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The surface molecular motion of amorphous polymeric solids has been directly measured by lateral force
microscopic (LFM), scanning viscoelasticity microscopic (SVM) and differential X-ray photoelectron spectro-
scopic (D-XPS) measurements. SVM and LFM measurements revealed that the molecular motion on the surface
of the monodisperse PS film wittin less than ca. 30 k was fairly active compared with that in the bulk, mainly

due to the surface segregation of chain end groups. The chain end group segregation at the air/PS interface was
verified by dynamic secondary ion mass spectroscopic depth profiling of the proton and deuterium ion for end-
labelled PS film. These results suggest that surfggs depressed because of an increase in free volume near the
surface region, induced by the preferential surface localization of chain end groups. D-XPS was utilized for the
characterization of surface molecular motion of symmetric poly(styrene—block—methyl methacrylate) diblock
copolymer [P(St-b-MMA)] films. It was confirmed by D-XPS that the surface molecular motion of the PS
component in [P(St-b-MMA)] diblock copolymer films was gradually activated with decreasing depth from the
air/polymer interface© 1998 Elsevier Science Ltd. All rights reserved.

(Keywords: surface molecular motion; surfaceT g chain end localization)

INTRODUCTION solid interface regioh Meyers and co-workers asked the
question “Is the surface of polystyrene really glassy?”
They used atomic force microscopy (AFM) to study the
wear of a PS surface and found that the outermost surface of
the PS film with molecular weight less than 24 k was in a
rubbery state from the recovery characteristics of the
scratched pattern formed by a cantilever tip of AFM. This

| experiment was performed under large deformation which
| corresponded to a non-linear viscoelastic condition. How-
ever, no direct experimental evidence has been obtained for
molecular motion in a linear mechanical response at the
surface region.

The purpose of this study is to propose novel methods for
the characterization of surface glass transition behaviour for
thick polymer films. The surface molecular motions of the
monodisperse and polydisperse polystyrenes (PSs) were
studied on the basis of scanning viscoelasticity microscopy
(SVM) and lateral force microscopy (LFM). In order to
discuss the origin of activated surface molecular motion, the
dynamic secondary ion mass spectroscopic (DSIMS) depth
profiling was done for end-labelled PS. Finally, the surface
molecular motion at the film surface of symmetric
poly(styrene—block—methyl methacrylate) diblock copoly-
mer [P(St-b-MMA)] was directly evaluated by differential
X-ray photoelectron spectroscopy (D-XPS).

Since the free energy of polymer chains will have strong
influence from interface, the depth of the surface of
polymeric solids can be defined as twice the radius of
gyration of polymer chain. Surface structure and surface
molecular motion of polymer films play an important role in
various functional applicatiod$. In order to design a
highly functionalized surface, it is necessary to contro
surface structure and to clarify the state of therma
molecular motion in the surface region.

The glass transition behaviour of polymer thin films has
recently been paid great attention. Since the thin film has a
large surface to volume ratio, the influence of the surface on
the glass transition temperatuiig, might be prominent. In
the case of ultrathin polz}/mer films, spectroscopic ellipso-
metry?, X-ray reflectivity’, positron annihilation lifetime
spectroscop%// and Brillouin scatterin studies have
indicated thafTy may be a function of film thickness and
also, depends on whether the film is free-standing or in
contact with a substrate, and on the extent of polymer/
substrate interaction. Depending on the extent of polymer/
substrate interactionT, of ultrathin films increases or
decreases by 5870 K in comparison with that for a bulk
regio® % On the other hand, the second harmonic
generation study of randomly dye-labelled polymer con-

cluded that no change in mobility was evideridowever,
little study has been done on the glass transition behaviour SCANNING VISCOELASTICITY MICROSCOPIC

at free surfaces of bulk po|ymers_ STUDIES OF SURFACE MOLECULAR MOTION FOR
The molecular dynamics simulation of atactic polypro- MONODISPERSE POLYSTYRENE FILMS

pylene on graphite predicted a decrease in density at the air/Scanning force microscopy (SFM) is one of the family of
scanning probe microscopic techniques and has proven to be
*To whom correspondence should be addressed important for investigation of the surface morphology of
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materials with high resolutid. SFM images were created is mounted on an XYZ piezoscanner with a 2@ scan

