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Abstract

At sufficient adhesion energy, polymers may adsorb irreversibly to an interface, with many ad-

hesion sites per polymer and significant changes in their conformation. In addition to irreversibly

adsorbing polymers there may be reversibly adsorbing polymers, which are in dynamic equilib-

rium with bulk polymers, and which have few adhesion sites per polymer and little conformational

change. In this work we simultaneously determine the viscoelasticity of irreversibly adsorbed poly-

mers, reversibly adsorbed polymers and bulk polymers. To this end we combine hydrodynamic

modelling with quartz crystal microbalance-dissipation (QCM-D) measurements involving an ad-

sorbing target surface and a non-adsorbing i.e. passivated surface. We apply the method to

polyethylene glycol adsorption on the water - silica interface. The results demonstrate that the

viscoelasticity of the reversibly adsorbing polymers is similar as for the bulk polymers, whereas

the irreversibly adsorbed polymers are less elastic. This is the first approach to decouple these

viscoelastic contributions, which provides a new analytical tool to quantify the kinetics and con-

formation of reversibly adsorbing polymers, shedding light on polymer dynamics near interfaces.

Keywords: Polymer adsorption; quartz crystal microbalance; lipid bilayer14
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1. INTRODUCTION15

There is broad interest in characterizing the adsorption of biological and synthetic macro-16

molecules towards devising nanoarchitectonic design strategies and achieving functional con-17

trol over biointerfacial systems [1, 2]. Polymer adsorption at solid-liquid interfaces is gov-18

erned by the competition between attractive forces, which are small per segment but large19

per polymer chain, and repulsive, entropic forces, arising from conformational restrictions20

in the adsorbed state [e.g. 3–6]. Weakly bound, flexible polymers have few conformational21

restrictions, and consequently their conformation is similar as the random coil in the bulk22

solution. With an increasing number of bound monomers per polymer, the conformation of23

the adsorbed polymer chain changes from globular to flattened, and the adsorption becomes24

irreversible, i.e. dilution of polymers in the bulk solution does not cause polymer desorption25

from the solid-liquid interface [e.g. 7–9].26

In this work, we consider the case, where in addition to strongly bound, irreversibly ad-27

sorbed polymers, there are weakly bound, reversibly adsorbing polymers, in dynamic equilib-28

rium with the polymers in the bulk. Since most binding sites are occupied by the irreversibly29

adsorbed polymers, the reversibly adsorbing polymers bind weakly to the surface with only30

a few binding sites per polymer, which is referred to as “pinning”. Alternatively, reversible31

adsorption may occur through entanglement with the irreversibly adsorbed polymers [10].32

The corresponding configuration is sketched in Fig. 1a, which illustrates irreversibly ad-33

sorbed polymers (blue), with trains, tails and loops [4], and reversibly adsorbing polymers34

(yellow), that are either pinned or entangled, and that are in dynamic equilibrium with the35

polymers in the bulk (red).36

Quantifying reversible adsorption of polymers, that are in dynamic equilibrium with bulk37

polymers, is challenging, since the measurement is also affected by irreversibly adsorbed38

polymers and by bulk polymers. Here we combine hydrodynamic modelling with quartz39

crystal microbalance with dissipation monitoring (QCM-D) measurements, to distinguish40

between irreversibly and reversibly adsorbed polymers, and bulk polymers. To the best41

of our knowledge, this de-coupling of effects has not been achieved before, and previous42

polymer adsorption studies either measured only the irreversible component, or the combined43

effect of bulk polymers, irreversibly adsorbed polymers and reversibly adsorbed polymers.44

These previous studies include neutron scattering [11, 12] neutron reflectivity [13], optical45

3



reflectivity [14], infrared spectroscopy [15], nuclear magnetic resonance [16], and QCM-D46

[9, 17–32].47

The QCM-D technique is based on an AT - cut quartz crystal that is piezoelectrically48

driven to execute oscillations in shear - thickness mode, at its fundamental resonance fre-49

quency in the MHz-range and odd overtones thereof [33, 34]. QCM-D measures the change50

of the resonance frequency f and the damping of the quartz crystal, which occur due to51

material adsorption, desorption, or phase change [49] at the solid-liquid interface or due52

to changes of the properties of the bulk solution. The damping of the quartz is usually53

expressed as the relative energy dissipation per oscillation cycle or in the bandwidth Γ of54

the resonance peak. By measuring the shifts in frequency and bandwidth, QCM-D provides55

the viscosity and the elasticity, i.e. the viscoelasticity, of the contacting medium. Since the56

viscoelasticity of a polymer solution is related to the flexibility of the dissolved polymers,57

QCM-D provides insight into the conformation of the polymer chains.58

FIG. 1. Irreversibly adsorbed polymers (blue), reversibly adsorbing polymers (yellow), and bulk

polymers (red). To measure the viscoelasticity of these three components, we combine three QCM-

D experiments. (a) The polymer solution is contacting an uncoated surface, resulting in both

irreversibly and reversibly adsorbed polymers. (b) The bulk polymers and the reversible adsorbed

polymers are displaced by the pure solvent, and only irreversibly adsorbing polymers remain. (c)

The polymer solution is contacting a coated surface, which excludes both irreversibly and reversibly

adsorbed polymers.

