gold27] (at atmospheric pressure  equilibrium state is reached, but even after many hours only
From this one getgy ,,=0.4 eV. This is only about 10% of 5 yery small increase of the cluster layer thickness was de-
the energy needed to alter the chemical composition of thgscted. However, all fast relaxation processes have ceased

polystyrene, since the energies of the C—C bof8 are  anq only slight changes occur during the x-ray measurements
about 3.6 eV and those of the C—H bonds about 4.3 eV. Thughich took approximatgl 1 h for each temperature.

the polymer hardly can be damaged at the surface by the
evaporation of the metal.

Kovacs and Vincetf29] calculated with purely thermody-
namic arguments that clusters on a polymer surface become Figure 1 shows as an example a set of x-ray reflectivity
embedded provided that.> v, . In addition, as long as the data for the sample PSij,= (47/\)sing; denotes the ver-
relation y.>ycpt+ v, is valid they are expected to become tical wave vector transfer, where; is the incidence angle
completely covered by the polymer. Heyg, y,, andy,,  with respect to the surface. From the maximum electron den-
are the surface and interfacial tensions of the clusters, thgity of the cluster layefsee Fig. 2 we estimated that the
polymer, and the polymer-cluster interface, respectively. Focoverage of the surface by gold clusters is about 30%. Since
kinetic reasons the embedding process only starts at temperthe cluster layer thickness is less than 40 A the penetration
tures abovel ;. Hence the onset of this process can be usedepth of the x rays is sufficiently large so that only the criti-
as a probe of the glass transition and in particular for thecal angles of total reflection of the silicon substrate and of
determination ofT in a narrow surface region which is the thick PS layer can be seen at very snggll The rapid
given by the extent of the height distribution of the gold oscillations correspond to the thick PS layer. From the period
clusterg30]. At temperatures abovgy, where the viscosity Aq, a thickness ofdps~800 A is obtained. The low fre-
decreases drastically, the polymer chains have the possibililyuency beating is due to the presence of the gold cluster
of covering the top of the clusters and hence forming a togayer. From this period a thickness df~35-40 A is esti-
layer of PS with increasing thickness. Besides one expectsraated. The detailed shape of the curves is explained by ver-
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FIG. 1. X-ray reflectivity data of PS1 at different temperatures
shifted with respect to each other. The inset shows as a typical
example the virtual indistinguishability between data and fit at

Ill. RESULTS AND DISCUSSION
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T movement of the gold clusters deeper into the PS film, taking
into account that it is favorable for smaller clusters to move
faster into deeper regions than for larger ones, since the
mean square displacement for spheres in a medium after a
time t due to Brownian motion is given by the Stokes-
Einstein equation[31,32 according to the relation(z?)
= (kgT/2myr)t~t/r. Here » denotes the viscosity of the
polymer andr the radius of the clusters. In addition a pos-
sible growth of the clustergécoalescengefor temperatures
above Ty has also been reportg@6]. However, for the
preparation parameters used in the present study this effect is
expected to be small.

(i) The already mentioned “PS layer” above the gold

clusters starts to grow significantly. This is an indication for

qucuum ] polymer material covering the upper part of the clusters

10% 6(2)

A T 1 308 K] which can be explained by the embedding process of the
760 780 800 820 840 860 metal clusters as described by Kovacs and Vin¢2a].
z (K) X-ray photoelectror{XPS) measurements for several differ-

ent polymer substrates are in qualitative agreement with this
FIG. 2. Electron density profiles obtained from the refinementsexplanatior{20,26. Here a decrease of the XPS signal from
of the reflectivity data of PS1. The curves are shifted under considthe metal in relation to the signal from the polym& at-
eration of the temperature differences. The zero of ztexis is Omg was found The dens|ty proflles from the ref|nements Of

located at the polymer/substrate interface. The dashed lines reflegiao x-ray reflectivity data directly explain these results by the
the thermal expansion of the sample while the dash-dotted lines aig4t of the embedding process.