on the basis of the various forces acting between cantileverrange which has a resonance frequency of 15 kHz. The Z-
tip and sample surface such as van der Waals, electrostaticsensitivity of the piezoelectric scanner is 4.46 nm‘VThe
frictional, magnetic forces and so on. AEMis a widely cantilever tip is mounted on the piezoelectric bimorph
used instrument for the observation of surface topography,transducer which has a resonance frequency of
which is obtained by detecting the normal force acting 1 kHz~10 kHz depending on the magnitude of an applied
between sample surface and probe tip. The magnitude of theelectric field. The bimorph consisted of alternating layers of
modulus for the generally used silicon or silicon nitride metal electrodes, dielectric films and piezoelectric zinc
probe tip is 200—300 GPa, which is much higher than that of oxide films and could be bent vertically by applying
the polymer surface. Therefore, when the observation is opposite electric fields to the upper and lower piezoelectric
carried out in a repulsive region of the force curve, the sections. The cantilever position in the z-direction is
sample surface can be deformed due to the indentation ofmodulated sinusoidally by applying an A.C. electric field,
the tip. The modulation of the tip indentation leads to the which is generated by the frequency generator, to the
modulation of the force acting between sample surface andpiezoelectric bimorph transducer. The deflection of the
tip. If the modulation of the tip indentation is applied cantilever is measured by a position-sensitive four-segment
sinusoidally to the sample surface (stimulation strain), the photodiode (PSD) and feeds into the feedback loop that
dynamic viscoelastic properties at the sample surface can becontrols the position of the specimen. The modulated force
evaluated by measuring the amplitude of the modulated is detected by the deflection of the cantilever. The deflection
response stress signal and the phase lag between modulatiosignal obtained with PSD is filtered by a band-pass filter
signal (stimulation strain) and modulated force signal (BPF)in order to remove high- and low-frequency noise and
(response stres$)'® Forced modulation AFM equipment, feeds into a two-phase lock-in amplifier. The reference
the so-called ‘scanning viscoelasticity microscope (SVM)’, signal used is the sinusoidal signal from frequency generator
was designed by remodelling a commercially available which corresponds to the dynamic strain signal.

AFM™15 The purpose of this section is to investigate the ~ The surface dynamic viscoelastic functions of the
surface thermal molecular motion of monodisperse PS films monodisperse PS film were evaluated on the basis of

on the basis of SVM measurement. SVM measuremen®. The distance between tip and sample
Table 1shows the physicochemical properties, such as surface was decisively influenced by the thermal drift of the
the number-average molecular weigMn and the poly- piezo scanner. Thus, the measurement was carried out after

dispersity,Mw/Mn, whereMw denotes the weight-average attainment of thermal equilibrium. Also, in our SVM
molecular weight for the monodisperse PSs used in this measurement, the bimorph at the other end of cantilever
study. Monodisperse PSs were prepared by a living anionictip was modulated sinusoidally. Therefore, although the
polymerization at 293 K usingsecbutyllithium as an modulation amplitude of the bimorph could be evaluated
initiator. The magnitudes ofMn and Mw/Mn were accurately, the modulation amplitude of indentation of the
determined by gel permeation chromatography (g.p.c.) cantilever tip could not be determined precisely. In order to
with ps standards. Buldy was evaluated on the basis of simplify the analysis, it was assumed that the magnitude of
differential scanning calorimetric (d.s.c.) measurement at a the modulation amplitude for the tip was same as that for the
heating rate of 10 K min* under dry nitrogen purge. PS  bimorph actuator.

films ca. 200 nm thick were coated from a toluene solution  Gaub et al. derived the surface dynamic storage modulus,
onto a silicon wafer with native oxide layer by a spin- E’ and surface loss moduluB; of the organic thin film on
coating method. The surface dynamic viscoelastic functions the basis of forced oscillation SFM measurement under the
of the PS films were evaluated on the basis of SVM condition of sample stage modulatidnSimilarly, in the
measurement, which was performed at 293 K in air under a
repulsive force of ca. 16 20 nN. A commercially available

o o . . . . . 10" i . .
silicon nitride (SiN,) cantilever with ' mtegratgd tips monodisperse PS @)
(Olympus Co., Ltd.) was used. The nominal bending spring
constant of the cantilever was 0.09 N'‘mThe modulation T=293K
frequency and the modulation amplitude at the supporting S0 |
. - ANI07 ¢
part of the cantilever were 4 kHz and 1.0 nm, respectively. ~
The SFM apparatus, SPA 300 (Seiko Instruments =
Industry Co., Ltd.) with an SPI 3700 controller was used
for surface viscoelasticity measurem&ri® The specimen 104 |
: : . 400
Table 1 Characterization of the monodisperse PS used in this study (b)
Mn Mw/Mn 1380
1071t 1. @ surface tan §
;;:: i'(l)g © 2.0bulktand 1 360 <
: : = 3.0 bulk Tg ™
4.9k 1.08 3 1340 &
7.5k 1.09 1072%L
9.0k 1.09 1,2
19.7k 1.07 1320
26.6 k 1.09
40.4 k 1.08 107 VI ' 300
. . 3 4 5 6 7
475k 1.05 10 10 10 10 10
140.0k 1.06 Mn
218.6 k 1.04 , )
1800.0 ¥ < 1.30 Figure 1 Molecular weight dependence of surfa€eand surface taé for
- - monodisperse PS films at 293 K. Bulk ténand bulk Ty values were
Purchased from Pressure Chemical Co., Ltd evaluated by using Rheovibron and d.s.c., respectively
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case of SVM measurement under the condition of cantilever The absence of entanglementhh < 26.6 k would imply
modulation, if an apparent phase lag between response forcghat any work done in deforming the surface would be

and applied sample deformatia#, is very small, surfacg’
and surfaceE’ of the polymeric film can be expressed as
follows:

E" = (ke-H/v){(cosp) — v} 1)

