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The tracer diffusion of deuterated polystyrene (dPS) into natural polystyreneepulsthyl styrene) (hPS—

PaMS) blends has been studied as well as the diffusion of de$tFblends into hPS-d&MS blends. Nuclear
reaction analysis (NRA) as a depth profiling technique is shown to be useful to study the different systems. The
diffusion constants have been determined as a function of temperature and as a function of composition of
the blend of the tracer and the matrix. Blends as a tracer show a strong enhancement in diffusion in comparison to
the pure dPS tracer, indicating that the intradiffusion coefficient measured in a sample where there is no chemical
gradient is much bigger than the tracer diffusion measured from a thin film of pure dPS. The glass transition
temperaturel ; has a considerable influence on the diffusiGn1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION interdiffusion), which involves thermodynamic effects
such as slowing down close to a critical point, and
thermodynamic enhancement in miscible polyriefs

and intradiffusion. Intradiffusion is a pure transport coeffi-
cient characterising the Brownian motion of a polymer
chain in a chemically uniform environment, in contrast to
interdiffusion, which characterises the relaxation of chemi-
cal composition gradients. A measurement of intradiffusion
can be realised by an experiment in which a concentration
gradient is set up between species A and a labelled analogue
of species A, A*, in a uniform concentration of species B.
However what has been more usually done is to measure a
so-called ‘tracer diffusion coefficient’, in which a very thin

NRA has become one of the commonly used tools to study
polymer diffusion together with other techniques, such as
forward recoil spectrometfy>, n.m.r. and, more recently,
Rutherford backscattering (RBS) and neutron reflectometry.
NRA was used initially to obtain a distribution profile of
deuterium by energy analysing theparticles emitted by
the d€He,p)’He reactioft or by energy analysis of the
protons emitted by the reactitinit has subsequently been
used to study polymer diffusiéd. The relative ease with
which direct depth profile spectra are obtained with NRA
makes it an attractive technique to determine diffusion

profiles and to deduce reliable diffusion constants. laver of pure labelled A* is allowed to diffuse into a blend
Diffusion of polymers has been studied extensively in ‘&Y pu ! WE Iuse I :
of A and B. Of course, in early times a chemical gradient

different polymer systems. Thermodynamic effects showi resent this m rement must involve the inter-
up in the mutual diffusion close to the phase boundaries in a'> Present so nis measureme us olve the inte

polymer blend. Thermodynamic slowing down decreases diftusion coefficient, but the assumption is made that after
the diffusion coefficient of a polymer in a mixture when a long enough time and for a thin initial film the chemical

the system is taken from the miscible region closer to the gradient becomes negligible and that this tracer diffusion

two-phase region. Of the actual diffusion in the boundary calr:1 ?&Seq;agﬁvféhj ;Rfé?;gﬂﬂogocnog{:gzjﬁmwe measure
region very little is known. The strong concentration pap P y:

i, ; both a tracer diffusion coefficient of a thin, pure deuterated
dependence of the glass transition temperature in polymer . ’
blends reflects and is reflected in dramatic changes in |ocalpo:ysty:ﬁnteh Iiay(;:rr(iPS) ér,:/lg blerr:g torr ptc;Iystiﬁrt(randeiéPSi.) r?nd
segment mobility with concentration, which in turn lead to PO y(f)". ethyl styre €) ( ), a € true ntradifusio
strong and not wholly understood concentration depend-coeff'c'em obtained by measuring the diffusion of a blend

ences in all diffusion coefficierfts Recently the effect of of dPS—RMS into a matrix of PS—#MS of the same

the glass transition on mutual diffusion has been studied for |Fr)1 amlss (:’Sog]tg%s'tt'ﬁg'aégﬂ%p%g?]go?ué rueleijtlts,ngvger:r? |tr?terl:t:1
symmetric PS—&M blends. y P quaity

The distinction is conventionally made in studies of diffusion coefficients and tracer diffusion coefficients
diffusion between mutual diffusion (sometimes called proves to be substantially in error.

*To whom correspondence should be addressed. Present address: School FHEORETICAL BACKGROUND
CPES, University of Sussex, Falmer, Brighton BN1 9QH, UK . . . . .
t Present address: FakKitlthiir Physik, Universita Freiburg, Hermann Tracer diffusion describes the diffusion of molecules

Herder StraRe 3, D-79104 Freiburg, Germany. moving into a matrix of non-identical neighbours. In low
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Figure 1 Phase diagrams for PSeMS of different molecular weights
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whereh s the initial thickness of the tracer layer ands the

be described by the Rouse model, which is based on usingdiffusion distance after a time

monomer friction with the surrounding medium as the only
intermolecular interaction. For the longer chains, which will
be entangled to a certain degree, the reptation mibdéhas
proved to be a valid way of describing diffusion dynamics.
These two models apply to binary polymer mixtures in the
miscible phase.

