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ABSTRACT

In this paper, we are investigating the clustering behavior of end-grafted polystyrene chains with zwitterionic end
groups. Our model system offers a unique direct look to the case of clustering behavior upon the change of solvent
conditions of semi-irreversibly end-grafted chains. We measured three different types of PS chains with different
architecture: one, two and three end groups. We aimed to find whether these end groups are affecting the layer of the
adsorbed polymeric layer as well as the distance between two anchoring points and thus the thickness of the adsorbed
polymeric layer. We measured both dry and liquid phases. In liquid phase, we used measurements depicted from SFA
technique while in the dry condition we used AFM measuring mainly the formed clusters after drying. AFM allows the
direct observation of clustering behavior, while AFM images analysis allows the measurement of the statistical
distributions and averages of the individual sizes (laterally and vertically with respect to the substrate surface) of the
aggregates and their separation distances. The results are rationalised in terms of the competition between adsorption
energy of end groups and clustering/aggregation behavior of chains and shows the same behavior either by SFA and AFM

techniques, presenting neither significant increase in the adsorbed amount nor significant changes in the layer thickness.
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INTRODUCTION

The theoretical and experimental approach of the behavior of end-tethered polymers has employed many
researchers [1-7]. The thickness of the adsorbed polymer layer and the magnitude of the forces that develop when two
layers interact were and are the subject of intense research. In the past, significant research was carried out in the direction
of the study of linear chains grafted on surfaces either through active end groups (-Zw) or through oligomers /1, 2, 8-16].
The question now is whether we can increase the amount of the adsorbed polymers. A reasonable answer would perhaps be
that we can achieve it by chemically tying the chains to the surface [17-22]. However, we are interested in increasing the
adsorption and thus the thickness of the adsorbed layer by natural anchoring of the chains on the surface. For this reason,

we will study polymers that bear at one end instead of just one extreme group, two and three [23-25].
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54 Chiotelis loannis

We believe that by increasing the end groups we will achieve an increase in the adsorbed amount and thus the
thickness of the polymeric layer. With the technique of the Atomic Force Microscopy (AFM), we will measure the clusters

and thus the thickness of adsorbed polymeric layers directly /2,3].

We will present measurements in three different molecular weights of polystyrene (PS) with only one end group,
that verify the theoretical predictions and these measurements will be a benchmark for the rest of our experimental
measurements. Then we will mention the theoretical predictions in case we increase the number of end groups and
compare them with our own experimental results. We have measured three different polystyrene molecular weights (PS)

bearing two and three end groups capable to adsorb on a surface.

Alexander and de Gennes [5-7] by using dimensional arguments (Scaling) managed to approximate the thickness

of the polymeric layer. Let’s suppose that we have chains with a polymerization degree N , adsorbed from one end while

the distance between the anchoring points is: § . The chains float within a good solvent forming a layer of thickness L, . In

case we have a sufficiently high absorption amount (high surface density) that obeys the criterion § << R, where R is

Flory radius [26], then we can consider the adsorbed polymer layer as a semi-dilute solution area. The adsorbed layer is

assumed to show uniform concentration density with the distance from the adsorption surface [24].

According to the scaling arguments of P.G. de Gennes [6,7] we can consider each adsorbed chain layer as
consisting of connected blobs. For the inside of the blobs, we can assume that we have a semi-dilute solution. Within the
blobs, we have the appearance of osmotic repulsion that tends to lengthen the polymer chain. This tendency is opposed to

elastic free energy, appears due to the elongation.

