
Characterization of free volume and density gradients of polystyrene

surfaces by low-energy positron lifetime measurements

John Algersa, Ryoichi Suzukib, Toshiyuki Ohdairab, Frans H.J. Maurera,*

aPolymer Science & Engineering, Lund Institute of Technology, Lund University SE-221 00 Lund, Sweden
bElectrotechnical Laboratory, Tsukuba-shi, Ibaraki 305-8568, Japan

Received 22 December 2003; accepted 5 April 2004

Abstract

Free volume and density gradient widths of the free surface of high molecular mass polystyrene was characterized by use of a pulsed low-

energy positron lifetime beam. A density gradient in terms of mass density (g/cm3) versus depth (nm) was obtained from the experimental

beam data using a novel approach, yielding a width of the density gradient of approximately 3.5 nm. The procedure accounted for the

broadening of the positron implantation probe as a function of energy as well as correcting for the increase in positron implantation depths

due to the presence of a lower density at the surface region.

Moreover, the spectra in the low implantation energy range were found to contain a long-lived lifetime that yielded very large estimates of

the free volume effects at the surface. Accounting for this lifetime in the evaluation procedure, resulted in a much improved agreement with

the results of other experimental and theoretical investigations in the literature.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of the surface properties of polymers is one of

the most rapidly growing fields in applied polymer physics.

There are numerous important industrial applications in

which the properties of polymer surfaces and very thin

polymer films are of prime concern, such as in electrical

insulators in electronic devices of ever-decreasing dimen-

sions, in adhesion and lubrication agents, and in the

manufacture of high-performance polymer composites and

phase-separated polymer blends.

In the last 10 years of experimental work on the

properties of polymer surfaces, polystyrene stands out as

one of the most attractive materials for study. The reasons

for this include polystyrene being cheap, commercially

relevant, amorphous, and easy to handle, particularly in

preparing thin films. Numerous techniques have been used

to study the properties of the near-surface region, above all

the thermal expansivity, viscoelastic properties and density.

The most important non-bulk behavior found in the near-

surface region of polystyrene is a reduction in the glass

transition ðTgÞ: The magnitude of the reduction depends on

sample preparation and the technique employed, but it has

usually been quantified to tens of centigrades for very thin

films ðd , 50 nmÞ [1–6]. The reduction in Tg at the surface

suggests there to be a reduction in density and an increase in

free volume in the near-surface region. This is to be

expected on the basis of the free volume theory, which states

that the macroscopic thermal and mechanical properties of

amorphous polymers are a function of the unoccupied

space, i.e. the free volume available for molecular motion.

Quantitative characterization of the free volume proper-

ties in polymers in the amorphous state can be achieved by

use of the positron annihilation lifetime spectroscopy

technique (PALS). This involves injecting positrons into

matter and recording individual positron lifetimes until

annihilation with electrons of the sample occurs. A fraction

of positrons annihilate from the state of an ortho-

positronium (o-Ps), consisting of an electron and a positron

with parallel magnetic spins. Since the lifetime of the ortho-

positronium, usually denoted as t3; is dependent upon the

size of the free volume cavity in which it is located, it can be
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used to characterize the free volume size in amorphous

polymers.

Conventional PALS probes the free volume at a depth of

typically 200 mm into the sample, so that only the bulk state

of the polymer is measured. It is possible, however, by use

of a pulsed-low energy positron beam [7,8], to depth-profile

the free volume of amorphous polymers from several nm up

to several mm. Application of this technique to the study of

polymer surfaces has attracted increasing attention because

of its providing a means of obtaining quantitative infor-

mation on the free volume at different depths in the polymer,

e.g. on a nanometer depth scale in confined and layered

samples [9–20].

The application of a pulsed low-energy positron beam to

polystyrene is particularly intriguing, since it is one of the

most thoroughly investigated polymer in terms of surface

studies, and it is thus providing the opportunity for data

from the positron lifetime spectra to be compared with the

results of other techniques.

