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Polymers brushes (polymer chains end-tethered to a substrate) have been extensively studied 

with atomic force microscopy (AFM). Force-indentation curves are collected while squeezing 

the sample surface with the AFM probe. The analysis of these curves allows obtaining the 

equilibrium brush thickness and grafting density by using an appropriate model for mechanical 

deformation of the brush. However, this approach becomes inaccurate when the substrate is 

deformable, which is frequently the case. In this situation, the collected force-distance curves 

include both information about the brush and substrate deformations. Here we describe a method 

which takes into account both the brush and substrate deformations. Quantitative accuracy of the 

presented method is demonstrated by applying the method to measuring a polyethylene oxide 

brush grafted to the cross-linked poly (2-vinyl pyridine) substrate swollen in aqueous media of 

different acidity.  By analyzing the AFM force curves, we simultaneously obtain the grafting 

density, equilibrium brush thickness, and the Young’s modulus of the substrate. The method is 

verified by independent measurements of the substrate Young’s modulus and direct 

measurements of the brush thickness using ellipsometry. The method demonstrates a very good 

agreement between the estimated and directly measured Young’s modulus of the substrate and 

molecular characteristics of the brush. 
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Introduction  
Polymer chains end-tethered to a substrate (aka polymer brushes) are of great interest for 

building complex functional interfaces. Such interfacial structures demonstrate feasibility to 

control and regulate interactions between particulates and planar surfaces of materials. It is 

broadly used in living systems and synthetic materials1-3. A kind of polymer brush architectures 

are found in biological organisms, for example, on cell membrane that is decorated with 

biopolymer brushes 4-7 or in bone cartilage 8-10. Colloidal stabilization 11-12, antifouling 

coatings13-15, invisible for immune system hydrogel coatings of capsules for targeted drug 

delivery16-17 and various biointerfaces18 are a few examples when brush architecture is routinely 

used for industrial and biomedical applications.  

Polymer brush is characterized by molecular mass of the grafted chains, grafting density 

and polymer –solvent interaction. A combination of these characteristics results in the 

equilibrium thickness of the brush owing to the osmotic pressure leveraged by entropy loses of 

the stretched polymer coils of the brush 19-20. Experimentally, the brush characteristics can be 

extracted from measurements of the brush thickness, polymer density profiles and molecular 

mass of grafted chains. For the case of a dry sample of the brush, measurement of the brush 

thickness can be done, for example, by means of ellipsometry or X-ray reflectivity. Such 

measurements provide sufficient information to estimate the grafting density (provided known 

molecular mass of the polymer). For the brushes synthesized by grafting polymers from the 

surface of the substrate, characterization of the brush is limited due to challenges of 

characterization of the molecular mass of the grafted polymer. A common approach is to 

measure molecular mass of the bulk polymer synthesized in the solution above the solid 

substrate, and assume that the mechanism of the chain formation is the same on the surface and 

in the bulk. The polymer molecular mass and grafting density can be used then to predict 

polymer brush interaction with solvent, particulates and solid surfaces. However, in many cases 

the amount of polymer formed in the solution above the solid substrate is negligible so that the 

grafted brushes cannot be characterized properly. Thus, it is important to find experimental 

methods for characterization of polymer brushes for samples in which the molecular mass of the 

grafted chains cannot be measured directly.  
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Atomic force microscopy (AFM) 21 is one of comprehensive methods to study polymer 

brush characteristics via the analysis of AFM tip-polymer brush interactions. The latter 

information can be derived from force-indentation curves that AFM can record in each point of 

the sample surface. The data can be collected when AFM operates in HarmoniX, PeakForce 

QNM AFM modes (from Bruker-Nano, and similar modes from other AFM manufacturers) 22-24, 

and a classical force-volume mode 25-26. The force-volume mode, being rather slow compared to 

others, allows a better control over the scanning parameters. Importantly, the force-volume mode 

can be operated at relatively slow vertical (ramping) speed. This decreases possible 

hydrodynamic drag artifacts when studying soft surfaces, and in particular, polymer brushes. 