Relying on the calculations of Alexander /5] the Helmholtz free energy f per chain can be written as sum two

terms:

F=h*1 1
The main hypothesis in our calculations is that the distance between two adsorption points § is given (or
alternatively the area per polar head (end) O that has adsorbed is known). The term f; includes the interaction of the
polar head of the polymer with the surface (—C), as well as contributions to free energy both due to the transport

movements of the chains f, as well as the interactions between the polar head f; . So, we can write about f;:

flz_C+ﬂr+ int (2)

However, as mentioned the thickness of the polymer layer and the behavior of the chains is determined by

balancing two opposing tendencies. One tendency tends to lengthen the chains, as the other resists this elongation. The

contribution of all these interactions to Helmholtz free energy Enclosed In Term f, [27]:
f, ==ON/L+kN(Na’/s’L)’"* + f, 3)

In this relationship, all energy expressions are in units K ,7 .
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The first term in the equation (3) is the interaction of the monomers in the chain with the adsorption surface.
This interaction is expressed through O . This term is negligible in the case of end-tethered polymers, as then the

interaction is weak (values of O are very low [5,27]).Where L , is the thickness of the adsorbed layer.

The second term in the relationship (3): kK, N (Na® / s*L)*'* is the expression for the repulsive energy between
the blobs in the adsorbed polymeric layer as has occurred from dimensional arguments (scaling) according to Daoud and

de Gennes [28]. Where k, constant and 57 the area that occupies on the adsorption surface each chain.

Finally, the third term in the relationship (3) fs is the elastic energy (stretching energy) of the chain. In our case,
of end tethering chains, where the interaction between monomers and surface (0 ) is negligible, the term of elastic energy
is important. According to our hypothesis, (given adsorption density O ), the adsorbed polymer layer can be characterized

as dense blobs chain of diameter ¢ each one. The elastic energy of blobs chains is given from the following relationship

[5]:
fs =k, L’ /(N/g)E’ @)

With g the number of monomers containing each chain (& [lag Y 5) and & Ja® %@ is the volume fraction

Na*

s*L

of the monomers in the adsorbed layer: ® = and k, constant.

Our system will be balanced when Helmholtz free energy gets its minimum value, essentially when the osmotic

pressure and the elastic energy balance between them. So, the thickness L of the polymer layer will be given by the

equation of the two energies:
k,N(Na*/s*L)**=k,I* /(N/ g )& )

Since we are dealing with scaling arguments, the constants k1 Ko k2 can be ignored. If we take into

consideration the relations:

§ Oag™ (©)

Edad™* %)
Na®

b= 8

Ko = )

We end up in the relationship for the thickness:
L, = Ns2/3q°"3 )

We observe the dependency of length L, from the size of the chain /N , noting that in models following scaling

arguments always a unit order factor is missing from the expressions we export.
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The clustering behavior of irreversibly end-grafted chains and amphiphilic diblock is common. One of the most
extensively studied systems is PNIPAM-grafted polymer chains onto silica nanoparticles which were shown to exhibit an
non-conventional temperature-induced double phase transition behavior [29]. The phase transition at the lower temperature
is ascribed to the cluster-induced collapse of the inner region of the PNIPAM brushes, close to the silica surface, which
possesses a high chain density, while the transition at higher temperature is attributed to the outer region of the PNIPAM
shell where the chain density is lower. A challenging issue that has emerged lately is the formation of clusters, comprising
polymer-coated magnetic nanoparticles, in response to an external trigger. These clusters are advantageous for certain
potential applications as for example in high gradient magnetic separation processes in which clustering enables the facile
scavenging of the particles after the adsorption process [29]. Moreover, polyampholyte Janus nanoparticles comprising
acidic and basic hemispheres have shown an interesting pH-responsive behavior forming clusters at low pH-values due to
the excess charge on the one hemisphere of the nanoparticles followed by aggregation and precipitation of the nanocolloids

at intermediate pH-values due to charge neutralization on the particle surface [30]

In our measurements, we used an AFM apparatus. AFM is a type of scanning probe microscopy (SPM), with
demonstrated resolution on the order of fractions of a nanometer, more than 1000 times better than the optical diffraction
limit. The information is gathered by "feeling" or "touching” the surface with a mechanical probe. Piezoelectric elements
that facilitate tiny but accurate and precise movements on (electronic) command enable precise scanning. AFM has three
major abilities: force measurement, imaging, and manipulation. In force measurement, AFMs can be used to measure the
forces between the probe and the sample as a function of their mutual separation. For imaging, the reaction of the probe to
the forces that the sample imposes on it can be used to form an image of the three-dimensional shape (topography) of a
sample surface at a high resolution. In manipulation, the forces between tip and sample can also be used to change the
properties of the sample in a controlled way. Examples of this include atomic manipulation, scanning probe lithography
and local stimulation of cells. Simultaneous with the acquisition of topographical images, other properties of the sample

can be measured locally and displayed as an image, often with similarly high resolution.