E" = (k;-H/v)-sing 2
where k. and vy are the spring constant of the cantilever

accompanied by mechanical loss. AFM observation revealed
that the surface was smooth after SVM measurement. The
absence of permanent irreversible deformation after measure-
ment indicates that the SVM was done under reversible
deformation conditions. Thus, it can be concluded that the
activation of surface molecular motion occurredMn less
than 26.6 k. These results clearly indicate that the suffgce

of the PS film is more strongly dependentMn than the bulk

along the bent direction and the amplitude ratio of responseT,, because the chain end effect on surface &ds more

force to stimulation deformation, respectively. Alsbjs a

apparent than that on bulk téan

shape factor of which the magnitude is related to the contact

area between sample surface and probe tip. From equation

(1) and (2), the surface loss tangent, d&aran be obtained by
use of equation (3).

tans = E"/E' = sing/{ (cosp) — v} 3)

Since the magnitude &f is known and the magnitudes of
and~y are obtained experimentally, the magnitudeE'cénd
E” can be determined after the magnitude-Hof evaluated

iATERAL FORCE MICROSCOPIC STUDIES OF
SURFACE MOLECULAR MOTION FOR
MONODISPERSE POLYSTYRENE FILMS

LFM is a useful tool for scanning rate- and temperature-
dependent two-dimensional measurements of lateral force,
which is evaluated by detecting the torsion of the sliding
cantilevet®. Since the force measured by LFM is the sum of

as discussed below. The electrical and mechanical phasefrictional and adhesion forces acting between sample
lags of the instruments were calibrated by using a silicon surface and cantilever tip the term LFM is used instead

wafer as a standard with phase lag of zero.

of ‘frictional force microscopy’ in this paper. Since the

Figure 1 shows the molecular weight dependence of frictional behaviour of polymeric solids is closely related to

surfaceE’ and surface taé for the monodisperse PS films
as well as the bulk tad and bulk T4 values®*® The Mn

their dynamic viscoelastic propertf@s it is possible to
investigate the surface molecular motions of the polymeric

dependence of the output voltage as a stress signal wassolids by using LFM which can detect lateral force between
obtained experimentally before the determination of the solid surface and sliding cantilever tip on nanometer
magnitude oH. Since, in a higheMn range from 40.4kto  scalé®?’. The scanning rate-dependence of the lateral
1.8 M, the output voltage as a stress signal was almostforce corresponds to the frequency dependence of the loss
constant, that is, there is ndn dependence on the modulus,E’. In the cases of the glassy surface or rubbery
magnitude of surfac&’, it seems reasonable to consider one, no distinct scanning rate-dependence of lateral force is
that the influence from the surface localization of chain ends observed. Whereas, in the case of the surface in a glass—
is negligible with respect to the magnitude of surfate rubber transition state, the maximum peak of frictional force
Especially, in the case of the PS film wit¥in of 1.8 M, with the scanning rate is generally observed due to an
since the concentration of chain end group is extremely low, appearance of th&” maximum in a transition region.

it seems reasonable to assume that thermal molecularTherefore, when the magnitude of lateral force evaluated by
motion at the film surface is comparable with that for the

bulk sample even if chain end groups are preferentially

segregated at the film surface. Then, on the assumption that - monodisperse PS
the magnitude of surfad€ is the same that of the bulK at [ T=203K SYM
293 K, the magnitude oH can be decided. Since the A A j A

magnitudes of apparent phase lag between force and sample
deformation,¢, and the ratio of modulation amplitude,
were experimentally measured, the magnitudes of surface
E’ and surface taf for the PS film with differenMn values
were evaluated by using equations (1) and (3).Mrarange
higher than 40.4 k, the magnitudes of surf&end surface
tan 6 were constant and their magnitudes were ca. 4.5 GPa
and 0.01, respectively, as shownRigure 1 This indicates
that the surface is in a glassy state at 293 K for the PS film
with largerMn than 40.4 k, judging from the magnitudes of
surfaceE’ and surface tab. Also, in the case d¥in smaller
than 26.6 k, the magnitudes of surfa€eand surface taé
decreased and increased with a decreabtnirespectively.
The magnitudes of surfad& and surface taf indicate that

the surface of the PS film within lower than 26.6 k is in a
glass—rubber transition state even at 293 K. Bulk dynamic
viscoelastic properties of the monodisperse bulk PS sample

Lateral force / A.U.

1. 2 140k

4. m 19.7k

A . 2.4 404k 5.0 9.0k
were measured in order to compare them with the surface [ 3.0 266k 6. 4.9k
properties. Since, in the caseMh smaller than 40.4 k, the : ~

17 10 10 10

film was very fragile, the dynamic sg)ring analysis technique
was applied to evaluate bulk tait’. In the case ofMn
smaller than 26.6 k, the magnitude of surface fawas
much higher than that of bulk taf) as shown irFigure 1

Scanning rate / nmes™!

