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ABSTRACT: The dewetting of ultrathin polystyrene films on a liquid substrate is studied in the vicinity of the
glass transition. This technique leads to the measurement of the extensional creep compliance of the film. The
results reported in this article show that the rubbery plateau value of the compliance is unchanged for films as
thin as 20 nm. Thus, we conclude that the entanglement density is unaffected by the surface at a scale of the coil
size. These results are discussed in the context of previous results that report the reduction of the viscosity in the
same films. Furthermore, the creep compliance of ultrathin films in the segmental relaxation regime exhibits a
small reduction of the characteristic times. For high molecular weight thin films, the time scale reduction in the
transition zone is much weaker than the reduction of the terminal relaxation time. This observation shows that
the different parts of the time spectrum are not equally sensitive to the confinement. This is consistent with
expected effects of the confinement at different length scales.

1. Introduction reveal nontrivial behaviors:1° The glass transition temperature
Glass-forming materials in confined geometries have been IS found to be more strongly depressed in free-standing films,

extensively studied during the past decadéth much attention and this may confirm the_ strong influence of free surfaces. The
being paid to ultrathin polymer films. In fact, in addition to Tg reduction in free-standing films also depends on the molecular

having major importance in industrial applications, these films weight f‘?f_h'gh molecular We_|ght polymers. Th.'§ Iast_ featur_e
are of great fundamental interest. When film thickness is seems difficult to reconcile with the glass transition picture in

decreased down to thicknesses of a few nanometers or a fewfNe Pulk, since the molecular we|ght has no influence orirhe
tens of nanometers, this dimension of the system becomes Ofvalue when _the polymer Ien_gth is large enough t'o 'allow to
the order of the characteristic length scales of the material itself. neglgct the u_nfluence of chaln enH‘sFurthermo_re, It Is not
One could then expect that the physical properties would deviateC_Ons'fzt‘i?t with present views of thg, reduction of thin
from their bulk values when the thickness reaches the length flMS-* o _ _

scale that governs the tested property. Investigations on physical The dynamics in a polymeric material cannot be reduced to
properties of such confined systems should therefore help to@ Single parameter. Indeed, these systems exhibit a very broad
better characterize these length scales. Polymers exhibit widertime spectrum, which is associated with different length scales.
length scales and more complex dynamic properties than do©Only a part of this time spectrum is directly involved in the
small molecules and offer potentially richer experimental 9lass transition, while some longer times play a great role in

conditions for study. The present work is presented in this vein. @8boveTy properties. In the bulk, the aboVig-dynamics is
The dynamical properties in the vicinity of the glass transition somewhat better described than the glass transition phenomenon.

have been the focus of many studies. Following the early The Rouse model and the reptation model have been able to

observation due to Keddie et %bf a significant decrease of ~ Successfully account for the polymer properfiéshe link

the glass transition temperaturgg( when the thickness of between time and space scales is, in these theories, rather
polystyrene (PS) films becomes smaller than 50 nmTghelue stralg_htforward. L_Jltrath_ln polymer_fllms may offer_ a way to

of different polymers as a function of film thickness has been expenmenta]ly bring evm_ience of this direct correlation between
studied using a wide variety of technique (for a review see refs €ngth and time scales in polymer melts.

1 and 3). Even though there is a global trend to confirm the =~ AS compared tolg measurements, very few experimental
observations of Keddie et al., some discrepancies between thd€chniques have been employed to characterize the whole
different experiments and polymers remain unresolved and somedynamics in ultrathin films. Concerning the very long time
unexpected features rather poorly understbédr the moment, dynamics, chain diffusion measurements have been achieved
it seems that the experimental studies of ultrathin polymer films using a fluorescence technid@@r secondary-ion mass spec-

remain unable to define completely the length scales that aretrometry (SIMS) experiment$:'” Both techniques lead to the
involved in the glass transition. conclusion that chain diffusion is affected on a scale of the order

One challenge is to dissociate the role of the confined state Of the coil size, which is consistent with the reptation mechanism

of the molecules from the role of the surfaces. It has been shownthat involves this particular length of the polymer material.
that T, decreases near a free surface or a nonattractive wall butHowever, the diffusion is found to be slowed down, which is
increases near an attractive ¢rieviations from bulk behavior ~ in apparent contradiction with recent mechanical results near a

films should be simpler at least for symmetry reasons, but they Of the surface has been reported to be decreased as compared
to that of the bulk®1® Rouse modes have been less studied,

* Corresponding author. E-mail: hugues.bodiguel@fast.u-psud.fr. but indications have been reported that they might be slower

