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Early stages of polymer interdiffusion
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We have examined the wavelength dependence of the diffusion coefficient in a multilayer deuterated
polystyrene-hydrogenated polystyrene system. The measurements were performed using neutron reflectivity.
The decay of the Bragg peak was also followed in great detail. The measured wavelength diffusion coefficient
D(k) was also not found spatially dependent on the distance of the diffusional couples to the substrate. On the
basis of our results, it was possible to reconstruct the broadening interface of polymer bilayer sample geometry
which had characteristics of a diffuse tail and a sharp core.
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Interfacial strength between polymer melts develops by a&cribed primarily by the time dependent structure factor
process of entanglement that occurs as single-chains intecomponentS(k,t), wherek is the composition wave vector
penetrate across the interface. The limit of a single-chaircorresponding to the fundamental period of the multilayer
crossing the interface occurs when the degree of entanglé\=21). There will, of course, be higher order structure
ment at the junction is equivalent to that within the bulk terms that are needed to describe the initial sharpness of what
phases and the interface has then effectively vanished. Bés essentially a square wave composition profile. However,
yond this time the transport behavior is well understpp  these will be seen to decay very quickly upon initially an-
and for pairs of polymers with comparable mobility proper- nealing the system towards equilibrium. Making an assump-
ties this occurs by a process of mutual diffusion. Howevertion of transport described by Fick’s latwhich is validated
the regime of greatest interest for understanding the devefy our results[2]), the multilayer profile will decay as a
opment of interfacial strength corresponds to the broadeninfjnction of timet as
of an interface on length scales less than the overall chain . —tr
dimensions, which Weg cannot expect to be controlled by d)(z’t):nzl [Ancosnk2) + By sin(nkaJe ™", (1)
simple center-of-mass diffusion. At these length scales, thgitn a characteristic timerk‘1=D(k)n2k2, k=2x/\, and

thermodynamics of mixing must include the effects of steepy ) is the wave-vector dependent diffusion coefficieAt, (
concentration gradients and since interfacial broadening of 4B are determined from the Fourier components of a
n

the interface is achieved without whole chain motion, ON€quare wave profil2]. Considered in a Fourier space, the
must expect the diffusion coefficient to have a length Scal%omponents of the multilayer structure will decay as
dependence. In a previous pape}, we have shown that this 5k 0/S(K.0)

can be expressed in terms of a wave-vector dependent diffu- _ o2
sion coefficientD (k). In this Brief Report, we complete our at exfl —2kD (k). @
understanding of the process by reexamining the theoretical Hence, it is possible to extraBt(k) from the gradient of
wave dependence db(k) invoking also new results and the logarithmic decay in the characteristic structure peak
examining the ramifications of wavelength dependefik) (i.e., Bragg peakof the multilayer. When observed with
on the interfacial profile. In doing so, we raise new questionsieutron reflectivity the multilayer profile is represented by
as to the nature of the interfacial broadening phenomena bemambiguous Bragg scattering peaks at distinct scattering
low the reptation time. momentum transfeq values. We can directly measupg k)
Considering that interfacial broadening is fundamentally aby determining the decay rate of the maximum intenkty)
collective, many chain effect it is interesting to relate it to anof the Bragg peak as the multilayer structure decays to its
explicitly collective property. With our experiments, we were homogeneous state, sin¢éq) is directly proportional to
aiming to determine the collective diffusion coefficient usingS(k) [9]. For the present experiments, as well as for the
the decay of an artificial structure factS¢k) imposed upon previous one, we have used multilayers of polystyré®®
our system. To achieve this, we have prepared periodic mulnd deuterated polystyred®PS. The polymers were ob-
tilayers of alternatingly deuterated and hydrogenated polytained by from Polymer Laboratorigé).K.) and had mo-
mer layers(each of thicknesk). In doing so, we replace the lecular weights of 629000 and 641000, respectively, with
binary diffusion couple as employed by other auth@s8]  polydispersity less than 1.1. We used large-molecular-weight
with a multiple couple. This has the effect of producing anpolymers(radius of gyratiorR, is 220 A) so that the natural
artificial structure that is a perturbation from the equilibrium length scale set by the polymer was as large as possible. A
state of a fully homogeneous film. The multilayers are dedayer of DPS was spun cast onto a HF etched silicon disk,
from a dilute toluene solution. Altering the solution concen-
tration allowed us to adjust the polymer film thickness. Sub-
*Present address: Department of Polymer Chemistry, Kyoto Unisequent layers of alternating PS and DPS layers were then
versity, Kyoto 606-8501, Japan. spun cast onto microscope glass and floated onto water be-
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N I B BN BN IR DL B the Rutherford Appleton Laboratory, U.K. Because of the
s v 1z @) Sample 1 ] rapidity of the diffusion process in these thin films the
samples were annealéd situ using a Linkam microscope
hot stage by iteratively measuring the reflectivity and anneal-
ing until the Bragg peak of interest had decayed to insignifi-
cant levels. Reflectivity data for different samples are shown
in Fig. 1. The temperatures used in the new experiments
were 133°C and 139 °C, allowing us to investigate some of