Figure 2 Scanning rate-dependence of lateral force for the monodisperse
PS films at 293 K as a function &fn
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LFM exhibits apparent scanning rate-dependence, it can becorresponds to the measuring temperature dependence of
concluded that the surface is in a glass—rubber transitionsurfaceE’ by using the monodisperse PS film with a certain
state. Mn. Then, it seems reasonable to consider that a master
In order to investigate the molecular weight-dependence curve based on scanning rate—lateral force superposition
of the surface molecular relaxation behaviour for the can be obtained frorfrigure 2 this is similar to a master
monodisperse PS film, the scanning rate-dependence ofcurve based on time—temperature superpositiogure 3
lateral force was measured at 293 K in air under a repulsive shows the schematic representation of the scanning rate-
force of ca. 25 nN. The cantilever used for LFM measure- dependence of lateral force for the monodisperse PS films
ment was the same as that used for SVM measurement. Thewith differentMn values at 293 Krigure 3suggests that the
magnitude of lateral force was evaluated by a line scan lateral force—scanning rate master curve can be drawn on

mode. the basis of the lateral force measurement for the
Figure 2 shows the scanning rate-dependence of lateral monodisperse PS films with variouMn at a fixed
force as a function oMn of the monodisperse PS filth temperature of 293 K.

The tip indent depth evaluated by Hertz’s elastic thébry
was ca. 1.1nAf. Also, the scanning ratey of LFM
measurement can be converted to the frequeheofSVM
measurement based on Hertz's elastic theory as given by
equation (4).

TEMPERATURE DEPENDENCE OF SURFACE
MOLECULAR MOTION BY USE OF LATERAL FORCE
MICROSCOPY

5 5 3 The scanning rate of our LFM measurement is in a range
ot F( 1— ufip N 1- Mpolymer) RE ] @ from 10° nm s *to 10° nm s™*. It is impossible to obtain the
- 4 ¢ lateral force—scanning rate curve on the whole range of
scanning rate at a certain measuring temperature, such as

wherey, E, R and F. are the Poisson ratio, modulus, the 293 K. Then, the scanning rate-dependence of lateral force
radius of curvature of the tip, and contact force, respec- was evaluated at various temperatures in order to apply the
tively™®. The broken arrows iftigure 2denote the scanning  time—temperature superposition principle. The scanning
rates corresponding to the frequency of SVM measurementsstage of the LFM was heated to a fixed measuring temperature
which were calculated by use of equation (4). Since no under vacuum. The piezoscanner was thermally insulated
distinct scanning rate-dependence of lateral force wasfrom the heating stage. LFM measurements in a temperature
observed in the case &fin of 140 k, it seems reasonable range above 293 K were carried out in vacuo in order to avoid
to consider that the surface is in a glassy state. On the othersurface oxidationandacapillary force effectinduced by surface-
hand, the magnitude of lateral force for the monodisperse PSadsorbed water. The double gold coated cantilever used in
film surface withMn less than 40.4 k was dependent on the this study has a bending spring constant of 0.09 N.m
scanning rate. In the case bfn of 40.4 k, although the Figure 4 shows the scanning rate-dependence of lateral
scanning rate-dependence of lateral force was not observedorce as a function of temperature for the monodisperse PS
at a high scanning rate region, lateral force increased with afilm with Mn of 140 K3, In the temperature range 293 K to
decrease in the scanning rate at a low scanning rate region333 K, the scanning rate-dependence of lateral force was not
This result indicates that the surface of the monodisperse PSobserved. This may indicate that the surfaEg of the
film with Mn of 40.4 k is clearly in a glass—rubber transition monodisperse PS film wittMn of 140k is higher than
state and a glassy one at low and high scanning rate regions333 K. On the other hand, in a temperature range from
respectively. In the case &fn of 26.6 k and 19.7 k, since 343 K to 353 K, the magnitude of lateral force increased
lateral force continuously increased with a decrease in thewith a decrease in the scanning rate, especially at a lower
scanning rate, it can be concluded that the surface is in ascanning rate region. The scanning rate at which the
glass—rubber transition state at 293 K. Moreover, in the casemagnitude of lateral force starts to increase with a decrease
of Mn of 9.0 k and 4.9 k, the peak was clearly observed on in the scanning rate was shifted to the higher scanning rate
the lateral force—scanning rate curve. This indicates that thewith an increase in measuring temperature from 343 K to
surfaceE” might exhibit the peak at the frequency range 363 K. The existence of the scanning rate-dependence of
corresponding to the scanning rate employed in this study. lateral force clearly indicates that the surface is in a glass—

Etip Epolymer

That is, the surface of the monodisperse PS film withof rubber transition state at a lower scanning rate region. Since
9.0 kand 4.9 kis already in a glass—rubber transition state at

293 K, even though the bulky is around 360 K as shown in rubbery glass-rubber glassy

Table 1 Since the surfac&, for the monodisperse PS film state transition state state

with Mn of 9.0 k is higher than that fa¥in of 4.9k, it is h g

reasonable that the peak on the lateral force—scanning rate Vinca 9k % Mn=9.0k T=293K

curve for the monodisperse PS film win of 9.0 k appears
in a lower scanning rate region in comparison with that for
Mn of 4.9 k. Also, it should be noticed that annealing treat-
ment did not influence the lateral forasrsusscanning
force behaviour. The above-mentioned LFM results
agreed well with SVM ones if the scanning rate of the can-
tilever tip for LFM measurement was converted to the vibra-
tion frequency of cantilever for SVM measurement. Mn=40.4k Mn=140k
As shown inFigure 1, the magnitude of surfac&’
decreases with a decreaseMm and also, in general, that
decreases with an increase in measuring temperature.
Therefore, from the point of view of the variation of surface Figure 3 Schematic representation of lateral force—scanning rate curve
E’, theMn dependence of surfa& at 293 K qualitatively for monodisperse PS films with differentn at 293 K

%\ Mn=19.7k

;.. Mn=26.6k

Lateral Force

Scanning rate

4668 POLYMER Volume 39 Number 19 1998



Surface glass transition behaviour of amorphous polymer film: T. Kajiyama et al.