Apart from AFM, forces between a polymeric layer of such polymers were measured by the Surface Force
Apparatus (SFA). Around the end of 60s Tabor ko1 Winterton [31] constructed a device that could directly measure the
Van der Waals interactions between mica surfaces in a air or in vacuum. This device was improved by Israelachvili et al
[32], [33]. The improvements had to do with the highest accuracy of measurements and the ability to have immersed mica
surfaces in the liquid phase. The device of Tabor and Israelachvili the following years became a basic tool for the study of
forces, especially among polymers. In recent years the interest in measuring forces with the above apparatus has been

revised [34-39].

In general, the measurement of surface forces is a difficult task as very weak forces need to be measured at
microscopic distances. The general concept is this: if we consider a body attached in a spring of known constant and a
second body approaching the original, then when the surfaces of the bodies interact the shift (deviation) of the spring from
its original position (Balance position) will be proportional to the power it receives. By measuring the displacement of the
spring for various distances between the two surfaces we can extract the force-removal ratio of surfaces. The distances we
are interested in are of the order of nm, while typical power values are from puN to pN, depending on the size of the
particles and the nature of their interaction. This is the main idea of AFM too, so the former measurements [40] are a

strong comparison criterion.
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Experimental Section

Materials

Three series of end-functionalized polystyrenes (PS) with one, two, and three zwitterionic (Z,,) end groups and
different molecular weights (M,) were used in this study (PS-Z,, PS-2Z, and PS-3Z,, where Z,: -N(CHj;),). The

characteristics of the molecules used in this study are shown in Table 1.

Figure 1: Schematic Representation of the Materials Investigated in this Study

Table 1
Sample N M, x10° | M, x10” M, IM,
PS-Z,-25 250 25 26 1.02
PS- Z,, -65 640 64 66 1.04
PS- Z,,-150 1540 154 158 1.03
PS-27,-25 270 27 28 1.04
PS-27,,-65 650 65 67 1.03
PS-27,,-150 1560 156 159 1.04
PS-3Z,-25 270 27 28 1.04
PS-3Z,-150 1560 156 159 1.02

Sample Preparation

First, we prepare the silicon wafer substrates. We cut the silicon wafers into precise 10x10 cm plates double wash
them with triple distilled water and pure alcohol solution (99,999%). Then we allow the wafer to dry under the controlled
condition of the chemically inert atmosphere. We use argon or helium atmosphere. Then we prepared polymer solution
0,1-02% concentration in toluene as dilution means. We place the silicon wafers into the polymeric solutions and let them
incubate for more than 12 hours, night long. We then leave the wafers bearing now the adsorbed polymeric layers to dry

under controlled toluene atmosphere for a couple of hours. We are now ready to measure our samples by means of AFM.
Atomic Force Microscopy

All the AFM experiments have been performed in air (bad solvent for the PS-Z,, molecules) with a MultiMode 8-
HR Atomic Force Microscope. The samples were imaged in tapping mode with a nominal spring constant of 20 Nm and a

resonance frequency of 110 kHz was used to image the samples.
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Island Height and Island Surface Coverage Calculations

The software Scanning Probe Image Processor (SPIP, Image Metrology) was used for simple leveling and display.
The island heights and surface coverage (percentage of substrate surface covered by polymers) were determined by using

either the grain analysis or the roughness analysis module (height distribution of pixels).