e U S B B B B the early times. Since the first-order Bragg reflectivity peaks
ke T =280A b) Sample 2 ek typically lie within a range of momentum transfer where the
13 |3 Born approximation is not valid, we cannot directly measure

wlo’F

Rq* (A%

1x10F

1565} | the diffusion coefficient from the decay of the Bragg peak
=140

2 =93A 3 data. We utilize a free-form fitting approach to our data using
r=20 | a maximum entropy methofdl0]. The fitting quality is ex-

Rq* (A%

3 cellent since the algorithm discretizes the sample profile, the

o L’;’fi?AMx/fs\eAl Ko=47A ] thickness of which is known, and varies the composition of

A =140A

the resulting segments. Thus, if the decay of the concentra-
3 ' 3 tion profiles is diffusive we can extraft(k) from the slope
W N =225 c) Sample 3 onis | 3 with which the now idealized peak intensities decay. In a
g R E previous papef2], we discussed a plausible explanation for
e wouins | the observed decrease in collective diffusion coefficient with
E wouims | a decreasing length scale. We revisited our data for a better
o 2 —113h 10 s _ understanding of the process that described very well our
E N =75A 3 observation. The behavior can be ascribed to the dominant
: 3 role of gradient energy effects at length scales below that of

WETT T T T T a bulk chain with a Gaussian conformatidR,j. The origin

3 A =184A d) Sample 4 " of the effect is then predominantly entropic; chains in multi-
ox10"E~ s |3 :
: ol layers whose wavelength are less tiigyhave concentration
L o

4X1“7:|\\\|||\‘ L - LA L B B B =

20 mins

Rq* (A%

s gradients that are steep compared to the overall chain dimen-

i 3 sions leading to a loss in conformational free energy and a
L =61.5 s 3

Rq* (A™)

larger net driving force for the relaxation of the correspond-

v =02A N cdgh 3 ing composition fluctuations. This should promote a larger
ol o i ol T Ny ) e o D(k) at high k. However, because polymers are spatially
LA L B T T T3 extended objects by virtue of their connectivity, the chains
A =150A Omins |3 have a nonlocal response to this driving force. This may be
e) Sample 5 S | 3 better pictured by considering both the driving force caused
NE by the composition fluctuatiofchemical potentialand the
; response of the chain@nobility) as fields. At lowk, the
s | 3 driving force acts over wavelengths larger than the chain and
— E the chain responds as a whole. In this case, the response is
, L J/ﬂA. R essentially the sum of the scalar monomeric friction coeffi-
0.02  0.04 006  0.08 0.1 .. 012 014 cients. However, at highk (k>2#/Rg), this driving force

q: Momentum Transfer (A™) field is smaller than the chain dimension and individual por-
FIG. 1. Selected reflectivity anneal series data from the multi—tIons of the chain can be considered to feel the force in

layers used shown iRq® space. Sample 1 had a mean layer thick- _oppOSIte directions. As a result the net response of the chain

nessl of 186 A, sample 2 of 137 A, sample 3 of 123 A, sample 418 lower. These arguments were incorporated into a theoreti-
of 94 A, and s,ample 5 of 80 A T’he timdsee inseﬁsa’nd data cal expression by Plncqslll], who denyed the time scale for
shown monotonically decrease togetttie annealing temperatures the relaxation of composition fluctuations as we have shown