T T T
[ monodisperse PS

with Mn of 140k {i ¢ 383K
; EE}E |

& 43t
I %§-§§§‘§353K_ ! i

QIO
EEiEE&EEEEHE{.’Bﬂf

AE N

ﬁ [ 363K;

i
o
o
—o—i
e
»
w
~
w
el

Lateral force / a.u.
Lateral force / a.u.
-
[ gl

10° 10° 0 10°  10° 10° 10* 10°
Scanning rate / nm.s " Scanning rate / nms "

Figure 4 Scanning rate-dependence of lateral force for the monodisperse PS filiviwitli 140 k as a function of temperature

the bulkT, of PS withMn of 140 k evaluated by d.s.c. was SIMS 4000, Seiko Instruments Inc., Atomika Analysetech-
381.5K, it can be concluded that the surfatg was nik GmbH) in order to confirm the surface localization of
depressed compared with the bulk one even though thechain end groups. The incident beam of oxygen ions with
molecular weight of the monodisperse PS is so high as 3.0 kV and 6-7 nA was focussed onto a 1@n X 100um

140 k. Also, in the temperature range 363 K to 383 K, a area of the specimen surface. A platinum layer 10 nm thick
distinct peak was observed on the scanning rate—lateralwas sputter-coated on the surface of the end-labelled dPS
force curve. At 383 K above bulky,, the magnitude of  film in order to avoid a charging up of the specimen during
lateral force decreased in a wide scanning rate region with athe DSIMS measurement.

decrease in the scanning rate. Figure 6shows the typical SIMS depth profile of the end-
Figure 5shows the master curve drawn by horizontal and labelled dPS fill>€ The dashed vertical line corresponds
vertical shifts of each curve shown Figure 4 with T = to the air/polymer interface. The steady-state etching

363 K as the reference temperature. The horizontal shift proceeded during the etching process. The instrumental
factor, ar was expressed as an Arrhenius type equation in resolution function was not corrected for the depth profile
this temperature range. Since the absolute value of lateralmeasurement due to the difficulty of evaluation. The
force is very difficult to obtain, the vertical shift was also intensity of the carbon ion, €Cwas almost constant at any
done for the construction of master curve. The shape of depth position from the polymer film surface. Although, in
master curve is very similar to the frequency dependence ofgeneral, the secondary ion efficiency of hydrogen atom is
loss modulus or mechanical loss tangent. It seems reasonhigher than that of heavy hydrogen atom, the stronger
able to consider that the scanning rate-dependence of lateraintensity of deuterium ion, D than that of proton, H was
force exhibits the maximum peak in a glass—rubber maintained during the etching of the polymer film. This
transition and also that is not observed in a glassy region stronger intensity of D results from the larger fraction of
and a rubbery one. The activation energy of surface heavy hydrogen atom in the end-labelled dFgjure 6
relaxation evaluated from the temperature dependence ofrevealed an apparent increase in the intensity 6fadd a
shift factor was ca 220 kJ motl, which is lower than that  decrease in that of Din the air/polymer interface region.
observed for bulk dynamic viscoelastic measurement. This Since the styrene unit was deuterated and protons were
result suggested the activation of thermal molecular motion present only in both chain end portions, the SIMS depth
at the surface region.

A B I AL IR I B p

E Monodisperse PS with3

DEPTH PROFILE OF CHAIN END GROUPS BY o f o‘&&%o ¥“_=316‘g}‘(‘ E
DYNAMIC SECONDARY ION MASS SPECTROSCOPY § E (;.' ‘e R™ o 38K
o . . S fooo 4 o 3K ]

A depression i at the film surface compared with that for 2 F 2 A 363K
the bulk sample has been explained by the surface S E ‘ﬁ% A 353K 3
localization of chain end groug‘é‘z‘? However, the S o o 33K ]
relationship between surface localization of chain end JF A m 33K 4

groups and activated or enhanced surface molecular 3 W 3
motion has not been experimentally confirmed. Deuterated E . LI
sol TOT R TTTT R TIT R RTTITT B WNTITT W ul

polystyrene (dPS) in which the chain end groups were oL Lol
labelled by protonated groups was prepared by a living 107107 107 107 107 107 10° 107 10
anionic polymerization. Depth profiling of the deuterated
polystyrenel (dPS) film was Came_d out by using dynamic Figure 5 Master curve drawn by horizontal and vertical shifts of each
secondary ion mass spectroscopic measurement (DSIMSgurve shown irFigure 4 Reference temperature is 363 K

va /nm sec b
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T
MW

profile shows a remarkable enrichment of chain end groups

. . . 2 Polydisperse 1 (HF11)
at the air/polymer interface. Since the surface localization of Do

distribution

. T=293 K
chain end groups induces the excess free volume fraction at S ' 1. as-cast 1
the film surface compared with that in the bulk phase, the S 20 a““ea:eg at ﬁgﬁ 1
surfaceTy is lower than the bulkT,, meaning that surface g 't 3 m anncaled at AR Y
molecular motion at the film surface is fairly active in :a; '2 . 23 O
comparison with that for the bulk sample at room temperature, ST o .. . 1
293 K. The localization decay length of chain end groups was S Jansition o ~';'A g,;ssy -7
defined as the range from the alr/pplymer interface to the 3 ®ransition . elassy ¢ ° O_SVL i
depth that the initial slope of Hprofile crossed the bulk ®1L o e o o ¥y °
intensity. The localization decay length of chain end groups p S By