Surface Forces Apparatus (SFR) Experiments

From our SFA measurements, we found that the theoretical prediction Lo =aN 3 5/12/ 3 is verified. We recall

that N Is the degree of polymerization of our samples and A is the sticking energy normalized to K z 1 . What we tried to

do is by increasing the tethering energy to measure a corresponding increase in the thickness of the adsorbed layer.
However, as we see from the measurements and from the table, no substantial change was observed. This can also be seen

in the graph below (Figure 2), where we represent the thickness of the polymeric layers for the three different architectures,

in terms of molecular weight. Logarithmic representation of the thickness of the adsorbed polymer layer L,in a

relationship with the molecular weight of three polymer M, . With m is represented he Zw-PS, with e the samples 2Zw-

PS and with A the architecture 3Zw-PS. With

The theoretically foreseeable behavior for the architecture Zw-PS.
with ----------- the theoretically predicted behavior for architecture 2Zw-PS and with the prediction for the architecture
3Zw-PS. We see that the theoretical predictions for an increase in the adsorbed amounts are not followed by an increase in

the tethering energy.
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Figure 2: Thickness of the Adsorbed Polymeric Layers for the Three
Different Architectures, in Terms of Molecular Weight

RESULTS

Figure 33 shows some typical 10 x 10 um”* AFM height images of all the different PS molecules used in this study
(Table 1). Figure 3a, b and ¢ correspond to the case of PS-Z,, with M,, = 26 kg/mol, M,,= 66 kg/mol and M,, = 158 kg/mol
respectively. Figure 3d, e and f correspond to the case of PS-2Z,, with M,, = 27 kg/mol, M,,= 65 kg/mol and M,, = 159
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kg/mol respectively. Figure 3g and h correspond to the case of PS-3Z, with M, = 28 kg/mol and M, = 159 kg/mol

respectively.

Figure 3: Typical Tapping Mode AFM Height Images (10 x 10 Mm?) Of A Freshly Cleaned Silicon Wafer
Exposed In PS-Xz,, Solutions; (A) To (C) Correspond To X=1 (PS-Z,,) With M, = 26 Kg/Mol,
M, =66 Kg/Mol and M,,= 158 Kg/Mol Respectively. (D) To (F) Correspond To X=2 (PS-2Z,,) With
M, =28 Kg/Mol, M,,= 67 Kg/Mol and M,,= 159 Kg/Mol, Respectively. (G) and (H)
Correspond To X=3 (PS-3Z,,) With M,,= 28 Kg/Mol and M,,= 159 Kg/Mol, Respectively
For the cases of PS-Z,, and PS-2Z,, and for all the different molecular weights used in this study the polymeric
islands appeared symmetric and circular (Figure 3a to f). For PS-3Z,, with M,, = 28 kg/mol most polymeric islands took
asymmetric shapes (Figure 3g) while for the higher M,, (i.e. 159 kg/mol, Figure 3h) the polymeric islands appeared again
with the laterally circular shape. In all cases the polymeric islands are aggregates of several thousand polymer chains, an

order of magnitude of ~10” to 10*. This was calculated by dividing the number of the polymer chains per um® (calculated

from the corresponding adsorbed amounts) over the number of polymeric islands per um” (counted from the corresponding
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AFM image). These calculations are also in excellent accordance with those from SFA measurements. Analyzing AFM

images for each adsorbed amount we obtained the corresponding height histograms of the polymeric islands which are

shown in Figure 4. The height of the polymeric islands increased with the M, for all the different molecules used in this

