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Preface

The interaction between a surface and a polymer melt is the primary focus of this thesis. 

In Chapters 2, the segregation of the component of lower surface energy in a binary 

mixture of polymers is studied. The surface segregation profile is compared with the 

mean-field prediction, and the process of surface segregation is found to be controlled 

by the diffusion in the bulk. In Chapter 3, the end grafted chain in a melt matrix is 

profiled. The thermodynamic balance between the end grafted chains and the free chain 

is analyzed. The end-labeling of chains strengthens the ability of the chain to bind to the 

surface, and the stretching of the end grafted chain is proved to be a controlling fact 

limiting the brush density. The growth of the grafted layer as a function of time is 

studied in Chapter 4. In order to graft more chains to a surface with high coverage, the 

chain must penetrate the existing brush, and this becomes a controlling process.



Preface v

The structure of a chain near a surface needs to be known in order to make more 

quantitative analysis. Such knowledge is currently not available although a reflecting 

surface model is proposed in Chapter 5.

Chapter 6 deals with the mutual-diffusion of compatible linear chains. It is observed 

that the broadening of the interfacial width scales as the 1/4 power of the diffusion time 

for a time scale much longer than the reptation time. Attempts are made to rule out 

several possible side effects. It is speculated that the anomalous behavior is either due 

to small molecular residue in the sample or due to the long chain nature of the polymer 

itself. If the former possibility can be ruled out, the validity of applying the reptation 

model to polymer diffusion over small distances might be under challenge.

The technique of dynamic secondary ion mass spectrometry (SIMS) is used in all 

experimental studies. SIMS is an established technique and its application in polymer 

science has been around for quite some time. The quantitative application in depth 

profiling was not very successful until recently. In Chapter 1, the technique is reviewed 

and procedures that ensure correct extraction of depth profiles from raw SIMS data are 

discussed.
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C h a p t e r  1

Depth Profiling of Polymer 
Concentrations with 

Ion Scattering Techniques

Energetic ion beams are powerful tools for probing the surface or near surface properties 

of solids. Depending on their mass, charge, and energy, ion beams interact differently 

with solid materials. A light particle with high energy, such as an a  particle with energy 

of a few MeV, can penetrate a few microns in an organic sample. A heavier particle 

with lower energy (— 1 keV), however, is stopped within a few nanometers. Either type 

of ion beam is useful in probing the concentration profile of a sample. Coulombic elastic 

scattering from different depths of ion penetration is used in Rutherford backscattering 

spectrometry (RBS) and forward recoil elastic spectrometry (FRES) to map out the 

concentration profiles in a sample. The erosion of the sample surface by low energy 

heavy ion beams is the basis of the secondary ion mass spectrometry (SIMS) technique.

1
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RBS, FRES, and SIMS are standard and widely available techniques. These are the main 

techniques used in this thesis work. FRES and RBS have been extensively described 

elsewhere1,2 and hence only a brief discussion is presented. The quantitative analysis 

of SIMS profiles was developed specifically for the analysis of data in this thesis and will 

be described in more detail.3

1.1 RUTHERFORD BACKSCATTERING SPECTROMETRY 

AND FORWARD RECOIL ELASTIC SPECTROMETRY

The interaction of a  particles with solids is well characterized. A high energy 

(2-3 MeV) a  particle can penetrate deeply into a solid target (a few microns in organic 

solids). It loses energy as it passes by electrons in the target (electronic energy loss).1' 

Since the mass of the electron is much smaller, the collisions with the electrons do not 

alter the path of the a  particle significantly. A small cross section for elastic collision 

with target nuclei (Rutherford scattering) results in a small fraction of the incident 

particles deflected to large scattering angles.

When a particle of mass and energy E0 makes an elastic collision with a target 

nucleus of mass M2, the energy it retains after the collision is given by

E, 2M,
K  m ' - 1 -   i— 2 -( l-C O S 0 „ )  , (1.1)

E0 (Ml +M2)2

where 8C is the scattering angle of the incident particle in the center of mass reference

1The ratio between the energy loss to nuclei and to electrons is estimated to be 
approximately 1/3600, the ratio of masses between electron and proton.
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frame, which is related to the scattering angle of the incident particle in the laboratory 

reference frame, 8, by

sin<?c ' /* ™ tan0 = ------------------- . (1.2)
cos 6C+Ml/M 2

If the target nucleus is located a distance z  underneath the surface, the energy loss 

of the a  particle in penetrating in and out of the material is

E{z) -  E(0) = K ^ -  
ax

dE
E cosa <Lc

Z (1.3)

where K  is the kinetic factor defined by equation (1.1), dE/dx is the stopping power of 

the a  particle in the material, a  and /3 are the angles of the incident and scattering 

direction with respect to the normal of the surface (a + (3 =  180° — 8). dE/dx values 

for various elements are well known and tabulated by Anderson and Ziegler etc.4 For 

energy loss in compounds, Bragg’s rule essentially says that the energy loss to each 

constituent element is not effected by the presence of other elements.

In Rutherford backscattering spectrometry (RBS), the energy spectrum of backward 

scattered (6 close to 180°) a particles is used to analyze the depth concentration profile 

of the sample. Taking the spectrum at a large (back) scattering angle has several 

advantages. It can be seen from equation (1.1) that the energy loss is most sensitive to 

the mass of the target particle when the incident particle is backward scattered 

(cos0c =  — 1) and is less sensitive to the scattering angle, allowing a larger detector 

acceptance solid angle. The backward direction is free of the recoiled target particles. 

And (with the incident and scattering angle a  = /3 =  812) the path length of the a particle 

in the material is minimized for a given penetration depth and less prone to
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misalignment.

Polymers, where mass contrast is frequently obtained by deuterium substitution, can 

not be profiled by RBS since deuterium and protons do not scatter a  particles to large 

angles. To profile deuterium and hydrogen, forward recoiled deuterium and hydrogen 

atoms are detected as a function of their emitted energy. The technique is called forward 

recoil elastic spectrometry (FRES). Since the scattering cross section of a  particles 

(which would create a large background) is very large at forward angles, they must be 

blocked. This can be done by placing a mylar foil (— lOpim thick) in front of the 

detector.1 The stopping power of hydrogen or deuterium in mylar is considerably lower 

than that of a  particles, since the protons and deuterons have only half of the charge and 

move faster than a particles. However, the straggling of the protons and deuterons as 

they penetrate the mylar foil significantly broadens the energy resolution, leading to an 

uncertainty in the emission depth of approximately 800 A.1

Since a  particles and other heavier particles have larger masses than hydrogen or 

deuterium, then with the same energy, their speeds are lower. It is possible therefore 

to measure the time it takes to travel a given distance, and electronically discriminate 

protons and deuterons from other particles.5 A timing signal can be generated by 

placing a very thin (500 A) carbon foil in the flight path; electrons produced when the 

particles pass though the carbon foil are detected by a channel plate detector. These 

electrons provide the start signal. A stop signal is obtained when the particle arrives at 

the solid state detector. The resolution is not strongly affected by the carbon foil since 

it is very thin. The spatial resolution obtained by this method is limited essentially by 

the energy resolution of the solid state detector (— 15 keV or 250 A in polystyrene).
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1.2 SECONDARY ION MASS SPECTROMETRY (SIMS)

For many years, SIMS depth profiling has been widely applied in the research areas of 

semiconductors, metallurgy, and geology. It started gaining popularity in polymer 

research when high resolution profiling of polymer composition was desired. It was first 

used by Whitlow et al. in studies of polymer mutual-diffusion,6 Russell et al. in studies 

of ordering of diblock copolymer,7 and Jones et al. in studies of surface enrichment due 

to the isotopic effect.8

SIMS is not as well characterized as RBS and FRES for quantitative analysis. For 

the latter techniques, the cross section of the a  particle in different materials and the 

stopping power of both a particle and proton in various materials is extensively studied. 

The Rutherford scattering cross section and the stopping power on various target atoms 

are not strongly affected by the neighboring atoms. Furthermore, since the mapping of 

the concentration profile in RBS and FRES is not a sequential process, the techniques are 

to a large extent immune to drifting of the beam current and detector efficiency. SIMS, 

however, measures the depth dependence with a sequential sputtering process. The 

sputtering rate and the ion yield in SIMS are sensitive to the sample composition. This 

makes it difficult to obtain precise concentration vs. depth profiles from samples which 

consist of very different components. In particular, when these components are 

immiscible, calibration samples (uniform films with differing composition) are difficult 

to make. However, isotopic labeling does not affect the sputtering rate significantly and 

thus is ideal for SIMS study.

The accurate control of the beam condition over a long running time is essential.
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Due to slight variations of the sputtering conditions between runs, it is desirable to know 

extra information of the sample in order to effectively reduce the raw spectra. In this 

section, the characterization of SIMS is discussed in detail.

1.2.1 Description of the Technique

A schematic sketch of SIMS is shown in Figure 1.1. A low energy (1-keV to 10-keV) 

intermediate mass ion (such as Ar+ or 0 2+), impinges upon a sample, losing its energy 

primarily through elastic collisions with the atomic cores of the target material (nuclear 

energy loss). The recoiled particle receives a portion of energy from the primary ion and 

collides with another particle, which in turn may recoil and collide with more particles. 

As a result of such a series of collisions some atoms can gain momentum toward the 

surface of the sample and enough energy to escape from the sample. The majority of 

sputtered atoms originate in the top monolayer of the sample. The ejected species can 

be single atoms (ions), as well as clusters of atoms (neutral or charged). The vast 

majority of ejected species are neutral, with a small amount being positively or negatively 

charged. The ratio of yields of ionized and neutral species is very sensitive to the 

conditions of the surface. In SIMS, the charged species — the secondary ions — are 

analyzed. If one wants to focus on the composition of the surface layer of the sample, 

static SIMS uses only a small dose of ions to sputter particles from the surface layer. 

To measure the depth concentration profile, the primary ion beam is focused and rastered 

across a small area of the sample repeatedly. As the surface of the sample is gradually 

eroded due to the ion sputtering, the change of the yield of various species in the 

secondary ions reveals the composition vs. depth profile of the sample. This process is
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Quadrupole 
Mass Analyzer

C
c

-*-A

Energy
Filter

Primary 
Ion Source  
(Ar+, 02+)

J /  Sampli

Figure 1.1 A schematic of SIMS. The rastered primary ion beam erodes the 
sample surface. The secondary ions ejected from the center of the sputtered 
crater are analyzed to obtain the composition information of the sample.

referred to as dynamic SIMS.

Samples consisting of mixtures of hydrogenated polymer and its deuterated 

counterpart are ideal for SIMS study. Deuterium and hydrogen have excellent mass 

contrast. The interference of H2“ with the D “ signal (in contrast to a strong H2+ vs. 

D + interference) is extremely low (see Figure 1.2). This allows SIMS to profile, at 

reasonable signal to noise ratios, samples with very low deuterium concentration.

In the early stage of the sputtering, the surface of the sample is modified. Due to 

preferential sputtering effects, the composition of the surface is changed, which may 

change the sputtering rate as well.10,15 The bombardment by the primary ion beam also
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causes extensive recoiling (mixing) of the atoms in the target and broadens the depth 

profile. A steady state is typically achieved after the sample is sputtered for 

approximately 100 A. In order to achieve the steady state sputtering before the region 

of interest is reached, it is desirable to cover the sample by a thin layer of polystyrene. 

This is especially important if the features close to the surface are being studied.

1.2.2 Characterizing SIMS

In order to characterize the SIMS technique, a test profile was taken on a bilayer sample 

of deuterated polystyrene (d-PS) and protonated polystyrene (h-PS). The polymer films 

were made by the spin casting technique from chlorobenzene solution. The silicon 

substrate was dipped briefly in dilute (~  10%) HF solution to remove the oxide and then 

the d-PS bottom film was spun cast directly onto the substrate. The h-PS top film was 

spun cast on a microscope slide and then floated off in distilled water, from which it was 

picked up on top of the bottom film. This was accomplished by moving the bottom 

sample towards the floating film from the air side to avoid contamination of the interface 

from any impurities in the water. The bilayer was allowed to dry in air and then was 

annealed for 10 minutes at 180 °C, mostly to remove any strain produced by the spinning 

process. For the molecular weight of the polymers used, Mw =  1950000 for d-PS and 

Mw =  2 650000 for h-PS, the broadening of the interface due to diffusion is expected to 

be less than 100 A during the annealing time,9 smaller than the »  100 A resolution of 

SIMS. The thicknesses of the top and bottom films, as measured by ellipsometry, were 

1152 +  6 A and 910 +  5 A respectively, while the total thickness of the bilayer was
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measured to be 2067 ±  10 A.* No change of the thickness was observed after 

annealing. The sample was covered by a thin (~  80 A) sacrificial layer of d-PS before 

the SIMS spectrum was taken.

The measurement was performed with a focused 2-keV, 20-nA Ar+ beam at 30° off- 

normal incidence, rastering across a 0.5 x0.5-mm2 area. To eliminate interference from 

ions scattered from the edge of the sputtered crater, an electronic gate was set so that 

only secondary ions scattered from a square in the center 30% (0.15 X 0 .15-mm2) of the 

rastered area were counted. The raw spectra of selected species are plotted in 

Figure 1.2. Data points for each element were taken at 2 minute intervals. One should 

notice that the mass 2 signal (deuterium) is very low in the h-PS region. A large part 

of this signal can be attributed to the natural abundance (0.15 %) of deuterium in the h-PS 

sample. This imposes a lower limit on the volume fraction of approximately 0.5% that 

SIMS can profile.

1.2.3 Sputtering Rate

It has been observed that for organic samples the sputtered crater depth as a function of 

sputtering time (the sputtering rate) of SIMS is controlled mainly by the effective content 

of carbon atoms in the sample.10 The presence of certain elements, or the molecular 

structure, in the sample may change the sputtering rate unpredictably. For isotopically

*The thicknesses of individual films were chosen such that the ellipsometry result 
is most accurate, i. e. both thickness and index of refraction can be accurately obtained. 
In calculating the total thickness of the sample from the ellipsometry result, the index of 
refraction is fixed to the average value (1.575) obtained from the measurement on the 
individual films.
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labeled samples, such as samples made of hydrogenated polymer and its deuterated 

counterpart, (as most of samples in this thesis are), the isotopic labeling should not 

significantly alter the sputtering rate. This is well demonstrated by the smooth carbon 

yield in Figure 1.2. The cover layer/h-PS, h-PS/d-PS, and d-PS/Si interfaces are 

positioned at 6.1 +  .1, 103.5 ±  .1, and 181.5 ±  .1 datapoints respectively. This gives 

a sputtering rate of 11.9 +  .1 A per data point (6.0A/min) in the h-PS layer and

11.7 +  .1 A per data point (5.9 A/min) in the d-PS layer, which are equal within the 

experimental error.