10 10 10 10

was 4.4 nm and its value was almost comparable to the radius

of gyration of an unperturbed chaiRg of 3.3 nm.

SURFACE MOLECULAR MOTION OF
POLYDISPERSE PS FILMS BY LATERAL FORCE

Scanning rate / nm s

Figure 7 Scanning rate-dependence of lateral force for the commercially
available Polydisperse 1 film at 293 K

shown by the arrow. When the annealing treatment of the

MICROSCOPY Polydisperse 1 film was carried out at 393 K and 423 K for

As mentioned above, it has been revealed that the surface of4 h, the scanning rate-dependence of lateral force became
the monodisperse PS film is in a glass—rubber transition more distinct up to 2.5 10° nm s™. As shown inFigure 7,
state even at 293 K, especially in the case of loierthan the scanning rate—lateral force curve of the film annealed at
about 30 k, since the chain end groups is localized at the air/423 K are very similar to the one annealed at 393 K.
polymer interface due to lower surface free energy of the Therefore, these results indicate that, when the annealing
chain end group. Here, the surface molecular motion of the treatment of the Polydisperse 1 film was performed, the
polydisperse PS film, that is quite important for industrial lower molecular weight components were preferentially
applications, will be discussed. segregated at the film surface due to lower conformational
Table 2lists the physicochemical propertidn, Mw/Mn entropy difference between at the surface and in the bulk
and the bulkT, for the polydisperse PS used in this study. reg|on,.and also the annealing effect was almost same at the
Those polydisperse PSs were commercially available. @hnealing temperature above bdlg. Even though fairly
Figure 7 shows the scanning rate-dependence of lateral high fraction of the lower molecula_r Wel_ght component with
force for the commercially available Polydisperse 1 film at Mn lower than ca. 30 k was contained in the Polydisperse 1
293 K228 The filled circles, the open ones and the filled System, the scanning rate-dependence of lateral force
squares show the results for the as-cast Polydisperse 1 filmcorresponding to a glass—rubber transition state was not
the annealed ones at 393K and at 423K for 24 h, distinct in the higher scanning rate region in comparison
respectively. In the case of the as-cast Polydisperse 1 film,With that for the monodisperse PS film with corresponding
the scanning rate-dependence of lateral force was notMn of 26.6k. The difference for the scanning rate-
apparent at higher scanning rate thax 6.0 nm s™* and dependence of lateral force between monodisperse PS and

lateral force slightly increased with a decrease in the POlydisperse one might be explained on the basis of the
scanning rate at a lower scanning rate thax 60° nm s, difference in chemical structure of chain end groups. If the
This indicates that, at lower scanning rate region, the surfacechain end group has lower surface free energy compared
is in an initial stage of a glass—rubbery transition even at With the main chain part, the chain end group is
293 K. The magnitudes of surfag and surface ta@ for preferentially localized at the film surfete In the case of
the as-cast Polydisperse 1 film evaluated by SVM measure-the PS prepared by living anionic polymerization usieg
ment at 293K were 4.4GPa and 0.02, respectively, butyllithium as an initiator, both chain end groups are butyl

indicating a glassy state at a corresponding scanning ratedroup and repeating unit, respectively. In this case, since the
magnitudes of the surface free energy for the chain end

groups are smaller than that of the main chain, chain end
groups are preferentially segregated at the film sufface
Whereas, in the case of the PS prepared by radical
polymerization using azobisisobutyronitrile, redox initiator
and so on, the hydrophilic fragments are incorporated into
the chain ends because the polymerization reaction is
terminated completely by recombination. Then, since the
chain end group has higher surface free energy in
comparison with the main chain part, the chain end
groups might migrate into a deeper surface region from
the air/polymer interface. Even if the lower molecular
weight component is preferentially segregated at the film
surface in the case of the polydisperse PS, the end group
concentration did not increase effectively at the film surface

10°
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Table 2 Characterization of the polydisperse PSs used in this study
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Figure 6 SIMS depth profile of the end-labelled dPS film. The inset Polydisperse 1 29 k 6.26 3755
shows the enlarged proton intensity profile in linear scale in the vicinity of Polydisperse 2 169 k 2.67 377.8
the film surface : :
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from the view point of the activation of surface thermal region. As the acquisition time of XPS takes 10 to 15 min,
molecular motion. Therefore, in the case of the Polydispersethe slow dynamic process of surface reorganization can be
PS film prepared by radical polymerization, the remarkable analysed in situ by XPS.