QCM-D has widely been used to probe the viscoelasticity of polymers, that are either59

adsorbed on an interface or in the bulk. In this context, we can distinguish between three60

types of QCM-D experiments, which are illustrated in Fig. 1. In the first type of exper-61

iment (Fig. 1a), the polymer solution contacts an adsorbing QCM-D surface, resulting in62

4



irreversibly and reversibly adsorbed polymers, where the latter are in dynamic equilibrium63

with the bulk polymers. In this case the QCM-D signal is affected by the viscoelasticity64

of the bulk polymers νbulk, but also by that of the irreversible adsorbing polymers νirr, and65

of the reversibly absorbing polymers νrev. This type of measurement has been conducted66

in the literature, where instead of decoupling the different contributions, the corresponding67

viscoelasticity has been presented as a lumped variable [e.g. 23, 29]. In the second type68

of experiment (Fig. 1b), the system, that results from the first experiment, is rinsed with69

pure solvent. The rinsing displaces the bulk polymers as well as the reversibly adsorbing70

polymers, and the resulting QCM-D signal corresponds only to νirr. This type of measure-71

ment has been conducted in the literature to study irreversible polymer adsorption [e.g.72

9, 21, 22, 25]. In the third type of experiment (Fig. 1c) the polymer solution contacts a73

surface that is coated with a passivating layer, that excludes both irreversible and reversible74

polymer adsorption. This type of experiment has been conducted in the literature in order75

to determine νbulk, without the interference of adsorbing polymers [e.g. 30–32, 35].76

As mentioned, measuring νrev is challenging, since the QCM-D signal of experiment type77

one is also affected by νirr and by νbulk. Isolating νrev, requires subtracting the effects78

of νirr and νbulk, which can be obtained from QCM-D experiments types two and three.79

This ‘subtraction’ is non-trivial however and requires hydrodynamic modelling, and has80

to our knowledge not been achieved so far. In this work we will develop the subtraction81

rules [Eqs. (11-13) below], and apply these to QCM-D measurements of types one, two82

and three, in order to, for the first time, simultaneously determine the viscoelasticity of83

reversibly adsorbing polymers, irreversibly adsorbing polymers, and bulk polymers. Our84

work thereby extends capabilities of QCM-D to quantify the kinetics and conformation of85

reversibly adsorbing polymers.86

It is noted that previous researchers approximated νbulk in the QCM-D frequency range87

(10-100 MHz), with viscosity measurements in steady shear flow [9, 17, 18, 26–29]. In this88

regard, a somewhat better approximation is obtained, by extrapolating dynamic viscosity89

data, from classical rheometers, which operate at considerably lower frequencies [36]. In90

comparison to these approximations, we measure νbulk directly in the relevant frequency91

range (10-100 MHz) using QCM-D.92

In this work we apply the above mentioned strategy to QCM-D data for polyethylene93

glycol (PEG) polymer chains, with a molecular weight of Mw = 35 kg/mol, adsorbing onto94
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a hydrophilic silica surface.95

2. DATA ANALYSIS96

2.1. Two Fluid Layer Model97

In order to translate the QCM-D measurements into the viscoelasticities of the bulk98

and the adsorbed polymers, we use known hydrodynamic theory [e.g. 19, 20, 37]. The99

theoretical setup is sketched in Fig. 2, and consists of two layers, where layer 1 and layer 2100

correspond to the adsorption layer and to the bulk, respectively. In the QCM-D experiment,101

the fluid strain amplitude is less than 1% [34], which implies that the fluid mechanics is in102

the linear viscoelastic regime. The thickness of the adsorption layer 1 is denoted δ, and the103

complex kinematic viscosities in layers 1 and 2 are denoted ν1 and ν2, and are referred to as104

viscoelasticities. The viscoelasticity is assumed to follow a box profile, i.e. constant values105

in the adsorption layer and in the bulk, with a sharp transition at y = δ. This assumption106

is verified in Fig. 3 below.107

FIG. 2. The hydrodynamic theory assumes two layers of complex fluid, where layer 1 and layer 2

correspond to the adsorption layer and to the bulk, respectively. The thickness of the adsorption

layer 1 is denoted δ, and the viscoelasticities in layers 1 and 2 are denoted ν1 and ν2. The quartz

is oscillating with an angular frequency ω, which results in a dampened viscoelastic wave, with a

velocity profile ux(y).

