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Near edge x-ray absorption fine structure spectroscopy was used to investigate the 

relaxations of polymer chains near a surface after an imposed deformation. Relaxation 

studies as a function of temperature showed that for polystyrene, 'a typical amorphous 

polymer, complete relaxation of the surface orientation was not seen for temperatures less 

than the bulk glass transition temperature. Thus, for high molecular weight amorphous 

polymers, the glass transition temperature of the polymer surface is identical to that of 

the bulk. · Within the first nanometer from the free surface the segmental relaxation of 

the polymer was found to be planar. Within the first ten nanometers, the principal 

relaxation was normal to the surface of the film. 

For atomic and molecular solids, the breaking of symmetry by a surface strongly 

influences the fundamental thermodynamic properties of a material, as for example the 

melting point of the solid near a surfacei-3. Similar issues arise in the case of 

polymers4-8. In the case of an amorphous polymer, the mobility of the polymer chains 

at a surface or interface influences, for example, the initialinterdiffusion of two 

polymers, surface wetting and roughening and, in general, the interaction of the 

polymer with other materials. However, the ability to investigate critically the mobility 

cif polymer chains at surfaces in a direct manner has been lacking. As a consequence, 

a fundamental question in polymer science has remained unanswered, namely, whether 

the glass transition temperature of the polymer at the surface is significantly different 

than that in the bulk. Indeed, results from studies using indirect probes have led to 

contradictory conclusions. Ellipsometric studies on the thermal expansion of polymer 

films by Keddie et al.9 indicate that the glass transition of a polymer surface is much 

less than that of the bulk. Orts et a!.IO, on the other hand, found a substantial 

contraction of the polymer film well below the bulk glass transition temperature with 
\ 

no indication of reduced mobility at the surface. Kajiyama and coworkers I I, using 

atomic force microscopy, AFM, found that the surface mobility was enhanced only fc;:,r 



low molecular weight polymers due to an enhancement of chain ends at the surface. 

However, the force at the AFM tip may be quite large and ill defined due to the shape 

of the tip and may bias the results. In the present studies the relaxation of polymers 

chains at a free surface was investigated using near edge x-ray absorption fine 

structure, NEXAFS, spectroscopy. Using an amorphous polystyrene, PS, that was 

lightly rubbed with velour, NEXAFS studies as a function of temperature with 

polarized x-rays show that the relaxation of the first nanometer of the polymer fUm is 

two dimensional, i.e. planar, and that the relaxation in the first ten nanometers is three 

dimensional, with the dominant relaxation occurring normal to the film surface. 

Complete relaxation ofthe polymer surface was not observed for temperatures below 

the bulk glass transition temperature of the polymer. Thus, no indication of a reduced 

mobility of polymer chains at the free surface for high molecular weight amorphous 

polymers was found. 

PS, having weight average molecular weights of l.Oxl04, 2.2xl04 and 9.6xl04 with 

polydispersities of 1.04, were purchased from Polymer Laboratories and used without 

purification. The polymers, denoted IOK, 22K and 96K PS, respectively, were 

dissolved in toluene and spin coated onto cleaned Si < 100 >wafers having a native 

oxide layer: The concentration of the solution was varied to produce fihns with 

thicknesses ranging from 25 to 170 nm The samples were heated to 80oC to remove 

solvent and then placed in a vacuum oven for I hr at 150°C to relax the fihn fully. 

The surfaces of the fllms were unidirectionally rubbed with a velour cloth under a load 

of2 g/cm2 over a distance of300 em at a speed of I crn/s. 

NEXAFS studies were performed at the Stanford Synchrotron Radiation 

Laboratory on beamline 10-1. The horizontally polarized x-ray beam impinged upon 

the sample at normal incidence with the polarization direction either parallel to or 
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perpendicular to the orientation or rubbing direction of the sample. The x-ray energy 

is then varied through the carbon K absorption edge and the Auger electron yield 

{AEY) and total electron yield (TEY) are recordedl2. The escape depth of the Auger 

electrons is I nm and, consequently, only the first nanometer from the free surface is 

probed. TEY, on the other hand, probes the first 10 nm from the free surface. Of 

interest in these studies is the intensity of the dominant n resonance of the phenyl rings 

" in the polystyrene. Assignments ofthe different resonances can be found elsewherel2 .. 

The anti-bonding n orbitals are oriented normal to the phenyl rings which, as shown 

schematically in Figure I, are oriented parallel to the local chain axis of the polymer. 

Thus, comparing the NEXAFS spectra with the x-ray beam polarization parallel and 

perpendicular to the orientation direction, yields information .on the segmental 

orientation of the polymer. Experiments were performed as a function of temperature 

where the sample was heated to a specific temperature for one-half hour. Prior to 

beginning the measurements, the heater was shut off to prevent extraneous signals 

arising from the heater circuit, and the AEY and TEY spectra were recorded. 