Essentially the AFM technique gives a direct experimental evaluation of mechanical response of 

polymer brushes grafted to different substrates.  

Although, AFM was used to extract the parameters of the polymer brush, see, e.g., 26, the 

brush was attached to a relatively rigid substrate. In many cases, polymer brushes are attached to 

relatively soft (deformable) polymer substrates. While compressing (indenting) deformable 

samples covered with a polymer brush, the AFM probe simultaneously deforms both the brush 

and the soft substrate. A model that takes into account deformations of both brush and substrate 

simultaneously has been initially developed to characterize mechanical response, for example, of 

biological cells 4, 27-29. The model allows to separate the mechanical deformation of the cell body 

from the deformation of the brush-like structure formed by the molecules at the extracellular 

(brush) layer. However, it is difficult to verify that model quantitatively due to a high complexity 

of the substrate (cell body).  

The goal of this work is to verify the proposed mechanical model of the polymer brush 

grafted to a deformable substrate using well-characterized synthetic sample, and therefore, to 

demonstrate that the AFM technique is capable of quantitative measurements of the brush 

parameters as well as the mechanics of the deformable substrate.  The synthetic material used 

here is polyethylene oxide (PEO) brush grafted to the surface of a cross-linked poly (2-vinyl 

pyridine) (P2VPxl) substrate. Swelling of P2VPxl in water depends on pH, while the effect of 

pH on the mechanical response of PEO brushes is negligible.  Thus, mechanical properties of 

P2VPxl substrate can be tuned via changes in pH so that the cumulative response of the PEO 

brush on P2VPxl substrate is modulated by the response of the substrate with no substantial 



4 

 

changes in the PEO brush characteristics. In addition, the mechanics of the P2VPxl substrate is 

independently measured before grafting the brush. Finally, the brush parameters are 

independently measured by the ellipsometry technique. We see a very good agreement between 

the estimated and directly measured Young’s modulus of the substrate and molecular 

characteristics of the brush.. 

 

EXPERIMENTAL DETAILS  
 

Materials 

Poly(2-vinyl  pyridine)  (P2VP, Mn = 152 Kg/mol), diiodobutane (DIB), 4-propylphenol, and 5-

bromovaleryl  chloride (Sigma-Aldrich); 11-bromoundecyldimethylchlorosilane (Gelest, inc.);  

poly(ethylene oxide) methylether with the end functional hydroxyl group (PEO-OH, Mn = 12.3 

Kg/mol, polydispersity index 1.1, Polymer Source) were used as received. Bromo-terminated 

poly(ethylene oxide) (PEO-Br) was synthesized via the reaction of PEO-OH with 5-

bromovaleryl  chloride according to the procedure reported in the literatures 30. 

 

Synthesis of PEO-brushes on P2VPxl  film 

The cross-linked P2VP  films on the surface of Si-wafers (shown in figure 1) were prepared 

according to the following procedure: 30-32 2 w/v% P2VP and 2 vol% DIB were dissolved in a 

mixture of nitromethane and tetrahydrofuran (volume ratio of 9:1). The resulting solution was 

heated at 80°C with stirring for different periods of time to approach a desired degree of 

quaternization. In this stage, P2VP is functionalized with DIB when majority of DIB is reacted 

by one functional group resulting in the functional P2VP with iodobutane side functional groups. 