The theory also assumes, that the fluids are continua, which experience no slip on the wall,108

and in which the local shear stress is proportional to the local shear rate. This assumption109
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is reasonable, since the radius of gyration for PEG [38]:110

RG/nm = 0.0215M0.583
w , (1)

which gives RG = 10 nm for a molecular weight of Mw = 35 kg/mol, is small compared to111

the viscous penetration depth
√

2νs/ω = 84 nm. Here νs = 10−6 m2/s is the viscosity of the112

solvent, ω = n2πf0 is the quartz angular oscillation frequency, n = 9 is the overtone, and113

f0 = 5× 106 s−1 is the base frequency of the quartz. By realising that the thickness of the114

adsorption layer is bounded by the polymer size δ . RG, we see that the system is in the115

thin-film regime δ
√
ω/(2νs) . 1, which simplifies the modelling [e.g. 34].116

Under these assumptions, hydrodynamic theory predicts, that the complex QCM-D fre-117

quency shift ∆f̃ due to an adsorbed layer of viscoelasticity ν1 and thickness δ and a bulk118

fluid of viscoelasticity ν2 equals [e.g. 19, 20, 37]:119

∆f̃ = ∆f + i∆Γ = ∆f̃1,box + ∆f̃2, (2)

where i =
√
−1. The complex frequency shift is measured relative to the pure solvent, i.e.120

without polymers, which defines the baseline ∆f̃ = 0. In Eq. (2) ∆f̃2 is the (complex)121

frequency shift due to the bulk alone, i.e. in the absence of the adsorbed layer, which is122

given by the Kanazawe - Gordon relation [39]:123

∆f̃2 = −Q
√
−iων∗2 , (3)

where the asterisk ∗ denotes complex conjugation. In Eq. (2) f̃1,box is the effect of the124

adsorbed layer, whose viscoelasticity follows a box profile:125

∆f̃1,box = −Qδω
[
1− ν∗2

ν∗1

]
, (4)

which for rigid films ν1 =∞ reduces to the well-known Sauerbrey relation ∆f̃1,box = −Qδω126

[40]. Here Q = ρf0/(π
√
ρqµq) = 125.7 m−1 is a constant related to the quartz crystal and127

the fluid, ρ = 103 kg m−3 is the fluid mass density, which is assumed constant and equal to128

that of the solvent, ρq = 2.648×103 kg m−3 is the quartz mass density and µq = 2.947×1010
129

kg m−1s−2 is the quartz shear modulus.130

It is noted that, instead of the viscoelasticity ν, the theory [Eqs. (2-4)] can equivalently131

be formulated using the complex impedance or the complex shear modulus. We use ν132

instead, since our focus is on dilute and semi-dilute polymer solutions, where the fundamental133

material parameter is the solvent viscosity νs, i.e. the viscoelasticity of the polymers is of134

the order of νs; see Figs. 7 and 8 below.135
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2.2. Box Profile Assumption136

It is emphasised, that Eq. (4) is derived by assuming a box profile for the viscoelasticity,137

i.e. two flat segments with a sharp transition at y = δ [e.g. 19, 20, 37]. Here we validate138

this assumption, by considering the frequency shift due to a smooth viscoelasticity profile139

ν1(y), which is given by the generalisation of Eq. (4) [e.g. 20]:140

∆f̃1,smooth = −Qδω
∫ ∞

0

(
1− ν∗2

ν∗1(y)

)
dy. (5)

To quantify the difference between Eqs. (4) and (5), we assume an exponential profile for141

ν1(y) in Eq. (5), which is consistent with data from neutron experiments [13]:142

ν1(y) = ν2 + 2∆ν exp (−2y/δ) . (6)

Here δ is the width of the profile:143

δ =

[∫∞
0

(ν1(y)− ν2) dy
]2∫∞

0
(ν1(y)− ν2)2 dy

, (7)

and ∆ν is the average viscoelasticity excess in the adsorbed layer:144

∆ν =

∫∞
0

(ν1(y)− ν2)2 dy∫∞
0

(ν1(y)− ν2) dy
. (8)

Inserting Eq. (6) into Eq. (5) gives for the smooth profile:145

∆f̃1,smooth = −Qδω1

2
log

(
1 +

2∆ν∗

ν∗2

)
. (9)

In order to compare Eq. (9) to Eq. (4), we insert ∆ν = ν1 − ν2 into Eq. (4), and find for146

the box profile:147

∆f̃1,box = −Qδω

(
1

1 +
ν∗2

∆ν∗

)
. (10)

148

In Fig. 3 we plot the relative difference
(

∆f̃1,smooth −∆f̃1,box

)
/∆f̃1,box between the149

frequency shift due to a smooth viscoelasticity profile ∆f̃1,smooth [Eq. (9)] and due to a box150

profile ∆f̃1,box [Eq. (10)], as a function of the average, relative, viscoelasticity excess in the151

adsorbed layer ∆ν/ν2. The present work focusses on ∆ν/ν2 . 1, and Fig. 3 shows, that152

under these conditions, the frequency shift, due to a smooth viscoelasticity profile, differs153

less than 10% from that of a box profile.154
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FIG. 3. The relative difference
(

∆f̃1,smooth −∆f̃1,box

)
/∆f̃1,box between the frequency shift due to

adsorbed polymers with a smooth viscoelasticity profile ∆f̃1,smooth [Eq. (9)] and with a box profile

∆f̃1,box [Eq. (10)], as a function of the average, relative, viscoelasticity excess in the adsorbed layer

∆ν/ν2.