used were 139 °C and 1337QAlso shown are the wavelengths N OUr previous paper and in Fig. 2, where the experimental
corresponding to all detectable Bragg peaks. results and the theoretical predictiddashed ling are re-

ported[2]. There are reasonable corrections that can be ap-
fore being deposited onto the substrate. In total 16 layerplied to the theory to make it more amenable. The theoretical
(eight repeat units of polymer were placed onto each drop in D(k) starts to decrease well befoie=27/R,,
sample. The thickness of each sample was measured by ethereas it is more natural to expect the bulk diffusion coef-
lipsometry after every layer deposition and it was found thaficient to persist to this length scdl&2]. Moreover, the con-
the layer thicknessl only differed by 10 A. Different formation and orientation of the molecules in the thin films
samples were prepared, with the mean layer thickness bere likely to be significantly perturbed from a Gaussian de-
tween~70 A and~180 A. The neutron reflectometry ex- scription[13] in a way that the simple theoretical approach
periments were carried out using the reflectometer CRISP dtased on the random phase approximation may not be able to
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FIG. 2. Wave-vector dependencedk). Also included are the
Pincus prediction as in the previous papstown as a dashed line
and the tanh fifEq. (4)] (shown as a full ling See text for details.

represent. Relaxation of these potentially nhon-Gaussian and A
oriented conformations may in part account for the fast ini- N S— e Tem 00
tial relaxation and the deviations &f(k) from the theoreti- Depth (A)
cal prediction. Nonetheless, such features near the sharp in-
terface are likely to be a real factor when considering the
initial interfacial broadening phenomenon. Since we have
extracted a good experimental picture®k), it should be
possible to reconstruct the specifics of the interfacial broad-
ening process as it exists in a semiinfinite bilayer sample.
This is simply the inverse Fourier transform of a sinc func-
tion that has been convoluted with an exponential envelope T e —
Where|nD(k) is deSC“bed. 800 850 900 950De1p(:go(A)1050 1100 1150 1200
1 [+ sin(k/l) .
B(x,t)= ;f e*‘D(k)kZ—k e k. (3

A convenient functional form oD (k) that describes our
data can be expressed by a hyperbolic tangent function of the
form

D(k)=D..+0.5D(0)

k|—k 2 |
1+tan)'{—| | Offset}). (4) ok
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The resulting fit parameters areD(0)=1.7
x10 Y e sec?t, D.=2x10"Bcn? sect,  Kyffset
=0.0279 A%, andk,iq;,=0.0115 A2, and the fit is shown
in Fig. 2. Kyfsser @ndKyigrn @re connected to the distance of
the center of the tanh curvewvhere the value is halfway
between the minimum and the maximum valuésm the
k=0 origin, and to the width of the tanh profile, respectively.
Inserting Eq.(4) into Eq. (3), and solving numerically for a .
range of times, we can produce a series of simulated interfa- 0 T DU U SN Sersrors wrarsr
cial profiles for an interdiffusing semiinfinite bilayer. Figure A v T
3 shows the simulated profilédashed linesusing times up
to the 74 (corresponding to an annealing temperature of FIG. 3. Calculated interfacial profiles of a semi-infinite bilayer,
133°C). For comparison a simple erfc profile that arises fotSing D(k) in Eq. (4) (shown as dashed linesind usingD (k)

a k-independent diffusion coefficiefiD(k)=D(0)] is also ~ — D(0) (shown as full lineg _A series is s_hown from I_ate times to
shown. What is immediately apparent is that Bk) inter- ~ S& 7d- (@ 1.6 min, (b) 42 min, (c) 167 min, (d) 375 min, (€) 850
facial profile contain a relatively sharp interfacial cdnear min.

z=1000) with the tails appearing to diffuse into the bulk of

the sample. As the interface becomes more diffuse the size oéte, the core persists for a longer time. Eventually these will
this core decays, almost disappearingatry. The sharp- also decay and the surviving lokourier components will
ness of the interface is actually the summation of severahll decay at approximately the same rdbg,0). While we
orders of composition fluctuations. However, since our dataannot claim a theoretical basis for the use of the tanh em-
has shown that the high&rcontributions decay at a slower pirical D(k) function, it does serve to replicate the phenom-
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0 S S AR fects that might also cause a variationDr{k). It has been

reported recently that the diffusion coefficient can also be
¥ spatially dependent on the distance from an enthalpically at-
o tractive hard wall[14]. In our experiments, we effectively

g
Lol

»
»