guides to the eye to clearly mark the appearing changes. (iii) The total thickness of the sample continues to in-

crease with temperature, but at a much larger rate than be-

tical electron density profiles. The refinement of the modefore. The coefficient of thermal expansiomy, changes
which leads to the profiles shown in Fig. 2 was done in twoabruptly. This change serves as an indication of the Bylk
steps: First a layer model with the conventional Parratt algovalue[22]. It shall be noted again that this value corresponds
rithm [34] was used in order to obtain the mean electronto the bulkTy, including possible interface effects, because
density profile which is able to explain the major features ofthe entire film contributes to the effect. Additionally, differ-
the reflectivity data. The second step was a further refineential scanning calorimetr§DSC) measurements at 1 K/min
ment performed by an inversion algorithm which produces showed a similar value of ;~348 K which closely agrees
close to perfect explanation of the data, which allows quitewith our x-ray data Ty~345 K).
accurate conclusions. This inversion technique has been de- The above-mentioned three key changes of the density
scribed in detail in Ref[35]. Applying this technique leads profiles lead us to suspect that at temperatures affove
to fits of the x-ray reflectivities which are virtually indistin- ~348 K both the viscosity of the bulland the viscosity in
guishable from the data shown in Fig(dee inset the region between the upper surfgsee the “shoulder” in

In Fig. 2 only the important part of the electron density Fig. 2) and a depth of about 80 A starts to decrease abruptly,
profiles is shown, i.e., the upper 110 A below the surfaceindicating the onset of the embedding process.
The origin of thez axis is given by the substrate/polymer  The same series of measurements was performed for
interface. Since gold has a much larger electron density thasample PS2. Since this sample has a higher molecular
PS the contribution of the gold clusters to the overall elecweight, T;~373 K is higher also. The same findings have
tron density around=780 A is clearly visible. The PS film been measured in several studies before. Again a significant
is emerging into the regior<760 A. The additional shoul- movement of the clusters is detected only for temperatures
der atz~810 A above the gold cluster layer suggests thaff>T,. However, the error bars for this sample are larger
even at temperatures beldvy there is already some polymer than those for PS1, since the thicknessdgg;=1.2 um
on top of a non-negligible fraction of the clusters. prevents a direct observation of the thickness oscillations.

The profiles in Fig. 2 show that below a certain tempera-This makes the fit less sensitive with respect to small
ture no significant change of the interface structure is visiblechanges in the corresponding density profile. Besides, small
There is only a slight increase of the total thickness due t@hanges below ; cannot be detected in this case.
the thermal expansion of the PS layer as highlighted by the Figure 3 shows the major result of this work illustrated by
dashed lines. the change of the cluster layer thickness. It can be seen that

With increasing temperature three major changes of tha significant thickness change starts at temperatures around
profiles become visible, all of them starting at the same temthe respective bulky values for the two samples PS1 and
peratures abov@~348 K. These changes are emphasized?S2. This effect is a direct consequence of the movement of
by the dash-dotted and dashed lines in Fig. 2. the gold clusters due to a sufficiently low viscosity and may

(i) The cluster layer starts to become thicker while thebe regarded as the onset of the glass transition. The error bars
related maximum electron density decreases. This indicatesveere obtained by modifying the electron density profiles sev-
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[ B I demonstrates that any motion at the surface below the bulk
] glass transition temperature if present at all must be very
slow. This behavior is in agreement with the SMFM results
of Geet al.[16] who found a slight increase in their AFM tip
amplitude for their lowest molecular weights d¥lyy
=3000 g/mol anaM,=7000 g/mol as well.

It has to be kept in mind that the free surface of the
sample has been modified by the presence of the Au clusters.
The respective pairwise interaction energies of van der Waals
type between the clusters, the polystyrene, and the silicon
substrate can be estimated by the material-dependent Ha-
1 maker constanA for a certain geometry36]. Nonretarded
P32 | Hamaker constants have been calculated from optical data

s according to the Lifshitz theor}37]. The data obtained are
Apuau=45x10"%° J, Acycu=28%x10%° J, and Apsps
=6.5x10 2° J. The constants for two different media 1 and