2.3. Working Relations155

In this work we determine the viscoelasticity of bulk polymers νbulk, and of irreversibly156

adsorbed polymers νirr, and of reversibly adsorbing polymers νrev. We extract these three157

quantities from three (complex) frequency shift measurements, during (i) polymer loading158

on the uncoated surface ∆f̃u, (ii) rinsing, after loading, on the uncoated surface ∆f̃r and159

(iii) polymer loading on the coated surface ∆f̃c. Here the subscripts u, r and c refer to160

“uncoated”, “rinsing” and “coated”, respectively.161

The viscoelasticity of the bulk polymers νbulk is obtained by applying Eq. (3) to the162

measurement of the (complex) frequency shift during polymer loading on the coated surface163

∆f̃c. Since ∆f̃c is a measurement w.r.t. the baseline of the pure solvent ∆f̃s = −Q
√
−iωνs,164

we use that the actual frequency shift (w.r.t. the vacuum baseline) equals ∆f̃2 = ∆f̃c+∆f̃s,165

where νs is the viscosity of the pure solvent. We furthermore use that the complex viscosity166

of the bulk ν2 = νs + νbulk is due to contributions from the solvent νs and from the bulk167

polymers νbulk. Inserting these expression into Eq. (3) we find for the viscoelasticity of the168

bulk polymers:169

νbulk =

(
∆f̃ ∗c + ∆f̃ ∗s

)2

iωQ2
− νs. (11)
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The viscoelasticity of the irreversibly adsorbed polymers νirr is obtained by applying Eqs.170

(2-4) to the measurement of the (complex) frequency shift during rinsing with pure solvent,171

after polymer loading, on the uncoated surface ∆f̃r, which is a measurement w.r.t. the pure172

solvent baseline, i.e. ∆f̃ = ∆f̃r + ∆f̃s. We furthermore use that the bulk is pure solvent173

ν2 = νs and that the complex viscosity of the adsorption layer ν1 = νirr + νs is due to174

contributions from the solvent νs and from the irreversibly adsorbed polymers νirr. Inserting175

these expressions into Eqs. (2-4), we find for the viscoelasticity of the irreversibly adsorbed176

polymers:177

νirr = νs

[
1 +

∆f̃ ∗r
Qδω

]−1

− νs. (12)

The viscoelasticity of the reversibly adsorbing polymers νrev is obtained by applying178

Eqs. (2-4) to the measurement of the (complex) frequency shift during polymer loading179

on the uncoated surface ∆f̃u, which is a measurement w.r.t. the pure solvent baseline, i.e.180

∆f̃ = ∆f̃u+∆f̃s. We furthermore use that the complex viscosity of the bulk ν2 = νbulk+νs is181

due to contributions from the solvent νs and from the bulk polymers νbulk, and we use that the182

complex viscosity of the adsorption layer ν1 = νrev +νirr +νs is due to contributions from the183

solvent νs and from the irreversibly adsorbed polymers νirr and from the reversibly adsorbed184

polymers νrev. Inserting these expressions into Eqs. (2-4), we find for the viscoelasticity of185

the reversibly adsorbing polymers:186

νrev = (νbulk + νs)

[
1 +

∆f̃ ∗u + ∆f̃ ∗s +Q
√

iω (νbulk + νs)

Qδω

]−1

− νirr − νs. (13)

In Sec. 3 we analyse QCM-D data, by implementing Eqs. (11-13) in the MATLAB187

software. In the following sub-sections we study the accuracy of this data analysis method,188

by examining the sensitivity of the outcome of Eqs. (11-13) w.r.t. the assumed film thickness189

δ (Sec. 2 2.4) and w.r.t. the QCM-D measurement error (Sec. 2 2.5).190

2.4. Sensitivity Towards the Film Thickness191

Eqs. (12-13) extract the viscoelasticity of the reversibly and irreversibly adsorbed poly-192

mers, from QCM-D measurements on adsorbing and non-adsorbing surfaces. Application193

of these equations requires assuming a value for the adsorption layer thickness δ. This as-194

sumption is guided by two physical constraints. First, the size of the adsorbing polymers195
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can not exceed the size of the bulk polymers, i.e. δ ≤ 2RG = 20 nm for PEG with Mw = 35196

kg/mol. Second, we use the plausible assumption that the real part < of the viscoelasticity197

of the adsorbing polymers is larger than that of the bulk polymers: <(νirr +νrev) ≥ <(νbulk).198

Inserting this condition in Eq. (13) and using that Q
√

iω(νbulk + νs) = −∆f̃ ∗c −∆f̃ ∗s , gives199

the following requirement:200

δ ≥ − (∆fu −∆fc)

Qω
. (14)

Fig. 5 shows that for Mw = 35 kg/mol and n = 9, −(∆fu−∆fc)/n ≤ 20 Hz, for all polymer201

concentrations c considered, which according to Eq. (14) implies, that δ ≥ 5 nm = RG/2.202

When using Eqs. (12, 13) to determine the viscoelasticity of the adsorbed polymers in Sec.203

3 3.2, we therefore use an estimated value for δ in the range RG/2 ≤ δ ≤ 2RG.204

It is noted, that in previous work δ has been obtained by fitting a power-law νirr = anb205

to the overtone n dependent QCM-D data [41–45]. This approach relies on film resonance206

effects, which are detectable when the film is sufficiently thick δ
√
ω/[2<(ν1)] ≥ 0.3, and207

requires the full non-linear (in δ) version of Eq. (4). In the present work we are dealing with208

thin films δ
√
ω/[2<(ν1)] ≤ 0.2 which excludes this fitting procedure from being applicable.209