T Present address: Lab FAST, Bat 502, Campus Univ, Orsay, F-91405, Of |eSS. efﬁ_Cient in a th.in ﬁ|r.ﬁa_,2o,21 Th? global picture 'Of the
France. dynamics in ultrathin films is thus still rather confusing, and

10.1021/ma070460d CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/07/2007



7292 Bodiguel and Fretigny Macromolecules, Vol. 40, No. 20, 2007

o] PS1407  ps2s6 ] needed in the rubbery regime. Moreover, transient or dynamic

15 gprom v 4l nm mechanical experiments should allow the investigation of the

& 470m X 135nm global time spectrum, since the viscoelastic functions reveal the
1o O 28m whole dynamics of the system.

In a previous communication, we have reported a method
that allows the measurement of an apparent creep compliance
in thin polymer films3° The dewetting of a viscoelastic film on
a liquid substrate is rather simple to describe, due to the absence
of friction between the film and the substrate. For films thicker
than 100 nm, it has been shown that the apparent creep
compliance measured by this technique is in quantitative
agreement with bulk properties. This experiment is thus
particularly suitable to answer the two main questions that are
0.1~ e detailed above. What are the length scales governing the
2 10° 10* entanglement structure, and what are the different relaxation
times in ultrathin films?

Figure 1. Normalized apparent creep compliarfug(t) for PS1407 The_ salient results of our previous communications using this
and PS286 films of initial thickness ranging from 20 to 150 nm. technlq.ue concern the very long tlmes of the creep Compllqnce
Temperature is 378.5KH0.5 K). The inset shows the superposition  (Or at high temperaturé}. At these times a steady-state flow is
of the apparent creep compliance curves which is obtained by reached, and the elongational viscosity is measured. For thick
multiplying the experimental time scale by a shift faciefh), for each  fjms, the viscosity measured follows the bulk temperature
thickness. dependence and scales approximateliigd?, similar to bulk
we may conclude that one needs deeper analysis of the evolutiorsamples. For thinner films, however, the viscosity is found to
of the global time spectrum when the film thickness is decreased be reduced as compared to the bulk. The ratiR, whereh is
to very small sizes. A complex interplay between length and the film thickness andR, is the radius of gyration seems to
time scales and temperature may explain some of the discrep-govern this viscosity reduction.
ancies between the experimefs? In the present article, the creep compliance of ultrathin films
In a bulk polymer melt, the dynamics is closely linked to the is investigated in the vicinity of the glass transition. Based on
structure of the chains and, more precisely, to the entanglementhese results, we discussed the nature of entanglements in thin
network! It thus seems necessary to obtain information not polymer films. Confinement effects on the dynamics in The
only on dynamical properties but also on the polymer structure. region are also shown and analyzed with regards to the large
If the dynamics is strongly affected either by the confinement viscosity reductions earlier reported.
or by the presence of a free surface, then one has to take such
an effect into account when interpreting the dynamical properties 2. Experimental Method
of ultrathin polymer films. It was early proposed that the The method consists of measuring the strain response of the
entanglement density should be slightly decreased near a freewvhole film to the stress applied by the surface tensions. In the case
surface? This theoretical prediction was recently experimentally 0f a viscoelastic film lying on a liquid substrate, it has been st#wn
checked and refined by Si etlAccording to these authors, tha_t the surface tensions can be acc_:ounte_d for by a norme_ll stress
the entanglement density remains constant in an ultrathin film, acting on the edge of the film. The intensity of the stresS/its
while the entanglement nature turns from interchain entangle- whereh is the film thickness an& is the spreading parameter,

; . . . . defined asS = y; — v+ — yu; yr andy, are the film and liquid
ment in the bulk to intrachain entanglements in a confined surface tensions, respectively, apg is the interfacial surface

polymer film. However, using a fluorescence technique, Itagaki (gnsjon. The strain has been shown to be uniform inside the film,
et al?® did not see any deviations on the chain overlapping down and the time-dependent strain response is linear to the applied
to a thickness of Ry. The question of the entanglement structure stress°

might be an issue of importance for understanding the dynamics The PS films where spin coated on a mica substrate at 3500
of ultrathin films. Indeed, a recent model that accounts for the rpm, from dilute solutions of PS in toluene, having weight fractions
T,y reduction is based on the distance between entangledfents. ranging from 0.2% to 2.5%. The solutions were prepared using
Ultrafast relaxation observed in glassy films was also attributed Monedisperse polymer purchased from Polymer Source Inc. Two
to a lack of interchain entanglements. molecular weights were usell,, = 1407 kg/mol, referred in the

In the bulk, the entanglement density is usually deduced from gnllowmg as PS1407, antil, = 286 kg/mol, referred as PS286.

