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Abstract

Carboxylic acid terminated polystyrene and polybutylacrylate were grafted from melt onto a silicon substrate modified with the

epoxysilane monolayer. The tethered layers fabricated from polymers of different molecular weights are smooth, uniform, mechanically

stable, and cover homogeneously the modified silicon surface. Micromechanical properties of the dry glassy and rubbery brush layers were

measured with atomic force microscope. We observed that for the PS layers with the thickness higher than 7 nm, the average value of the

elastic moduli reached 1.1 GPa, which is close, but still lower than the expected for bulk polymer. The elastic modulus of PS polymer brush

layers dramatically depends upon molecular weight and follows the inverse law with segment molecular weight, Mc of 18,000 known for

bulk PS. This result indicates that the process of the formation of the physical network within polymer melt of chains tethered to a solid

substrate is similar to that occurring in unconstrained polymer melt. Under these conditions, three PS brush layers studied in this work

represent different cases of chains without stable entanglements for M , Mc as well as chains with stable entanglements for brushes with

M , Mc: This transition shows itself in significant reduction of the compliance reflected in twofold increase in elastic modulus. Our

estimation predicts that modest lowering of ‘limiting’ elastic modulus of 1.4 GPa can be expected for thicker polymer brushes.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A variety of modern applications require robust ultrathin

coatings with molecularly controllable surface properties. It

is often desirable to modify interfaces uniformly and

permanently with selectively adsorbed polymers [1,2,3].

In fact, in experimental studies of friction and boundary

lubrication, it has been found that covalently or strongly

bound lubricant layers are more effective in protecting

sliding surfaces against wear than physisorbed molecular

layers that are easily removed or lifted off due to their weak

binding to the surface [4,5,6]. Hydrocarbon and fluoro-

carbon liquid lubricants also reduce friction and offer

protection against damage, but these films similarly break

down at high loads, again, due to their weak binding to the

surfaces. In both cases, the friction ends up being load-

controlled, resulting in high friction and wear [7].

Ultrathin, end-grafted polymer brush layers can dramati-

cally affect the surface properties of substrates such as

adhesion, lubrication, wettability, friction, and biocompat-

ibility [8,9,10]. Polymer brushes are long chain polymer

molecules attached by one end to a surface, with a grafting

density high enough so that the chains are obliged to stretch

away from the surface. This situation is quite different from

the typical behavior of flexible polymer chains in a solution,

where the long molecules adopt random-walk configur-

ations. The equilibrium conformation of end-grafted chains

arises from a balance between polymer–polymer and

polymer–solvent interactions, as for unattached chains.

Grafted chains stretch away from the surface in order to

reduce their interaction with other chains, attaining a

different conformation than the optimal for free chains in

bulk or in solution. Different models [11,12,13] for the

segment density profile normal to the surface and the

interactions between two opposed surfaces have been

developed for different solvent conditions and regions of

overlap (stretching), based on this balance between osmotic

pressure and elastic restoring force. In order of increasing

overlap (decreasing distance between attachment points),
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the model regions are called pancake, mushroom, and

brush layers [14].

The grafted brush layer can be fabricated from either

solution or melt [15–17]. It is commonly observed that only

layers with low grafting density can be obtained by

adsorption of polymer from solution, since after some

chains have become attached, incoming chains have to

diffuse against a concentration gradient to reach the solid

surface. In addition, there is an entropy loss arising from the

change in conformation of both the incoming and the

adsorbed polymer to accommodate another chain. For these

reasons, typically only a few milligrams of polymer per

square meter adsorb onto a solid surface from a good or u

solvent, regardless of whether the chains become chemi-

cally or physically bound to the surface [18].

The irreversible grafting from the melt offers potential

advantages over the grafting from solution mainly due to the

screening of the excluded volume interactions [19]

Presumably, more densely grafted layers can be formed

from the melt than from solution. However, until now, there

has been no clear understanding on if properties of

molecularly thick brush layers from different polymers of

different molecular weights fabricated from the melt by the

‘grafting to’ technique are comparable to ones known for

analogous bulk polymers. Moreover, study of their surface

properties, such as mechanical, represents a significant

challenge for conventional experimental techniques.

The aim of the present study is (i) to fabricate the

permanent grafting of a dense and homogeneous polymer

layer from melt onto a modified silicon surface and (ii) to

study their nanomechnical and surface properties by using

atomic force microscopy (AFM). In this study, we have

chosen two representative polymers, carboxylic acid

terminated polystyrene and polybutylacrylate, representing

glassy and rubbery polymers with very different surface

properties. The polymer brushes were formed by a grafting

from melt technique according to the usual approach

established in our lab and described in detail earlier [20].