Therefore determining νirr and νrev using Eqs. (11-13) requires estimating δ. We show210

in Fig. 8 below, that although absolute values of νirr and νrev depend on the assumed value211

for δ within the permissible bounds RG/2 ≤ δ ≤ 2RG, the qualitative trends remain intact.212

This means that the present approach allows for an accurate determination of the ratio of213

the viscosity and the elasticity of both νirr and νrev, and of the ratio between νirr and νrev,214

which are insensitive to the assumed film thickness.215

2.5. Sensitivity Towards the QCM-D Measurement Error216

To study the sensitivity of the method towards the measurement error of the (complex)217

frequency shift, we apply the method of error propagation [46] to Eq. (12), and relate the218

error in the viscoelasticity of the irreversibly adsorbed polymers ν ′irr − νirr to that of the219

measured complex frequency shift ∆f̃ ′r −∆f̃r:220

ν ′irr − νirr

νirr

≈
−
(

∆f̃ ∗′r −∆f̃ ∗r

)
Qδω

νs
νirr

(
νs + νirr

νs

)2

. (15)

Using that νirr/νs ∼ 10−1 (Fig. 8) and a QCM-D measurement error of ∆f̃ ′r −∆f̃r ≈ 1 Hz221

(Fig. 5), we find, that for the n = 9th overtone, the relative error (ν ′irr − νirr)/νirr ≈ 0.02.222
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This example illustrates that for relatively soft polymer films νirr/νs ∼ 10−1, the present223

method allows for an accurate determination of νirr.224

In this regard, it is noted that for relatively rigid films νirr/νs � 1, Eq. (15) predicts much225

larger relative errors in νirr. It has been shown, that accurately measuring the viscoelasticity226

of such rigid films, requires the use of larger film thicknesses, i.e. δ
√
ω/[2<(νirr)] & 0.3,227

and utilising film resonance effects, i.e. the inclusion of higher order δ-terms into Eq. (4)228

[41–45].229

2.6. Sensitivity Towards the Bulk Viscoelasticity230

We consider the error, that one would make, when, instead of correctly measuring the231

viscoelasticity of the bulk polymers νbulk, one would assume an erroneous value ν ′bulk. In that232

case, one would find an erroneous value for the viscoelasticity of the reversibly adsorbing233

polymers ν ′rev. In order to relate ν ′rev − νrev to ν ′bulk − νbulk, we apply the methods of error234

propagation [46] to Eq. (13), where we replace the measured frequency shift on the uncoated235

surface −
(

∆f̃ ∗u + ∆f̃ ∗s

)
by the theoretical value [Eqs. (2-4)] Q

√
iω(νbulk + νs) +Q

√
ωδ[1−236

(νbulk + νs)/(νrev + νirr + νs)]:237

ν ′rev − νrev

νrev

≈
(
ν ′bulk − νbulk

νbulk

)
νbulk

νrev

1

2δ

√
νs
ω
, (16)

and where we have used the thin film approximation δ
√
ω/νs . 1, and that νpol/νs . 1,238

which is confirmed in Fig. 8. The subscript pol refers to polymers, that are either in the239

bulk or irreversibly or reversibly adsorbed on the interface.240

If instead of using the correct νbulk obtained from QCM-D [Eq. (11)] we would assume241

the erroneous value that is measured with a traditional rheometer at zero frequency, we see242

from Fig. 6 below, that for PEG with Mw = 35 kg/mol at n = 9 (ν ′bulk − νbulk)/νbulk ≈ 10.243

By inserting this value into Eq. (16), we estimate a relative error of (ν ′rev − νrev)/νrev ≈ 30,244

where we have furthermore used that for this case νbulk/νrev ≈ 1 (see Fig. 8 below) and that245 √
2νs/ω/(2

3/2δ) ≈ 3, which is based on an adsorption layer thickness of δ = RG = 10 nm,246

and a viscous penetration depth of
√

2νs/ω = 84 nm, which were estimated above. This247

numerical example illustrates the critical necessity of correctly determining νbulk in order to248

accurately determine νrev.249
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3. EXPERIMENTAL250

3.1. Frequency and Bandwidth Shifts251
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FIG. 4. Time dependent measured frequency shift (a,c) and bandwidth shift (b, d), relative to the

baseline of the pure solvent, for solutions of polyethylene glycol (PEG) with a molecular weight of

Mw = 35 kg/mol contacting a bare silica surface (a, b), and a silica surface that is coated with

a supported lipid bilayer (SLB) (c,d), for three selected overtones n, during two selected loading

steps, corresponding to a polymer bulk concentration of c = 2×10−2 and c = 5×10−2, respectively.

The subscripts u and c refer to “uncoated” and “coated” substrates, respectively.