The coexistence curve for PSeS mixtures is found
using the Flory—Huggins lattice model; the spinodal occurs
at the volume fraction at which the chemical potentiat
(0G)/(9¢) has a minimum

&°G
752 =" 1)

whereG is the Flory—Huggins free energy of mixing:

B <zslog<z>Jr (1—¢) log(1—¢)
TN N,

¢ corresponds to the volume fraction of the polymer with
chains of lengthN;, (1 — ¢) corresponds to the volume
fraction of the polymer with chains of lengtN,. The x
parameter has been determined by Lin and Rder
dPS-RMS:

G

+xo(1—¢) (2)

0.0608+ 0.0018(1 — ¢) — 0.000056
T

3

In Figure 1, spinodal curves for PS-eS mixtures are
shown for RkMS of molecular weight 97600 and PS of
molecular weight 28 000, 40 000 and 66 000. In the miscible
region tracer diffusion can usually be well modelled by
simple solutions to Fick’s equation. The depth profile of
chains diffusing into a matrixx(= 0) is given by**:

$(X) = ;{erf<hv_vx> +erf(h:\r/x>]
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4

w=2+/D-t

As one approaches the spinodal curve, by varying the tem-
perature or volume fraction, the diffusion will be altered.
Thermodynamic slowing down will take place as the two-
phase region is reached.

EXPERIMENT

A belt-driven van de Graaff accelerator providése ions
of an energy up to 2 MeV. Th8He ions react with*D to
give °Li which decay to anx particle and a proton.

*He+?D—°Li* » a+p+Q

with an energy releas&)(value) of 18.6 MeV. The experi-
ments are carried out with a beam energy of 0.7 MeV. This
enables the measurement of a depth profile of the deuterium
over a range of m which is the total thickness of the
bilayer. The proton ene:%;y spectrum is measured using an
ORTEC 150Qum, 100 mnf area surface barrier detector at
165 to the incident beam. The pulse height spectrum from
this is recorded and translated to an energy spectrum. The
energy calibration is performed using a triptezalibration
source E%Pu, *'Am, ***Cm) placed near the detector. The
proton energy is converted into the energy at interaction
using reaction kinematics (conservation of energy and
momentum). The range difference between the incident
®He energy and the energy at interaction gives the inter-
action depth. The proton energy spectrum from a sample
is divided by the spectrum from a uniformly deuterated
thick sample to yield the depth distribution of deuterons in
the sample.

The sample is attached to a sample-holder in a vacuum
chamber (pressure-10~® Torr). The angle of the sample
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surface to the incomingHe beam can be varied by a SAMPLES

goniometer. This angle affects the resolution of the ro oonnies used in this experiment are bilayers consisting
measurements. The resolution improves as the sampleof a matrix blend of hPS—-&MS and a tracer: either a pure

surface becomes more nearly parallel with the beam. At thedPS tracer or a dPS-eMIS tracer blend. The polymers are

tst?mt()e t'm%’ h;)wever,AtL]e r?elpthf \gl(t:k? car;nb:e pr?]?ed bydissolved in toluene after which the solution is spin cast on a
releat'e: 10 tr?((a: ggzr?]&d'rec?o% €o od Teh:a ar?‘nelgfjhoallggr . Si wafer at a speed of 1900 rpm. for 30 s. The polymers to
IV Irection 1S used. samp 'She used as tracer polymers are dissolved in toluene and spun

attached to a cold finger which, when filled with liquid cast on glass slides. The tracers are floated off on deionised

nitrogen, keeps the sample at a temperature low enough t ; - ;
ensure that the polymers will not be affected by the beamo\g’?:éu%nrg g'\fgﬁd up by the matrix. Samples are annealed in

during the experiment. Different sets of samples have been made. One set of

In order to compare deuterium cqncentratlons in cél;ferent samples consists ofa®S of molecular weight 21400 and
samples the yield has to be normalised to the numbasdef hPS of molecular weight 66 000, 28000 and 10000, with

ions hitting the sample. One way of doing this is to integrate different volume fractiong of hPS. The spinodal curve lies

all the charge accumulated on the sample. A dlsadvantageat low temperatures for these mixtures: critical tempera-

of thtis is th(?t Ctha}tfg_e tﬁ?ln bl.J””d fL]fp (t)ntﬁhe Simff"? (;Jepert]d(ijngtures areT, = 355, 270 and 180 K, respectively. For these
on 1ts conductivity, this wit aftect the actual integrate samples, diffusion takes place far in the miscible region.
charge and thus the normalisation. This problem is avoided Further samoles that have been made consistM®of