The epoxysilane self-assembled monolayer (SAM) depos-

ited on a silicon wafer was used as an anchoring surface. We

previously showed that the epoxy–SAM is homogeneous

with terminal epoxy groups mainly located at the SAM

surface [16,17].

2. Experimental

Narrow fractions of carboxy-terminated polystyrene

(Mw ¼ from 4,500 to 28,500, Mw=Mn ¼ 1:08) and poly-t-

butylacrylate (Mw ¼ 6; 500; Mw=Mn ¼ 1:06) were obtained

from Polymer Source, Inc. For grafted polymer (Fig. 1), the

polymer was spin-coated from a 1.5 wt% toluene solution

onto the wafers modified with the epoxysilane SAM [21,

22]. The thickness of the polystyrene film measured by

ellipsometry was about 40 ^ 3 nm. The coated wafers were

annealed for 15 min to 18 h in a vacuum oven at 150 8C to

enable the end groups to graft to the substrate. The un-

grafted polymer was removed by multiple washings with

toluene and additional washing in an ultrasonic bath.

Ellipsometry was performed using a COMPEL Auto-

matic Ellipsometer (InOmTech, Inc.) with an angle of

incidence of 708. The principles of ellipsometry as well as

the experimental details are described elsewhere [23]. The

thickness of silicon oxide and epoxysilane SAMs layers

were measured independently before grafting polymer

layers and were determined to be 1.2 ^ 0.1 and 0.7 ^ 0.1,

respectively. The index of refraction of the silicon oxide,

epoxysilane monolayer, polystyrene and polybutylacrylate

were considered to be constant and equal to the ‘bulk’

values 1.46 [24,25], 1.429 [26], 1.59, and 1.464, respect-

ively [27]. All reported thickness values were averaged over

six measurements from different locations on the substrate.

AFM-based topographical and micromechanical analysis

studies were performed on a Dimension 3000 microscope

(Digital Instruments, Inc.) according to the procedure

described earlier [28,29]. We used tapping and phase

modes to study morphology of these films in ambient air.

Silicon tips with spring constants 50 N/m were used.

Imaging was done at scan rates in the range 1–2 Hz. For

thickness evaluation from AFM data, we used a ‘scratch’

test. This approach is used frequently for AFM-based

measurement of organic and polymer layers and produces

reasonable results [30,31].

Contact and friction mode were used to study micro-

mechanical properties of the grafted polymer brush layer.

Force–distance data were collected with silicon nitride

cantilevers with spring constants in the range of 2–10 N/m

as measured by added-mass and resonant frequency

techniques [32,33]. Approaching–retracting frequency

was in the range of 1–2 Hz and the tip velocity varied

from 20 to 100 nm/s. Tip radii (from 10 to 80 nm) were

measured by using reference sample with gold nanoparticles

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 
 

Fig. 1. (a) Schematic representation of neighboring grafted chains in

random coil (a) and brush (b) conformations. (c) chemical formulas of the

polymers studied: PS–COOH and PBA–COOH.
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of 5 and 30 nm in diameter and deconvolution procedure

[34–36]. To satisfy conditions for elastic mechanical

contact, for nanomechanical measurements we selected

blunt tips with radius in the range of 50–80 nm.

To obtain surface distribution of surface nanomechanical

behavior, we performed force–volume measurements and

collected 16 £ 16 force–distance curves for the several

randomly selected surface areas of 2 mm £ 2 mm. From the

array of force–distance data, we selected several force–

distance curves with the most probable ‘apparent’ elastic

modulus as determined from surface histograms. For

selected force–distance curves, we conducted further

analysis using the ‘double layer’ model as an option of a

more complicated gradient model [37,38]. This model

considers cooperative deformation of two layers with

different elastic moduli taking into account the presence

of the solid substrate. The reliable values of the elastic

modulus can be estimated this way. We adapted the theory

to analyze a compliant polymer layer on top of a stiff solid

substrate and provided adequate AFM data processing and

fitting procedures. Detailed description of our approach is

published elsewhere [39].

To characterize the grafted polymer layer, several

parameters have been evaluated in accordance with general

approaches [4,40]. The amount of grafted polymer, G (mg/

m2), was calculated from the ellipsometry and AFM

thickness of the layer, h (nm), by the following equation:

G ¼ hr ð1Þ

where r is the density of polymers.

The grafting density, S (chain/nm2), i.e. the inverse of

the average area per adsorbed chain, was determined by:

S ¼ GNA £ 10221
=Mn ¼ ð6:023G £ 100Þ=Mn ð2Þ

where NA is Avogadro’s number and Mn (g/mol) is the

number-average molecular weight of the grafted polymer.