. o . oth are well entangled since the average molecular weight between
mechanical ProPe”‘eS in the rubbery regﬁ_‘ﬁet seems thus ___entanglements is about 43 kg/méITheir radii of gyration are 32.6
that mechanical measurement performed in the correspondingang 12.7 nm for PS1407 and PS286, respectiteiine films were
time domain would be of great interest to answer the question gnnealed under vacuum at 453 K during 8 days, to remove the
of the entanglement structure in ultrathin films. To our residual solvent and the stress induced by the spin coating process.
knowledge, the only mechanical test that has been performedAfter the annealing, they were cooled at 0.5 K/min, and cut into
on ultrathin film was reported by O’Connel and McKerfi#. small pieces of size about 1 mm. The films were floated on distilled
Their nanobubble experiment was designed to measure the timewater and then transferred successively into two glycerol baths in
dependent creep compliance of free-standing films. These order to obtain films that lie on a glycerol substrate. Glycerol is a

authors report a rather unexpected result. In the rubbery regime V€'Y Poor solvent for PS, and plasticization of the fims is not

ultrathin films seem to be much stiffer than bulk samples. If expected (see ref 30). If a small penetration did occur, the viscosity

. . . measurements reported in ref 18 would have shown a viscosity
one |nterprets these experiments in terms of eqtanglementdecrease during the experiment. The initial thicknessf the PS
structure, it leads to the hardly conceivable conclusion that the fjms was then measured by ellipsometry, with an absolute
entanglement density would be much higher than in the bulk. yncertainty of about 1 nm.

In order to bring new insights to this question of the The films were deposited inside an home made oven, onto a

entanglements structure, other mechanical measurements arearm glycerol bath. The temperature was controlledH®5 K

h, &(t) (nm)

10
Time (s)
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(for details see ref 30). At this moment, the time was set to zero. ar(h) that depends on the initial thickness, the curves superpose,
The ared\(t) of the film was measured as a function of time using as shown in the inset of Figure 1. The second regime, where
an analys_is of thEImages obtained with a standard color Camera.the creep Comp"ance exhibits a very smooth increase corre-
The relative error is estimated to be less than 0.5%. sponds to the rubbery plateau regime. The plateau compliance

We have argued that the huge temperature step from the glassy o \qing constant for thicknesses down to 20 nm. Moreover
state that the polymer films undergo is, as a first approximation, '

equivalent to a stress step. Thus an apparent creep compliance ig‘”th avalue oS 6_ > rr;J/n?z th? rgbbery cqmpllance measured
measured. However, it has to be kept in mind that this leads to a 'S @P0ut 1.6x l(ZT Pa %, which is in numerical agreement with
rather complex mixing in the very early times of the experiments the bulk value? For the thinnest tested film (20 nm), a third
between equilibrium times and times required to reach equilibrium. regime is observed. An inflection point at long times is clearly
The time scale that is probed by this technique is, at short times, observed. This behavior will be discussed in the following.
dependent on the thermal history of the material. At long times,

however, this effect vanishes, and the creep compliance is properly4. Discussion

measured. For thick films, timetemperature superposition is
similar to that of the bulk at long tim#,but the comparison is not 4.1. Entanglements. 4.1.1. Rubbery Plateawlthough the

made at short times where the material is not at equilibAum. spreading parameter may vary when decreasing film thickness,
The Hencky definition is used for the strain major change in the surface energy is not expected for films
above a few tens of nanometé&fs* Moreover, it is unlikely
) =In A —In h(t) 1) _that such a change \_/vould be exactly compensated by a change
At ho in the rubbery compliance. Thus, the results presented in Figure

1 are a strong indication that the rubbery compliance remains
whereA, is the initial area of the film and is the film thickness. unchanged down to 20 nm.