Two earlier studies involving measurements on poly-

styrene surfaces by use of low-energy positron beams in the

range of 0.2–3 keV, corresponding to a median implan-

tation depth between 2 and 180 nm, have been carried out

[19,20]. In the measurements by Xie et al. [19] no

appreciable effects on the free volume size could be

detected. Instead, two material-independent lifetimes of 8

and 110 ns were found, respectively, these being attributed

to o-Ps annihilation formed by backscattered positrons.

Later measurements by Cao et al. [20] led to rather large

effects on the free volume being proposed, based on an

increase in the o-Ps lifetime from approximately 2 ns in the

high energy range ( ¼ bulk) to more than 6 ns at the lowest

energy (about 0.2 keV). The two investigations are

comparable, since similar samples were involved (properly

annealed high molecular-weight polystyrene). The rather

large discrepancy between the results of the two studies in

the free volume estimates of the polystyrene surfaces could

be partly due to differences in the evaluation methods

employed. As will be shown, for a given set of positron

lifetime spectra, use of different evaluation procedures can

result in marked differences in the estimates of the free

volume characteristics. Since the choice of an evaluation

method can be rather arbitrary, and can have a strong impact

on the free volume estimates, it is fruitful to examine which

evaluation methods yield estimates in agreement with those

of other experimental techniques and with theoretical

predictions of the dimensions of the polymer molecules

and polymer surfaces.

Since the quantities normally obtained in a pulsed low-

energy positron beam experiment are lifetimes as a function

of the implantation energy E or of the mean implantation

depth, the results are not directly comparable to those of

most other experimental techniques. It is of considerable

interest, therefore, to find methods able to express the results

of positron beam experiments in units of density (g/cm3) as

a function of depth (nm).

This can be done by assuming that the experimentally

determined t3 for a spectrum is the sum of the local o-Ps

annihilation lifetimes in the positron implantation probe,

averaged with the stopping probability as a function of

depth. Previously, we studied the positron implantation

characteristics of amorphous polymers [21], which will be

deployed to this end.

The aim of the present study was to measure the free

volume of polystyrene near a vacuum surface in the energy

range of 0.3–3 keV. Different evaluation approaches were

applied to the spectra for investigating the influence of the

free volume size estimates. From previously measured

implantation characteristics, linear density gradients were

fitted to the positron beam results and were compared with

certain data from the literature and theoretical predictions of

polymer surfaces.

2. Materials

Thin films of atactic polystyrene(PS) (Scientific Polymer

Products cat#845, Mw ¼ 210 000 g=mol) were prepared by

spin coating [22]. Silicon wafers (Topsil, CFZ N (100)) cut

into 15 £ 15 mm pieces were used as substrates. Toluene

solutions with a concentration of 100 mg/ml were prepared

and were used for spin-coating of polymer films on top of

the silicon substrates (2000 rpm in ambient atmosphere).

After being spin coated, the films were dried in vacuum at

160 8C for 12 h to ensure evaporation of the solvent and the

films being in a well defined equilibrium state. After being

annealed the films were cooled to room temperature at

0.5 8C/min. Their thickness and quality was measured by

atomic force microscopy (AFM) in contact mode. The films

were found to be about 1 mm thick and to have a very

smooth surface, free of any appreciable defects produced by

evaporation of the solvent.

3. Methods

Positron lifetime spectra were recorded in the energy

range of 0.3–5 keV, using a pulsed low-energy positron

system [8] having a BaF2 detector. The energy-dependent

time resolution of the apparatus had a FWHM of

approximately 490 ps at 0.3 keV, decreasing as a function

of energy to a constant level of about 280 ps at 1.0 keV and

at higher energies. One million counts or more were

collected for each spectrum. The peak-to-background ratio

was 1 £ 103 at 0.3 keV, increasing to 5 £ 103 at 2 keV and

above. The spectra were evaluated by PATFIT [23] using

three or four lifetimes. In the three-lifetime analysis, the

fitting parameters were t1; t2; t3 with the corresponding

relative intensities of I1; I2; I3: Each lifetime in the

evaluation corresponds to an annihilation rate for a different

state of the positron. The shortest lifetime, t1; is that of the

para-positronium ( p-Ps), consisting of a positron and
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electron with anti-parallel spins, t2 is the lifetime of free