The sputtering rate is usually stable during the process of a single sample run because 

of the ability to accurately control the beam energy and current. The sputtering rate 

may, however, be sensitive to many different factors which can not always reproduce 

exactly. Keeping the sputtering rate constant between samples is difficult, especially 

after a long period of time, or after the machine settings have been altered. It is 

experienced that the sputtering rate can vary by as much as 15%. Although frequent 

checks of the sputtering rate, using samples with known thickness, can limit the 

uncertainty in sputtering rate within a few percent, far more accurate sputtering rates can 

be obtained for samples that are not too thick (less than 1 micron), if the thickness of 

each sample is predetermined and the sample is run all the way to the substrate. 

Accurate measurement of the sample thickness can readily be obtained using techniques 

like ellipsometry. Alternatively, if the amount of one component in the sample is known 

well, the integral of that component can also be used for sputtering rate determination. 

The thickness method and integral method, in many cases can both be used to cross 

check with each other; especially when the run is unstable (as may occur in highly
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Figure 1.2 SIMS profile of C (■), D ( a ) ,  CD (O ), raw CH (• ) ,  and net 
CH“ (o) of a h-PS/d-PS (1152+6 A/910+5 A) bilayer sample.
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insulating thick samples) so that drifting of the sputtering rate is suspected. For thicker 

samples where sputtering through is not practical, complementary methods, RBS or 

FRES for example, are desirable.

1.2.4 Ion Yield and Volume Fraction

The measured yield of different species may vary between runs, and thus gives only an 

approximate volume fraction of the components in the sample. To determine the volume 

fraction more precisely, we usually calibrate to part of the sample where the volume 

fraction has reason to be considered known well, such as in the bulk of the sample, or 

to the integral of the component over the sample. However, it is known that the ion 

yield is not strongly affected (within 5-6%) by the isotopic difference in the sputtered 

species when their mass differences are within 10%.11,12,13 For example in 

Figure 1.2, the raw CH“ (mass 13 a. m. u.) signal, ^(13), also includes the signal from 

13C - , which is expected to have the same ionization probability as 12C~. So the net 

CH~ intensity, SCH-, is given by

‘S’C H - =  ^ (13 ) "  f l f 2 $ ( 1 2 )  •

with f  the abundance of 13C in the sample and f 2 incorporating the difference in time 

spent in counting. Such correction is significant since C-  yield is one order of 

magnitude higher than the CH-  yield. SCH- so calculated (using/i =  0.0111, the natural 

abundance of 13C, and f 2 = 2) is plotted in Figure 1.2 as open circles (o) and indeed 

achieves approximately the same maximum level as SCD- (O).  (The raw CD-  (mass 14

a. m. u.) signal should also be corrected for the 13CH“ signal by taking 5(14) —f\S CH-,
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but such correction is important only for low deuterium concentration samples). 

Obviously, the ratio between the net CH-  (SCH-) and CD-  (SCD-) intensities is a good 

indication of the deuterium volume fraction. Volume fraction determined in this way is 

usually accurate within 5 %. However, since the carbon yield is much higher than that 

of CH, the signal to noise ratio of CH spectrum is severely limited.

1.2.5 Spatial Resolution

The penetration of the primary ions and the recoil of the target atoms broadens the

1.0

32 0.8  
_<x>

~o
CD
N

o  0 .4
E
o

2  0.2 

0.0

100 110 120 130 140 150
D is ta n c e  (n m )

Figure 1.3 The interface of an h-PS/d-PS bilayer sample as measured by 
SIMS. The solid line is the fit by error function with a = 42 A. The dashed 
line is the fit by eq (1.5).
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interface. The variation of the film thickness will also reduce the sharpness of the 

measured interface. The spatial resolution of SIMS can be estimated by fitting the width 

of the rising edge of the spectrum taken from the test sample (Figure 1.3). The solid 

line represents the best fit by an error function which gives the standard deviation, or, of 

42 +  1 A, corresponding to a FWHM of 100 ±  3 A. (This interfacial width includes the 

real interface roughness and the broadening resulting from the preanneal of the sample 

which is estimated to be within 10-50 A range.)

Several samples similar to the test sample with different top layer thickness were 

measured. Table I is a summary of the resolution as a function of the interface depth. 

From the table we can conclude that the depth resolution does not degrade significantly 

for the depth range studied. The constant resolution over a depth of a few thousand 

angstroms is vividly demonstrated14 by the profile taken on a diblock copolymer 

sample. The diblock copolymer forms a lamella structure with a period of 400 A with 

sharp interfaces. The shape of each lamella layer profiled by SIMS repeats exactly, 

indicating that the broadening of interface by SIMS is steady over the distance profiled.

Table I SIMS Resolution at Different Depths.
Data is Obtained from Different Samples.

Depth (A) Resolution, a (A) a' (A) £ (A)
443 46 41 52

896 54 51 52

1150 42 33 52

2245 43 -  -
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A close look at Figure 1.3 reveals that the Gaussian function does not represent 

SIMS resolution very well. The broadening of the profile to the forward direction is 

larger than that to the backward direction. The broadening to the forward direction is 

also more robust than a Gaussian function. An empirical function representing SEMS 

resolution well is given by,

X

fp(x')dx/ = — *[l +erf(x/\/2c/)]‘tan~I(exfi) . (1*5)
J n
— 00

Note that p(x) approaches to zero asymptotically as e~xl  ̂ for x-*  + o o  (Laplace 

probability distribution) and e'*2/2ff’2 for x-+ — oo (Normal distribution). It can be seen 

from Figure 1.3 that (1.5) fits the interface profile much better. Fitting results of other 

measured profiles of originally sharp interfaces using (1.5) are listed in Table I.

1.2.6 Effects of the Substrate

When the feature of interest is next to the Si substrate, it might be necessary to precisely 

determine the position of the interface relative to the D" or CD~ signals. Figure 1.4 

is an expansion of the profile of Figure 1.2 near the silicon substrate. The profiles are 

normalized for the purpose of comparison and the lines are fit by error functions (for 

carbon and CH +  CD profiles) or Gaussian function (for oxygen profile). It is observed 

that the (50% point) falling edge of the C signal (183.07 +  0.05) agrees with the oxygen 

peak (182.9 ±  0.1) but lags the falling edge of CH +  CD signal (181.9 +  0.1) by an 

effective distance of 12 ±  2 A. This suggests that a layer of carbon is accumulated at the 

substrate in the course of the sputtering. This is consistent with the observation that (a)
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Figure 1.4 The expanded portion of the falling edge next to the silicon substrate 
of ( • )  CH +  CD signal, (o) C signal, and the oxygen peak resulting from 
oxidation on silicon surface (■).

carbon has high sputtering resistance and thus is the controlling factor for the sputtering 

rate for most organic samples,10 and (b) after treatment by high energy (MeV) Ar+ 

beam, most polymers are ultimately transformed into a very carbon rich 

substance.15,16 Further more, it can also been seen from Figure 1.2, the CH signal 

possess a small peak at the back edge where no hydrogenated polymer should present. 

This peak is equivalent to a thin polystyrene layer of 6 ±  1A thick. From the experience 

of many samples when the back is excepted to be covered mainly by deuterated polymer, 

the appearing of such a peak is more a rule than an exception. The effective thickness
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of these CH peaks ranges around 10 ±  5 A. Obviously, the possibility of existence of 

contamination at the silicon surface can not be completely ruled out, but given the care 

taken during the sample preparation, such contamination is very unlikely. Since both the 

effects are relatively small and less consistent between samples, they are not well 

characterized at this moment. In practice, the position of the substrate is determined 

from the falling edge (50% point) o f the combined spectra of CH and CD.

1.3 MUTUAL-DIFFUSION PROFILE MEASURED BY SIMS

A bilayer sample of dPS (Mw = 713 000, M JM n =  1.05) and hPS (Mw =  770 000, M JM n 

=  1.04) with initially sharp interface was annealed at 170 °C for 2 hours. The profile 

obtained by SIMS is plotted in Figure 1.5. The dashed curve is the least square fit to 

the data by an error function. The good statistics of the data enables the detection of a 

small discrepancy between the profile and the error function. This discrepancy indicates 

that the mutual-diffusion coefficient is a function of dPS volume fraction. Such a volume 

fraction dependence can be obtained from the profile using equation (6.1). The result 

is plotted in Figure 1.6 as open circles. The mutual-diffusion coefficient is smaller at 

the region near equal mixture of dPS and hPS. This is in agreement with the “fast 

model” prediction, equation (6.1).17 The least square fit to the data gives a value of 

X  =0.00016 ±  0.00001.

The volume fraction dependence of the mutual-diffusion coefficient was measured 

previously by Green et al. using FRES on a series of bilayer samples with small volume 

fraction difference.18 The value of x  resulted from fitting of their data (at 174 °C) is
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Figure 1.5 The interfacial profile (solid curve) as measured by SIMS of a 
dPS and hPS bilayer with initially sharp interface, and the error function fit 
(broken curve) to the profile.

0.00018. The calculated curve using this x value is draw on Figure 1.6 as the dashed 

curve, which appeared fitting the data at the left half side better. On the other hand, x 

measured by small angle neutron scattering by Bates et al. is 0.00016 +  0.00004.19

The above example demonstrated the advantage of good statistics SIMS can provide. 

Within the range of volume fraction between 0.4 to 0.6, however, both the slope and the 

integral of the profile can be determined from the data with good confidence. Yet the 

diffusion coefficient within this range does not fit the theoretical curve very well. A 

slight change of the sputtering rate and ion yield during the run may explain this error.
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Figure 1.6 The diffusion coefficient as a function of volume fraction 
obtained from Figure 1.5. The “fast model” fit (solid curve) gives 
X =.00016. The dashed curve is the calculation using %=•00018.

1.4 SUMMARY

For many features in polymer physics — such as the surface enrichment of the d-PS 

component in a d-PS/h-PS blend discussed in the previous chapter, and the configuration 

of the polymer chain near a surface that will be discussed later in this thesis — the 

characteristic length scale is on the order of Rg, the polymer radius of gyration, which 

typically ranges from a few tens of angstroms to several hundred angstroms. The 

abilities of the ion scattering techniques discussed above in measuring concentration



Table II Comparison of Techniques: SIMS, RBS, FRES, XR, NR

SIMS (2-keV, 20-nA)fl SIMS (6-keV, 100-nA)a RBS, TOF-FRES

Resolution (FWHM) 100 A 300 A 250 A

Probing depth < 1 pm < 3 pm < 1 fim

Typical sampling area 0.5 x 0.5 mm2 l x l  mm2, 1 x 4  mm2

Contrast provided by Nuclear mass differences or/and preferential cluster formation Nuclear mass differences

H and D contrast excellent none, good

Data type Real space profile convolved by the resolution Real space profile convolved 
by the Resolution

Facilities Ion source, high vacuum systems, mass spectrometer (in house) Van de Graff accelerator, 
vacuum systems, solid state 
detector (in house)

Acquisition time 600 A/hr 3000 A/hr ~  lhour

a0.5 x 0.5 mm2 rastering area, 30° off-normal incidence.
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Table n  continued

FRES X-ray Reflectivity Neutron Reflectivity

Resolution (FWHM) 800 A ~ 10 A 10 - 20 A
Probing depth < 1 fim < 5000 A < 1 fim
Typical probing area 1 X 4 mm 0.5 x  5.0 mm Large sample (>  50 x 50 mm) 

is desired to reduce the data 
acquisition time

Contrast provide by Nuclear mass difference Electron density Nuclear scattering length

H and D contrast good none excelled

Data type Real space profile convolved by 
the resolution

fc-space profile convolved by 
fc-space resolution

fc-space profile convolved by 
£-space resolution

Facilities Ion accelarator, vacuum systems, 
solid state detector (in house)

synchrotron is desired for 
measurement of low 
reflectivity at large k

Reactor or spallation neutron 
source is required

Acquisition time ~  1 hour 2 -3  hours > 12 hours
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profiles on such a length scale are illustrated in Figure 1.7. The solid line is the profile 

calculated from equation (2.2) for =  0.18 and ^ 1 =  0.90. The dotted line 

corresponds to the same curve convolved with a Gaussian function of full width half­

maximum, FWHM =  800 A, typical of the FRES resolution. From the figure it can be 

seen that, with this resolution, the shape of the profile is not resolved and only the total 

surface excess, z*, is obtainable. The shape of the profile becomes apparent after an 

improvement of the resolution by a factor of 3, corresponding to that of TOF-FRES. 

Finally, with a resolution of 100 A, which is achievable by SIMS by careful optimization 

of sputtering conditions, the decay length is well resolved. Further improvement of the
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Figure 1.7 Effects of instrumental resolution (FWHM) on the determination of 
the shape of the concentration profile calculated from equation (2.2).
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resolution, which would enable one to probe the very near surface region in the first 

50 A, is not currently possible with ion scattering techniques. In order to probe this 

region, neutron reflection is more appropriate.8

A comparison of advantages and disadvantages of ion scattering techniques as well 

as neutron and x-ray reflectivity is summarized in Table II. Comparing to other ion 

scattering techniques, SIMS provides the best resolution. There is no intrinsic restriction 

in SIMS for how deep it can profile. However, due to the slow sputtering rate, running 

SIMS at high resolution condition for samples thicker than 1 pm is unrealistic. Using a 

100-nA beam at 6-keV (with the same area and incident angle) increases the sputtering 

rate by approximately a factor of five, with a spatial resolution around a = 120 A 

(FWHM = 300 A).