Shown in Figure 2 arc the AEY and TEY spectra as a function of the incident 

x-ray energy for a 96K PS for the cases where the polarization of the x-ray beam is 

parallel and perpendicular to the rubbing direction. The inset shows complete TEY 

spectra to demonstrate that well above and well below the absorption edges, the 

normalized spectra superpose. The intensities of the dominant n* phenyl resonance at 

285 eV are markedly different. Intensity changes are also observed for the smaller 

resonances at 287.3 and 288.8 eV but will be not discussed here. The intensity in the 

parallel geometry, Ill, is much greater than that in the perpendicular geometry, Il.. A 

convenient means of monitoring the orientation in a sample is by a dichroic ratio, R, 

defined as: 
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(I) 

Shown in Figure 3 is the dichroic ratio for the AEY and TEY n* resonance 

intensities as a function of temperature. At 25oC the dichroic ratio for AEY is much 

greater than that for the TEY. This result is not surprising and simply shows that, 

during rubbing, the first nanometer of the film is oriented much more that the first 10 

nanometers, as seen in previous grazing incidence x-ray scattering studiesl3. Increasing 

the temperature results in a gradual reduction in the dichroic ratio w~ch corresponds 

to a segmental relaxation of the polymer below the glass transition temperature. While 
/ 

the polymer segments in the first nanometer relax more rapidly than those in the first 

10 nanometers, the dichroic ratio remains finite up to -uooc. Consequently, 

complete relaxation of the surface and near surface region of the 96K PS does not 

occur until the temperature is equal to the bulk glass transition temperature of the 

polymer. These results quantitatively show that the mobility of a polymer chain at the 

free surface is not enhanced over that in the bulk. If the surface were more mobile, the 

AEY dichroic ratio would have decreased to zero well below the bulk T g• whereas some 

orientation would still have been evident in the TEY dichroic ratio. 

One other feature .of the dichroic ratio data in Figure 3 is that at ...., 100°C, the bul_k 

Tg of PS, the dichroic ratio is not precisely equal to zero. This residual dichroism 

results from the deformation of the entire polymer chain which requires the polymer 

chain to relax completely along its own contour. For temperatures only slightly in 

excess of the T g such motions arc very slow and require long times.. Consequently, the 

retention of a small amount of dichroism above the T g in the NEXAFS data is 
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identical to the behavior exhibited by a polymer chain in the bulkl4 and underscores 

the similarity of the bulk and surface relaxations. 

It is important to examine, more closely, the AEY and TEY n:* resonance 

intensities from which the dichroic ratios are derived. Shown in Figure 3b and 3c are 

the AEYand TEY, respectively, n:* resonance intensities as a function of temperature 

in the parallel and perpendicular geometries. The data at 25oC show clearly that the 

chain segments within I run from the free surface are oriented. Heating the samples to 

40°C shows a: distinct increase in the AEY intensity in the parallel geometry which 

indicates· that the fihn is becoming more oriented at the surface. This is contrary to 

expectations and arises from a relaxation of stresses built up within the fihn during 

preparation. With further increase in temperature, the AEY and TEY n:* resonance 

intensities exhibit markedly different behavior. In the case of AEY the intensity in the 

parallel geometry decreases gradually with temperature, whereas that in the normal 

geometry increases with temperature. In fact, the sum of the two intensities is constant 

as a function of temperature. This is precisely the behavior expected for a two 

dimensional or planar relaxation process where the loss of segment orientation in the 

deformation direction results in a compensating .increase normal to this direction. This 

is not the case for the TEY data. Here, in the parallel geometry, a continuous decrease 

in then:* resonance intensity is seen with increasing temperature. However, in the, 

perpendicular geometry, then:* resonance intensity is constant. These results show 

that the dominant relaxation mechanism for chain segments within the first 10 

nanometers from the surface is one where some of the chains. segments reorient normal 

to the surface plane. Consequently, the type of segmental relaxations exhibited by the 

polymer depends upon the distance the segment is from the interface. For both AEY 

and TEY the retention of orientation up to ~ ll ooc is evident. As mentioned, this 
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orientation is a global orientation of the polymer chain which has not relaxed over the 

time scale of the measurement. 

Experiments on a 22K PS yielded results identical to that of the 96K polymer. 

However, in the case of lOK PS the extent of surface orientation was quite small after 

the rubbing process. Thus, the polymer surface has nearly completely relaxed. 

Consequently, even at 25°C, the near surface region of the polymer must be close to or 

slightly above its glass transition. This is in keeping with the results of Kajiyama and 

coworkers II and suggests that the segregation of chain ends to the surface is large 

enough to cause a significant depression in the T g at the surface. 

In conclusion, the studies presented here have quantitatively shown that the 

rna bility of high molecular weight, amorphous polymer chains at a free surface is the 

same as in the bulk. Only when the molecular weight is low will chain end segregation 

to the surface cause a suppression in the surface Tg. In addition, within the first 

nanometer from the free surface, a two dimensional relaxation ofthe chain segments 

was observed. But, within the first 10 nanometers, a reorientation of some of the 

chains normal to the film surface is found. NEXAFS spectroscopy has provided a 

unique means of examining the surface mobility in polymers in a non-invasive manner. 
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List of Figures 

Figure 1. Schematic diagram of a polystyrene chain that has undergone deformation. 

The enlargement shows a detailed diagram of a phenyl group and its orientation with 

respect to the local chain axis. 

Figure 2. Near edge x-ray absorption fines structure spectra for an oriented 31 nm 

thick 96K PS sample at room temperature. The Auger electron yield (AEY) and total 

electron yield (TEY) spectra are shown when the polarization direction of the incident 

x-rays are parallel and perpendicular to the orientation direction. Normalized TEY 

spectra over a larger energy range are shown in the inset demonstrating equal 

intensities for I 11 and 11. well above and well below the carbon edge. 

Figure 3 The dichroic ratio and the corresponding AEY and TEY n* resonance 

intensities, in the parallel and perpendicular geometries, are shown as a function of 

sample temperature. 
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