We perform QCM-D experiments using neutral, flexible, and water-soluble polyethylene252

glycol (PEG) polymer chains with a monomer weight of 44 g/mol and a molecular weight of253

Mw = 35 kg/mol, adsorbing onto a hydrophilic silica surface. The experiments are conducted254
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FIG. 5. Negative, real part (open markers) and imaginary part (filled markers) of the complex

frequency shift of the irreversibly adsorbed polymers −∆f̃∗r (blue, upward triangles), and of the

reversibly adsorbing polymers −(∆f̃∗u −∆f̃∗c ) (yellow, leftward triangles), as functions of the bulk

polymer concentration c, for solutions of polyethylene glycol (PEG) with a molecular weight of

Mw = 35 kg/mol and for an overtone of n = 9.

in deionised water, and the polymer mass fraction in bulk solution is varied between c = 10−3
255

and 10−1. The volume of the QCM-D measurement chamber equals V = 58 mm3, and the256

volumetric flow rate equals V̇ = 100 mm3/min, which corresponds to a displacement time of257

t = V/V̇ = 0.6 min. The experiment is started with the pure solvent, i.e. without polymer,258

which defines the baseline. After t = 10 min, we switch to c = 10−3 polymer solution,259

which is referred to as “polymer loading”, and after another t = 10 min, we switch back260

to pure solvent, which is referred to as “rinsing”. Then after another 10 min, we switch261

to c = 5 × 10−3 polymer solution, and the procedure is continued with increasing polymer262

concentrations up to c = 10−1. All experiments are repeated at least twice.263

Figs. 4a, b show the measured QCM-D frequency shift ∆fu and bandwidth shift ∆Γu.264

Here the subscript u refers to the measurement during polymer loading on the “uncoated”,265

i.e. adsorbing substrate. The results show, that injection of polymer enhances −∆fu and266

∆Γu, which is due to the viscoelasticity of the adsorbed polymers, as well as to that of the267

bulk polymers. It is further seen that during rinsing, there is a nonzero frequency shift of268

−∆fr/n ∼ 10 Hz, where the subscript r refers to “rinsing” after polymer loading. This269

non-zero signal corresponds to the viscoelasticity of irreversibly adsorbed polymers, that270
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remain bound during rinsing.271

In addition to these irreversibly adsorbed polymers, it is expected, that, during polymer272

loading, there are also reversibly adsorbing polymers, that are in dynamic equilibrium with273

the polymers in the bulk. These reversibly adsorbing polymers are either weakly bound to274

the surface, with just a few binding sites per polymer, referred to as “pinning”, or they are275

unbound to the surface, but entangled with the irreversibly adsorbed polymers [10]. The276

corresponding configuration is sketched in Fig. 1a, which illustrates irreversibly adsorbed277

polymers (blue), with trains, tails and loops [4], and reversibly adsorbing polymers (yel-278

low), that are either pinned or entangled, and which are in dynamic equilibrium with bulk279

polymers (red).280

Fig. 5 shows the (complex) frequency shift during rinsing ∆f̃r, after loading with in-281

creasing polymer concentration c for the n = 9th overtone. The markers and the error bars282

in Fig. 5 indicate the average and the difference between two independent measurements.283

It is observed in Fig. 5, that ∆f̃r increases slightly with c, which indicates, that adsorption284

is nearly, but not entirely, complete during the 10 min polymer adsorption cycles, i.e. after285

each cycle a few bare spots remain on the substrate, that are progressively being filled in286

the subsequent cycles. It is important to note, that the main finding of this work does not287

depend on whether the adsorption is complete or not. The main finding is the decoupling288

of viscoelasticity of bulk polymers and of irreversibly and reversibly adsorbed polymers.289

The (complex) frequency shift during polymer loading on the uncoated surface ∆f̃u is290

affected by the viscoelasticity of the irreversibly and the reversibly adsorbed polymers and291

by the bulk polymers, respectively. In order to determine the viscoelasticity of the reversibly292

adsorbing polymers νrev, we need to subtract the viscoelasticity of the irreversibly adsorbed293

polymers νirr, and of the bulk polymers νbulk. The νirr is determined from the frequency294

shift during rinsing ∆f̃r, and to determine νbulk, we conduct another QCM-D experiment,295

where, in order to prevent polymer adsorption, the silica surface is coated with a supported296

bilayer of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids, using the solvent-assisted297

lipid bilayer formation method [e.g. 47, 48]. Figs. 4c, d show the corresponding (complex)298

frequency shift ∆f̃c for PEG with Mw = 35 kg/mol, where the subscript c refers to polymer299

loading on the “coated” substrate. In contrast to the frequency shift on the uncoated surface300

∆f̃u (Figs. 4a, b), there are no discernible signals during the rinsing steps on the coated301

surface. This indicates negligible (irreversible and reversible) polymer adsorption on the302
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passivated surface, that is coated with lipid bilayer.303

3.2. Viscoelasticities304

3.2.1. Bulk Polymers305
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FIG. 6. The real part (open markers) and the imaginary part (filled markers) of the viscoelasticity

of polyethylene glycol (PEG) in bulk solution, contacting a silica surface that is coated with a

supported lipid bilayer, using various molecular weights Mw (legend), and using a bulk polymer

concentration of c = 10−2, versus the oscillation frequency ω, which is non-dimensionalised with

the bulk polymer relaxation time τ [Eqs. (1, 17)]. Here ρ is the fluid mass density, n = cNA/Mw

is the polymer number density, NA is Avogadro’s constant and kBT is the Boltzmann energy. The

lines are the predictions of the Zimm model [6].