For very thin films, the thickness increment during the dewetting In the bulk, the rubbery plateau modulus (or the inverse of

cannot be neglected as compared to the initial thickness. Thus the, . i . .
stres§S/h slightly decreases during the experiment. Therefore, the Fhe Comptl_lancleDte) Itf] n tf;e |d:9al Ca?ed, ofé?,(ntrqpilc:wnatlligi and
apparent extensional creep compliafx@) is not strictly propor- Is proportional to the entanglement densftyDe ves !,

tional to the experimental strain. It could be calculated from the Whereve is the entanglement density aikg the Boltzmann
strain, using the superposition principle. As detailed in the appendix, constant. Assuming that this still holds in an ultrathin film, an

the following equation is used to compute a corrected swé)n interpretation of the results presented in Figure 1 is straight-
which is proportional tdD(t) forward. The total entanglement density is roughly constant
, down to a fraction oRy. In the thinnest PS1407 film studied,
20 = () + flg(t — 1y 9O )] it 2y  allthe material lies at a distance shorter than 10 nm from the
0 dt surface, which corresponds to abdyt3.
h This result brings some new experimental insights to the
D(t)=§€(t) 3) debate concerning the entanglement density for a confined

polymer chain. It seems clear that a purely two-dimensional

Since the spreading parameter is not known with a high accuracy, (2D) film cannot be entangléd and that the entanglement
we report in the followingheé(t) curves rather than the apparent density should recover its bulk value when the chain is far away
creep compliance. These curves will be referred to in the text as from the surface. The problem is then to know which distance
the normalized apparent creep compliance. Estimates of the scaleds the characteristic length governing the transition from a
creep compliance could be achieved using a typical value of 5 mJ/ disentangled 2D polymer film to a bulklike melt. Since we do
m? for the spreading paramet&This value accounts for both the ot observe any significant deviation of the rubbery plateau
rubbery plateau compliance and the viscosity and is in agreementcomp"ance for films as thin as 2R3, we conclude thaR, is

with extrapolations of the spreading parameters deduced from not the length scale governing the disentanglement of the

contact angle measurements. Though a typical error on this ’ . "
parameter might be as much as 5 nl/the exact value is not of polymer chains close to a free surface. This transition should

great importance since it is a constant scaling factor and we focusnappen at a smaller length scale, which we might guess to be

on the relative changes in strain. the tube diameter~3 nm).
The absence of any deviation of the rubbery plateau compli-
3. Resullts ance is in contradiction with the conclusions of O’Connell and

The method described above was applied for the measurementMcKenna??? according to which thin polymer films are much
on PS films of different thicknesses, down to 20 nm. The high stiffer than a bulk melt. In their experiment, the inflation of the
molecular weight polymer (PS1407) is the focus of the present polymer bubbles is limited by the film elasticity but also by
communication as it is for this material possible to study films the surface tension of the film, which has to be taken into
of thickness smaller than the radius of gyratRy(Ry = 32.6 account for very thin films. The relevance of the surface tension
nm). PS286 films were also studied to test the effect of the in this case is still under discussiéhbut it may explain the
polymer chain length. The temperature was set at a few degreegapparent contradiction with the results presented in this article,
aboveTy, in order to measure the transition zone and the rubbery though they have argued the contrary. It is clear from those
plateau of the entangled polymer within a reasonable experi- results, however, that the surface tension accounts for a large
mental time. portion of the stiffening but does not account for all of it. Hence,

Figure 1 summarizes the results. The measured apparent creefi is still important to further investigate the phenomenon to
compliances exhibit two regimes. At short times, it is observed determine what roles other effects such as residual stresses or
to increase. This regime corresponds to the end of the transitionchanging surface tension in thin films might play. Clearly,
zone from the glassy state to the melt. Within experimental error, reconciliation of those results with those presented in the present
this regime is independent of the thickness for films thicker work will further our understanding of the thin film behavior.
than 90 nm. For thinner films, this regime is faster. The  With the use of some primitive path analysis, recent simula-
corresponding characteristic times thus decrease when decreadions lead to the conclusion that the entanglement length is
ing films thickness. If the time scale is multiplied by a factor significantly higher than in the bulk, at a distance of abByt
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from the surfacé’ or in a film of thickness smaller thaR,.3® of the rubbery plateau should thus occur at shorter times than
At first sight, these numerical results disagree with our observa- in the bulk. Thus, the deviation observed at long times in the
tions. However, the polymers used for both simulations are very compliance of a very thin film is consistent with the viscosity
small compared to the chains used experimentally. The averageeduction measured at higher temperature. It is, however, not
number of entanglements is about 2 or 3, and the radius of possible to quantify the viscosity of this film since the terminal
gyration is thus of the order of the tube diameter. It is therefore flow regime is not reach during the experiment. We remark
unclear in the simulations whether the disentanglement happendgurther that this deviation is still observed when the compliance
in chains that are confined to the tube diameter or to the radiuscurves are rescaled for superposition.