Even though the systems for which SIMS can be applied for quantitative analysis are 

limited, and obtaining good data and reducing the raw data properly requires skill, the 

good depth resolution (100 A), the ability to profile small concentration differences, and 

the straightforward interpretation of the profile makes SIMS a tool with unsurpassed 

advantages.
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Ch a pt er  2

Concentration Profiles 
at the Surfaces of 
d-PS/h-PS Blends

A miscible blend in contact with a surface is intrinsically an inhomogeneous system. The 

two components of the blend interact differently with the surface, therefore the surface 

composition is usually not the same as the bulk. The equilibrium surface profile is 

determined by the balance between the placement at the surface of the lower surface 

energy component and the cost of producing a composition gradient in the bulk. In the 

bulk (the region far away from the surface) where the effect of the surface vanishes, the 

blend approaches a homogeneous limit characteristic of the infinite system. Phenomena 

such as surface wetting (covering of the surface by a macroscopic layer of the lower 

surface energy component) have been observed in various binary mixtures of small 

molecules1. While the complete wetting is easily observable, the observation of

25
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prewetting and the study of the wetting transition is difficult due to the short decay length 

in the small molecule fluids. The surface profile in a macromolecular system is much 

wider due to its small entropy of mixing. The surface profile may also depend on the 

molecular weight of the macromolecule, thus reveals the unique properties associated 

with the long chain nature of the macromolecule. The most complete studies thus far on 

surface segregation have been done on the deuterated polystyrene/hydrogenated 

polystyrene (d-PS/h-PS) system. This system is an ideal model system where a small 

difference in the monomer size and in the polarizability of the C —H and C —D bonds 

lowers the surface energy of the d-PS component and produces a small unfavorable bulk- 

Flory interaction parameter, x  2 The surface excess of the d-PS component was first 

observed by Jones et al? using the technique of forward recoil elastic scattering 

(FRES), and the decay for low bulk concentration was later probed by neutron 

reflectivity.4

Although the surface excess and long-range diffusion profiles that control the kinetics 

of segregation at long times can be readily studied by FRES, its poor depth resolution 

(—800 A) precludes detailed measurements of the shape of either the non-equilibrium or 

equilibrium profile. Neutron (or x-ray) reflectivity is very sensitive to the scattering 

length density (or electron density) profile and thus to the shape of the depth 

concentration profile. However, the model profiles that can be fit to a particular 

reflectivity data are often not unique. And since the scattering length density (electron 

density) is a characteristic of the average of all components present at the same depth, 

the reflectivity data is also very sensitive to the features that are not of primary interest 

but are difficult to control during the sample preparation. Most, if not all, uncertainties
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could probably be unraveled by either improved instrumental resolution or a larger range 

of reflectivity data, if  the technology were able to deliver the capability. At the present 

time, the reflectivity technique is an excellent means of measuring the depth profile in 

greater detail only if sufficient information of the sample is already obtained which often 

means obtaining the result from a direct profiling method such as ion scattering.5

In order to accurately determine the shape of the concentration profile at the surface 

of the d-PS/h-PS blend and the dynamical factors involved in attaining equilibrium, we 

measured the composition at the surface of d-PS/h-PS blends using the techniques of 

secondary ion mass spectrometry (SIMS) and time of flight forward recoil elastic 

spectroscopy (TOF-FRES).6 Under the conditions described later, these techniques have 

resolutions of 115 and 250 A, respectively, and the data are straightforward to interpret 

in a model independent way. The results can then be used to test the predictions of the 

mean-field theory.

2.1 PREDICTIONS OF THE MEAN-FIELD THEORY

Several authors7,8,9 have applied the mean-field formalism to investigate the 

phenomena of surface segregation in binary polymer blends. Most studies assumed a 

8-function (nearest neighbor) interactions between the monomers and the surface. The 

theory can easily be extended to include long range interactions between the monomers 

and the surface providing that such interactions are known. The following discussion 

will be limited in the case of 8-function interactions.

Consider that a binary blend occupies the upper half space z >  0 of the coordinate
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system, with use of the notation of Schmidt and Binder,7 the total free energy per unit 

area of the polymer blend, of concentration, 0(z), is given by

kBT i

where G(0) is the Flory-Huggins free energy

2
G('t') -A u  a d0 2

_ } . 360(1-0) dz
+ F  (2.1a)

G(0) = A ln 0  + J _ ^ ln ( l-0 )  + X0( 1 -0 ), (2.1b)
n a  n b

Ap = dG(<l>)/d<l>\z=a> is the bulk chemical potential difference between the two 

components A and B, with polymerization indices NA and NB, respectively, a is the 

statistical segment length, and Fs is the “bare” surface free energy (the free energy 

contributed from the enthalpic interaction between the monomers and the surface only). 

In order to solve equation (2. la) analytically, we assume that Fs is a function only of the 

surface concentration, 0 : , or equivalently that the interaction potential at the surface is 

a 5-function. The validity of this approximation will be discussed later. This 

approximation has the advantage that the solution to the integral equation becomes 

insensitive to the exact functional form assumed for F ^ j ) .  It simply provides a 

boundary condition for the segregation profile whose shape away from the surface is 

determined entirely by the bulk thermodynamic quantities, G(0) and A/x.

The integral part of equation (2. la) represents the increase of the free energy due to 

the concentration gradient. Minimizing the functional of equation (2.1a) yields a 

differential equation,
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that determines the concentration profile, for minimal increase of the free energy 

yet achieves a given concentration difference in the melt. This surface profile approaches 

to the asymptotic bulk volume fraction value exponentially as,

^(z)-<^oo *  e z^ .

Indeed when is close to <!>„, G(<f>) can be expanded in a power series,

(2.3)

(2.4)

then equation (2.2) is linearized to be

d (^ - 0 o o )  $-<!> c
dz £

where £ is given by

a l - * (
2Na

4>c
2N] + X0oo(l-<^oo)

- 1/2

(2.5)

(2.6)

The total surface excess is determined by how strong the surface energy difference 

between the components is. With d</>/dz substituted by equation (2.2), minimizing 

equation (2.1a) with respect to <j>x obtains the condition for the equilibrium surface 

enrichment:
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d FJLtd a
d <t>! 3

The left-hand side of this equation yields the incremental bare surface energy saved by 

covering the surface with an extra low surface tension component, while the right-hand 

side is the incremental energy spent in establishing the segregation profile below the 

surface.

2.2 EXPERIMENT

The polymers used in this study were h-PS (Pressure Chemical Company) and d-PS 

(Polymer Laboratories Ltd) of molecular weight 1800000 (Mv/M n < 1 .3 )  and 1030000 

(Mw/Mn < 1.15), respectively. The small-angle neutron scattering (SANS) experiments 

of Bates and Wignall10 measured x — ~  (2.9±0.4) x  10-4 +  (0.20±0.01)/T, for a 

50/50 blend of d-PS and h-PS. Assuming negligible concentration dependence of x, the 

blend of the molecular weights used in this experiment has an upper critical solution 

temperature of 176 °C at a critical d-PS concentration 4>c =  0.57. A series of blends with 

d-PS volume fraction, <£«,, ranging from 0.005 to 0.33 were prepared, and films of 

2-3 nm  thick were spun cast onto thin silicon wafers from toluene solutions. The 

samples were then sealed in glass ampules in a vacuum of 10- 6 Torr and heated in a 

vacuum oven at 184 °C for times ranging from 3 to 45 days. This temperature was 

chosen so as to be near the coexistence curve, but still in the one-phase region.

After annealing, the samples were examined by the technique of time of flight

C W - G W O - A ^ i -<*>„)
0 i( l-0 i)

1/2
(2.7)
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forward recoil elastic scattering (TOF-FRES). TOF-FRES is similar to the standard 

FRES technique6 except that the spatial resolution is improved by replacing the thick 

absorber foil used to stop the scattered a  particles with a time of flight detector assembly 

(TOF) requiring only a thin foil to generate timing signals from passing ions. By 

simultaneously measuring the energy and transit time across a fixed gap for each particle, 

the device can discriminate electronically between the lighter and faster H and D ions and 

the slower a  particles. For the typical FRES geometry, the energy resolution is about 

15 keV, which translates into a depth resolution of approximately 250 A for amorphous 

solid polystyrene,5,11,12 as compared to 800 A for FRES that uses a mylar foil 

(~  10 /im) placed in front of the detector to physically stop the a  particle.5

After TOF-FRES spectra are obtained, the samples were prepared for SIMS analysis, 

by floating onto their surface an additional ~400-A-thick PS film and evaporating a 

~  60-A-thick layer of gold on the whole assembly. No interfacial mixing between the 

components can occur in this process since both sample and coating films are in their 

glassy state. The purpose of the PS overlayer was to allow steady-state sputtering 

conditions to be established before the polymer blend surface region was exposed. The 

Au layer on the outermost surface provided a conducting path to ground in order to 

prevent charging of the nonconducting polymer film.

The sputtering was performed by using an Atomika 3000-30 ion microprobe and a 2- 

keV, 30-nA beam of Ar+ ions at 30° off-normal incidence rastered over a 0.5 x0.5-mm2 

region. Negative ions were monitored in order to avoid interference in the deuterium 

profile from H2 radicals. This region was carefully chosen not to overlap with the 

previous beam spot from the TOF-FRES analysis. Occasionally an additional 1-keV de­
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focused electron beam incident at 45° was directed onto the sample to eliminate beam- 

induced charging. The sputtering rate for the above chosen condition was approximately 

800 A/hour.

Figure 2.1 shows the raw SIMS data for a typical sample of d-PS volume fraction

= 0.18, annealed for 29 days. The ion masses analyzed correspond to carbon, CH, 

deuterium, and CD. From the data one first sees the narrow rise in the CH signal 

mirrored by a dip in D and CD signals, which corresponds to the thickness of the PS 

overlayer and defines the beginning of the sample surface. The large rise in the D and 

CD concentration, mirrored by the corresponding dip in the CH signal, is then apparent 

at the blend surface/overlayer interface. The carbon concentration is of course constant 

in all layers of the sample and was used as a monitor of the beam current. In this case, 

the flat carbon trace illustrates the stability of the sputtering beam over a 10-hour period, 

the acquisition time of this spectrum.

In standard SIMS experiments the sputtering time is directly converted to a depth 

scale by mechanically sensing the depth of the sputtered crater. This technique cannot 

be used with polymer films that are soft and therefore easily deformed. As a result the 

depth scale was calibrated by sputtering through a thin d-PS film, whose thickness of 

560 A was independently measured with ellipsometry. On the basis of this calibration, 

sputtering with the beam conditions described above yield resolutions for the 14% to 

86% rise and fall widths of 110 and 120 A, respectively. The worsening of the 

resolution (by 10 A) between the front and back edge of the d-PS layer may come from 

the thickness variation of the d-PS layer within the crater. The characteristics of SIMS 

is discussed in detail in chapter 1. As shown in Figure 1.7, the resolution of SIMS
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D e p t h  P r o f i l e
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N u m b e r  of d a t a p o i n t s

Figure 2.1 Raw SIMS data of a =  0.21 d-PS sample annealed for 29 days. 
The data show scans for D- , C- , CH- , and CD-  ions.



2 | Concentration Profiles at the Surface o f  d-PSfh-PS Blends 34

allows the form of the concentration profile derived from mean-field theory in equation 

(2.2) to be probed.

The sputtering rate of SIMS is difficult to be maintained constant, however, z*, the 

total surface excess defined as

00

z* = |(<Kz)-0oo)dz, <2,8)

can be quickly and efficiently measured by FRES. Consequently, the assumed 

calibration for all SIMS samples discussed in this work was checked by measuring z* 

independently with FRES.

2.3 RESULTS AND DISCUSSION

Table III Summary of Results of SIMS and TOF-FRES Measurements: 
Concentration Profile of d-PS/PS Blends

<£oo 4><x, ' a'b <t> ib * ic z* (A)fc z* (A)c

.005 .0047 0.035 ±  0.004 — 3.3 +  .4 —

.025 .024 0.15 +  0.01 — 15.4 +  3. —

.125 .120 0.68 ±  0.01 0.69 +  .03 110. ± 5 . 112. ±  10.

.184 .171 0.88 +  0.01 0.87 +  .03 192. +  8. 187. ±  14.

.210 .200 0.90 +  0.02 0.90 +  .03 215. +  10. 215. ±  15.

.265 .242 —' 0.95 +  .03 — 271. +  19.

“Volume fraction of d-PS at the depleted region next to the surface. 
^Results from SIMS experiments.
“Results from TOF-FRES experiments.
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Figure 2.2 (a) TOF-FRES and (b) SIMS data from samples annealed at 184°C 
for 29 days with initial volume fractions </><», of ( a ) 0.265, (o) 0.184, ( • )  0.125.
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Figure 2.2(a) shows TOF-FRES data from three samples annealed at 184 °C for 29 days 

with bulk volume fractions <f>oo =0.125, 0.184, and 0.265. Figure 2.2(b) shows the 

SIMS data from the two lower concentration samples. The solid lines in both figures 

correspond to fits of equation (2.2) with three free parameters, 0 ls and x- The 

profile is in good agreement with that predicted by the mean-field outlined in section 2.1 

and in all cases, best fits were obtained for x  — 1.5+0.1 x  10~4, in good agreement 

with the value extrapolated from the results of Bates and Wignall,2,10 x =

1.5 +0.2 x 10-4 . The fit parameters as well as z* are tabulated in Table III and plotted 

in Figure 2.3. From Table III as well as Figure 2.3 it can be seen that SIMS yields the 

same (to within experimental error) results as the TOF-FRES technique, confirming that 

heavy ion sputtering from polymer films maintains a depth-independent rate over the 

region studied and reliable, quantitative, and reproducible results can be obtained. 

Furthermore, comparison of parts (a) and (b) of Figure 2.2 indicates an additional 

important aspect of SIMS, namely, the improved signal-to-noise ratio, which allows the 

study of low-composition blends and detection of minor composition fluctuations.

2.3.1 Bulk Volume Fraction Dependence

Plotted in Figure 2.3(a) is z* vs. We find the surface excess is nearly proportional 

to with the proportionality constant of K = 1075 +23 A. From Figure 2.3(b) it can 

be seen that 4>a, increases rapidly, with nearly full surface coverage by the d-PS 

component already occurring at ~  0.10. Hence, the linear increase in z* is due

Voo' denotes the effective bulk concentration in the near surface region.
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Figure 2.3 (a) Surface excess z* and (b) surface concentration as measured by 
TOF-FRES ( a ) and SIMS (o) as functions of
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mainly to the broadening of the decay profile with increasing The increase in the 

decay length as ^  approaches 4>c is predicted by equation (2.2) and was shown 

previously4,12 to coincide with the correlation length for density fluctuations in the bulk 

for 4><» <  0.10. In Figure 2.3(b) we plot the projected surface concentration <£L as a 

function of <£<». The solid line is drawn to guide the eye. In order to actually predict 

the dependence of 4>1 on <£<*,, the solution to equation (2.7), FS(<1>{) must be determined. 

In Figure 2.4 we plot the right-hand side of equation (2.7), for the experimentally 

measured values of and equate it to dFs(01)/d01. From the dashed line in Figure 2.4 

it can be seen that the empirical form assumed by Schmidt and Binder,7 namely

w  = -  ^ i 2. (2-9)

where /xx and g  are related to the interactions between the monomers with the surface and 

the missing interactions between the neighboring monomers, is only a good 

approximation to the data for small Including terms of order «̂»13 did not significantly 

improve the fit.