Eq. (11) is used to compute the viscoelasticity of the bulk polymers νbulk from the306

(complex) QCM-D frequency shift during polymer loading on the coated surface ∆f̃c (Fig.307

4c,d). Fig. 6 shows νbulk, as a function of the non-dimensional oscillation frequency ωτ , for308

PEG molecules with various Mw ranging between 0.2 and 100 kg/mol, and for a fixed bulk309

polymer concentration of c = 10−2. Here τ is the bulk polymer relaxation time [6]:310

τ = 4.78
ρνsR

3
G

kBT
, (17)

where νs is the viscosity of the pure solvent, and RG is the radius of gyration, which for PEG311

is given by Eq. (1). Fig. 6 shows, that for Mw > 0.2 kg/mol, the experimental data agree312
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reasonably well with the Zimm model (lines), which predicts νbulk ∼ ω−1/3 at high ω [6]. For313

Mw = 0.2 kg/mol the discrepancy in the real part of νbulk is probably due to the relatively314

small polymer size. The corresponding imaginary part has a very small signal to noise ratio,315

resulting in negative measurement values, which are invisible on the logarithmic scale in316

Fig. 6. For Mw > 0.2 kg/mol the agreement between the measurements and the Zimm317

model confirms, that there is negligible adsorption of the PEG on the SLB - coated silica318

surface. The agreement also validates the hydrodynamic assumptions behind Eq. (11), i.e.319

the polymers are sufficiently small, compared to the viscous penetration depth, such that320

the polymer solution may be treated as a continuum, and the effect of polymer slip at the321

quartz surface is negligible.322

3.2.2. Irreversibly Adsorbed Polymers323
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FIG. 7. Real part (open markers) and imaginary part (filled markers) of the viscoelasticity of the

bulk polymers νbulk (red, rightward triangles), of the irreversibly adsorbed polymers νirr (blue,

upward triangles), and of the reversibly adsorbing polymers νrev (yellow, leftward triangles), scaled

with the solvent viscosity νs, as functions of the dimensionless frequency ωτ , for polyethylene

glycol (PEG) with a molecular weight of Mw = 35 kg/mol and a bulk polymer concentration of

c = 10−2. The interfacial viscoelasticities νirr and νrev are computed with Eqs. (12) and (13) under

the assumption, that δ = 2RG. The dashed lines have a slope of −1/3.
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We use Eq. (12) to compute the viscoelasticity of the irreversible adsorbed polymers324

νirr from the (complex) QCM-D frequency shift during rinsing on the uncoated, bare silica325

surface ∆f̃r (Fig. 4a, b). To this end, we assume, that the thickness of the adsorption layer326

δ equals twice the radius of gyration of the bulk polymers δ = 2RG.327

In Fig. 7 we show the resulting νirr, together with the viscoelasticity of the bulk polymers328

νbulk, as functions of the oscillation frequency ω, which is non-dimensionalised with the bulk329

polymer relaxation time τ [Eqs. (1, 17)], for a molecular weight of Mw = 35 kg/mol and330

a bulk polymer concentration of c = 10−2. The markers and the error bars indicate the331

average and the difference between two independent measurements. Fig. 7 shows that the332

ratio <(νirr)/=(νirr) of the viscosity (real part <) and the elasticity (imaginary part =) is333

larger than that for νbulk. This indicates that the irreversibly adsorbed polymers are less334

flexible than the bulk polymers, i.e. they have shorter relaxation times, presumably due335

to the loops of the adsorbed chains, being small compared to the coils in the bulk. This336

behaviour is consistent with the picture in Fig. 6, showing an increase in <(νbulk)/=(νbulk)337

with decreasing Mw. In addition Fig. 7 also shows, that while the viscoelasticity of the338

bulk polymers follows Zimm scaling νbulk ∼ ω−1/3, the viscosity of the irreversibly adsorbed339

polymers <(νirr) has a weaker frequency dependence. This behaviour supports the notion340

of the small loops of the adsorbed chains, which is again consistent with Fig. 6, showing a341

reduced slope of <[νbulk(ω)] with decreasing Mw.342

In Fig. 8a we show νirr, together with the viscoelasticity of the bulk polymers νbulk, as343

functions of the polymer bulk concentration c, for a molecular weight of Mw = 35 kg/mol344

and an overtone of n = 9. The markers and the error bars indicate the average and the345

difference between two independent measurements. It is seen, that νirr is nearly constant, as346

a function of c. As discussed above, the slight increase in νirr with c indicates that adsorption347

is nearly, but not entirely, complete during the 10 min polymer adsorption cycles.348