It is noteworthy, that the heating time of the P2VP –DIB mixture in solution is controlled to 

reach a quarternization degree greater than 5%. In our previous study30, it was found that if the 

quaternization degree was less than 5%, PEO with molecular weight of 12.3 Kg/mol  penetrated 

inside the crosslinked P2VP network. In contrast, PEO did not penetrate a highly-crosslinked 

P2VP film, at a greater than 5% quaternization degree, and thus PEO can be grafted only on the 

surface of P2VPxlfilm. Afterward, the solution was filtered, and diluted to half with the same 

mixture solvent of nitromethane and tetrahydrofuran. Prior to spin-coating, 0.25 vol% of 4-
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propylphenol was added into the solution to prevent the phase separation of quaternized P2VP 

and DIB. The obtained solution was spin-coated on the surface of silanized silicon wafers at 

3000 rpm at a low ambient humidity (< 10 RH%). The silanization of the silicon wafers was 

carried out by immersing them in 1 wt% 11-bromoundecyldimethylchlorosilane solution in dry 

toluene at room temperature overnight. The resulting films were annealed at 100oC in vacuum 

for at least 1h to complete the cross-linking reaction of P2VP with residual functional groups of 

DIB, and the immobilization reaction of the P2VPxl film via bromoalkyl groups on the silicon 

wafers. The prepared P2VPxl films were characterized by using FTIR spectroscopy. The 

quaternization degrees of 6.4%  was obtained for the heating times of P2VP-DIB mixtures for 

1h.  Thus, the reaction time for quaternization was set at 1h for all sample preparations to ensure 

the formation of only surface grafted PEO brushes on P2PVxl films.   

Afterward, PEO was grafted to the surface of the P2VPxl films. A 2 w/v% solution of 

bromo-terminated PEO in toluene was spin-coated on the P2VP network films at 3000 rpm, and 

then the grafting reaction was conducted by annealing at 120°C in vacuum for 20h. After the 

grafting step, the films were rinsed with chloroform and an acidic aqueous solution (pH 2.0) for 

1 day for each solvent to remove unreacted PEO, and then dried with a N2 gas flow. 

 

PEO brush on P2VPxl film characterization 

To measure the dry film thickness (and consequently, to estimate the grafting density), PEO-

grafted P2VP samples were characterized using ellipsometry. The Multiskop null-ellipsometer 

(Optrel) equipped with a He-Ne laser (λ = 633 nm) was used for ellipsometric measurements. 

The angle of incidence of polarized light was set to 70°. 

 

The AFM scratch test 33 was also performed to estimate film thickness in air and in water (at pH 

5.5). In the scratch test, a sharp steel needle was used to scratch the film down to the surface of 

the silicon substrate, producing a step with a height equal to the film thickness. Note that the 

AFM tip does not damage the harder Si wafer surface. The absence of Si wafer damage after the 

scratch was verified during AFM imaging. The AFM imaging in air and in water was conducted 

using Dimension 3100 and MultiMode scanning probe microscopes (Bruker Nano/Veeco, Inc) 

operating in the standard tapping mode. NPS silicon nitride probes (Bruker Nano, CA, USA) 
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with a spring constant of 0.32 N/m (estimated as described in34), a resonance frequency in 

aqueous media of ∼9 kHz, and the radius of the tip curvature of 20 nm (nominal) were used for 

scanning. 

 

 

Figure 1. Schematic illustration of PEO-grafted P2VP flat thin film. 

Polymer brush is grafted on a deformable polymer substrate. 

 

 

AFM force-volume imaging 

Dimension 3100 (Veeco, Inc.) AFM with Nanoscope V controller and NPoint close-loop scanner 

(200 m × 200 m × 30 m, XYZ) were used for all force measurements in this study. The 

annealed SHOCON (AppNano, Santa Clara, CA) probe with radius of R=105±10 nm and spring 

constant of 0.29±0.04 N/m was utilized. The spring constant was calibrated using thermal tune 

method 35-36. Standard cantilever holder for operation in liquids was used. Force-indentation 

curves were recorded with vertical speed of 1 m/s (1 Hz ramp rate and 500nm Z ramp size). For 

each sample, the force volume maps with size of 10x10 µm2 and resolution of 16x16 pixels were 

collected from several different regions. When operating in the force-volume mode, the AFM 

probe approaches the brush-coated surface and deforms the brush. The force-separation curves 

are recorded for each point.  The acidity of the aqueous medium (1mM of NaCl) was adjusted 

with the help of HCl. 