The functional form that gives a better fit to the data is drawn as a solid line in 

Figure 2.4 and is given by

F ^ )  = + i8(l-^1)ln(l-01), (2.10)

with fix = 0.027+0.005 A, a  =  0.0030±0.0007 A, and j8 =  -0 .0095 +0.0007 A. This 

result is intuitively reasonable. The first term of this equation represents the chemical 

potential difference between the surface and bulk, which also appears phenomeno- 

logically in the formulations of Schmidt and Binder7 and Cohen and Muthukumar.9 The 

latter two terms are surface entropic factors, by analogy to the Flory-Huggins terms in
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Figure 2.4 Derivative of the surface free energy vs the surface 
concentration. The dashed line is a linear function fit to Jones et al. The 
solid line corresponds to a fit with equation (2.10).

equation (2.1b).

The analogy to the Flory-Huggins entropy of mixing is probably superficial. The 

replacement of one composition by the other next to the surface itself is not expected to 

change the entropy of the system. The entropic effect due to the difference in the chain 

length between d-PS and h-PS used in our system is expected to be included in the linear 

relationship as it is observed that the surface tension is a slowly varying function of the 

molecular weight. However, the polymers next to the surface may be distorted 

differently in the presence of other polymers that have different surface interaction 

energy, in different concentrations. Such an effect is not included in equation (2.1a).
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Cohen and Muthukumar9 have recently derived a more realistic expression for 

which includes a local surface interaction and surface entropy terms, as well as odd and 

even gradient terms to account for the intrinsic spatial asymmetry at the surface,

d 0, (2.11)
Fs(0i) = "Mi^i +ai^>iln^i + ^1( l - ^ 1)ln(l-<^1) + [o!2ln^1+/32ln ( l-0 1) ] _  + ...

and terms proportional to (d01/dz)2|z=o and (d20 1/d2z ) |z=o.

This expression has only three free parameters, n lt CA, and where CA — CB is 

a term proportional to a surface x- The at and terms are complicated functions of CA, 

CB, Na , and NB. The first three terms of equation (2.11) coincide with the functional 

form that best fits our data. Even though the application of the Doi-Edwards formulation 

to the region near a surface is not fully warranted, thus limiting the utility of equation

(2.11), equation (2.11) at least lends some justification for a surface entropy term similar 

to the Flory-Huggins expression.

Another important limitation of the theory, of both Cohen and Muthukumar9 and 

Schmidt and Binder7, is the assumption of a short-ranged (5-function) surface interaction. 

The effect of taking the surface interaction to be strictly localized at the surface is to 

make the concentration profile, <j>(z), simply “cut o ff’ the bulk profile at some value ^  

determined by the surface interaction parameters. In the case of Cohen and 

Muthukumar, this yields unrealistically large values for the gradient terms in equation

(2.11). Therefore, deviations of the shape of 4>(z) from bulk behavior would provide 

clear evidence of the breakdown of the local interaction picture. This is indeed the case 

of large <f>l3 as is discussed further in section 2.3.3.
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2.3.2 Time Dependence of the Concentration Profile

Figure 2.5 shows the concentration profiles for a series of samples having 4>a> = 0 .33  and 

annealed for times varying from 3 to 45 days. The solid lines are least square fits to 

equation (2.2), and the results are summarized in Table IV. corresponds to the 

concentration in a depleted zone adjacent to the surface, as explained in reference 13, 

which from Figure 2.5 can be seen to be approximately 1000 A wide. This region is 

more clearly seen in Figure 2.6, where we plot the depth profile up to 4000 A from the 

surface of a <!>„ = 0.21 sample annealed for 29 days. Figure 2.7 is a plot of z* and <t)l

0.7

45 days 
31 days 
11 days 
3 days

0.6

g 0.5
o
g 0.4M

0s
S3iH

0.3

o 0.2 >

0.1

0.0
500 1000 1500 2000 2500

depth (A)

Figure 2.5 Surface concentration profiles for a = 0.33 blend annealed for 
various times at 184 °C.
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Table IV Summary of Results for the Concentration Profiles for a 
^oo =  0.33 Blend Annealed for Different Times at 184° C.

t  (hour) z* (A) <t>oo'

75.5 0.375 19.2 0.317

268.8 0.490 60.4 0.315

744.0 0.635 119.6 0.312

1080.0 0.700 163.0 0.320
ooa 0.970 340. 0.330

Predicted values for the equilibrium profile.

184'
0.8

c
o

CD

£  0.4
~o
>

0.2

0.0 400200100 300
Depth ( n m )

Figure 2.6 Surface concentration profile for a </><„ = 0.210 blend annealed 
for 29 days at 184 °C.
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Figure 2.7 Measured surface concentration, <£l5 and surface excess, z*, 
plotted as a function of the square root of the annealing time.

vs. the square root of the annealing time for the profiles shown in Figure 2.5. As 

pointed out by Jones and Kramer,13 conservation of mass requires that the excess 

material at the surface equal the amount missing from the near surface depleted region. 

It is reasonable to assume that sufficiently far from the surface the size of the depleted 

region should scale at V D t , where D is the bulk diffusion coefficient. The surface 

excess can then be approximated by

z* = t o o . - * J ) f t *  ■ (2*12)

Contrary to the assumption made in reference 13 of local equilibrium between the surface 

profile and the depleted region, from Table III and Table IV it can be seen that <(>„,' does



2 | Concentration Profiles at the Surface o f d-PSZh-PS Blends 44

not vary much from for the measured annealing times. Taking an average value of 

=  0.316 from Table IV together with the best fit value for the slope,

0.097+0.005 A* s“ 1/2, of the z* curve, yields a mutual diffusion coefficient of D = 

4.8 x  10“ 15 cm2/s. This result is in good agreement with the mutual diffusion coefficient 

for a < ^ 0 0  ~  0.3 blend at 184 °C, D = 3.0 X 10“ 15cm2/s calculated from the expressions 

given in the literature14 and using the measured value of x =  1.50+0.03 X 10“ 4. 

From Figure 2.5 and Figure 2.7 one can see that all the profiles for the samples annealed 

less than 45 days are well fit by equation (2.2) and that also scales as tm  in the 

observed range of annealing times. This scaling indicates that the increase in the surface 

concentration, i.e. , the adsorption to the surface, is not significantly faster than the bulk 

diffusion rate. Moreover, for each annealing time the profile of minimum energy is 

consistent with the mean-field prediction, with z* limited mainly by the bulk diffusion 

dynamics, indicating that the surface profile maintains a constant dynamic equilibrium 

with the depleted area, which does not vary much from the bulk.

It must be stressed that no evidence exists as yet that these conclusions are generally 

true at short times. From the fact that the lines in Figure 2.7 do not go through the 

origin, we can infer that at short time z* builds up somewhat slower than predicted by 

equation (2.12).

2.3.3 Form of the Concentration Profile

It has been shown previously that, for low d-PS volume fractions (<£„, ~  0.10), the 

surface profile can be approximated by a simple exponential function with a decay length
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Figure 2.8 Concentration profile for = 0 .18  d-PS/h-PS blend annealed 
for 29 days at 184 °C. The solid line is a fit to eq (2.2), while the dotted 
line is a fit to an exponential decay.

equal to the correlation length for concentration fluctuations in the bulk.4,12 It can be 

shown from equation (2.2) that in the framework of mean-field theory, the profiles begin 

to differ significantly from a simple universal exponential decay at higher concentrations. 

This is illustrated in Figure 2.8, which shows the concentration profile for a <£« =  0.18 

blend annealed for 29 days. From Figure 2.8 it can be seen that the spatial resolution 

of SIMS is sufficient to differentiate between an exponential decay and the mean-field 

functional form given by equation (2.2). On the other hand, the spatial resolution of 

SIMS is insufficient to determine the initial slope of the function, d<f>/dz, in the near

Experimental data 

I. Schmidt & K. Binder 

Exponential with <t> 0.9
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Figure 2.9 Expanded section of the near surface region for the <£«, = 0.33 
blend annealed for 45 days.

surface region. Neutron reflectivity measurement4 on samples with <  0.15 indicates 

that there may be a flattening of the concentration profile in the first 20 A near the 

surface. A distinct flat region, approximately 100 A wide, is clearly seen in Figure 2.9, 

which shows an expanded portion of the near surface region of the =  0.33 sample 

annealed for 45 days. As can be seen from Table IV, the z* for this profile is still far 

from equilibrium, and hence the width of the flat portion is just a lower limit on the final 

equilibrium value. The form of the profile in Figure 2.9 is not predicted by equation 

(2.2) but may still be consistent within the framework of the mean-field model, if one 

assumes a surface interaction of finite extent rather than the 5-function approximation
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used to solve equation (2.2) in closed form. Furthermore, equation (2.7) is a direct 

result of the 5-function surface boundary conditions,7,9 and therefore the form of the 

surface free energy obtained from equation (2.7) and shown in Figure 2.4 may not be 

correct for large 0 ^  and 0j. It should be noted though that, as can be seen from 

Figure 2.9, the form of the decay of the surface concentration away from the surface 

layer is still consistent with equation (2.7) and, as mentioned previously, independent of 

the assumed form of the surface interaction.

From the time dependence data in Figure 2.5, it can be seen that the flat portion does 

not develop gradually or appear at large 0 X, which would be expected if the surface 

potential were only a function of 0 ^  In fact, <f>i for the profile in Figure 2.9 is smaller 

than that for other profiles where this feature is not as obvious. As <}>„, approaches the 

critical concentration, precise determination of the coexistence curve becomes more 

important. The experimental error on the value of x  for d-PS/PS blend2 translates into 

a 10 °C uncertainty in the determination of the critical temperature for the blend. Hence, 

we cannot rule out the possibility that in the near surface region we are approaching a 

coexistence concentration and we are observing the growth of a surface macroscopic 

layer as predicted in reference 7 and by equation (2.2).

2.4 CONCLUSIONS

In conclusion, it has been demonstrated that the spatial resolution obtained by a 

combination of ion scattering techniques is sufficient to determine the form of the 

concentration profile at the surface of a polymer blend. To the resolution of SIMS, the
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shape of the profile is consistent with mean-field theory when the bulk volume fraction 

is small. For samples with high bulk volume fraction, the gradient at the near surface 

region appeared to be much smaller than predicted. The “bare” surface energy appeared 

to be a complicated function of the surface volume fraction. We believe the possible 

reasons for such difficulty are either the lack of a statistical model for polymer chains 

near a surface or the surface interaction is longer ranged than assumed in the strictly 

local interaction models. The growth of the decay profile, as well as the surface 

concentration, seems to be a diffusion-limited process, with a diffusion constant equal to 

the bulk mutual diffusion coefficient.
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Chapter  3

Thermodynamics of 
Grafted Chains in the Melt

Grafted polymer chains can play an important role in modifying the surface properties 

of solids. In particular, polymers where a polar or reactive end adsorbs to a solid 

surface while the rest of the chain is chemically inert and miscible within the polymer 

melt are often used in the manufacturing of adhesives and composite materials. Because 

of their many practical applications, grafted polymer chains have been the subject of 

intensive theoretical1,2’3,4,5,6 and experimental2’7’8’9,10,11,12 research. The 

different theoretical models, reviewed by Milner13, for the grafting dynamics of 

adsorbed polymers are mainly applicable to stretched chains in dilute solutions. This 

limit is not appropriate for anchored chains in a melt where, due to screening of the 

excluded volume interaction and the constraint of constant polymer density, the stretching 

of the chains is greatly reduced. Numerical calculations for melts, based on self-

50
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consistent lattice models, have recently appeared and are reported to work well in the 

dense brush regime such as that obtained with block co-polymers at interfaces.6*14 In 

order to test these and other models, it is essential to identify the mechanism of the chain 

attachment, and measure the resulting chain conformations and kinetics. This is achieved 

most conveniently using the technique of secondary ion mass spectrometry (SIMS), which 

directly measures the concentration as a function of depth in a model-independent manner 

for various molecular species with a depth resolution of approximately 100 A.

3.1 GRAFTING OF CARBOXY TERMINATED 
POLYSTYRENE TO SI-OXIDE SURFACE

We studied the system of carboxy terminated deutero-polystyrene chains, dPS-COOH 

(Mw = 86000, M JM n <  1.1), grafted onto Si-oxide-covered substrates in blends with 

polystyrene (PS, Mw =  670000, M jM n <  1.06, Pressure Chemical Company). This 

system was chosen since polymers capped with carboxylic acid were shown to be far less 

prone to associate into clusters than those with zwitterion or amine ends.15 

Furthermore, for the molecular weights used in this study, the chemical interactions 

between the grafted and matrix chains are minimal16, simulating as closely as possible 

ideal conditions in a melt.

dPS-COOH is obtained from L. J. Fetters from Exxon Research and Engineering. 

The molecular weight of dPS-COOH is 86000g/mole, obtained by comparing with dPS 

standard (Mw =  104000, Polymer Laboratories, Ltd) using gel permeation 

chromatography (GPC). Samples of dPS-COOH and PS blends approximately 2000 A
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thick were made by spin coating from chlorobenzene solution directly onto oxide-covered 

Si substrates or by floating a layer of PS on top of another layer of dPS-COOH 

previously spun directly onto the Si substrate. In both cases the total initial volume 

fraction, <£initial, of dPS-COOH ranged from 0.01 to 0.33. The samples were annealed 

in a vacuum of 10-5 Torr at 135 °C for 10 days, 160 °C for 48 hours, 200 °C for 13 

hours, and 240 °C for 24 hours. The fact that the SIMS profiles of samples with the 

same total 316 similar in grafting density and distribution regardless of the method 

of preparation indicates that the equilibrium condition is reached. The arrival of 

equilibrium condition (at 160 °C for 48 hours) was also confirmed by subsequent time 

dependent measurement of brush growth (see Chapter 4).

The volume fraction profile of dPS-COOH of a typical sample is plotted in 

Figure 3.1. The peak next to the substrate surface (x =  0) represents the attached chains. 

The grafting density can be represented by the volume of grafted chains per unit area, 

z*, defined in this chapter as

OO
z* = [Wfc)-*„,0W]dz , (3-1)

where d(x) is the step function. The factor 1/(1 —̂ >oo) in equation (3.1) comes from the 

assumption that everywhere through out the sample the composition of the un-grafted 

chains, 4y, and the matrix chains, 4>m, has the same ratio, i. e. ,

4* i f f )  4* oo /a——  = Const. = — — . (3.2)
4>fx) 1-0*.