3.2.3. Reversibly Adsorbed Polymers349

We use Eq. (13) to compute the viscoelasticity of the reversibly adsorbing polymers νrev350

from the (complex) QCM-D frequency shift during polymer loading on the uncoated, bare351

silica surface ∆f̃u (Fig. 4a, b), where it is still assumed, that δ = 2RG. The resulting νrev352

is plotted in Fig. 7, together with the viscoelasticity of the irreversibly adsorbed polymers353
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FIG. 8. Real part (open markers) and imaginary part (filled markers) of the viscoelasticity of the

bulk polymers νbulk (red, rightward triangles), of the irreversibly adsorbed polymers νirr (blue,

upward triangles), and of the reversibly adsorbing polymers νrev (yellow, leftward triangles), scaled

with the solvent viscosity νs, as functions of the bulk polymer concentration c, at an overtone of

n = 9, for polyethylene glycol (PEG) with a molecular weight of Mw = 35 kg/mol (a, b) and

Mw = 8 kg/mol (c). The interfacial viscoelasticities νirr and νrev are computed with Eqs. (12)

and (13) under the assumption, that δ = 2RG (a, c) and δ = RG (b). The vertical, dashed lines

indicate the polymer overlap concentration c∗ [Eq. (18)], which is c∗ ≈ 2 × 10−2 for Mw = 35

kg/mol (a, b) and c∗ ≈ 5× 10−2 for Mw = 8 kg/mol (c).

νirr, and of the bulk polymers νbulk, as functions of the non-dimensional frequency ωτ for354

a molecular weight of Mw = 35 kg/mol and a polymer bulk concentration of c = 10−2. It355

is seen, that, similar as for νbulk both viscous and elastic components of νrev follow Zimm356

scaling νrev ∼ ω−1/3. It is furthermore seen, that compared to νirr, νrev has a smaller ratio357

of the viscosity and the elasticity, and this ratio is close to that of νbulk. This suggests,358

that the reversibly adsorbing polymers have a similar viscoelasticity (per polymer) as the359

bulk polymers. This is consistent with the notion, that reversible adsorption imposes few360

restrictions on polymer conformation, i.e. their conformation is similar as in the bulk.361

In Fig. 8a, νrev is plotted as a function of the polymer bulk concentration c, for a molecular362

weight of Mw = 35 kg/mol and an overtone of n = 9, together with νirr, and νbulk. The figure363

shows that, for small c, νrev is constant, and when c exceeds a threshold c∗, νrev increases364

and approaches νbulk. The observed c∗ is of the order of the polymer overlap concentration:365

c∗ =
Mw

NAρ
4
3
πR3

G

, (18)

which is c∗ = 2× 10−2 for Mw = 35 kg/mol. Our data therefore suggest, that for c . c∗, the366
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reversibly adsorbing polymers form a densely packed layer of non-overlapping coils. This367

means that the reversible adhesion strength is weaker than the repulsion between overlapping368

polymer chains. When c & c∗, the reversible adhesion strength is negligible compared to369

the pressure between overlapping chains, and the concentration of the reversibly adsorbing370

chains follows that in the bulk c.371

Fig. 8b shows the computed interfacial viscosities νirr and νrev [Eqs. (12) and (13)], by372

assuming δ = RG, which is half as large as δ = 2RG, which was assumed in Fig. 8a. The373

comparison between Figs. 8a and 8b shows, that the absolute values of νirr and νrev depend374

on the assumed δ, but the relative trends remain intact, i.e. the ratio of νrev and νirr and the375

ratio of the real and imaginary parts of both νrev and νirr remain the same, upon changing376

the assumed δ. This shows that the present method allows for a reliable decomposition of377

the structure of the adsorbed polymer layer into reversible and irreversible components, and378

the relative decomposition is insensitive to the assumed value for δ.379

We finally show in Fig. 8c the interfacial viscoelasticities νirr and νrev, together with the380

bulk viscoelasticity νbulk, computed with Eqs. (11-13) for PEG with a smaller molecular381

weight of Mw = 8 kg/mol. The results are qualitatively the same as for Mw = 35 kg/mol382

(Figs. 8a, b), confirming that the conformation of the reversible adsorbed polymers is383

similar as that in bulk, while the conformation of the irreversible adsorbed polymers is384

stiffer. The data also confirm, that the concentration of the irreversibly adsorbed polymers385

is independent of the bulk concentration c, while the concentration of the reversibly adsorbed386

polymers approaches c for c & c∗, while it plateaus for c . c∗.387

These results therefore consistently demonstrate the ability of the present method to de-388

termine the viscoelasticity and thereby the conformation and kinetics of reversibly adsorbing389

polymers.390

4. CONCLUSION391

We have used the quartz crystal microbalance, to determine the viscoelasticity in the392

MHz-range of irreversibly and reversibly adsorbing polymers, and of bulk polymers, where393

the latter two are in dynamic equilibrium with each other. We applied the technique to the394

adsorption of PEG on the water-silica interface, and thereby find, that the viscoelasticity395

of the reversibly adsorbing polymers is similar as that for the bulk polymers, whereas the396
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irreversibly adsorbed polymers have a smaller elasticity relative to their viscosity. The work397

provides an analytical tool to extract the kinetics and chain conformation of reversibly398

adsorbed polymers. To our knowledge this is the first approach to decouple the viscoelastic399

contributions of irreversibly adsorbed, reversibly adsorbed, and bulk polymers in a single400

system. This capability offers new perspectives on the dynamics of polymers near interfaces.401
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