of gyration. Considering the results reported in the present work,  Assuming that, in the Newtonian regime, the viscosity is given
where the radius of gyration is more that 10 times longer that by t4/De, WhereDg is the rubbery plateau compliance ands

the tube diameter, we may conclude that it is the tube diameterthe terminal relaxation time, the viscosity reduction could be
and not the radius of gyration that controls chain disentangle- directly transposed to a reduction of the terminal relaxation time
ment close to a free surface or in an ultrathin film. In order to of the system. In the bulk and for entangled polymers, this
experimentally prove this effect, rubbery plateau measurementsterminal relaxation time is the reptation tirfeln thin films,
need to be carried out on films with thicknesses on the order however, pure reptation might not occur as detailed below.
the tube diameter (3 nm). This range of thickness is unfortu- In the bulk, the terminal relaxation time is linked to the
nately hardly accessible with suspended films. reptation mechanism and is thus very sensitive to the entangle-

Several authors have argued that the entanglement densitynent length. However, since the mechanism involves the whole
should be reduced near a surfa¢@he argument comes from chain, the mean field hypothesis that is made when dealing with
chain packing theories and is based on the hypothesis that thgeptation is probably not valid in a film of thickness of the order
pervaded volume of a chain close to a free surface is smaller©f the coil size. As has been often propodéd! a liquidlike
than in the bulk. If such a chain is packed in a smaller volume, layer may exists at a free surface. Similarly, we have proposed
then other chains are excluded from the pervaded volume, and@ model that accounts for the reduction visco$itpased on
interchain entanglements should be redi#éel.et al. observed  the simple idea that the core of the film is bulklike and that
that the elongation ratio of a shear deformation zone increasessurface regions of thicknesg are much less viscous. Under
for very thin films, which could be interpreted as a decrease of this hypothesis, the film is heterogeneous and the measured
the interchain entanglement density when film thickness de- Property averages some more local property. It is important to
creases below the coil sizé.The model developed by the Precisely answer this question of averages in order to compare
authors accounts well for the results and assumes a constanthe results of different experiments. We have argued that in our
entanglement density correlatively with a corresponding reduc- dewetting experiment, the effective viscosity that is measured
tion of the interchain entanglements. The nature of the entangle-iS the simple average across the film thickness of the local
ments (inter- or intrachain) is a minor consideration in the bulk, Viscosities. Although it is not very relevant to define a local
since interchain entang|ements |arge|y dominate. It m|ght be reptation time at a smaller scale than the coil Size, the use of
an issue in ultrathin polymer films, where interchain entangle- artificial local properties may improve our understanding of the
ments are obviously reduced. In a first approximation, we might Phenomenon. We have propo$éthat the terminal relaxation
consider that the nature of the entanglements does not play dime 7d(2), at a distance from the free surface is a unique
great role on the rubbery plateau value, since the existence offunction ofl/Ry, as suggested by the experimental results. This
this plateau is due to a cut off of the Rouse modes of longer function can be approximated by the arbitrary form
wavelengths than the distance between entanglements. With this 5
in mind, we conclude that the results presented here indicate 74(D/ty() = 1 — exp[-(ZRy)"] (4)
that the total entanglement density is constant in films confined ) ) )
at the scale of the coil size. The nature of the entanglementsSUCh a function accounts for the experimental data with a value
may, however, be affected by the proximity to the surface. of 3.4 (#0.2) for thef exponent. According to this scaling,

. and sinceRy ~ M,,'/2, the terminal relaxation time at a distance
e ki o e ovder B ey b ey ondersiond iy 10M the e scales k@ ~ Myl uhenz vanishes
. : : i and recovers the bulk dependenge~ M, far away from
remarking that the thickness of the films remains at least 1 order P w y

¢ ude higher than the lenath le that th the surface. The value of 1.7 mainly means that, in a surface
of magnitude figher than the length scare that governs elayer, the dependence of the terminal relaxation time on the
rubbery plateau value which is the entanglement length.