study.
Table 2
Mass of a 2 e # of islands Nun.lber 0
Sample Molecul o (mg/m”) Polymers Per 2 Chains Per
olecule (g) 2 Per pm
pm Island
PS-Z,-25 432 x 107 3.16 73148 457 16006
PS-Z,-65 1.10x 1077 3.10 28182 2.54 11095
PS-Z,-150 2.62x10" 2.91 11107 0.58 19150
PS-27,,-25 4.65x 107 3.40 73118 9.38 7795
PS-2Z,, -65 1.11 x 1077 247 22252 0.71 31340
PS-2Z,,-150 2.64x 107" 2.70 10227 0.26 39334
PS-3Z,-25 4.65x107% 2.49 53548 4.45 12033
PS-3Z,-15 2.64x 107" 1.93 7311 1.1 6646
(‘El) PS-Z, Bl sk
0.30 Bl 55K
B 1c2K
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Figure 4: Total Distribution of the Islands Height Of The Polymeric Islands Appeared on the AFM
Images For: (A) PS-Z,, with M,,= 26 Kg/Mol (Red Columns), M,,= 66 Kg/Mol (Blue Columns) And
M,, =158 Kg/Mol (Green Columns). (B) PS-2Z,, with M,,= 28 Kg/Mol (Red Columns), M,,= 67 Kg/Mol
(Blue Columns) and M,, = 159 Kg/Mol (Green Columns) and (C) PS-3Z,, With M,, = 28 Kg/Mol
(Red Columns) And M, = 159 Kg/Mol (Green Columns)

In Figure 5 the radial average distributions of the 2D fast Fourier transform (FFT) were considered for the patterns
obtained for the case of PS-Z,, with 26 kg/mol (black squares), 66 kg/mol (red circles) and 158 kg/mol (blue triangles).
Generally, if the shape of an FFT is centrosymmetric implies anisotropic distribution of the pattern. The radial average
distribution of a centrosymmetric shape FFT shows a clear maximum at a specific wavevector g (¢g=27/1) which
corresponds to a characteristic length scale which is the preferred/characteristic distance between the polymeric islands. In
all cases the 2D FFT shows a centrosymmetric shape and a clear maximum can be seen in the radial average intensity at a
specified wavevector g which corresponds to a characteristic distance of 529 nm, 1.05 pm and 1.47 um for PS-Z,, with M,,
=26 kg/mol M,, = 66 kg/mol and M,, = 158 kg/mol respectively. Centrosymetrically-shaped FFT was observed also for
the cases of PS-2Zw and PS-3Z,, (results not shown). For PS-2Z,, the characteristic distances were 457 nm, 1.64 um and
2.23 pm for M,, = 26 kg/mol, 67 kg/mol and 159 kg/mol respectively. For PS-3Z,, the characteristic distances were 519 nm

and 849 nm for M,, = 28 kg/mol and 159 kg/mol respectively.
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fla.u.)

q [ Vpmj

Figure 5: Relative Average Intensity () As A Function Of The Wave Number (Q = 2n/1) For PS- Z,,

Molecules of 26 Kg/Mol (Black Squares), 66 Kg/Mol (Red Circles) And 158 Kg/Mol (Blue Triangles).

These Plots Were Obtained By the Radial Average 2D FFT Image (Indicated By the Arrow, Right

Image in Each Case) Resulting From The Corresponding AFM Image (Left Image In Each Case) And
Show A Maximum At A Specific Wave Vector Q. By Increasing M,, the Maximum Appeared For
Smaller Values of Q Which Corresponds to a Higher Characteristic Length Scale; 529 Nm, 1.05
Mm and 1.47 Mm for 26 Kg/Mol, 66 Kg/Mol And 158 Kg/Mol, Respectively

Figure 6a shows the characteristic distance of the polymeric islands, calculated from the 2D FFT image for each
AFM image, against the M,,. In all case, the characteristic distance increased with the M,,. For the low M,, (=25 kg/mol)
samples the characteristic distance appears similar. Figure 6b shows the log-log plot of the polymeric islands average
height versus the M,, for PS-Z, (black squares), PS-2Z,, (red circles) and PS-3Z,, (green triangles). It is clear that in all
cases the average height of the polymeric islands increases with the M,,. It is important to note that for the different
molecules used in this study the average height increase following a power law with an exponent of about 3/5 (indicated

with the red line in Figure 6b). For M,, =~ 25 kg/mol and My, = 160 kg/mol the PS-1Z, and PS-2Z,, appeared with similar
height and higher than the PS-3Z,. Nevertheless, for M,, =~ 65 Kg/mol the PS-2Z,, islands appear higher than the PS-1Z,,