 

Mechanical model of deformation of polymer brush on a deformable substrate  
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The brush on a deformable substrate model is the method to find the force response due to 

deformation of an elastic homogeneous material covered with a second material that has a 

negligible lateral stress (close to zero Poisson ratio) 4, 37. In the particular case of this work, the 

second material is a polymer brush. Furthermore, in contrast to the previous works, both polymer 

brush and substrate are well-defined and characterized materials. Below is a brief description of 

the model. 

 

 

Figure 2. A schematic of an AFM probe over a deformable deformable surface covered 

with a grafted polymer brush. Z is the relative position of the cantilever, d is the cantilever 

deflection, Z0 non deformed position of the substrate surface, i deformation of the substrate 

and h is the separation between the substrate surface and the AFM probe. Z is set to 0 for the 

maximum cantilever deflection. 

 

Figure 2 shows a schematic of an AFM probe interacting with a typical deformable surface 

covered with a polymer brush. Mechanical deformation of the substrate and long-range force 

(due to steric repulsion) cause the deflection of the cantilever d. The load force F is described by 

the Hooke’s law, F=kd, where k is the spring constant of the AFM cantilever. Z is the vertical 

position of the cantilever shown in figure 2. It is assumed that Z=0 for the maximum cantilever 

deflection dmax. Z=Z0 is non-deformed position of the deformable substrate and d is the substrate 

deformation. h is the separation between the substrate surface and the AFM probe. From the 
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diagram shown in figure 2, one can see the following relationship between all presented 

parameters: 
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where Rs is the radius of curvature of the substrate at the point of contact, Rt is the radius of the 

probe and v is the substrate Poisson ratio, E is the elastic modulus of the substrate. 

 

Because Z is defined as zero when d=dmax, we can exclude Z0 from the equation (1): 
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As shown previously 4, 38, the unknown parameters E and h can be found by using the 

following procedure. Assuming that the force imposed by the cantilever close to its maximum 

deflection (kdmax) is sufficient to completely “squeeze” the molecular brush between the AFM 

probe and the substrate surface one can set the h=0 near that maximum force. This assumption 

relies on a much smaller stiffness of the molecular brush layer compared to the stiffness of the 

substrate polymer, but it certainly depends on the value of dmax. It has to be sufficiently large to 

ensure enough load force to completely squeeze the molecular brush. This can be verified post-

factum, after the parameters of the brush being derived, and should be kept in mind when doing 

measurements. When the molecular brush is squeezed to a higher degree, the brush behavior can 

turn into the behavior of an elastic material. Furthermore, it is obvious that the effective stiffness 

of the brush is increasing with the brush compression. At one point, the stiffness of the substrate 

will be equal to the stiffness of the squeezed molecular brush, and therefore, their elastic 

responses will become similar. Thus, the error due to the deviation h from zero can be assigned 

to the uncertainty in the indentation depth. For example, if we consider 90% deformation of the 

brush as a good approximation of completely squeezed brush layer, the error of 10% would 

result in maximum error of 1 nm for a maximum indentation depth of 10 nm. This is quite 

acceptable for the present degree of quantitative analysis (~ 15% error in definition of the elastic 

modulus E). The approach described above allows to unambiguously derive the force related to 



9 

 

the polymer brush layer as well as the Young's modulus of the substrate. Assuming h=0 around 

the point of maximum load, equation (2) can be written as: 
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The repulsion force due to the brush layer ( )brushF h can now be found by using the following 

inexplicit equations: 
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To calculate the brush parameters, the equilibrium brush size L and grafting density N, using 

( )brushF h data, one needs to use a model describing the force due to the polymer brush. Following 

the approach used in the literature, we model this force using the following equation 4, 27-28, 38-39: 
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where h is the probe-surface distance, R is the radius of the AFM probe, and T is the medium 

temperature. Note the difference by the factor of two compared to the original citations; this is 

done to correct the error propagated from the original work 39. Equation (5) can be used for the 

numerical fitting of experimental data. This equation is a good approximation for a limited 

interval of h: 0.2<h/L<0.9. 