molecular weight is weaker than in the bulk and than the
4.1.2. Viscosity Since the data reported in the present article prediction of the standard reptation theory. Therefore, it has to
show that the rubbery plateau of the creep compliance is notpe concluded that pure reptation does not occur in a surface
affected at a length scale %, we can conclude that the |ayer of thicknes<R,.
viscosity reduction reported in ref 18 could not be explained At first sight, one may conclude that because the entanglement
by a reduction of the total entanglement density. It is recalled gensity is unaffected, the reduction of the terminal relaxation
that we observe an important reduction of the ViSCOSity in thin time is due to an acceleration of the g|oba| dynamics of the
films, using the same technique. The viscosity is found to confined polymer. However, since pure reptation does not occur
decrease wheh ~ 7Rg and falls down to 10% of the bulk value i such confined films, the acceleration might also be due to a
ath ~ R;. We have verified that this effect only depends on progressive modification of the reptation mechanism. As already
the I'atioh/Rg, which Strongly indicates that the coil size is the noticed’ the nature of the entang|ements may be affected by
relevant length scale governing the viscosity. the proximity of the surfac& Consequently, the reptation
The viscosity reduction phenomenon allows us to comment mechanism may be modified and accelerated. One possible
on the anomalous increase of the creep compliance that isreason for the terminal relaxation time to be shortened would
observed for the smallest tested film at long times (see Figure thus be linked to the lack of interchain entanglements in a
1). For such a thin film, the terminal relaxation time should be surface layer. Indeed, interchain and intrachain entanglements
greatly decreased. The onset of the creep compliance at the endnay not be equivalent as far as the reptation mechanism is
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concerned. If an intrachain entanglement disentangles faster tharn fact, a large temperature step (from room temperature to 378
does an interchain one, then the reduction of the terminal K) is applied to the polymer film. If the time required for the
relaxation may be the result of a change of the entanglementtemperature to equilibrate is very smat/pically less than 1s,
nature upon approaching a surface. thanks to the very small size of the samptéise time required

Another interpretation of this terminal time reduction could to reach the equilibrium structure may be quite long, since the
come from the fact that a chain that lies close to the surface polymer is initially in the glassy state. As a consequence of
explores once or several times a very thin layer of low density this effect, the rate of change of the creep compliance in this
and of very fast dynamics. The great mobility of the contact short time region depends on the thermal histories of the glass
points with the surface would greatly enhance the reptation as reported in a previous communicatiSnlt has been
mechanism and consequently contribute to the reduction of theexperimentally shown that different thermal histories lead to
terminal relaxation time, in a way similar to the sliding motion variations of the creep rate that are similar to variations due to
mechanism proposed by a De Gen#eshe center of mass of ~ a temperature change of a few degrees in this region. For a
such a chain is in a surface layer of thickné&s which is given thermal history, variations of the creep rate with the
consistent with the experimental results. Such a phenomenonthickness thus reflect either a change in the characteristic times
affects directly the reptation mechanism and may not changeof the glass transition or a change in the initial glassy state
the other parts of the dynamics. properties.

Other experiments that have focused on the terminal relax- The results reported in Figure 1 show that the characteristic
ation time, by the means of chain diffusion stuidy!” have time of the compliance in the transition zone is lowered for
reached the conclusion that this diffusion is slower in an ultrathin Vvery thin films. This observation may thus be the consequence
film. In contrast, other mechanical results indicate similar to Of an acceleration of the glass transition dynamics or of a change
our experiments that the viscosity is lowered near a free Of the initial glassy state. In order to dissociate the roles of
surfacel® The last interpretation given above may reconcile these Physical aging properties and of the equilibrium ones, we refer
apparent contradictions. Indeed, the first studies concern sup-to the experimental results obtained by Priestley et*akho
ported films, whereas we observe a viscosity reduction in a show that, near a free surface, the physical aging rate is a little
floating film. Considering a chain that lies in layer of thickness lower than in the bulk. It is, however, difficult to extrapolate
of the coil size near a hard surface, then the contact points thatthis result in order to predict the time required to reach
are made would be less mobile than on a free surface. Such argquilibrium. In fact, a lower aging rate may be due to a reduction
anchoring of parts of a chain might considerably slow down of the characteristic time or to a reduction of the departure from
the reptation mechanism. Such an effect is likely to explain the equilibrium. One thus needs more experimental results on
very slow relaxation of the residual stress observed in thin Physical aging in confined states in order to comment further
films3° or some anomalous slow modes that have been re-0n the effects of confinement on the time required to reach
ported42 The terminal relaxation time is thus very sensitive to €quilibrium. However, since the factor of 2 reported by Priestley
the nature of the surface or interface. A solid surface has in €t al. is rather small compared to the variations of the
that respect an effect opposite to a free or a liquid surface. characteristic time, variations of the nonequilibrium properties

Considering the two possible interpretations given above, it ONly partially account for the our results.
is possible for the terminal relaxation to be lowered by a  4-2.2.Tg Shifts? It is important to realize that the observed
modification of the reptation mechanism even though the global 'eduction of the time scale is rather small. Only a factor of 4 to
dynamics of the system remains bulklike. This point will help 5 in the time scale is observed for a 20 nm film. Since most
in the discussion concerning the evolution of the global time €xperiments performed on thin polymer films follow the

spectrum in ultrathin films, which will be made in the following ~ Variations of a property with the temperature, the deviations
sections. from bulklike behavior have usually been reported in terms of