positrons, and t3 is the lifetime of the ortho-positronium

(o-Ps), consisting of a positron and electron with parallel

spins. In polymers, the o-Ps lifetime t3 is dependent on the

free volume size according to the Tao-Eldrup equation [24]:

t3 ¼
1

2
1 2

R

R0

þ
1

2p
sin

2pR

R0

� �� �21

ð1aÞ

Vðt3Þ ¼
4pR3

3
ð1bÞ

where t3 is expressed in ns and R ¼ the radius of a

hypothetical spherical free volume cavity in Å, surrounded

by an electron layer of thickness R0 2 R ¼ 1:656 �A:

The lifetime spectra were evaluated in three different

ways, by means of

(a) PATFIT, using four lifetimes, with the first lifetime

fixed to 0.125 ns (FGGG). This method accounts for an

additional surface lifetime without constraints.

(b) PATFIT, using four lifetimes, with the first lifetime

fixed to 0.125 ns and the fourth lifetime fixed to 142 ns

(FGGF). This approach assumes that the o-Ps annihil-

ation in vacuum is detected with its theoretical lifetime.

(c) MELT [25–27], which yields the o-Ps lifetime

distribution of a spectrum. The number of lifetimes

does not have to be fixed prior to analysis.

In fitting a density gradient to the positron beam data, one

needs to assume a particular shape of the density gradient,

and to determine a relationship between t3 and density (Eq.

(4)). To avoid interdependent fitting parameters, we

employed a linear density gradient characterized by the

fitting parameter z0; i.e. the width of the density gradient

between the vacuum and the bulk density.

t3ðEÞ ¼
ð

Pðz;EÞt3ðzÞdz ð2aÞ

Pðz;EÞ ¼
mzm21

zm
0 {E; rðzÞ}

exp 2
z

z0{E; rðzÞ}

� �m� �
ð2bÞ

z0ðEÞ ¼ z1=2ðEÞðln 2Þ21=m ð2cÞ

z1=2 ¼
28:1

r
E1:71 ð3Þ

t3ðzÞ ¼ f {rðzÞ} ð4Þ

In Eqs. (2b) and (2c), we use m ¼ 2 as a matter of

convenience, although previously we did find some degree

of dependency between m and z at constant E [21]. The

approximation m ¼ 2 can be expected to yield only small

errors in relation to the error in the fit of the density gradient

to the experimental data.

The linear density gradient was approximated by a step

function, involving 10 density steps of equal size between a

vacuum and the bulk density. The fraction of the positrons

thermalized in each layer was calculated using Eq. (5), as

derived by Vehanen et al. [28]. The parameter di in Eq. (5a)

is constrained by the requirement that the positron

transmission TðzÞ should be continuous for all z (Eq. (5b)).

Pðz;EÞ ¼ 2
d

dz
exp 2

z 2 di

z0i

 !" #m( )
ð5aÞ

TðzÞ ¼ 1 2
ðz

0
Pðz;EÞdz ð5bÞ

4. Results and discussion

Spectra for 0.3, 0.7 and 3.0 keV implantation energy are

plotted in Fig. 1. The most important feature of the spectra is

the decrease in slope with a decrease in energy, signifying

an increase in the longest lifetimes at short implantation

depths. At longer times, there is also a general increase in

the level of the spectra with a decrease in energy. This effect

arises through an increase in the background level and the

presence of very long lifetimes. Previous low-energy

positron lifetime measurements of polymer surfaces have

been shown to be influenced by additional surface lifetimes,

particularly in the very low-energy range of just a few

hundreds of eV implantation energy [19]. We thus

considered several different possibilities, listed in the

methods section, to account for any additional surface

lifetimes.