It should be noted that further development of equation (5) within the Derjaguin 

approximation has been recently reported in 40, when  the effect of sharpness of the AFM probe 

was studied for the brushes immersed in different solvents. The analysis of those modified 

equations is beyond the scope of this work, the use of the present model is justified by a good 

quantitative agreement obtained by means of equation (5). 
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Results and Discussion 
 

Two similar P2VPxl samples were synthesized and characterized to verify reproducibility of the 

sample preparation. The thickness of dry P2VP films, estimated by ellipsometry, was found to be 

42.2±0.5nm and 42.3±0.4nm for two samples. The measurements were verified with AFM by 

measuring of depth of the trench scratched on the sample surfaces using a steel needle.  The 

AFM measurements provided results for P2VPxl thicknesses for both the samples at 

40.1±0.5nm. One sample was used for the mechanical measuring the Young’s modulus of the 

P2VPxl film. The second sample was used for the grafting of a PEO brush (P2VPxl-PEO) for 

subsequent measurements of the parameters of the brush and the Young’s modulus of the 

substrate, the P2VPxl film. After grafting PEO brush to P2VP film, the dry thickness of the PEO 

brush was found to be 6.5±0.1nm from ellipsometry measurements and 6.7±0.5nm from the 

AFM scratch. Amount of the grafted PEO, , was calculated from the ellipsometric dry 

thickness, h (nm), and the density ( = 1.09 g/cm3) of PEO using the equation:  (mg/m2). 

The grafting density of PEO, N, was estimated by using the following equation: 

 (nm-2), where  NA (mol-1) is the  Avogadro number, Mn (g/mol) is the  number 

average molecular weight of PEO 41. Using the following parameters of the dry brush: h = 6.5 

nm,  = 7.0 mg/m2, Mn = 12300 g/mol, one obtains an estimated value of N=0.32 nm-2 . 

The thickness of the swollen PEO brush in pH 5.3 buffer was estimated using the same 

approach of measuring of the scratched trench depth. The swollen brush thickness was obtained 

as the difference of the trench depth for the P2VPxl-PEO sample and the trench depth for 

P2VPxl sample without PEO brush. The obtained value was found to be 16.5 ± 3 nm. it is worth 

noting that the trenches where scanned at different load forces, from a high force to a low force 

to find the minimal force when the tip-brush mechanical contact was detected. This procedure 

provided the lowest possible compression of the brush by the AFM tip. A particular pH was 

chosen to avoid excessive swelling of the substrate. 

To study the brush and mechanical properties of the substrate using the described 

method, an AFM probe of sufficiently large diameter was used. Such a probe was taking to avoid 
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the artifacts of nonlinearity which are typically seen when using sharp commercial probes 42-43. 

Mechanical properties of P2VPxl films depend on the acidity of the immersing buffer. By 

changing pH from 5.3 to pH 2, we change the mechanical properties of the P2VPxl substrate 

owing to changes of the ionization degree of pyridine monomer units. Therefore, the experiments 

were carried out in two different immersing buffers with pH 2.0 and 5.3. 

Typical force-indentation curves (raw data as recorded by the microscope) are presented 

in figure 3. One can see a substantially different behavior of the force curves collected on the 

P2PVxl substrates with and without PEO brush. In addition, there is a clear difference in the 

mechanical response of the system observed in buffers with pH 2.0 and 5.3. 

 

 

Figure 3. Typical force-indentation curves collected on (a) P2PVxl and (b) P2VPxl-PEO. 

The deflection of the cantilever d on the separation distance (Z-d) is shown (Z is the 

vertical position of the AFM scanner). 