[ |
-400 l l
< —'%; i z: I ¥ change the distance between the center of mass of the diffu-
= 0 iﬁ L] ; | - sional couple and the silicon substrate by varying the period
o w0ds ] B a of the multilayers, whilst maintaining the same number of
=& C multilayers. A larger period multilayer is effectively further
S o 3 - away from the silicon substrate and will diffuse with a con-

ventional diffusion coefficienD(0). On theother hand, the
r center of mass of a smaller period multilayer is closer to the
o attractive wall so that more of the binary couples of these
C multilayers could feel the effects of the substrate leading to a
50 100 150 200 250 diminished diffusion coefficient. Thus, a spatially dependent
Time (min) diffusion coefficient might also explain the variation in
FIG. 4. Early stages of decay for all Bragg satellites of a sampIeD(k)_ In order to verify that this was not the case, two fur-
fgndamental(circle), second orde(square, third order (triangle. ther multilayer samples were prepared. These samples were
Times are shown for actual annealing temperature, 133580r  jqentical with respect to single-layer thickness (98 A) and
this temp_erature is 850 n_1[r15]. Also _shown schematically are the molecular weights. However, they also incorporated a rela-
three regimes of interfacial broadening. tively thick spacer layer of 50% deuterated polystyrene

. . . (2000 A) that was placed either between the multilayer and
ena that is observed in the work of Reiter and Steffigr the Si wafer or on top of the multilayer. In this way, we

?n? IITunz ﬁn?. St?rdn'fﬂifﬂ..The goal of ;hﬁ res earch so Iza(; was significantly varied the distance between
0 follow the final diffusive stages of the Bragg pea €CYhe diffusional couples and the Si-polymer interface. These
the intermediate transport process if noteworthy. By annear'nultilayers were annealed at 139°C and the decay of
ing a sample at a lower temperature, we were able to follo he principle Bragg peak was followed in detail. From the
the decay of the fundamental Bragg peak in greater detail 8%ata. we obtain  diffusion  coefficients of (iiD 1)

well as the decay of higher order Bragg pe&is shown in % 10L17 cn? sec ! and (1.12-0.1)x10 Y cn? sec'? for

Fig. 4). This highlights the existence of the intermediate ' ) :

stage in the transport process. The data also appears not totlgg samples where the spacer is placed between the

monotonic. The observed oscillation in peak intensity Sug_multllayer, and the silicon, and on top of the multilayer,

gesting that at this stage the artificial chemical potential im_respectlvely. The rate of decay of the two samples is almost

posed by the multilayer plays no part in determining Chainidentical indicating that the wave-vector dependence of the

motion but instead internal chain reorganization is occurringgglflt;/ s(ljoenpgr?g;f:]ctlgergz tah?éva\Jlﬁ c?fb(t)ipi?utljsiers]ot/viuﬁat/oe ? dz‘;‘r_’l'

This fact is underlined by the lack of synchronicity betWeentified three stages of chain motion. The first two of these are

the oscillations of the different Bragg satellites indicatinghi hiv noneauilibrium and results mainly from the nature of
that the effect is not caused by an external elastic force im; gnly d y

posed on the sample through the method of preparation. A?reugrt;pa}cﬁgl(r)r?ogtf i:'zgrg;lt?nmr?nscii(-:r;tgsl?rs]:a (()at(itsrlii?:esﬁgceosli
important result of our work is that most of the diffusive data guably the 9, | .
lective diffusional transport at times well below the reptation

collected was below the nominal reptation timg for the time and raises questions regarding the currently accepted
molecular weight of polymer used. Our main conclusion . 4 9 9 iy P
plcture of the early stages of interfacial broadening.

from our studies is that the diffusion coefficient is dependen
upon the degree to which the polymer chain is entropically We thank Professor P. Pincus and Professor E. J. Kramer
constrained. This is expressed through the wave-vector dder useful discussions. We thank EPSRC and ICI plc. for
pendence and therefore it is important to rule out other effinancial support.
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