The distance between grafting sites, D (nm), was

calculated using the following equation:

D ¼ ð4=pSÞ1=2 ð3Þ

The mean square end-to-end distance (hQ; nm) of a non-

disturbed polymer chain in bulk state was calculated from

hQ ¼ kM0:5
n ð4Þ

where k is 0.068 for PBA and the radius of gyration, Rg; was

calculated from Rg ¼ hQ=
ffiffi

6
p

:

3. Results and discussion

3.1. The kinetics of the formation and morphology of

polymer brush layer

The kinetics of the formation and morphology of the

grafted PS–COOH layers with different molecular weight of

polymers were described in detail elsewhere [41]. Fig. 2 shows

the kinetics of formation of the grafted PBA–COOH layers.

For this particular polymer, 3 h of the grafting time is enough

to approach a virtually constant thickness of the grafted layer.

Only statistically insignificant differences were observed for

samples with grafting times between 3 and 18 h. The layer

heights, h; obtained independently by ellipsometry and AFM

measurements, are close to each other (within 5–10% error

range). This indicates that the polymer is densely packed in the

film with a refractive index (and density) being close to the

known value for bulk material.

Fig. 3 and Table 1 show the amount of grafted polymer,

grafting density and the surface roughness versus the

grafting time of PBA chains. The amount of grafted

polymer and grafting density were calculated from Eqs.

(1) and (2) (Table 1). Increase of grafting time resulted in a

gradual increase of the amount of grafted polymer within

first 4 h of grafting. After 18 h of the deposition, the grafted

layers practically reach a constant thickness. The amount of

grafted polymer reached 3.5 mg/m2 that is typical for the

‘grafted to’ technique (1–10 mg/m2) [42]. Accordingly,

grafting density gradually increase to 0.32 chains/nm2 that

is higher than typical grafting densities achievable with

grafting to from solution.

Fig. 4 presents AFM topographical images of the grafted

PBA polymer layers at different grafting density. Comparison

of the images revealed that the films obtained from different

grafting densities have different surface morphologies. At low

grafting density (S , 0.1 chain/nm2), a surface covered with

densely packed islands, a characteristic of dimpled lateral

structured predicted and observed for low grafting densities in

air as illustrated in Fig. 4(a) [43,44]. This type of morphology

was related to the formation of isolated ‘mushroom’ of grafted

polymers in a poor solvent [45]. At intermediate grafting

densities (Fig. 4(b) and (c)), the formation of clusters with

diameter of 40–50 nm and about 2–3 nm high is observed. A

higher grafting density (S . 0.3 chain/nm2) resulted in a

higher level of overlapping of macromolecular chains and the

 

 

 

Fig. 2. Thickness of PBA brush layer versus time of the grafting as

measured by ellipsometry and AFM.
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formation of a truly uniform surface morphology as expected

for high grafting densities (Fig. 4(d)). A lower value of surface

roughness, below 0.17 nm, is observed for these grafted layers

(Fig. 3).

The thickness of the dry PBA layer at maximum grafting

density reaches 3.0 ^ 0.2 nm. This thickness corresponds

well to the theoretical estimation, h ¼ 3:2 nm, for the

polymer brush layer in a poor solvent as estimated from

h < Ns ¼ Nða=DÞ2 taking a < 0:6 typical for flexible

polymer chains [46,47]. N; s; and D are the degree of

polymerization, dimensionless grafting density, and the

distance between grafting sites, respectively. On the other

hand, the PBA thickness in a good solvent (toluene) as

measured by the AFM is much higher and reaches

9.5 ^ 0.5 nm that is consistent with expected thickness of

polymer brush in a good solvent [48–51].

3.2. Nanomechanical properties of polymer brush layer

The surface distribution of the mechanical response for

the brush layers was obtained with pixel-by-pixel micro-

mapping of randomly selected surface areas. An example of

histograms of surface distribution of elastic modulus within

the 2 mm £ 2 mm area for both PS and PBA brush layers is

presented in Fig. 5. The average value of the elastic modulus

is about 1.1 GPa for the PS layer with the highest molecular

weight tested but decreases to 600 MPa for the layers

fabricated from low molar weight PS (Table 2). These

values are within a range of values measured for glassy

polymers of different molecular weights with AFM probing

[52,53]. In contrast, the PBA layer possesses the elastic

modulus of 40 MPa, typical for rubbery polymer phases

(Table 2). Under identical normal load, the elastic,

reversible indentation of the AFM tip is much higher (3–5

times) for the rubbery PBA layer (Fig. 5). Typically, the

maximum indentation depth under the normal load of 40 nN

was within 3 nm for the rubbery PBA brush layer but stays

well below 1 nm for the PS brush layer. The pull-off force

normalized to the tip radius R; DF=R; could be considered as

a measure of adhesive energy required separating the AFM

tip and a polymer surface [54,55]. Strong adhesion is

observed for the PBA brush layer as expected for rubbery

polar polymers (Table 2). The PS brush layer shows

consistently smaller adhesion forces as expected for stiffer

polymer surfaces with lower surface tension (Table 2).