 

Analysis of the data exampled in figure 3 is presented in figure 4. The approaching part 

of force curves were analyzed to avoid any artifacts related to the slow relaxation or potential 

damage of the brush layer. The data points near the maximum load force are fitted with equation 

2 (the Hertz model, deformation of the elastic substrate with no brush), and consequently, 

extrapolated to lower forces. One can see that sample P2VPxl (figure 4(a)) shows almost ideal fit 
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of the Hertz model, whereas sample P2VPxl-PEO (figure 4(b)) can be described well with the 

Hertz model only for the large force, thick solid (green online) top part of the curve. The thin 

solid (red online) part of the curve is the extrapolation for smaller forces. One can see a 

substantial deviation from the behavior of an elastic material, from the Hertz model. This agrees 

well with our brush-on-the deformable-substrate-model described by equations 1-4. The fit with 

the Hertz model gives the value of the Young’s modulus, which can be found using equation 3.  

As a next step, the force due to the brush is derived from the experimental data using equation 4. 

This force is exampled in figure 4c. The force data are presented in the logarithmic scale. One 

can clearly see the exponential behavior (a straight line in the logarithmic scale). This data are 

fitted with equation 5 to extract the brush parameters, the equilibrium length L and grafting 

density N. 

 

 

Figure 4. An example of processing experimental force-indentation data with the Hertz 

part of the model (equation (2)). (a) The fitting of the bare P2VPxl polymer sample and 
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(b) the same sample covered with the PEO polymer brush (P2VPxl-PEO). The force due 

to PEO brush (c) derived using equation (4) from the data shown in panel (b). 

 

 

It is important to note the presence of the AFM probe-surface adhesion in the case of 

P2VPxl sample with no brush for pH5.3, Figure 3a. The presence of such interaction is taken 

into account by the use of appropriate contact model which takes into account adhesion, for 

example, JKR or DMT models 43. The choice between the JKR and DMT models can be done 

based on the use of the Maugis parameter  44-45, which is a dimensionless parameter ranging 

between 0 and 1.  close to 1 justifies the use of the JKR model, whereas  close to 0 points to 

the use of the DMT model. The Maugis parameter  can be found using the following formula 

44:   50 / 51 exp[ 250 / 231] 1     , where  1 33 2 *2
01.1570 / * /adhD w R E   44-45, wadh is 

the adhesive energy per unit area, R is the probe radius,   * 21E E v  is the “reduced” 

Young’s modulus, and v is the Poisson ratio. D0 is the interatomic distance between the atoms of 

probe and sample at contact.  The adhesive energy per unit area can be found from the adhesion 

force 43. For example, the surface energy in the case of pH5.3 can be found as 0.0360.005 J/m2. 

D0 is taking assuming the adhesion originates at the van der Waals interaction; it typically ranges 

within 0.15-0.17 nm 19, 43, 46. Using these values, one can find that Maugis parameter α~0.98, 

which means the choice of JKR model.  

The absence of nonlinearity and influence of the substrate is verified by one of the most 

comprehensive tests, testing the obtained elastic moduli as the function of the indentation depth. 

The linearity of the stress-strain response manifests itself in independence of elastic modulus of 

the indentation depth. Figure 5 shows typical behavior of the modulus on the different 

indentation depth. One can see virtually no dependence. Thus, one can conclude that we work in 

the linear stress-strain regime. 
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Figure 5. Typical dependence of the elastic modulus on the indentation depth for (a) P2VPxl   

and (b) P2VPxl-PEO samples are shown for two different pH (2.0 and 5.3). 

 

The model described above was applied to 40 force curves collected for each sample at 

pH 2.0 and 5.3 (160 force curves in total). Statistical histograms of the obtained results are 

shown in Figures 6 and 7. Figure 6 shows histograms of the obtained distributions of the 

Young’s modulus of the P2VPxl film with and without the grafted PEO brush. As was 

mentioned, mechanical property of P2VPxl depends on the acidity of the environment. Figure 6 

presents the results of measurements for P2VPxl immersed in buffers with two different pH, 2.0 

and 5.3. One can see that the average values of the Young’s modulus are indeed changing with 

change of pH. The mean values demonstrate virtually identical for both samples ~2.1x increase 

of the Young’s modulus with the decrease of pH. From this observation, one can make an 

interesting conclusion that the overall elastic response of P2VPxl film is presumably defined by a 

strong electrostatic repulsion. This repulsion is stronger for lower pH, and consequently, can 

result in higher elastic modulus. 
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Figure 6. Histograms of the elastic (Young’s) modulus of P2VPxl film (a, b)) and 

P2VPxl-PEO sample (c, d)) measured at two different pH. 