The number of grafted chains per unit area, a, is related to z* in the following way,
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Figure 3.1 The dPS-COOH volume fraction as measured by SIMS of a sample 
with înitial =  0.094 annealed at 135 °C for 10 days. The inset shows the 
definition of z*.

a = £ l  = i l *  , (3.3)
Nv M

where v = 173 A3 is the volume of the polymer monomer, p =  1.02 X 10-24 g/A3 is the 

density of polymer,17 and M  is the molecular weight of the polymer.

Another quantity that characterizes the grafted chains is the width of the grafted chain 

profile, w, which is determined in a way demonstrated in Figure 3.1. A line 

corresponding to volume fraction 4>oo +  WWx ~  ^oo)/4, where </>max is the maximum 

volume fraction from the measured profile, is drawn across the peak. The line intersects
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the peak at points A and B. The distance from the point that bisects A-B, O, to the 

surface is defined as w. One would consider using such quantities as the average 

distance of the profile to the surface,

OO

<*> = ^ -</»c x , d x  ,

as a better quantity to characterize the profile width. However, it turns out that such an 

average is too sensitive to the tail of the profile and small variation in selecting <£,».

3.2 BULK CONCENTRATION DEPENDENCE

The profiles of dPS-COOH (Mw =  86000) and PS (Mw =670000) samples of various 

initial volume fraction prepared from either blends or bilayers annealed at T — 160 °C 

for 48 hours are shown in Figure 3.2. The quantities a, </>«,, and w are tabulated in 

Table V and plotted in the inset of Figure 3.2 (the solid line is to guide the eye). It can 

be seen that for the lower two concentrations (^inu^i = 0.0083 and 0.05, z* =  16 and 

66), the profiles have the same width. When the brush density increases to z* =  107, 

the profile clearly becomes wider. We consider such an increase in profile width to be 

the result of the stretching of the end-grafted chain due to the limited available space to 

accommodate relaxed chains at this grafting density. Assuming a monomer density17 of 

p = 5 .9  X 10-3 A -3 , one can approach a packing density for a polystyrene melt of 

Mw =  86000 of approximately 22 chains in a cylinder of radius, Rg and length 2Rg (the 

thickness of the unstretched layer). Consequently, one can see from both Figure 3.2 and 

Table V that when the number of chains grafted in an area itRg2 approaches this estimate,
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Figure 3.2 Volume fraction of dPS(COOH) from its blend with PS 
(Mw = 670000) annealed at T -  160 °C for 48 hours.

the chains are forced to stretch as a result of the melt incompressibility.

The stretching of the grafted chains is the main fact responsible for the deviation of 

the grafting density from the linear relation with the bulk volume fraction. Because the 

brush is in contact with the bulk, the chemical potentials, na and of the grafted and 

ungrafted chains respectively, should be equal. For a solution, given the molar Gibbs 

function as a function of the molar fractions of each components xt, g = 

g(x1,x 2, . . . ,xh ...,x^), the chemical potential of the ith component is
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Table V Summary of Data For dPS-COOH/PS° Samples Annealed at 160 °C

înitial 0oo z* (A) w (A) a (10‘3 A'2) (T (7T/?e2)

0.0083 0.0034 16. 71. +  10. 0.093 2.05

0.05 0.017 66. 71. ±  4. 0.38 8.5

0.094 0.035 107. 110. ±  5. 0.62 14.

0.154 0.066 179. 126. +  5. 1.04 23.

0.19 0.093 214. 145. ±  5. 1.24 27.

0.22 0.10 229. 142. +  6. 1.33 29.

0.29 0.166 303. 181. +  7. 1.75 39.

0.34 0.185 277. 268. ±  6. 1.61 35.

0.196* 0.136 179. 182. ±  5. 1.04 23.

flPS Mw =  670000 unless otherwise stated.
^Matrix consists of 50% PS of Mw =  670000 and 50% PS of Mw =  1700.

*,.g+ dXj
(3.4)

Ignoring the interaction of the end-group with other monomers, and using Flory-Huggins 

free energy, the chemical potential of the un-grafted dPS-COOH chain (of degree of 

polymerization N) is

He
kBT = ln(<£oo) + (1 -0 .) 1 -ÂT

+ (1 -0O0f N X , (3.5)

where x =  (1.7+0.4) x  10“4 is the Flory interaction parameter16 at 160 °C and N ' is the 

degree of polymerization of the matrix polymer.

The chemical potential of the attached chains can be approximated by;
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Figure 3.3 /xa vs. for dPS(COOH) in a melt of PS (MIV=670,000) matrix ( • )  
and PS (A/w=670,000) plus PS (Mw=1700) matrix ( a )  at 160 °C.

h .  = !„(„*•) + 2_!i + + c„, (3.6)
V  Z<?N kBT  « ’

where x is the cross-sectional area of the polymer chain. Taking the specific volume of 

1.0 ml/mg for polystyrene17 (at 160 °C) and the fact that the deuterium substitution in 

organic molecule reduces the size only slightly,18 we get x =  31 A2. The first term in 

equation (3.6) represents the occupational entropy of the attached end, in analog to the 

ln(0oo) term in equation (3.5). The second term is the stretching entropy of the grafted 

chains. Other unknown factors associated with the occupational and stretching entropy
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Figure 3.4 Concentration profiles of dPS(COOH) in PS (3/^=670000) matrix 
(o) and 50% PS (3/w=670000) 50% PS (A/w=1700) matrix (• ) .

is represented in the temperature independent constant Ca, which can be determined in 

the following way: Considering the case of AH =  0, the possibility of finding a site on 

the surface occupied by the chain end will be air =  b^lN . With use of na =  at the 

limit of 0 0 ,, -* 1 , we get

c, = lnJV -  4 ^  . (3.7)
2 a2N

where r0 is the mean end-to-end distance of unstretched chain.
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r  in equation (3.6) is defined as the average distance to the surface of the free end 

of the grafted chain. Since we do not have an exact solution for the conformation 

profile, we take r  to be approximately equal to w. Figure 3.3 is a plot of jxa — AH vs. 

Pa,, calculated from the data in Table V. The fitted slope is 1.07 ± 0 .0 6 , and the 

intercept of the fitted line with the vertical axis should give the value of AH  

(— 5.8 ±  0.1 kBT  with T  =  160 °C, or — 5.0 kcal/mol).

In order to further test the validity of this formulation, we prepared a bilayer sample 

corresponding to < £ ^ ^ 1  =  0.20, but where the matrix layer was composed of 50% PS of 

Mw =  670000 and 50% PS of Mw =  1700. From Figure 3.4, we see that as expected 

by mean field theory19, the shorter chains swell the grafted layer. The resulting entropy 

loss increases the energy of the grafted chains. To obtain the same grafting density, the 

end-labeled chain concentration in the bulk needs to be higher. Substituting the measured 

values of a and into equations (3.6) and (3.5) we see from Figure 3.3 that the 

experimental point (triangle) agrees well with the predicted value.

3.3 TEMPERATURE DEPENDENCE

The enthalpy of attachment of — 5.0kcal/mole obtained from the equilibrium grafting 

density as a function of bulk volume fraction can also be verified by temperature 

dependence measurement. Figure 3.5 plots fia vs. for the same samples of dPS- 

COOH/PS mixture annealed at 135 °C ( a ), 160 °C ( • ) ,  200 °C (o), and 240 °C (a), 

where AH  =  — 5.0 kcal/mole is used. The solid line is the fit to the 160 °C data (which 

is the solid line in Figure 3.3 translated by AHlkBT  units). With the slope fixed at 1.07,
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the dashed line is the fit to the data obtained at 200 °C. Its intersection with the vertical 

axis is 0.05. The data obtained at other temperatures fall closely to 160 °C data as well.

The mechanism of attachment is not very clear at this time. Given the fact that the 

energy of interaction is small, the attachment is likely due to intermolecular interaction. 

In this case, the probability of chains being grafted and the probability of chains being 

free are determined by the Boltzmann distribution, that is,

£ l  «  e-*** . (3.8)
<£oo

0

•1

h i - 2

£ - 3

- 4  

- 5

- 5  - 4  - 3  - 2
Moo ( k BT )

1 0

Figure 3.5 n a vs. /<«, for the dPS-COOH/PS mixture annealed at 135 °C (a ), 
160 °C ( • ) ,  200 °C (o), and 240 °C ( a ) .
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where AE  is the sum of the enthalpy of attachment, AH, and the configuration entropy, 

TAS, AE = AH +  TAS.

If the attachment is of chemical origin, for example,20,21

PS-COOH + SiOH ** PS-COOSi + H20  , (3.9)

where the carboxyl end group and the silanol are respectively the acid and alcohol groups 

which react to liberate water and form the PS-COOSi ester, the equilibrium constant, K, 

for this reaction22 is

A H -T A S
[H20]-[PS-COOSi] _ r  ~ kBT (3.10)
[SiOH] • [PS-COOH] °6

where C0 is a temperature independent constant, and AH is the enthalpy change of the 

reaction. The concentration of the ester, [PS-COOSi], is simply the grafted chain 

density, which is proportional to z*, and the concentration of unreacted PS-COOH is 

proportional to the volume fraction of unattached chains in the bulk, <£«,. If we assume 

that the density of OH groups on the silicon oxide surface is similar to that previously 

measured on silica and glass particles16, approximately 3 to 5 groups per 102 A-2, then 

the concentration on the surface is to first order unaffected by the attachment of the 

polymer chains whose grafting density, o =  z*p/N (where p is the density of polystyrene 

and N  is the polymerization index of the grafted chain), is on the order of 10“ 3 A-2. 

Similarly, the H20  concentration is unaffected since it is primarily determined by the 

base pressure of the vacuum system. The equilibrium constant, K, becomes proportional 

to the ratio of the experimentally measured quantities z* and </>,» and one arrives at a 

same equation as (3.8) which can be rewritten as,
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AH  
kB T

(3.11)

Equations (3.8) and (3.11) are equivalent to =  /*«,, when the molecular weight of 

matrix chain and the molecular weight of end-labeled chain are equal, ie., N  = N '.

a surface by the thermodynamic equilibrium between grafted chains and chains in the 

bulk, some questions remain unsolved.

The segregation of deterated polystyrene monomer to the surface is ignored, thus the 

grafting density is overestimated. Samples of dPS (Mw = 104000) and hPS 

(Mw =  670000) blend shows that the segregation is a factor of 10 lower. We believe the 

grafting is mainly a result of end attachment for end-functionalized chains.

The reference state of the chemical potential of COOH-dPS chains in bulk, /*„, is in 

a melt of pure COOH-dPS chains. The interpenetration between the grafted chains and 

the matrix chains is ignored. The error in entropy might have been taken cared of by 

the correct determination of constant Ca. The monomer-monomer interaction between 

dPS and hPS, on order of Nx, is small and the interpenetration is probably weak, so the 

error resulting from the monomer-monomer interaction should not be significant.

Estimation of the stretching energy is quite primitive. This is indeed a two folded 

problem. First, since a statistical model for chains in contact with a surface is not

3.4 DISCUSSION

Despite the success in describing the grafting of end-functionalized chains in the melt to
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available, the average position of the other end is approximated by the width of the 

profile which itself is some what subjective. Since the instrumental resolution folds the 

peaks of different width to a different degree, the 1/4 rule used for determining w is not 

too reliable. Second, the entropy expression, S = 3r2/2/f02, can be derived either 

assuming the ends are fixed at a displacement of r , or assuming each segment has equal 

preferred orientation of r/N. It is not clear, however, whether the expression is valid for 

chain distortion caused by the presence of a surface.

It should also be pointed out that the correct expression representing chemical 

potential risen from stretching entropy of the grafted chains should be

2 *o2

The second term in the above equation, the effect on the stretching of other grafted 

chains by adding or removing one chain, is neglected, resulting the underestimation of 

the chemical potential of the grafted chains.
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Ch a pt e r  4

Kinetics of 
Brush Construction

Equilibrium brush density as a function of the concentration of the free chain adjunct to 

the surface in melt has been studied in the previous chapter. The equilibrium condition 

is reached when the energy associated with the end-adsorption is equal to the energy 

required for the chain to be stretched. The dynamical aspect of the brush formation is 

expected to be controlled by the same adsorption-stretching mechanism. Ligoure and 

Leibler1 described the formation of the brush from separated adsorption and desorption 

parts, where the adsorption is controlled by diffusion for low brush density, but is 

significantly slowed down when the brush density becomes high and the chain started 

being stretched.

65
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4.1 SAMPLE PREPARATION

We measured the brush density as a function of time with the carboxy terminated 

deuterated polystyrene (dPS-COOH) in a matrix of polystyrene (PS), binding to native 

silicon-oxide on a silicon substrate. The molecular weight of dPS-COOH is 

86000g/mole, measured by GPC on the dPS component prior to attachment of the 

COOH end. The samples were prepared by first spin casting, out of chlorobenzene 

solution, a layer of polystyrene (Mw = 670000, M JM n <  1.06) on the silicon substrate, 

then placing on the top a layer of dPS-COOH. Samples were made on each of the 

following two types of substrates: Native oxide-covered silicon substrate as received 

from the supplier, and silicon substrates covered by a self-assembled octadecyltrichloro- 

silane (OTS) monolayer. The oxide-covered substrate was washed in a solution of 

H20 2 : NH4OH : H20  = 1 : 1 : 3  mixture at 80 °C for 5 minutes before use. After the 

wash, water wets the substrate completely, indicating the existence of a clean oxide 

layer. The purpose of the OTS monolayer is to prevent the PS-COOH from adsorbing, 

so that the diffusion coefficient of PS-COOH in the PS matrix can be measured. The 

thicknesses of the samples were measured using ellipsometry. On the oxide-covered 

substrate, the thickness of the bottom PS layer and the top dPS-COOH layer are 

2450 ±  20 A and 430 ±  8 A respectively. On the OTS covered substrate, the thickness 

of the PS and dPS-COOH layers are 3000 A and 2500 A respectively. Two samples 

otherwise identical to the above samples except with inert dPS (Polymer Laboratories 

Ltd, Mw =  104000, M JM n <  1.05) in the place of dPS-COOH were also made as 

control samples. The above samples were then cut into small pieces and annealed at
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160 °C for varies times up to 6 days. The concentration profiles after the annealing were 

measured by the dynamic secondary ion mass spectrometry (SIMS) technique.

4.2 BULK DIFFUSION OF THE END-LABELED CHAINS

Figure 4.1 is a plot of the concentration profiles of the dPS-COOH/PS and dPS/PS 

bilayer samples made on the OTS covered substrate annealed at 160 °C for 40.5 minutes. 