by using a monitor which integrates the beam current before molecular weight 97000. dPS molecular weightsvhf —

it enters thg vacuum chamber. This provides a measure Of65 700, 40 700 and 28 400 have been used in the tracers. The
the beam intensity independent of the sample. One does

h t K the b file | ler than th corresponding molecular weights of hPS in the matrix were
sZ%epleoarrgz ?I'r?g rr(re1oni(taor \?vae”lljs%r(():clﬁs;:tssg}algrgolg r\]/vire(;73 500, 39000 and 27800. The spinodal curve for these
of 0.06 mm diameter, intercepting6% of the beam. The mixtures lies at higher temperatures: the critical tempera-

effect this has on the resolution has been tested and showr%jrr](;ig?rrlz t?\ZV\\I/ToCIu;eslzrg’cti‘:)%oo?ﬂggzir? t?l'e rﬁ]zl?ﬁ;tglﬁcljy'
to be negligible. ’

One of the advantages of NRA is the ease and speed withvarying the temperature moves the system from one side of
X the spinodal curve to the other.

which samples can be measured. Samples can be changed 1yg g4 transition temperatufig, for dPS is 106C and
using a loadlock attached to the vacuum chamber. The total.l.g for PaMS is 180C.

process of changing a sample, i.e. getting the sample-holder
with the old sample out of the vacuum, changing the sample,
re-introducing it into the vacuum chamber and pumping

down, takes no longer than 5 min. This, together with the EXPERIMENTAL RESULTS

fact that the average time needed to acquire good countingFor the first set, tracer diffusion coefficients are determined
statistics (= 100 counts at half height of the leading edge) far in the miscible region. Bilayers of dPS tracers on top of
is of the order of 10 min, depending on the amount of hPS—RMS blends at various volume fractions are annealed
deuterium in the sample, makes it possible to take four at 180C. A typical diffusion spectrum is shown Figure 2
spectra an hour. at two different volume fractions¢ = 0.4 and 0.6. An

o i
1.0 - o 00=0.6

o & 0=0.4
O unannealed

Yield

Depth (um)

Figure 2 Diffusion profile of dPS ,, = 10000) diffusing into an hPS-efS matrix at 180C (hPS,M,, = 10000; kMS, M, = 21 400). The volume
fractions of hPS in the matrix are 0.4 and 0.6
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Figure 3 Diffusion coefficients in a BMS/PS blend as a function of the volume fractigrior different molecular weights of P®15*MS = 21 400
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Figure 4 (a) Diffusion profile for a pure dPS tracer and a dPGMS (MS’VPS = 28400) tracer blend into an hPS—-BMS matrix (samples Al and A2,
respectively). (b) Diffusion profile for a pure dPS tracer and a dRSAP (M = 40 700) tracer blend into an hPS—BMS matrix (samples B1 and B2,
respectively). All the samples have been annealed &tCL69
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Table 1 Sample details

Matrix Tracer
Sample Pnps Mirs MEMS bdps Mrs MpeMs
Al 0.36 27800 97600 1 28400 —
A2 0.36 27800 97600 0.35 28400 97600
B1 0.36 39000 97600 1 40700 —
B2 0.36 39000 97600 0.38 40700 97600

J 100% deuterated tracer

@ tracer blend
10™ ‘
I °
°
“g
S
*
a
O
0 °
O
107 ' ' :
28k 39k 73k

Molecular weight PS in matrix

Figure 5 Tracer diffusion constant®*, as measured for three different molecular weights for the pure dPS tracer and the tracer blend. The dPS volume
fraction in the tracer blends is 0.36 in each case, the molecular weights of dPS in the tracer are 28 400, 40 700 and 65 700. The molecular weiglhis of hPS in t
correspondonding matrix are 27 800, 39 000 and 73BPYS in the matrix and tracer blend is 97 600. The hPS volume fraction in the matrix are 0.36 for all
samples. The samples have been annealed 4€169

unannealed sample is shown as well. The diffusion profiles respectively). The sample details are givenTable 1 In
follow a Fickian diffusion function, as expected in the Figure 4bthe diffusion profile is shown for a pure dPS tracer
miscible region. Spectra taken at different compositions all and a dPS—MS tracer blend into a matrix consisting of a
show Fickian diffusion. InFigure 3 diffusion coefficients hPS—RMS blend (samples B1 and B2, respectively,
measured as a function of the volume fraction for polymers from Table 1. The samples have been annealed simulta-
of different molecular weights are shown. As expected the neously for 8 h at a temperature of 269 There is a striking
diffusion coefficients are smaller as the molecular weight difference between the diffusion of the pure dPS tracer and
of the polymer increases. Furthermore, the diffusion the diffusion of the tracer blends: the blends diffuse much
coefficient increases with increasing hPS volume fraction. faster into the matrix. The diffusion profiles have been fitted
Now the glass transition temperatufg, of the blend can be  with a Fickian diffusion function. The profiles of the tracer
described by the Fox equation assuming a linear dependencélends follow Fickian diffusion, while the profiles for the