(Figure 6a).
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Figure 6: (A) Characteristic Distance Vs the M,, And (B) Average Height Versus the M,, For
PS-1Z,, (Black Squares), PS-2Z,, (Red Circles) and PS-3Z,, (Green Triangles). in (B)
the Red Line Indicates a Slope of 3/5
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CONCLUSIONS DISCUSSION

Aggregation Behaviour

Our observations point to the notion that the Z,, group are not irreversibly anchored on the surface and that there is
lateral mobility on the surface. Each aggregate consists of ~10° to 10* chains. This is a much higher number, 1 or 2 orders
of magnitude than in the case of irreversibly anchored chains on the surface. It has been reported that thiol-terminated PS
on gold surfaces, with an adsorbed amount within the brush regime, form surface micelles (aggregates) of several-ten of PS
chains (i.e. ~10 to 10%). [41-42] In this case, the lack of mobility of the anchored thiol group on the gold surface prohibits
the tendency of the PS chains to aggregate together in bigger islands in order to avoid contacts with the unfavorable air and
obtain more favorably energetic conformations. Consequently, in our system, the appearance of much bigger aggregates
denotes the freedom of the Z,, group to move on the xy plane. In this way, it allows the formation of larger aggregates
incorporating many PS chains and hence fewer contacts of PS monomers with the unfavorable air. Nevertheless, our
results show that the extent of the chain-end mobility can be tailored to the number of the Z,, groups and the M,, of the

chain.
The Mobility of the Zw groups in the xy Plane

In our theoretical analysis, we mentioned that according to the theory Alexander-de Gennes [5-7] the distance

between two anchored polymer chains is given by the relationship s [ N % . The figure below (Figure 7) shows how §
changes in relation to the molecular weight M (or N ). The trend is evident in Figure 7 where we observe that with an
increase in molecular weight we increase the distance between the anchorage points. This is perfectly understandable since
large molecular weight polymers tend to occupy more space on the adsorption surface, effectively preventing new chains
from reaching the surface. Thus, gradually increasing the molecular weight from 25K to 70 K and finally, to 150 K we
notice a corresponding increasein § . The strange thing again is that according to the theoretical predictions we would

expect with an increase in the adsorption groups from one to two and three we would have decreased thedistance S .

2x10° r r r —

T
1
10° E B
%]
T
i 1
1
3x10' . . r ———
2x10* 10° 2x10°
MOLECULAR WEIGHT

Figure 7: Logarithmic Representation of the Distance between Two Anchored Polymer
Chains s in Relationship to the Molecular Weight of Polymer M w
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Effect of M,,

Figure 6a and b show that the characteristic distance and the average height of the polymeric islands increase with
the M,,. Higher M,, PS chains result in higher brush monolayers due to steric repulsions, interpenetrations and entropic
elasticity effects between the end-grafted chains in good-solvent conditions. When the solvent conditions change from
good to bad, the longer chains can form bigger/taller aggregates and due to the increased number of entanglements the

aggregates can be separated by larger characteristic distances.
Effect of the Number of the Z,, Groups

Small M,,: For the case of the small molecular weight polymers (i.e. = 25 kg/mol) the samples with 1 and 2 end
Z,, groups appear with a similar height while the molecules with 3Z,, appear shorter (Figure 6b). In addition, the AFM
image for the case of the PS-3Z,, with M,, = 28 kg/mol shows that the polymeric islands appear asymmetric. The high
adsorption energy of the small molecular weight PS-3Z,, prohibited the formation of symmetric and high islands since the
energy gain associated with the formation of aggregates with a small number of PS monomers and the reduced number of
entanglements cannot adequately compete with the increased adsorption energy of three Z,,. However, it must be noted that
there is no large difference in the aggregation behavior between the polymers with 2Z, groups and 1Z, for lower

molecular weights.