Improvements in the theoretical approaches of the reptation Ty reduction. In order to compare the time scale reduction with

mechanism in a confined and heterogeneous medium seem td"€ To reductions reported by several different groups, a time
be needed to better characterize the long time dynamics oftemperature correspondence has to be used. Whether or not this

ultrathin polymer films and to account for the observed reduction progedure applies and vyhat are j[he. corresponding parameters
of the terminal relaxation time. is still an open question in ultrathin films. However, we use it

4.2. Dynamical Properties. 4.2.1. Short Times Dynamics gr?:g\’: ;S tﬁ:épgtgﬁ"%lﬁvﬁsasst:me;:‘;Ltrgevr;ﬁ:t?o%hai?:rt]eg'St'C
in This Dewetting Experiment. The results presented in Figure the Vol er—Ta)r/nmaPrFuchs law mF:)dified with a shiftgin the y
1 involve time scales which are much smaller than those - valug of AT(h, T) '
involved in the viscosity measurements. The characteristic times 9 ’
that govern the compliance before it reaches the rubbery plateau
are those of the glass transition. Figure 1 clearly shows a small (T, h) ~ exp B (5)
reduction of this transition time scale when film thickness is T+AT(h, T) =T,
below several tens of nanometers.

Before comparing the time scale reduction to the reported whereB andT, are parameters that are, respectively, 1456 and
phenomenon ofy reductions, some restrictions on the experi- 323.4 K for bulk PS?2 By inverting this expression, the
mental data have to be emphasized. temperature shifAT can be computed as a function of film

The range of strain accessible by our experiment limits the thickness, knowing the shift factair(h) coming from the short
measurement of the creep compliance to the end of the transitiontime creep compliance superposition (see Figuré\D)is thus
zone. Only the longest times involved in the glass transition given by
are thus tested in the short times of the measured creep
compliance. (T— Ty

A second restriction arises from the fact that the system is AT(h, T) = T—T,+ Bina(h) (6)

e . . . . 0 T
not at structural equilibrium at the beginning of the experiment.
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—o— PS1407 (378K)

M PS286 (378K)
Terminal relaxation time [18]
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Figure 2. Temperature shiftAT(T, h) as a function of film thickness
that accounts from the time reduction. Temperature shifts corresponding
to the glass transition zone (circles) are calculated using eq 6 and from
the shift factorsar(h) determined from the superposition procedure of
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annealing procedure is also of great importance since residual
stress is only removed after very long annealing times for very
long chains’® Finally, it has to be noted that the change from
a free surface to a PS/glycerol interface is not expected to
influence that much the results, since the glycerol interface is
very repulsive, similar to the “hard-wall” of the aifilm surface

in the free-standing films. As a conclusion, none of these
differences are likely to explain the contradictory result3§n
dynamics of free-standing thin films.

Other considerations may, however, help to understand the
discrepancies. As discussed in the beginning of this section,
only the long time part of the time spectrum of the transition is
measured in our experiment. These times might be less affected
by confinement than shorter times. Since most of the previous
studies on this subject report temperature measurement and not
time-resolved experiments, it is not clear which part of the
dynamics is tested. Such an explanation is thus difficult to
support at present. However, some broadening of the glass
transition has been reportédwhich may be an indication of

the apparent creep compliance at short times (see Figure 1). Thosghe fact that the transition dynamics is not simply globally

corresponding to the terminal relaxation time (dashed lines) are also
calculated using eq 6 wheeg(h) = (T, h)/»(T, ) reported in ref 18.

In order to compare these appar@pteductions to direct measurements,
data from the literature have been plotted. For supported PS films, the
experimental result from Keddie et al. (ref 2) is plotted (solid line),
and for PS free-standing films, results from the work of Dalnoki-Veress
et al. (ref 7) are reported (triangles). Only the results obtained with a
sample of molecular weight that is the closest to our PS1407 samples,
1250 kg/mol, are reported.