of 1/T4 on the volume fraction in the blend: pure dPS show a considerable deviation. The tracer
1 ¢ 1-—¢ diffusion constants,D*, are plotted for three different
T 7.7 7T molecular weights for the pure dPS tracer and the tracer
g ot 92 blends inFigure 5

where Ty, corresponds to the glass transition temperature  The diffusion profiles have been taken at higher
of the component of volume fractigp, in our case PS, and  temperatures for matrix volume fractions ranging frgm

T4, corresponds to the component of volume fraction ¢. = 0.2 to 0.8 Figure 6ab show the diffusion fop = 0.2, 0.3
Thus the diffusion coefficient increases as the difference and 0.8 for pure dPS tracer and a tracer blend, respec-
between the annealing temperatuiie £ 180°C) and T, tively. This time the volume fraction of the tracer blend did
increases. not correspond to the volume fraction of the matrix; the

In Figure 4athe diffusion profile for pure dPS tracer volume fraction of dPS was 0.4 in all cases. For these
and a dPS—MS tracer blend into a matrix consisting systems, samples with higher PS volume fractions have a
of a hPS—BMS blend is shown (samples Al and A2, higher diffusion coefficient. Also the tracer blends show
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Figure 6 Diffusion profile for pure dPS tracer (a) and tracer blend (b) for hPS volume fractions in the magrix 0f2, 0.3 and 0.8. The dPS volume fraction
in the tracer blend is 0.4. The molecular weights of dPS and hPS are 40 700 and 39 000, respectively, the molecular wéighist®P600. The samples
were annealed at 190

considerably faster diffusion than the pure dPS tracer vanishes:
blends. fy+ Aa(T = Tg) = Aa(T — T.)
DISCUSSION In Figure 7 D¥/T is shown as a function of 1000/ T..).

The fit of D*/T to equation (5) gives values éf= 1.1 X
The tracer diffusion of PS into a PSeMS blend has been  107® andB = 1.092. In pure RMS B has been measured

shown to depend on the difference between annealingto be 1.6.
temperature andTg. Although increasing the volume The intradiffusion coefficient as measured for tracer
fraction ¢ of PS in the blend takes the system closer to blends has been shown to be orders of magnitude faster than
the two-phase region, a higher volume fraction also the tracer diffusion coefficient measured from a thin film
increasesT — Tq. The greater diffusion coefficients at of pure dPS. This is the case for the Fickian diffusion in the
higher volume fraction can be attributed to tfie— T, low molecular weight RMS blends MP“MS = 21400) as
dependencep = ¢(T — Ty). well as for the non-Fickian diffusion in the high molecular
The diffusion constants for the blends of various weight ReMS blends M = 97 600). This behaviour is
composition in the range af = 0.2-0.5 can be combined  observed for all the molecular weights of PS used and over
to give the diffusion constant as a function®f- T,. The the complete range of PS volume fraction in the tracer and

monomer mobility is proportional to the viscosity, which blend.
can be expressed as in the Vogel—Fulcher equition Diffusion of a tracer blend rather than the diffusion of a
B pure dPS tracer alters the system in several ways. For one,
n:Aexp{_—] there will be a mismatch in th&y between the tracer and
fg+Ac(T —Ty) the matrix. However, polystyrene having the lowgy in

the PS—-BMS system, would lead to a lower diffusion
coefficient for the tracer blends than for the pure dPS tracer.
Obviously this cannot account for our observations. Another
possible explanation for a difference in diffusion results
from the interaction between tracer and matrix. The addition

-B of matrix polymers to the tracer will change the interaction
?erxp[ﬁ} (5) between the tracer and the matrix as a whole, making it

* more similar, and hence enhancing the diffusion for the

whereT.. is the Vogel temperature at which the free volume tracer blends.

Using the valueda = 4.8 X 10~*for the expansion coeffi-
cient of the free volumefy = 0.025 for the fractional free
volume atT = T, and the expression f@*/ T, the tracer
diffusion can be fitted to the monomer mobility.

%
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Figure 7 D*/T as a function of 1/{ — T..) for dPS/RMS tracer blends\,, = 40 700 and 97 600, respectively) into hP&XFS matrix blendsi,, = 39 000

and 97 600, respectively)

In conclusion one can say that one has to be very careful 5.

making the approximation that the tracer diffusion coeffi-
cient is the same as the intradiffusion coefficient. The two

diffusion coefficients can be very different, though for the 7,

moment the reasons for this remain obscure.
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