The results of the FGGG and MELT analysis are plotted

in Fig. 2. The values of t3 obtained from the FGGG analysis

increase slightly at the lowest implantation energies, with an

increase from approximately 1.93–2.11 ns extending from

0.7 keV down to 0.3 keV. Thus, t3 agree very well with the

bulk lifetime of polystyrene and shows only a small increase

close to the surface. The values of t4 are also energy-

dependent, being 14 ns at the lowest energy, decreasing as a

function of energy to 9 ns at 0.7 keV. The intensity I4 of the

Fig. 1. Positron lifetime spectra of polystyrene obtained from a pulsed low-

energy positron lifetime beam.
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additional lifetime decreases as a function of energy, from

its highest value of approximately 5% at 0.3 keV, to 2.5% at

0.7 keV. At energies of E . 0:7 keV; only three lifetimes

could be detected in the spectra, in agreement with bulk

studies of polystyrene. For FGGG analysis at E . 0:7 keV;

two lifetimes of about 1.7 and 2.3 ns, respectively, were

obtained, with a mean value of 2 ns when the two were

averaged by the intensity of each. The presence of these two

separate long lifetimes within this energy range is

interpreted as an artifact, and these lifetimes are thus not

plotted in the graph.

The evaluation program MELT 4.0 was also used to

evaluate the lifetimes on the basis of the spectra. An

advantage of MELT is that no assumption of the number of

discrete lifetimes involved needs to be made prior to

analysis. In agreement with the FGGG analysis, the MELT

results clearly suggest the existence of a longer surface

lifetime in the range of 6-12 ns, together with a lifetime

close to the bulk value of polystyrene. The intensities

obtained by MELT also agree well with the FGGG

evaluation, showing a maximum of 5% at 0.3 keV for the

longest lifetime, and agreeing closely with the I3 values.

A reasonable physical interpretation of the results shown

in Fig. 2, is that the longest lifetime of 9–14 ns (according

to FGGG) or of 6–12 ns (according to MELT) reflects o-Ps

annihilation at the polymer surface and or in the vacuum

chamber, and is not dependent of the free volume in the

near-surface region of the polymer. The presence of an

additional lifetime was suggested earlier in the pioneering

work of Xie et al. [19]. In that investigation, measurements

of polystyrene and a number of other polymers were made

in the low energy range. In addition to the three typical

lifetimes found for amorphous polymer, two long lifetimes

could be determined from the spectra. They were found to

be 8 and 110 ns, independent of the implantation energy and

the material, and with intensities scaling in terms of energy

as E21: This is in surprisingly close agreement with our

results for the FGGG analysis, in view of the additional long

lifetime of 8 ns is probably being dependent upon the

experimental conditions.

In a more recent investigation [20] of polystyrene,

performed on a sample quite similar to ours (i.e. spin-coated

high Mw polystyrene with a thickness of ca 1 mm), the

influence of positrons being annihilated elsewhere than in

the polymer film was accounted for by adding an extra fixed

lifetime of 142 ns in the evaluation procedure. If this

evaluation method is applied to our spectra, there is also a

sharp increase in t3 close to the surface, as plotted in Fig. 3.

One can thus conclude that our data does not differ

dramatically from that of Cao et al. However, the addition

of a 142 ns lifetime cannot account for lifetimes in the range

of only 6-15 ns, such as found by the FGGG and MELT

analysis. Instead, lifetimes in the 6–14 ns region are

averaged with lifetimes in the 2 ns region, so that t3 reflects

an average of these lifetimes, weighed by their respective

intensity. The main reason for the sharp increase in t3 in the

low energy range is then the effect of increasing intensity of

the longer surface lifetime. Indeed, similar results are

obtained if the fourth lifetime of 142 ns is not used at all and

the spectra are evaluated in terms of only three lifetimes

(FGG). In this case, t3 also increases dramatically at the

lowest implantation energy.