While the chemical difference of the end-group itself is not expected to affect the 

diffusion of a long polymer chain, the diffusion rate can be strongly affected if  the polar 

end-group has the tendency to aggregate. Such an effect was not found in our system 

as seen in Figure 4.1 where mutual-diffusion profiles of dPS-COOH/PS and dPS/PS (the 

distance is scaled by NdPS/NdPS_COOH) are shown to be identical. Furthermore we can 

compare the mutual-diffusion profile with that calculated from the diffusion equation,

0 *  = A
dt dx dx

(4.1)

where D(<f>) is the composition dependent mutual-diffusion coefficient,2,3

—  D \  + — D* 
K  A <t> B B

— + — ------2* , (4.2)
. * A * A  * B * B

where D*A and D*B are the tracer diffusion coefficient of polymer A and B respectively. 

Since dPS and PS are chemically identical polymers we assume their self-diffusion 

coefficients scale as the inverse square of the molecular weight only, i. e. , 

D*a  =  D% Nb2/Na2 =  D*. Since the OTS monolayer prevents the adsorption of 

dPS-COOH to the surface, the closed boundary condition, d<f>/dx\x=0 — 0, applies.
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Figure 4.1 Comparison of diffusion profile of COOH-dPS (o) and dPS ( • )  into 
hPS (Mw =  670000) matrix.

Consequently, the self-diffusion coefficient can be obtained by fitting the diffusion 

profiles and the results agree reasonably well'*' with those in the literature.4

4.3 TIME DEPENDENCE OF THE BRUSH GROWTH

t it  is found within the time scale of this experiment, that the diffusion coefficient 
obtained from fitting the data by equation (4.1) decreases as a function of annealing time. 
Such anomalous mutual-diffusion behavior will be discussed later. Meanwhile a diffusion 
coefficient proportional to t~ 112 is used in the subsequent discussions in this chapter.
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Figure 4.2(a) The brush density as a function of the unattached chain 
concentration next to the brush for the growing brush (o) and the equilibrized 
system (•) .

For the samples made on native oxide covered silicon substrate, when the dPS-COOH 

diffuses through the PS layer and reaches the substrate, it can be attached to the 

substrate. Figure 4.3 is the plot of the dPS-COOH profiles at different annealing time 

as measured by SIMS. The brush density (the volume of chains adsorbed per unit area) 

z*, the width of the profile w, and the concentration of dPS-COOH in the region next to 

the brush <£0, of samples with different annealing time are summarized in Table VI. 

Comparing the data with the equilibrium result, it can be seen from Figure 4.2(a) that 

z* as a function of dPS-COOH concentration next to the brush is significantly lower than
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Figure 4.2(b) The brush width as a function of the brush density for the growing 
brush (o) and the equilibrized brush (•).

Table VI Summary of Time Evolution of Brush Construction

Time (min) z* (A) w (A)
20. 0.034 20.1 72.

40. 0.063 19.2 75.

120. 0.080 105. 107.

260. 0.088 154. 127.

780. 0.093 200. 148.

1260. 0.095 189. 150.

8460. 0.090 227. 227.
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the equilibrium value, indicating that the brush construction is controlled by the ability 

of the end-functionalized chain to penetrate through the existing brush at the surface. 

This is also indicated by the fact that after a long time annealing, when the bulk 

concentration is nearly uniform in the sample, the brush density continues to increase for 

a much longer time (Figure 4.3). On the other hand, the width of the brush as a function 

of the brush density is the same as that of the brush in equilibrium (Figure 4.2(b)), 

indicating that the time it takes for the adsorbed chains to reach minimum energy 

configuration is shorter than the time needed for the chains to be adsorbed.
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Figure 4.3 The dPS-COOH concentration profile after annealed at 160 °C for 
( • )  20 minute, ( a )  40 minute, (■) 120 minute, and (o) 260 minute. The dPS- 
COOH is initially deposited on the top of a PS layer.
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Knowing that the equilibrium between the adsorbed dPS-COOH chains and the free 

dPS-COOH chains is dynamic, there should be constant exchange between the adsorbed 

and the free chains. For a system approaching equilibrium, the rate of increase of the 

adsorbed chain density is governed by the net flux near the surface. Thus the boundary 

condition should be written as:

where S  describes the rate of adsorption and R  describes the rate of the desorption. The 

ratio between R  and S ,T  = R/S, determines z* as a function of dPS-COOH concentration 

in the bulk. The adsorption and desorption rates, R  and S, are expected to be functions 

of z* as well as the structure of the brush, and thus will vary during the course of the 

brush construction.

Ligoure and Leibler1 and Milner5 calculated the process of brush construction in 

solution. Their calculation can be used to determine R  and S  as functions of z*, <£„,, and 

w. In order for a chain to be grafted, the COOH labeled end has to penetrate through 

the existing brush. At the moment when the labeled end is at a distance x  from the 

surface, the chain will be, on average, stretched by w —x,  with w the stretching of the 

chains in the existing brush. Thus for a chain to be grafted, It has to overcome a 

potential barrier of the form

The second term represents the interaction between the monomer with the surface, which

(4.3)

o
(4.4)
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has one bound state of AH, the energy of the interaction. If the concentration of the end- 

labeled chain is low and the interaction between the end-labeled chain and the matrix 

chain is negligible, the evaluation of the probability distribution of the labeled end, 

P(x, t), is described by the Fokker-Plank equation:5,6

change of P(x, t) is slow everywhere except at the surface and the current, fix ), will be 

nearly constant. Setting the left side of equation (4.5) to zero, the flux of the chain end 

distribution can be written as:

where v = 173 A3 is the volume of the polymer monomer, t  — 31 A2 is the inverse of 

the number of available adsorbing sites per unit area, and ttz* / N v  is the fraction of 

adsorbing sites being occupied, that is, P(0, t )  =  ttz* / N v .

For a very asymmetric function fix), The integration in equation (4.6) can be 

evaluated using the approximation introduced by Halperin:5,7

where / is the width for the barrier at kBT  below the maximum and f m(t) is the maximum 

of the energy barrier at time t, which is the stretching energy of the chain when the chain 

end just reaches the surface but before being attached:

4-POc.O = - - f •/(*,!) = . (4.5)
dr dx dx (dx dx /

Since the brush growth is controlled by the adsorption and desorption at the surface, the

-l
(4.6)

(4.7)
o
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fm(0 _  f(0+ ,t) = 3 w(t)2 (4.8)kBT  kBT  2

We can then write

fm
_ D * <j> kBT

~ T n (4.9)
AH

D * Z * 1 X ~ W  

I Nv

Note in equation (4.9), P(oo,t) is substituted by 4>IN. The equilibrium condition is 

reached when Jm equals to 7out. Comparing this with the equilibrium condition of 

figo =  fia in section 3.3, it can be seen that the molecular weight difference between the 

grafting and the matrix chains is ignored.

I can be determined from w2 — (w—l)2 = 2R02/3. With R0 = 210 A, and w  ranging 

from 72-227 A, I ranges from 70-150 A. Since I does not significantly affect the 

result,^ we take it to be a constant of 100 A. With this approximation, 70Ut is, as 

expected, proportional to z*. The Jout/z* ratio can be determined by substituting the 

equilibrium z*, w, and data obtained in section 3.2 into the condition for equilibrium, 

Jout = Jm. We obtain Joul/z* = 2.3 x  10”7 A (D*/l) at 160 °C.

The diffusion equation can now be solved numerically (Appendix A) using equation 

(4.9) as the boundary condition. The calculated brush density as a function of time is 

plotted in Figure 4.4 (solid curve). The agreement between the calculation and 

experimental data (open circles) is very good. The calculated diffusion profile of

^Different I values were checked in the subsequent calculations and the effect was 
found to be insignificant.
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Figure 4.4 The growth of brush density as a function of annealing time. The 
solid line corresponding to the calculation.

dPS-COOH is also in good agreement with the experimental profile obtained by SIMS 

(Figure 4.3).

Before the brush density becomes very high, the final equilibrium value, as well as 

the value at intermediate time, of z* is sensitive to the interaction energy AH. The time 

dependent increase of brush density may provide a method of measuring interaction 

energy between a functional group and a surface, when the energy is so large that at 

equilibrium, almost all chains are adsorbed.



4.4 CONCLUSIONS

4 | Kinetics o f Brush Construction 16

The diffusion of COOH labeled polystyrene in polystyrene matrix is not affected by the 

functional end group. The construction of the brush is controlled initially by the 

diffusion. When the brush density is significantly high, so the adsorbed chains are 

stretched, the stretching energy becomes the controlling factor of the brush construction. 

The time dependence of the brush construction can thus be calculated assuming a constant 

flux near the surface. The measurement provides an excellent means of obtaining the 

interaction energy between an end-group and a surface.
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Ch a pt e r  5

Statistics of Polymer 
Chains in a 

Heterogeneous Environment

It has been recognized many decades ago that the polymers adsorbed at the surfaces of 

dispersive particles keep the particles from aggregating.1,2 Since then, the problem of 

the polymer chain adsorbed to a surface in a dilute solution has been attracting constant 

attention. In comparison, the configuration of the polymer chains next to a surface in 

the melt is less extensively studied, although interest has been growing recently. 

Obtaining an exact solution is far more complicated for concentrated solutions or melts 

than for dilute solutions. The adsorption of chain to a surface out of a dilute solution can 

usually be effectively treated using a mean-field approximation, as long as the 

concentration of the polymer is not very high. For a chain near a surface in a melt, the 

mean-field approach is not valid. However, this fact is easily overlooked. Assumption

77
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of either a reflecting wall or single chain statistics is made without justification in many 

theoretical studies.

This part of the thesis is an attempt to address this problem. The discussion at the 

moment is restricted to configuration of linear polymer chains next to a surface in a melt 

of identical chains.

5.1 POLYMER CHAINS IN A HOMOGENOUS ENVIRONMENT

Let’s first review the configuration of linear polymer chains in a homogenous 

environment. One unique property of the macromolecule is that its molecular weight, 

or the length of the chain, can vary over orders of magnitudes and its physical properties 

can usually be expressed in power laws of the molecular weight. Such scaling law is the 

manifestation of the long chain nature of the polymer. One quantity requiring attention 

is the size of the chain which can be characterized by its root-mean-square of end-to-end

where N  is the number of segments in the chain, r ; is the position of the zth segment 

alone the chain, and re is the center of mass of each chain. The scaling of the size as 

a function of N  can be written as

distance,

(5.1)

or its radius of gyration,

(5.2)
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R0 oc Rg oe N v . (5-3)

A significant amount of work has been done and a quite clear picture has been 

obtained for chains in homogenous solution or melt. In a dilute solution of a good 

solvent, when inter-penetration between polymer chains is weak, the polymer chains can 

be in any possible configuration satisfying the physical constraint of not crossing itself, 

with equal probability.3 With a mean-field approach, Flory first derived the scaling 

exponent, v, of the molecular weight dependence of the chain size, is 3/(d+2), where 

d  is the space dimensionality.4 In a space of dimension less than 4, self-exclusion 

causes the polymer chain to swell.

Such behavior of chains in a melt is commonly referred to as a self-avoiding random 

walk chain. The use of the expression “random walk” is due to historical reasons and 

may be misleading. It implies that the probability distribution of the chain in all 

configurations can be simulated by a procedure that each segment proceeds randomly 

toward the next unoccupied site from the site of the previous segment. A probability 

distribution obtained in such a manner is not reversely symmetric. Also, a section of a 

self avoiding chain has preferential configurations, depending on where the section is 

located within the chain. A chain in dilute solution is more stretched in the center than 

in the ends.5 Consider a 6 segment chain in a 2-dimensional square lattice. Taking 

different orientations in space as different configurations, there are 142 possible 

configurations. In 92 cases, the three monomers in the end are in gauche configuration 

and in 50 cases they are in trans configuration. For the three monomers next to the end, 

88 cases of configuration are gauche and 54 cases are trans. Such effects become more
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significant as the chain becomes longer. For a 7 segment chain, the trans to gauche ratio 

of the end three monomers is 0.627 (79/126), while for 2nd, 3rd, and 4th monomer the 

trans to gauche ratio is 0.553 (73/132). The probability distribution of a section of chain 

with equal length is also depend on the total length of the chain. A three segment chain 

in a square lattice has three configurations, trans, L-gauche, and R-gauche with 1/3 of 

possible of each. For the first three segments in a five segment chain, the probability 

distribution of trans, L-gauche, and R-gauche is 9/25, 8/25, and 8/25 respectively.

In a concentrated solution or a melt, a polymer chain is expected to behave as an 

“ideal” chain6 which can be described as a random walk without self-exclusion. Thus 

the spatial extension of a chain in melt scales as the square root of the molecular weight:

R02 = 6Rg2 = a2N  , (5.4)

a, called the Kuhn step length, is a function of factors such as the monomer size, chain 

stiffness, etc.

Intuitively, such “ideal” behavior of a chain in melt can be understood in a way that, 

when moving from one segment to the next segment, a chain can not distinguish whether 

the surrounding monomers belong to the same chain, or belong to other chains, so the 

chain has no preferred direction for the next step.7 Formally, this idea is reflected in 

the mean field theory, that the self-exclusive potential of the chain in question is 

compensated precisely by the exclusive potential from the other chains.6

It must be stressed, however, that the monomers of a polymer chain in a melt 

nevertheless do exclude each other. The set of possible configurations of each chain in
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the melt is the same as that in dilute solution.5 We will denote this set of possible self- 

excluding configurations, cif as C =  {c,}. The configurational state of a system of N  

chains is determined by the configurations of all chains, 6  =  (cl5 . . . ,c f, . . . ,c N). The 

principle of equal weight requires that the probability of finding the system in state 6 , 

P(6), is the inverse of the number of possible states 0(6) of the system:

P(6) = 1 . (5.5)
0 (6 )

Thus the probability of the zth chain being in configuration c, is

P(c;) = 1 1 , (5.6)
v 0(6)

where 0 ( 6 1 c,) is the number of possible states of the system given that the configuration 

of the zth chain is ct.

The difference between chains in melt and chains in dilute solution is that in dilute 

solution, a single chain isolated from others by the solvent can be treated as an isolated 

system, so that the configurations of chains are independent, while in a melt, the polymer 

chains are strongly entangled to each other, so that the configurations of each individual 

chains, cif are not independent. In a dilute solution, the number of all possible states 

Q(6) is

§With the exceptions of a small number of configurations that are allowed in solution 
but violate the connectivity of the other chains in a densely packed melt. The number 
of such configuration should not be large enough to explain the swelling of polymer 
chains in solution, if  it does contribute at all. Note that the chains become “ideal” when 
as much as 20% void exists in a melt.
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Q(G) = u N , (5*7)

where «  is the number of elements in C, and the number of possible states with given 

zth chain configuration cf, 0 ( 6 ] ^  is

0(©|c*) = to*"1 , (5.8)

so that the probability of the zth chain in configuration c{- is always l/co.