Intermediate M,,: For the intermediate M,, (= 65 kg/mol) the PS-2Z,, polymeric islands appear bigger with higher
characteristic distances (Figure 6a and b) than the PS-1Z,,. The larger attractive interactions associated with larger chains is
now high enough to generate differences in the aggregation behavior. These differences should be related to differences in
the end-group adsorption energy and indicate enhanced mobility of the PS-2Z,, with respect to PS-1Z,, showing that the
PS-27Z,, chains are characterized with lower adsorption energy. This is surprising since one should expect that the
adsorption energy of the PS-2Z, to be double than the case of PS-1Z,. A possible scenario to explain this behavior is
shown in Figure 8. Interactions between the two Z,, could be responsible for neutralizing the whole of the end-group and

decreasing the adsorption energy with the surface.

Figure 8: A Possible Scenario to Explain that Interactions between the Two Z,, Could Be
Responsible for Neutralising the Whole of the End-Group and Decreasing the
Adsorption Energy with the Surface
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High M,;: Moving now to the case of the highest molecular weight used in this study, Figure 5 shows that the PS-
1Z,, and PS-2Z,, appeared with similar height but much different characteristic distances. As it clear for the AFM images
(Figure 3f) the polymeric islands for the case of PS-2Z,, are much wider (in the xy plane) than the case of PS-1Z,, (Figure
3c). This verifies that the PS chains with 2 Z,, groups have less adsorption energy (a scenario in Figure 8) and hence higher
mobility than the case of the molecules with 1 Z,, group. For the case of PS-3Zw, the polymeric islands appear much
smaller than PS-1Z,, and PS-2Z,, (in both xy plane and Z direction) and closer to each other indicating decreased mobility.
However, the islands appear symmetric showing that the high molecular weight (~160K) results in higher forces between

the PS molecules during collapsing resulting in some mobility even for the case of 3Z,,.
Comparison with Scaling Theory

A scaling theory of the clustering behavior of irreversibly end-grafted chains exists [43-44]. This is based on the
difference in the surface energy between individually collapsed chains and aggregates of chains. In the case of the

aggregate, the energy loss due to the stretching of anchored chains must be considered. Interestingly, this theory predicts
RON"g'” (1), where R is the size of the core (similar to the aggregate height in our measurements), ¢ is the grafting

density and D [J N*»g™? (2), where D is the size of the whole micelle (similar to the ‘characteristic distance’ between

aggregates) in our measurements.

The direct application of this theory to our measurements is not possible because in our case the end-grafting is
not fully irreversible (the end-group can move along the surface) and in this way, the stretching penalty can be
accommodated by the direct movement of the grafted-end. However, it is interesting to note that there is a scaling type of
behavior between height and molecular weight with an exponent close to 3/5. Although, this is far from being a
verification of the theory for this case (grafting densities are not necessarily similar, chains are not irreversibly end-grafted,
we are not sure of the importance of the stretching effect), it is an indication that a scaling-type of description can be
applicable or at least we can compare our results to this theory and conclude indirectly if the theory’s assumptions are

validated by our results.

Egs 1 and 2 predict that the product of RD should not depend on the grafting polymer density and scales as

RD 1 N (3). Figure 99 shows a log-log plot of the product of the core radius R (measured height from the AFM images)
with the characteristic distance D versus the molecular weight. For the case of PS-1Z,, the exponent is 1.19 for PS-27Z,, is
1.54 and for PS-3Z,, is 0.91. These results indicate that stretching (which signifies strong end-attachment) upon the change
of solvent conditions is important for PS-3Z,, since the exponent is 0.91 (=1). For PS-2Z,, the much larger exponent 1.54>1
indicate increased mobility of the ‘grafted’ end (two Z, neutralize significantly each other) which is manifested by larger
heights and characteristic distances between the aggregates as the M,, increases. The intermediate exponent of 1Z,, testifies

to a behavior of intermediate mobility of the grafted end.
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Figure 9: Log-Log Plot of the Product RD Versus the Molecular Weight for PS-1Z,,
(Black Squares), PS-2Z,, (Red Circles) and PS-3Z,, (Green Triangles)
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