In a forthcoming publication, we present measurements

of low-energy positron lifetime spectra of PMMA, SAN and

Fig. 2. Lifetimes and intensities obtained from fitting to the low-energy

positron lifetime spectra.

Fig.3. t3 versus implantation energy obtained from an evaluation procedure

not taking into account a surface lifetime in the 6–14 ns range.
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SMA in the same energy range as the present polystyrene

spectra [29]. For these materials, no evidence of an

additional long lifetime could be found, good fits and

reasonable results being obtained by conventional three-

lifetime analysis. One reason for that polystyrene displays

the special feature of having a long fourth lifetime could be

that, contrary to PMMA, SAN and SMA, that it contains no

oxygen or other atoms able to form highly polar groups.

This could result in an increase in the positron diffusion

length, allowing positronium formation and o-Ps annihil-

ation to occur at the surface. At the moment, however, we

are unable to draw definite conclusions regarding the origin

of the fourth long-lived component.

If the third lifetime of the FGGG analysis is assumed to

be characteristic of the free volume in the near-surface

region, excellent agreement is obtained with the results for

other polymers, in case t3 was found to be increased by 100,

400 and 300 ps for PMMA, SAN and SMA, respectively

[29]. This contrasts with results of the FGGF or FGG

analysis, which shows an increase in t3 by a factor of about

5 (i.e. approximately 1000 ps). Since all four polymers have

similar surface tensions and polarity and are of high

molecular mass, it is also reasonable to expect similar free

volume effects at the free polymer surface.

Since the evaluation procedure employed has a strong

influence on estimates of the free volume, it would be

fruitful to compare the positron lifetime results obtained

here with results based on other experimental techniques

and theoretical predictions, as well as on simulations. To

facilitate a comparison, a linear density gradient was fitted

to the experimental data as outlined in the methods section.

That method, when used previously, [29] yielded density

gradients for PMMA, SMA and SAN in excellent (PMMA)

or reasonable (SAN, SMA) agreement with simulations and

theoretical predictions of density gradients at polymer

surfaces.

5. Fitting of a linear density gradient

The third lifetime t3 obtained in the FGGG analysis was

used to characterize a linear density gradient of the polymer.

The only free parameter used in the fitting was the width of

the density gradient, z0: The data on density versus Vðt3Þ

needed in Eq. (4) are plotted in Fig. 4, and the results for

several values of z0 being plotted in Fig. 5. The characteristic

width of the density gradient was found to be larger than

2 nm but smaller than 6 nm, the best fit being about 3.5 nm.

This agrees well with comparable measurements for

PMMA, SAN and SMA, for which the characteristic

width of the density gradient was found to be 2, 5 and

4 nm, respectively. If the t3 results of the FGGF analysis are

used as the free volume probe, however, the corresponding

width of the density gradient is estimated to be 8 nm, more

than twice as large.

In the context of finding reasonable widths at the free

surfaces of the polymers, it is instructing to consider the

dimensions of the individual polymer molecules. In the

unperturbed state, a single polystyrene molecule of the same

molecular mass as the weight-average used for this study of

Mw ¼ 210 000g=mol; shows an extension of about 6 nm

from its center of gravity to virtually zero segment

concentration. This can be obtained from Flory’s equation

for the spatial distribution of polymer segments in the

unperturbed state [30], which shows there to be a relative

decrease in the concentration of polymer segments as a

function of the distance x from the center of gravity of:

expð2b2
0x2Þ ð5Þ

with

b0 ¼
3

�r2
0

� 1=2

and

�r2
0

� 1=2
¼ l

ffiffi
n

p

where l ¼ distance between the atoms in the polymer

backbone (1.54 Å) and n ¼ the number of atoms it contains

(for polystyrene with Mw ¼ 210 000g=mol; n < 4200). One

Fig. 4. Free volume cavity size for polystyrene from conventional bulk

PALS measurements at room temperature on pressure-densified samples of

different densities.