The results of the calculations of the apparent temperature

shifted. Another interpretation may arise from the temperature
dependence of the characteristic times with temperature. Our
experiments take place a few degrees above the Bybnd
reveal the dynamics at this temperature. The extrapolation of
the thin film dynamics at the transition might be very different
than in the bulk. If the time variation with temperature is much
weaker than in the bulk, then it would be possible to observe a
small time scale reduction together with a grégtdecrease.
These two considerations call for more time-resolved experi-

shifts are presented in Figure 2. For the thinnest film (20 nm), ments. In particular, the determination of the evolution of the
the time scale reduction corresponds to an apparenttemperatur%|oba| time spectrum with temperature may be a clue to
shift of the order of 3 K. This is less than the data reported on \,ngerstand the complex dynamics of ultrathin polymer films

supported film34 and much less than studies on free-standing
films.”® Since the variations of the aging properties may partially

account for the reduction, the discrepancy between the data of

Keddie et af and the present ones may be explained by a
thermal history effect on our measurements. However, the huge
difference with the data reported on PS free-standing films is
not likely to be attributed to thermal history effects. According
to the results from Dalnoki-Veress et &k, 20 nm film would

be abovely at room temperature. If this was the case, then the
films would not be easily transferred onto a liquid substrate,
and the creep observed in our experiment should have bee
orders of magnitude faster than what was observed. Finally,
we recall that hole growth in ultrathin films has not been
observed below the bulky,** which is rather consistent with
the very smallTy reduction that we observe.

Another qualitative discrepancy remains between the result
reported by Dalnoki-Veress et al. and ours. These authors
reported that th&@; reductions are molecular weight dependent,
which has been also confirmed on poly(methyl methacrylate)
(PMMA).1° On the other hand, our time-dependent dewetting
results exhibit no differences between two rather different
molecular weights. In the bulk, when the polymer chains are

well entangled, chain end effects can be neglected and the glas§

transition is independent of the molecular weight. Our results
are thus consistent with a picture of the glass transition in thin
films that is slightly shifted relative to the bulk. The above-

in the glass transition region.

As a conclusion onfy dynamics, one may sum up our
observation by saying that our floating films exhibit a reduction
of the time scale involved in the glass transition that is rather
consistent with theTy variations reported on supported films
but not in agreement with previous experiments on free-standing
films of high molecular weight.

4.2.3. Global Time Spectrum.In this last part, we come
back to the terminal relaxation time reduction that has been

iscussed above. As noted, the reduction of this terminal
relaxation time is probably due to a modification in the reptation
mechanism and is not directly linked to the time scale reduction
observed in the vicinity ofy. In order to verify this interpreta-
tion, we calculated the apparent temperature shift that would
account for the viscosity reduction using eq 6, where the
coefficientar(h) is now given by the viscosity ratig(T, h)/»-
(T, ). The results are plotted in Figure 2. The temperature shift
that is needed at these high temperatures to account for the
terminal relaxation time reduction is much higher than the
temperature shift in the transition zone. This means that, at a
given thickness and a given temperature, the terminal relaxation
ime is much more reduced than the times involved in the
transition zone. Since the viscosity reduction scales like the coil
size, the difference between these two reductions of the time
scales is higher for high molecular weight polymers.

cited results ask for a more complex interpretation that remains ~ The apparent creep compliance of the 20 nm film shown in
unclear. The major difference between our samples and thoseFigure 1 gives an illustration of this observation. When
used in refs 7 and 9 seems to be the fact that, in our experimentSuperposing the short times, the long times do not superpose
the films are not suspended, but lie on a liquid substrate. As aand the terminal relaxation time is more reduced than the
consequence, the film is free mechanically, whereas sometransition times.

tensions might appear in suspended films due to the anchor It thus becomes clear that viscosity reduction &preduction
points at the edge of the hole of the sample holder. The are two distinct phenomena. The former is governed by the coil
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size and is thus a purely polymer effect. The latter, independent . t ., de(t) , ,

of the coil size, involves shorter length scales, since no ét) =€) + f(;e(t - t)_dt' exp[—e(t)] dt"  (9)
significant deviations occurs for films thicker than 50 nm. The

discrepancies that are found in the literature B shifts, This equation is numerically inverted, using the discrete set of

especially concerning the free-standing films, should, however, experimental points[i] and its derivativeAe[i]. The calculation
be resolved before stating on this particular length scale. is computed according to the following:

This issue underlines the necessity to clearly identify in each
experiment which relaxation modes are probed or, equivalently,

which part of the time spectrum is tested. é[i] = efi] + OZ_ éfi —ilAelil exp(=€[jl) ~ (10)
<7<i

5. Conclusion

The apparent creep compliance in the vicinity Bf of
ultrathin polymer films brings some insights to both debates
on entanglement structure close to a surface and on the

acceleration of the dynamics in a confined medium. Acknowledgment. We thank K. Danolki-Veress and G. B.
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