activation of surface molecular motion is not detected dueto  The symmetric P(St-b-MMA) copolymer wittn of

the preferential migration of chain end groups into a deeper 45.5 k andMw/Mn of 1.10 was purchased from Polymer
surface region from the air/polymer interface, in contrast to Laboratories Co. Ltd. The magnitudes of surface free energy
the case that the surface molecular motion for the for PS and PMMA at 298 K are 40.7 and 41.2 m¥m
monodisperse PS is strikingly activated due to the respectivel§”. The copolymer thin film with thickness of ca.

preferential segregation of the chain end groups. 50 nm was prepared onto a gold-coated silicon wafer by a dip-
The Polydisperse 1 film has oligomer-like shorter chain coating method. d.s.c. was used to evalugjef the bulk

component withMn less than 1.5k, of whichRg is P(St-b-MMA) copolymer. The surface chemical composition

comparable and/or less than ca. 1 nm, as showFigare of the P(St-b-MMA) film was investigated on the basis of XPS

7, whereas, when the load of 25 nN was applied to tip, the measurement. The XPS spectra were obtained with ESCA 750
indentation depth of tip calculated from the Hertz elastic X-ray photoelectron spectrometer (Shimadzu Co. Ltd.). The
theory, is ca 1.1 nif. Thus, the shorter chain existing at the XPS measurement was performed under conventional condi-
surface can be easily removed by the sliding tip. Therefore, tions with an Mgkx X-ray source. The analytical depth of
even though the chain end groups does not segregate at th&PS,d from the outermost surface is defined by
surface, the surface mobility becomes remarkable if the d = 3\sirg (5)
oligomer-like shorter chain is enriched at the surface. . ) )

Figure 8 shows the scanning rate-dependence of lateral where\ is the inelastic mean-free path for a photoelectron
force for the Polydisperse 2 film at 292k Thefiledand  in the solids and is emission angle of photoelectr8hThe
the open circles show the scanning rate-dependence offhagnitude ofd of polymeric materials ranges from 2.7 to
lateral force for the as-cast Polydisperse 2 film and the 10.5nm by using the value of evaluated from Ashley’s
annealed one at 393 K for 24 h, respectively. In both cases,equatiori®. The surface composition change owing to the
any distinct scanning rate-dependence of lateral force wasannealing-induced surface reorganization process was mea-
not observed, because the fraction of the lower molecular sured by using XPS with a temperature-controlled heating
weight component is very low. Also, the magnitudes of Stage. The annealing of the specimen was carried out from
surfaceE’ and surface tad for the as-cast Polydisperse 2 293 K to 373 K, which was far below the ceiling tempera-
film based on SVM measurement at 293 K were 4.3 GPa ture of PMMA, at 5 K intervals. The Specimen was held at
and 0.02, respectively. The LFM and SVM measurements €ach temperature for 8 h. .
indicate that the surface of the Polydisperse 2 film is in a  The d.s.c. thermogram of the P(St-b-MMA) film showed
glassy state at 293 K. Therefore, it can be concluded that if two baseline shifts which indicated twdgs. This result
the fraction of the lower molecular weight component than indicates that the bulk P(St-b-MMA) is in a microphase-
30k is very low in spite of the broader molecular weight Separated state of the PS and the PMMA components. The
distribution, the surface molecular motion is not activated at temperature at the midpoint of the base line shift was defined
room temperature because the concentration of surface-2STg. In comparison with the PS and PMMA homopolymers it
localized chain end group is negligibly low with respect to Was revealed that the lower and the higlgs for the P(St-b-
the activation of surface thermal molecular motion. MMA,) film corresponded to the PS and PMMA components,

respectivelyTgpsandTg pywa for the bulk P(St-b-MMA) with
Mn of 45.5 k were 380.5 K and 394.2 K, respectively.

DIBLOCK COPOLYMERS BASED ON X-RAY oriented microphase-separated domains at the surface
PHOTOELECTRON SPECTROSCOPY region; when the solvent was evaporated fairly fast from a

In order to evaluate directly the surface molecular motion at solution before attainment of an equilibrium state, P(St-b-
the polymeric solid surface, the surface reorganization MMA) molecular chains were frozen in a non-equilibrium
process for the P(St-b-MMA) copolymer film with anneal- state. Low-voltage field-emission scanning electron micro-
ing treatment was investigated in situ by D-XPS measure- SCOpic observation for the as-cast P(St-b-MMA) film
men?o':ﬂ_ Since the surface reorganization required revealed the presence of randomly oriented domains on
polymer chain diffusion which can occur aboie, the the film surfacd®. With an increase in annealing tempera-

change in surface composition might refl&gat the surface  ture for the as-cast P(St-b-MMA) film, the reorganization at
the film surface effectively proceeded, especially after the