Fig. 5. Fitting results of a linear density gradient to the experimental values

of t3 obtained from a pulsed low-energy positron beam.
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can thus consider 6 nm to be an upper limit value of the

width of the density gradient, since this length requires the

improbable condition of vacuum being able to act as a theta-

solvent for the polystyrene segments (Fig. 6). We find these

considerations to support an interpretation of the positron

lifetime data in terms of the smaller density gradient of

3.5 nm, as obtained in the FGGG analysis, rather than that of

8 nm suggested by the FGGF analysis.

Our proposition of the density gradient being smaller at

the polymer-vacuum/air interface is also supported by

the published work reviewed below. For one thing,

experimental results, as well as Monte-Carlo simulations

and theoretical predictions from bulk properties, have

indicated there to be an even sharper density gradient at

the free polymer surfaces than found in the present

investigation. X-ray reflectivity measurements of poly-

styrene by Sanyal et al. [31] suggested there to be a

roughness of the polymer-air interphase of only 3.2 Å,

which barely corresponds to the length of one chain segment

of polystyrene. The neutron reflectivity measurements of

Wen-Li Wu et al. [32] give a density gradient width of

4.5 nm, decreasing to a very sharp interface after proper

annealing. Measurements of the average density of very thin

polymer films also suggest the density to not be much

influenced by the presence of a vacuum/air surface. Wallace

et al. used neutron reflectivity to study the density of thin

films of polystyrene spin-coated onto silicon substrates [33].

Their results showed the density of the films to be consistent

in the film thickness range that was studied (6.5–79 nm).

Similar results were obtained by Forrest et al. in Brillouin

light scattering measurements of thin free-standing films of

polystyrene [34]. They found, to within an estimated

experimental error of 0.5%, that the density was not

influenced by a decrease in film thickness (the thinnest

film was 29 nm). Both studies are clearly in disagreement

with there being a wide density gradient of 8 nm. The

Brillouin light scattering measurements are particularly

convincing, since the properties of the thin free-standing

films were not influenced by a substrate-polymer

interaction.

In agreement with the experimental results available,

theoretical considerations also point in the direction of a

sharp density gradient. Monte-Carlo simulations have

suggested near-linear, sigmoidal-shaped density gradients

at the polymer surfaces, in close agreement with the linear

density gradient assumed in the present study. Their width

has been estimated to 0.75–1 nm [35,36], which is in the

order of three mers. Polymer melts have also been simulated

in the same way, with the density gradient widths being

calculated to 2–3 times the segment diameter, [37] or to

1.5–4 nm. [38]. The density gradients of polymers have

been predicted from their PVT (pressure–volume–tem-

perature) properties, using the Cahn-Hilliard theory for

inhomogeneous systems [39], in conjunction with an

equation of state. The density gradients obtained are

sigmoidal-shaped, in agreement with Monte-Carlo simu-

lations. The width of the gradients are in the order of 1.5 nm

for most materials [29,40] and are relatively independent of

the material and its molecular mass.

6. Conclusions

Positron lifetime spectra in the energy range of 0.3–

3.0 keV were measured for samples of spin-coated poly-

styrene. In addition to the three lifetimes of polystyrene

found by conventional PALS, a long lifetime in the range of

6–14 ns was found using both MELT and PATFIT. Its

intensity was found to decrease as a function of energy and

was found to contribute to a strong increase in value of t3 at

the lowest implantation energies, if not accounted for

separately in the evaluation procedure.

Linear density gradients were estimated from o-Ps

lifetimes measured as a function of implantation energy,

using previously determined positron implantation charac-

teristics. The fitting indicated there to be a linear density

gradient with a width of about 3.5 nm. This width was found

to be somewhat larger but still in reasonable agreement with

predictions based on PVT data and on Monte-Carlo

simulations.
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Fig. 6. Fitted width of z0 and relative decrease in segmental density for

polystyrene ðMw ¼ 210 000g=molÞ as a function of distance from center of

gravity, obtained from Flory’s equation, assuming an unperturbed state.
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