For a melt of N  chains, since the configuration of one chain restricts the other, not 

only is the number of states much smaller than that in the dilute solution, but also is 

0(©| c;) a function of c,-. It can be seen from equation (5.6) that for each individual chain 

in the melt, all configurations are not necessarily realized with equal probability. Instead 

the configurations of a chain are weighted by H(£| <:,•). Given the fact the chains do not 

swell, one can conclude that the configuration of one chain less expanded in space allows 

the other chains to take more possible configurations.

To give an “ideal chain” a precise description, we assume that the chains in the melt 

are Gaussian chains, which are defined here as chains obeying the following two 

propositions:

Proposition 1: Any segment with the same arbitrary length within a Gaussian 
chain has the same configurational distribution, regardless o f its position along the 
chain.

Proposition 2: Any segment with the same arbitrary length within a Gaussian 
chain has the same configurational distribution, regardless o f the total length o f the 
chain.

The above propositions are sufficient to derive the scale law in equation (5.4), but it can
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be stronger than necessary to describe a chain in melt. Monte Carlo simulation is a good 

way to further confirm whether the above propositions are satisfied by a chain in the 

melt.

5.2 POLYMER CHAINS NEXT TO A SURFACE

Polymer chains with one or both ends located at the surface form an ensemble which can 

be realized experimentally by attaching polar or reactive groups to one end of a small 

number of chains in the melt, so that the end will be adsorbed to the surface. 

Theoretical predictions of the segmental distribution can then be verified.

It is generally agreed among theorists that the surface in a polymer melt does not 

affect the screening of the self-excluding effect. However, the subtler question of how 

the chain interacts globally with the surface can easily be overlooked. One assumption 

is that the chains will have equal distribution over all possible configurations satisfying 

the surface condition. The mathematical problem of the distribution under such an 

assumption was solved by Hesslink.8 The probability distribution of the free end is

n f . -x2Ur}  (5.9)P(x) = xe  ' g ,

and the segmental density as a function of distance to the surface is

p(x)  = = ^ \ &Ti z / R g) -  &ri z/ 2R s i  • (5 ,10)
Rg i  n g

The segmental density given in equation (5.10) approaches zero at the surface and peaks 

at a distance approximately .969Rg from the surface. Such a mushroom-like distribution
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has a drawback. For a polymer melt in contact with a surface, all chains will of course 

have their end located to one side of the surface. The chains having no end in contact 

with the surface will certainly be further way from the surface compared to those with 

at least one end in contact with the surface. Thus, on average, a polymer melt will have 

a region near the surface with a depleted density on the order of Rg. This contradicts the 

experimental evidence. From x-ray reflectivity measurements, thick polymer films 

(>  1000 A) were found to have sharp interfaces at both soft (vacuum) and hard (silicon) 

surfaces,9 and the density of polymer films as thin as 30 A (much thinner than Rg) did 

not change significantly from the bulk.

Recalling that each chain in a melt is affected by the rest of the chains in the system, 

the response of a chain to a surface should be similarly affected. If a chain extended less 

in space is favored by the rest of the chains, we can make a similar assumption that a 

chain not leaving space between itself and the surface is also favored.

A model that does not change the density of the melt near the surface and predicts 

the segmental density of chains with one end at the surface peaks at the surface is to 

consider the surface as reflecting. A chain undergoes a random walk under the mean 

field in the melt; when it reaches to the surface it is reflected by the surface. A system 

with a uniform distribution of ends and a constant density is self-consistent under this 

model.

The following example will clarify the term reflecting surface.^ Figure 5.1 presents 

all possible configurations of a two or three segment chain in a square lattice, with the

. *The example is to demonstrate only the effect on the chain’s response to the surface 
due to the matrix chains. What is not considered here is the screening of self-exclusion 
between monomers due to the matrix chains.
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Figure 5.1 Possible configuration of two (a - c) or three (d - J) segment 
chain next to a neutral, impenetrable surface, with the first segment 
attached to the surface.

first segment (x )  fixed at a surface (the dashed line). If each configuration has equal 

probability, as in the case of a single isolated chain, then the possibility for the two 

segment chain to be in configuration a, b, or c is 1/3 each, and the possibility for the 

three segment chain to be in configuration d - j  is 1/7 each. Consider the first two 

segments in the three segment chain. The probability distribution of its configuration 

corresponding to configuration a, b, and c is not equal but is 3/7, 2/7, and 2/7 

respectively. By reflecting surface, we mean that the probability distribution of the first 

two segments is not affected by the presence of the second segment. The combined 

probability of d, e , f  combined probability of g, h, and combined probability of i, j ,  are
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each still 1/3. This lead to a probability of 1/9 for the cases in d -/and  1/6 for the cases 

in g, h. The comparison of probability distributions are summarized in Table VII.

The reflecting surface model becomes very persuasive if we consider it as an 

immediate result of a Gaussian chain with the following proposition added to the 

definition:

Proposition 3: Any segment o f the same arbitrary length near a surface has 
the same configurational distribution that depends only on its spatial position 
relative to the surface, regardless o f its position within the whole chain and the 
length o f the whole chain.

For a Gaussian chain in a d  dimension space with one end positioned at a reflecting 

surface of d — 1 dimension, the probability distribution of the ith segment in the chain as 

a function of distance to the surface is:

Pfc) = 2
2-7ri

1/2„ 2 i (5.11)

From the above equation, the average distance of the other end to the surface can be 

obtained as,

Table VII Configuration Distribution of 
Single Chain and Chains in the Melt

a -c d - f 8 ,h i ,j
Single chain 1/3 1/9 1/6 1/6

Chains in the melt 1/3 1/7 1/7 1/7
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Figure 5.2 The segmental distributions of a Gaussian chain with one end 
attached to a surface. The probabilities of moving away from the surface are set 
to be 1/5 (o) and 1/6 ( a ).

(x) = [xPj/pc)6x = .
A '

2 N (5.12)

For a dPS of molecular weight 86000, {x} =  85.5 A in a three dimension space. If 

polymer chains in a melt is indeed Gaussian even near the surface, the value of w = 71A 

as the estimation of the average end-to-end distance in Chapter 3 is an underestimation. 

The segmental distribution is
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N

»(*) = E w  • <s -13)
i=l

Figure 5.2 is the segmental distribution obtained from Monte Carlo simulation of a 

random walk in a cubic lattice: A chain starts from the surface and undergoes random 

walk in such a manner that it moves to all possible neighboring sites with equal 

probability from the current position. The segmental distribution is well approximated 

by an error function (the solid line in Figure 5.2),

p(x) = Poe - ^ h)2/ Zw2 (x >  0) , (5*14)

with h/Rg = 2.35 ±0.03, w/Rg =  1.66+0.01.

In a solvent, a chain with one end grafted to a planar surface is repelled by the 

surface and makes very few additional contacts with the surface.10 For the chain in a 

melt, the segmental distribution is maximum near the surface and the number of 

additional contacts is (v) ~  Nm .

It should also be pointed out that the exact probability distribution of segments near 

a surface is not crucial. Except at the few layers next to the surface, the profile is not 

strongly affected by that distribution. Also plotted in Figure 5.2 as filled triangles ( a ) 

is the result of Monte Carlo simulation assuming that the chain has probability of 1/6 to 

move away from the surface when the current position is at the surface. The difference 

between the two cases shown in Figure 5.2 is very small.

5.3 SOME FURTHER COMMENTS
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Only the two simplest models of how the chains in a melt respond to the presence of a 

surface are discussed. There is no concrete proof for the reflecting surface model yet 

although the author is biased toward it. Even for chains in a homogenous melt, between 

the statistical principle of equal weight and the ideal chain assumption there exists a large 

theoretical gap which no one at this moment is sure can ever be closed. Experimentally 

however, much evidence, including neutron scattering experiments11 and Monte Carlo 

simulations, confirm the ideal chain assumption. -To conclude the chapter, the author 

would like to quote some recent developments in the area and offer some comments:

1. Shull12 calculated the segmental distribution of a “dry brush” by solving the 

diffusion like equation for the chain configuration. In the limit of very low brush 

density, the result is very similar to the profile in Figure 5.2. The slightly lower volume 

fraction at the surface is probably due to the repulsive force resulting from the expression 

of the chemical potential. Despite the similarity in the result, Shull’s theory is a hybrid 

of the reflecting surface and the single chain configuration. A compressibility energy has 

to be introduced to conserve the density. It is not clear whether the similarity in the 

results is accidental.

2. Measurement of the profiles of dPS end-grafted to a surface in a hPS matrix is 

currently underway using the techniques of SIMS and neutron reflection.13 The 

preliminary result shows that the volume fraction of dPS reduces near the surface. If this 

result sustains, it points to the possibility of spontaneous symmetry break down, so the 

polymer chains near a surface will be in two phases, one consisting of mushroom like 

chains and the other consisting of pancake like chains to fill the space below the 

mushroom like chains.
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3. Monte Carlo simulation of a polymer melt in contact with a surface has recently 

been performed by Dickman.14 In the simulation, a chain was attached permanently 

to a surface that is in contact with a melt. The behavior of this chain is monitored over 

time. The segmental density of the chain averaged over time is shown to peak at the 

surface.

4. Previous Monte Carlo simulations of polymer melts are focused on verifying the 

scaling exponent of the molecular weight dependence of the chain size. Much less has 

been done at the more fundamental level of verifying the Gaussian chain propositions 

proposed above. A particularly interesting system would be a ring macromolecule in a 

dilute solution. Since there is no preferred position in a ring macromolecule, the 

segmental distribution should be similar to that of a Gaussian chain. However, since a 

single ring macromolecule was found to swell, the second proposition for Gaussian chain 

should be violated.

5. A melt consisting of two types of chains that have different interactions with the 

surface is an interesting and also rather practical problem. The difference in the 

interaction affects the composition of the melt globally by attracting the preferred 

component near the surface. Whether the interaction affects locally the probability of 

random walk along the surface and away from the surface is not clear yet. A Monte 

Carlo simulation should also provide insight into this problem.
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Chapter 6

Mutual-Diffusion between 
Comparable Polymers 

in the Intermediate Time Scale

More than twenty years ago, de Gennes introduced the reptation hypothesis to describe 

at the molecular-level the dynamics of polymer melt.1 The idea was enhanced by 

detailed theoretical work of Doi and Edwards.2,3 As a result, two important 

predictions concerning the motion of linear polymer chains in an unsheared melt were 

obtained. The first prediction is that the self-diffusion coefficient of linear polymer 

chains is inversely proportional to the square of the molecular weight. The second 

prediction is that at time less than the reptation time (the time for the chain to completely 

move out of the original tube), the mean square displacement in space as a function of 

time exhibits several distinct scaling regimes. Experimental verification of these 

predictions is widely regarded as a touchstone of the reptation model. The large volume
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of experimental work in diffusion coefficient measurements prior to 1990 has been 

reviewed by Lodge et al.A Studies of diffusion at time less than reptation time are not 

abundant due to the lack of techniques with high spatial resolution. Another difficulty 

involved with the latter prediction is that unless the measurement is done with very high 

precision, it can not distinguish between the reptation prediction and the similar 

prediction of the Rouse model. Recent developments in neutron reflectivity technique 

made it possible to measure interfacial width with high spatial resolution; as a result, 

several measurements of interfacial broadening at early stages have emerged.5,6 Most 

evidence obtained so far seems to confirm the reptation model predictions, especially the 

first one. However, as pointed out by Lodge et al. ,4 although in many instances the self- 

diffusion coefficient is inversely proportional to the molecular weight of the polymer, the 

absolute value of diffusion coefficient is not consistent with the prediction based on the 

reptation model7 and the scattering of the data is substantial. We report here a recent 

measurement of mutual-diffusion between polystyrene and deuterated polystyrene using 

dynamic secondary ion mass spectrometry (SIMS). SIMS combines the advantages of 

being able to profile in direct space with spatial resolution of 100 A (Chapter 1), less than 

the size of a typical high molecular weight polymer. Our result reveals that the diffusion 

of polymer may exhibit anomalous behavior to a distance scale far larger than the size 

of the polymer chain.

6.1 EXPERIMENTAL PROCEDURES

We measured the mutual-diffusion between polystyrene and deuterated polystyrene of
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various molecular weights, as summarized in Table VIII. dPS and hPS films were made 

by spin casting separately onto a silicon substrate and a glass slide. The film spun on 

the glass slide was then floated off on water and transferred on the top of the film spun 

on the silicon substrate to form a bilayer sample. Since the film on water was picked up 

by approaching the bottom layer covered substrate from the air side, the interface will 

be free of contamination from the glass or water. Chlorobenzene, instead of toluene, 

was used as a solvent to obtain (visually) a smoother film. The thickness of both layers 

were measured by ellipsometry to an precision better than 1%. The samples were kept 

in vacuum better than 10-6 Torr for at least 4 hours at room temperature before being 

annealed in a vacuum oven with preset temperature of 160 °C for times ranging from 5 

minutes to 8 hours. The base pressure of the oven was less than 20 microns. This 

pressure was achieved in less than 25 minutes (Figure 6.1) by a mechanical pump. The 

samples were quenched to room temperature in less than 15 seconds by laying them on 

a large aluminum block after being taken out of the oven. For shortly annealed samples,

Table Y in  List of Bilayer Samples

dPS hPS

Thickness Mw M JM n Thickness Mw M JM n

I 2000 A 188000 1.02 3000 A 220000 1.03

II 2000 A 104000 1.02 4000 A 770000 1.04

III 2000 A 188000 1.02 4000 A 770000 1.04

IV 250 A 550000 1.05 2000 A 670000 <  1.06

The polystyrene of Mw = 670000 is purchased from Pressure Chemical 
Company. All other polymers are purchased from Polymer Laboratories, Ltd.
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Figure 6.1 The pressure as a function of pumping time in the annealing oven.

distilled water was applied to cool the samples faster. The thickness of individual 

samples were measured by ellipsometry to reduce the uncertainties in the film thickness 

due to the thickness variation from the spun film. The mutual-diffusion profiles were 

then measured using SIMS. The sampling area of SIMS is a square of 0.3 mm in side. 

In this area the film thickness variation and initial film roughness proves to be much less 

than 100 A SIMS resolution. The details of the SIMS technique and data reduction is 

discussed in Chapter 1.