FIG. 3. Changes with temperature in the cluster layer thicknesg _Can be apprOX|m<’_:1ter calculated [86] Ajo= VA, A;, and
d(T) normalized to the thickness at the glass transition temperatur@ith @ medium 322)” between b;3,= VA2181A232- Hence
d(T,) for both PS1 and PS2. The glass transition temperatures werau,ps=17.12X10" 7" J, Acyps=13.5<10""" J, Apypssi
obtained by the change in the coefficient of thermal expansion for= 17.4<X 10~ 203, and Apupsau=30.8X 1072 J. Since
PS1 and by DSC measurements of polystyrene bulk material foAa, ps @andA,, pssi are almost identical and the energy be-
PS2. The inset shows the normalized ratia(T) tween the Au clusters and the underlying polymer and silicon
=lcas(T)/1 cuzp,(T) of the XPS intensity of a sample equivalent to half space obey the same distance behavior, the clusters do
PS1. The lines through the data points are guides to the eye onlynot “feel” directly, whether the Si substrate starts in a depth

of 80 nm or 1000 nm.
. : : . The interaction among the Au clusters in the layer is rela-

eral times in the near surface region and thereafter applylnﬁvely strong. Thus there is a stabilizing tendency, that is, the

the data inversion algorithm to get a reasonable fit. : : .
A N ”» clusters tend to stay in a layer while there is a net force
s a complementary method which is sensitive to the re-

gion abovethe clusters, the inset highlights the results fromdovv_nwards, of course. This effect competes W'th the en-
tropic forces that emerge from the reduction in chain confor-
x-ray photoelectron spectrosco¥PS measurements per-

formed on a sample equivalent to PS1 but with Cu clusterénatlons when a cluster moves into deeper regions, and it

) . . competes with a broadening of the cluster layer due to the
with a mean radius of 5 A on the surface instead of Au ! . . . .
; . . Brownian motion as wel[29,31]. Besides there is a differ-
clusters. The ratio of the intensities of G &nd Cu 23, as . :
: = . ence inAp, ps andApgsps and for the XPS measurements in
a function of temperaturer(T)=1¢c1s(T)/lcuzp, (T) iS ’

k P3r2 Acups and Apgps for all temperatures. Nevertheless, the
shown after background correction. As photon energy Al K jnteraction between the polymer and the gold should be
radiation E=1486.6 eV) was chosen. Since the kinetic en-gominated by the entropy of the polymer, since the proximity
ergy of the Cu s, electrons(the binding energyE, is  of a cluster should lead to a substantial reduction in the num-
932 eV) is quite low, the mean free path of the detectecher of possible chain conformations if the cluster size is
elect_rons is small, thu.s maklng this meth.od surfaqe sensitivgarger than the persistence length of the polymer. Since the
The inset shows the increasing predominance with the teMegyits in Fig. 3 show that the main change happens at the
perature of the carbon signal from the polymer chains ovepyik glass transition temperature, it is unlikely that the metal
that from the metal clusters indicating an increasing coverpolymer interaction exactly compensates a possible reduc-
age of the clusters by the polymer which becomes significarfion in T, at the surface. This argument is supported by the
atTy. . fact that the XPS measurements were performed with a

It should be noted that recent XPS measurementsigif  |ower metal coverage and hence smaller cluster size and nev-

molecular-weight PS revealed a decrease of the glass trangrtheless yield virtually the same behavior for the Mg
tion at the surface of the order of 10[R1]. We would like  polystyrene.

to emphasize, while there is no obvious effect, that the x-ray
reflectivity measurements for the high-molecular-weight
polystyrene do not exclude the possibility of such a decrease,
since the error bars for this comparatively thick sample are
rather large. Obviously the sensitivity for the much thinner In summary, we have presented x-ray reflectivity mea-
sample PS1 is considerably higher. surements of PS films decorated with gold clusters as a func-
Figure 3 shows a slight change for sample PS1 in both théon of temperature, which monitor an embedding process.
x-ray and the XPS data already beldy which exceeds the At the same time the clusters are a probe of the glass transi-
calculated error bars. In the XPS measurements which morton in the surface region. The lowering of the viscosity at
directly present the mobility of th@olymera very strong the surface yields an increasing coverage of the clusters by
change atT, is shown compared to that beloW,. This  the polymer which is driven by the differences in the surface
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