' annealing temperature reached the surfagand finally,

f’u"s’io‘ﬁﬁs” erse 2 MW distribution 1 the well-defined lamellar structure parallel to the film
3 [ 1=293 K T surface was formed in a quasi-equilibrium state.
J 11 e as-cast Figure 9shows the XPS Cl1s spectra of the as-cast P(St-b-
S [2.0 annealedat 393K | AT MMA) film and also, the PS and the PMMA homopolymer
é r 2734567 8 ones. The G spectra for the P(St-b-MMA) films were
S5 o2 56 o o o o o o ﬁ curve-fitted to the four peaks corresponding to neutral
5 glassy carbon (285.0eV), ether carbon (286.5eV), carbonyl
"3‘ F L sVM g carbon (288.8 eV) and the shake-up ofn* of benzene
? ° o o 0o " ° 1 ring (291.5~292.0eV) by a standard non-linear curve-
P R A fitting. Then, the surface PS weight fractiom, was
10 10 . 10 1 10 evaluated by using equation (6).
Scanning rate / nm s~
Figure 8 Scanning rate-dependence of lateral force for the Polydisperse 2 lC:O+IC_O= 2(1_w)/MMMA (6)
film at 293 K ltotal w/Ms +5(1 — w)/Myma
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Figure 9 The XPS Ggspectra of the as-cast P(St-b-MMA) film and also, Figure 10 The annealing temperature-dependence of surface composition
PS and PMMA films of the P(St-b-MMA) film as a function of the analytical depth

where I; is the integrated intensity of a core-electron S€gments at the film surface are much lower than those for

photoemission spectrum, and albt; and Myys are the the bulk PS and PMMA samples. The magnitude Tgf

molecular weights for styrene and methyl methacrylate decreased more strikingly as the analytical region bgcame
monomer units, respectively. closer to the outermost surface. Our result seems to disagree

Figure 10shows the variations of the surface PS weight with that of Russell et al. on the surface relaxation of rubbed

fraction at different analytical depths for the PéSt—b—MMA) PS films using near edge X-ray absorption fine structure
film with Mn of 45.5 k with annealing temperataré® The ~ (NEXAFS)™. They reported that full relaxation of the
surface composition in the range of 2B8.3nm and Fubbed PS surface was found for temperature aboveTyllk
53~7.4nm were calculated on the basis of D-xXps Ye are now trying to observe surfa€gdirectly on the basis
measurement&2® Since the initial PS weight fraction  Of temperature dependence of surface modulus and.tan

at all analytical depth was ca. 50%, it was apparent that
both PS and PMMA domains were almost equally present cONCLUSION

in the surface region of 7.4 nm deep, maybe due to the i
formation of randomly oriented structure as discussed Activation of thermal molecular motion at the surface of

above. In the case of the analytical depth ranges of amorphous polyme.ric solids has been confirmed by various
0.0~2.7nm and 2.25.3nm. the enrichment of PS €xperimental techniques. The SVM and LFM measurements
segments was recognized with an increase in annealingfor the monodisperse PS films and the polydisperse PS ones

temperature. The enrichment of PS segments started at 4/6r¢ carried out in order to investigate the surface
certain annealing temperatur@,ps as shown by the molecular motion. It was revealed that the monodisperse

arrows in Figure 1Q This surface enrichment of PS PS film surface wittMn less than ca. 30 k was in a glass—
segments occurs in order to minimize the air/polymer rubber transition state even at 293 K due to the surface
interfacial free energy. On the other hand, the enrichment Ségregation of chain end groups. Also, temperature-
of PMMA segments was discernible above a certain dependent LFM measurement revealed that the surface
annealing temperature in the case of the analytical depthMolécular motion of PS was activated compared with bulk
range of 5.3-7.4 nm. Therefore, each enrichment of PS ©ne even thoughn of the monodisperse PS was as high as
and PMMA segments in the depth ranges of-0503 nm 140 k. In the case of the polydisperse PS film, although the
and 5.3-7.4 nm definitely indicates the formation of the Surface molecular motion was activated in comparison with
second PMMA layer beneath the first PS surface layer, Pulk one, the change in surface dynamic viscoelastic

since a symmetric diblock copolymer was used as the characteristic of a glass—rubber transition state were not
sample. observed at 293 K. The difference in the activation for the

The surface reorganization can be attained in the Surfaceé molecular motion between the monodisperse and
annealing temperature range at which PS or PMMA the polydisperse PS film can be explained on the basis of the
segments can change their conformation or aggregationdifférence in chemical structure of the chain end groups.
state in a large scale, that is, their micro-Brownian motions Also, in the case of the broad molecular weight distribution,
start. Therefore, the first and the second increases in the P4f lower molecular weight component was not present, the
weight fraction as shown iRigure 10correspond td s of surface molecular motion was not ac.tlvated at room
PS and PMMA segments, because the PS and PMMA témperature. The surface molecular motion at the P(St-b-
segments are present on the surface of the as-casT#ilote MMA) film surface was evaluated on the basis of D-XPS. It
3 summarizeq s for the P(St-b-MMA) film in the different ~ Was revealed that the surface molecular motion for the P(St-

depth rangesTable 3indicates thafl,s of PS and PMMA b-MMA) film was activated compared with that for its bulk

¢ sample. It was suggested tHgg of the P(St-b-MMA) film
decreased with a decrease in distance from the outermost
Table 3 T, for the P(St-b-MMA) withMn of 45.5 k film in the different surface.
depth rangesI (s for the P(St-b-MMA) diblock copolymer film witMn of
45.5 k in the different depth ranges
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