The elastic modulus of the PS brush layer increases

with the molecular weight of the grafted polymers (Table 2,

Fig. 6). This trend is continued if additional data points for

‘grafted from’ brush layer is added [56]. This relationship is

 

 

 

Fig. 3. Grafting amount, grafting density, and microroughness of PBA

brush layer versus time of the grafting.

Table 1

Characteristics of PBA polymer brush layer

Grafting time Film thickness (nm) RMS roughness (nm) Grafting amount, G (mg/m2) Grafting density, S (chain/nm2) Interchain distance, D (nm)

15 min 1.3 0.20 1.30 0.12 3.25

1 h 2.5 0.19 2.58 0.24 2.31

3 h 3.2 0.19 3.41 0.32 2.00

10 h 3.2 0.18 3.42 0.32 2.00

18 h 3.3 0.17 3.44 0.32 1.99

  

  

Fig. 4. AFM topographical images (1 £ 1 mm) of PBA brush layers

fabricated at (a) 15 min, (b) 1 h, (c) 3 h and (d) 18 h grafting time. The

vertical scale is 10 nm.
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reminiscent of the known molecular weight dependence of

mechanical properties [57,58]. The increase of mechanical

strength is related to the variation of free volume caused by

decreasing concentration of end groups of polymer chains

and growing constraints imposed by a denser physical

network. The formation of a stable entanglement network is

expected for molecular weight exceeding a critical segment

weight, Mc: As it was established for bulk polymers,

strength or elastic modulus, EðMÞ; are a linear function of

inverse molecular weight and can be represented as:

EðMÞ ¼ A 2 BðM þ McÞ
21 ð5Þ

where the parameter A gives an expected value for the

polymer with infinite molecular weight and B depends upon

chain type [57].

The experimental data of elastic modulus for grafted

polymers with different molecular weights analyzed in

accordance with Eq. (5) are presented in Fig. 6b. We observed

 

 

 

Fig. 5. Histograms of the surface distribution of the micromechanical

responses for PBA and PS layers (a) and examples of penetration–load

curves for these layers showing very different elastic response on

mechanical load (b).

Table 2

Surface properties of different molecular weight PS and PBA polymer brush layers

Polymers Mn (g/mol) Thickness (nm) Grafting density, S (chain/nm2) Young’s modulus (GPa) Adhesion (mJ/m2)

PS 4,500 2.3 0.32 0.6 ^ 0.1 19 ^ 3

PS 16,900 5.0 0.19 0.9 ^ 0.1 20 ^ 3

PS 28,500 6.7 0.15 1.1 17 ^ 3

PBA 6,500 3.3 0.32 0.03–0.08 37 ^ 3

 

Fig. 6. (a) The elastic modulus versus the molecular weight ðMnÞ for PS

brush layers studied in this work and brush layer from higher molecular

weight polymer from Ref. [56] (a). The linear regression fit of the elastic

modulus as a function of 1=ðMn þ McÞ
21 with different assumed values of

Mc:
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that a good linear fit could be obtained for a whole set of data

assuming variation of Mc in a wide range around Mc of 31,000

known for bulk PS [59]. Extrapolation of the linear fit to

infinite molecular weight gives an ultimate value of 1.4–

1.8 GPa for the reachable elastic modulus of tethered PS

chains with high molecular length that is close but a bit lower

than usual values of 2.5–3 GPa measured for bulk PS [60].

This difference might indicate that level of short range

ordering in grafted polymer chains is somewhat lower than in

the bulk state and additional disturbance due to the presence of

spatial constraints leads to weaker compression resistance of

ultrathin grafted polymer layers. Three PS brush layers studied

here represent very different cases of chains with few

entanglements for M ! Mc as well as chains with stable

entanglement network for polymer brushes with M , Mc:

This transition between these two states shows itself in

dramatic reduction of the compliance reflected in twofold

increase in the elastic modulus for grafted layers with M ,
Mc: These dramatic changes of the elastic properties of

polymer brushes are observed in the range of molecular

weights close to the critical segment length of amorphous PS.

It could be expected that actual Mc value for tethered polymer

chains is higher than for unconstrained random coils.

However, it seems that spatial constrains imposed by tethered

chain ends only modestly influences the formation of chain

entanglements in thin brush layer. Unfortunately, a limited

number of molecular weights prevents us of making a firm

conclusion on this issue.
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