The mutual-diffusion profiles were compared with calculated profiles using the fast 

model of polymer mutual-diffusion,8 which predicts that the mutual-diffusion coefficient



6 | Mutual-Diffusion between Comparable Polymers ... 96

D  as a function of the volume fractions of two polymers is

*>„(*) = * a2* b2
N . Nn

<PA  A 4> B
l  l

■ +  ■ ■2x1 . <6'»
. 'A  V'B ~) "b<Pb

where D*A and D*B are the tracer diffusion coefficients of polymer A and polymer B, 

and x is the interaction parameter between monomers A and B. The tracer diffusion 

coefficients of dPS and hPS were assumed to be inversely proportional to square of their 

molecular weights, D*A/D*B = NA2/NB2. An unfavorable interaction parameter,9 

X  =  1.7 x  10-4 , for dPS and hPS was used.

6.2 MUTUAL-DIFFUSION OF SYMMETRIC BILAYER

For the samples in set I that has near symmetric molecular weights of 188000 for dPS 

and 220000 for hPS, D*A/D*B ~  1.6, and the “thermodynamic slowing down” due to 

the unfavorable x is less than 0.85, so that Dm is not a strong function of volume 

fraction. The mutual-diffusion profile calculated using Dm given by equation (6.1) is 

indistinguishable from an error function, so constant Dm is assumed in the following 

analysis. For these samples annealed for less than 1 hour, where the effect of the 

boundary is not yet significant, an error function

X

4>(x) = 1 . f e m dj; (6*2)
\j4irDt -oo

where x  is the distance to the initial interface, was used to fit the profile. For those 

samples annealed for longer times, the diffusion equation with constant diffusion



6 | Mutual-Diffusion between Comparable Polymers ... 97

coefficient subjected to a closed boundary is solved numerically (Appendix A) to fit the 

experimental profile. The mutual-diffusion co effic ien t^  measured from our data is not 

a constant. Instead, it progressively becomes smaller as the sample is annealed longer 

(Table IX).

A model independent quantity is the interfacial width which can be conveniently 

defined as the square root of Dmt. Dmt as a function of annealing time is plotted in 

Figure 6.2 as open circles (o) on a log-log scale. For samples annealed longer than 1 

hour, the diffusion is normal with a slope of 0.969. For samples annealed less than 1 

hour, the slope obtained from the data is 0.505 ±  0.010. Note in Figure 6.2, the 

interfacial width is plotted in terms of R0, the root-mean-square of end-to-end distance 

of the polymer. The anomalous scaling of the width of the diffusion profile as 1/4 power 

of diffusion time can not be explained either by reptation model or Rouse model, both 

predict normal diffusion for distance larger than R0.

Table IX Summary of the Measured Mutual-Diffusion Coefficients between 
dPS (188000) and hPS (220000) at 160 °C as a Function of Annealing Time

Sample Time (sec) Dm (A2/sec)

Sample set I 760 287

188 k dPS/220 khPS 1854 184

3600 133

5958 115

24700 115

88410 105.5
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Figure 6.2 The reduced interfacial width, D *j/R02, as a function of annealing 
time for bilayers of different molecular weights.

6.3 MUTUAL-DIFFUSION OF ASYMMETRIC BILAYER

We also measured the mutual-diffusion between polymers with asymmetric molecular 

weights. The broken curve in Figure 6.3 is the profile of dPS (A/w =  104000) hPS 

(Mw =  770000) bilayer annealed for 26.5 minutes. The profile deviates significantly 

from the error function due to the strong volume fraction dependence of the mutual- 

diffusion coefficient. The volume fraction dependence of the diffusion coefficient can 

be calculated from the profile using the formula10
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The result obtained by applying equation (6.3) to the profile in Figure 6.3, presented in 

the inset of Figure 6.3 as open circles (o), agrees well with the curve calculated from 

equation (6.1), taking D* for dPS equal to 900 A/sec2. Consequently, the volume 

fraction dependent Dm given in (6.1) was used to fit all profiles and the tracer diffusion 

coefficient of the shorter chains, D*s thus obtained are tabulated in Table X.

Like the symmetric bilayer samples, the profiles of asymmetric bilayer samples also
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scale close to 1/4 power of the annealing time for times less than 1 hour, and D*s is a 

function of time. Since the diffusion is controlled by the faster species, the interfacial 

width can be well characterized by the quantity D*J. This characteristic width of 

profiles is plotted in Figure 6.2.

Since the original film was spun cast out of solution, the structure of the polymer 

chains could be very different from its relaxed Gaussian configuration. If the chain sizes

Table X Summary of the Measured Tracer Diffusion Coefficient as a 
Function of Annealing Time a t 160 °C for Samples in Sets II, m ,  and IV

Sample Time (sec) D*s (A2/sec)

Sample set II 338 1916

104 k dPS/770 khPS 606 1604

637 1695

1200 1015

1784 908

1854 904

2430 667

2550 698

8114 544

14400 446

Sample set III 360 535

188 k dPS/770 khPS 1854 221

14160 102

24720 135

Sample set IV 
550 k dPS/670 khPS

1200

10143

20.2

9.6
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are smaller and the chains are less entangled initially, one would expect the mutual- 

diffusion to be faster at early stages and as the chains relax to the Gaussian configuration, 

the entanglement increases and the diffusion slows down. The possibility that the 

relaxation of the chains from their initial configuration to Gaussian configuration takes 

longer than the reptation time can not be ruled out a priori. To check such a possibility, 

a control sample was made, with asymmetric molecular weight of 104000 for dPS and 

770000 for hPS, in which the longer chain (hPS of 770000) film was pre-annealed at 

160 °C for 4 hours in high vacuum before the bilayer is made. This sample is 

subsequently annealed together with a sample from set II at 160 °C for 26.5 minutes. 

If the initial polymer configuration does affect the diffusion of the polymer, the samples 

will have different profiles. Figure 6.3 compares the mutual-diffusion profiles of 

samples with pre-annealed (solid curve) and not pre-annealed (broken curve) hPS layer. 

The profile of the sample with pre-anneal hPS layer shows a kink at the interface, which 

is typical for a contaminated surface and may be the result of pre-annealing. The 

diffusion of dPS into hPS is not affected by the pre-annealing.

6.4 MOLECULAR WEIGHT DEPENDENCE

The tracer diffusion coefficients of 188k dPS obtained from the symmetric sample and 

the asymmetric sample are the same. Together with the good fit of the profile by the 

calculated profile, the fast model of mutual-diffusion is confirmed. Figure 6.4 plots the 

apparent diffusion coefficient scaled by the inverse of molecular weight squared. The 

data for short annealing time fall upon one another closely. Although the scattering of
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data for long annealing time is unsatisfactory, a lot of previous work is available to 

indicate that the diffusion coefficient is inversely proportional to the molecular weight 

squared. This indicates that the transition time between the two scaling regimes occurs 

at the same annealing time of t »  4500 seconds for all molecular weights. This result 

agrees with the previous measurement of mutual-diffusion on dPS/hPS (of molecular 

weights 660,000 and 725,000 respectively) made by Reiter and Steiner.6 In their 

measurement, the transition from 1/4 power to 1/2 power occurred at approximately 

8 x  104 minutes at 120 °C, which, using the WLF relation,11,12 translates to 3000
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Figure 6.4 The apparent tracer diffusion coefficient as a function of annealing 
time of the shorter chains, scaled by the inverse square of their degree of 
polymerization.
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seconds at 160 °C. The single transition time also supports our conclusion that the 1/4 

power scaling is not caused by the unrelaxed initial chain configurations.

6.5 DISCUSSION

Considering the fact that the mutual diffusion agrees so well with the established theory, 

with the only exception of changing diffusion coefficient, it is tempting to think that the 

anomalous behavior is due to some side effects. The time it takes for the sample to heat 

up, if significant at all, should reduce the diffusion at short time. It could also be the 

heat flow that enhances the diffusion, but the thermal equilibrium is expected to be 

achieved in a few minutes at most and the heat comes from either side of the sample. 

One very plausible explanation is that the solvent hasn’t been completely removed before 

the sample was annealed. As the solvents diffuses out when annealed, the mobility of 

the monomer is reduced. Combining the square root time dependence of solvent 

reduction and the square root time dependence of interfacial broadening, it is possible to 

get a 1/4 power time dependence. However, the amount of residing solvent is expected 

to be very small unless there is some interaction binding the solvent and polymer 

together, considering that the samples were kept in high vacuum for several hours before 

being annealed. The thickness of the samples were also measured before and after the 

annealing, which gave no noticeable (<  1 %) change. It is quite a remarkable thing that 

itself deserves attention if the voids created by the vanishing amount of solvent can effect 

the diffusion coefficient by a factor of more than five.

There are several reasons for looking for an explanation at a more fundamental level.
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First, the pre-annealed sample does not support the solvent assumption made above. 

Second, we compared the diffusion profiles between dry samples and samples soaked in 

water before being annealed and no difference is observed. Finally, similar behavior is 

also observed in the computer simulation study performed by Jilge et al. 13 Jilge et al. 

used the percolation effect14 to explain the anomalous behavior appearing in the single 

molecule diffusion but simply stated that the similar anomalous behavior of the chain 

molecules was the “consequence of the large size of the polymer coils”. We think it is 

possible that the percolation effect also plays a role in polymer diffusion, although the 

source of obstacles comes from entanglement. Studies of single polymer diffusion in 

porous media using the percolation method gives an approximately 1/4 power time 

dependence regime for chain displacement larger than the size of the polymer.15,16 

Obviously an entangled polymer in a melt differs from a single polymer in a porous 

media in several ways. The distance between entanglement points is smaller than the size 

of the chain but the volume of the restricted space is small. The obstacles caused by the 

entanglement are not fixed but evolve with time. By using different lattice sizes for the 

obstacle and for the polymer and introducing correlation between the obstacles, it is 

possible to closely represent a polymer chain in a melt.

In Doi and Edwards theory, the tube a polymer chain is confined is quite wide, 

comparable to the entanglement length. Except for the analytical treatment, a chain with 

most part being able to make lateral motion except some far apart entangled points seems 

to be a better picture than a chain confined in a tube. One should not be surprised if the 

reptation model does not describe well the motion of polymers over small distances.

Whether the observed anomalous behavior is due to a yet unknown side effect or it



6 | Mutual-Diffusion between Comparable Polymers . . . 105

actually uncovers the inadequacy of the reptation model is not yet clear based on the 

information we have now. Temperature dependence measurements, measurements that 

use different solvent and polymer systems, and pre-annealing of shorter chain film should 

provide helpful hints. Nevertheless, this experiment demonstrated that the correct 

measurement of polymer diffusion is far more difficult than it sounds and at least some 

of the previously reported experiments need to be re-examined.
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Appendix A

Numerical Solution 
of Diffusion Equation with 

Generalized Linear Boundary Condition

The diffusion equation with a composition dependent diffusion coefficient

du = d_ 
dt dx

x du D{u)—  
dx

(A.l)

and a generalized linear boundary condition

J{x=a) = -D du
dx

= -  S<Kx=a,t) + RUa + Q  (a 6 {0, /}) , (A.2)

where Ua is the total mass flowed across each boundaries,
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Ua(t) = -  J(a,r)dr + Ua(0) , (A.3)

is solved numerically in the following way. The values of u at N + 1 discrete points 

equally spaced between the boundaries (Ax = UN) are calculated. The Crank-Nicholson1 

differentiating scheme gives equation (A.6) in the following form

2(A s)2
At

\{[DK O +D ^ } K ^ - uj ^ .

where Ujn, j  =  1 ,..., N + 1, are the values of u at the yth point at the time t  = nAt and 

My> + 1  oxs the values at t  =  (w+l)Ar. Substituting D(uin+1) (i = j  or y+1) by

D (.u i,n+1) =  D (u i,n) + D / (Ui,n )(Ui,n+l ~ Ui,n) ’

eqn (A.6) can be linearized as

(A.5)

1 +

V i

D j- l /2  2 D ' j - t * ( Uj #  Ui ~ 0

^ T ~  + ^ Uj+Un~2ujji+Uj- l J D 'jA “  (Dh W +Dj-\p)

D j+ W ~ ~ ^(Uj+ l* D 'j* l,n+Uj lnD /j,n) (Uj+ lA ~ Uj J  ~

Uj+ l^ i+ l

(A.6)

where Dj ± m  =  [D(ujn) +  D(uj±ln)]/2 and D ’j n = D'(uj<n).

The boundary condition is incorporated into the Crank-Nicholson scheme in the 

following way: Given that «0, iq are the u values at x  =  0 and Ax respectively and
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Figure A .l An imaginary value u_x across the boundary is used to write down 
appropriate equation for boundary condition.

assuming u_x is the u value at the imaginary point across boundary, x  =  —Ax 

(Figure A .l), that satisfies the boundary condition

= Su0>n -  RTJn -  Q , (A.7)

or

2Ax
= '  w ^ 5 ^ u° ’n ~ R U '‘ ~ Q'> ’

the Crank-Nicholson formula (A. 6) at the boundary (j = 0) becomes

(A.8)
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^ - 1/2

I n / u. , +l.n+1

+ l n > u,0,n+l

2(Ax)2
I J

wo^-

(A.9)

Equations (A.6) and (A.9), together with the definition of 17

= 5
At

M0^1 + “0.n (A. 10)

or

'  flAf) 1 +
2 J

I/.11+1 . . . n »

constitutes a set of simultaneous linear equations which relates Un and Uj n+1 to Un and 

Uj „. The equation set is tri-diagonal and can be solved easily by the LU decomposition 

method.
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Appendix B

Diffusion Equation with 
Time Dependent Diffusion Coefficient

A solution having the property of x  ~  can be obtained from the diffusion equation

with a phenomenological time dependence of D(<f>,t) as

DOM  = D(40 - L  . (B.2)
2  j r

Performing a transformation of

f t - *  r  , <B*3>

reduces eqn (B. 1) to a diffusion equation with a time-independent diffusion coefficient, 

D(u):

111



B | Diffusion Equation with Time Dependent Diffusion Coefficient 112

*  -  J .  . (B.4)

Any boundary condition must be modified accordingly. For a boundary in the form

of

~  -  D ( * , 0 ^  = R m  -  S z * (B-5)
at dx

multiplying t to both sides of eqn (B.5), we obtain the boundary condition in terms of 

the new valuable r  as,

—  = D ( $ ) ^  = 2tR<I>(0) -  2tSz * 
dr dx

The new boundary condition, equation (B.6), though “time” dependent, can easily be 

implemented to the Crank-Nicholson method discussed in Appendix A.
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