 

 

Comparing the values of the Young’s modulus obtained for P2VPxl films with and 

without PEO brush, one can see that the brush model rather accurately defines the Young’s 

modulus of the P2VPxl for both pH. The average modulus of P2VPxl film in pH 5.2 with brush 

is (25±8.4)MPa and (23±4.3)MPa without  brush. The average modulus of P2VPxl film in pH 

2.0 with brush is (48±15)MPa and (46±9.5)MPa without  brush. This verifies the part of the 

brush model that defines the mechanical properties of the polymer substrate layer.  
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Figure 7 shows histograms of the distributions of the brush parameters calculated for 

P2VPxl-PEO sample measured in two different buffers with pH 2.0 and 5.3. It is worth noting 

that the obtained force dependence due to the brush can be analyzed by different models 39-40, 47. 

Here we choose the model described by equation (5) as a nonrestrictive example. The values of 

the grafting density estimated using this model N=0.570.04 nm-2 for pH 2.0 and N=0.550.09 

nm-2 for pH 5.3. These values are statistically the same for both pH, thus indicating the expected 

no effect of the state of the deformable substrate on the molecular characteristics of the brush. 

This is expected because PEO molecules in the brush are very weekly charged, and as a result, 

the size of the brush is not pH dependent 48. However, both values are greater than the values 

derived from the direct measurements of dry brush thickness, N=0.32 nm-2. This discrepancy 

might be explained by the deficiency of the model that does not take into account specific 

solvent-brush interactions and a partial blending of PEO and P2VP at the grafting interface.   

As to the length of the brush derived from the mechanical probing, we also observed the 

expected virtually no change of the length of the brush with changing pH, L=19±1.7nm at pH 2.0 

and  L=16±1.7nm at pH 5.3. It is worth noting that the observed slight increase of the brush 

length is in agreement with the hypothesis about partial blending of PEO and P2VP at the 

grafting interface. P2VP molecules are higher protonated in lower pH, and as a result, may be 

stretched more at pH2 compared to pH5.3. When comparing these brush lengths with the value 

obtained from the direct measurements (~16 nm), one can see a very good match.  
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Figure 7. Histograms of the PEO brush length L (a, c) and grafting density N (b, d) 

distributions derived for P2VPxl-PEO  at two different pH. 

 

 

Conclusion 
We demonstrated a very good quantitative nature of the model we suggest to use to analyze 

AFM force curves collected on a polymer brush grafted to a deformable substrate. The model 

allows to qualitatively separate the mechanical response of the polymer substrate and brush 

layer.  The results demonstrate very good agreement between the values of the Young’s modulus 

of the polymer substrate measured directly (without brush) and derived using the model 

described here from the measurements on the polymer covered with brush. Furthermore, the 
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equilibrium length of the brush is in excellent agreement with the one found independently.  A 

discrepancy in the grafting density with a factor 1.5 (tolerable for many quantitative estimations) 

might be explained by the deficiency of the brush layer model that should be adjusted for 

specific polymer-solvent interactions and interpenetration of a small fraction of P2VP strands of 

the substrate network in the PEO brush. This calls for systematic studies of mechanical response 

of the brush in solvents of different quality grafted to the surface of substrates immiscible with 

polymer brush. Thus, we can conclude that we presented an AFM method capable of quantitative 

characterization of the brush grafted to deformable substrates. In addition, the mechanical 

properties of the underlined substrate can be simultaneously and reliably measured in a 

quantitative manner. 
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