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ABSTRACT 

The interfacial structures and mechanical response of the highly viscous poly(dimethylsiloxane) 

(PDMS, 9750 mPa･s, Mn ~ 59000) on solid surfaces were investigated by frequency-modulation 

atomic force microscopy (FM-AFM) using a quartz tuning fork sensor. A layered density 

distribution on a PDMS/mica interface was visualized on a 29 h-settling sample by two-

dimensional frequency shift (∆ƒ) mapping, and the result exhibited that the layered structure was 

metastable. It was also found that the damping coefficient of tip vibration (∆γ) increased in the 

region of ~1 nm from the solid surface, which suggests the limited mobility of the liquid molecules 

closest to the solids. After settling for more extended time or heating the sample, the layered 

density distribution was suppressed, and the conservative repulsive force near the solid surface in 

2-3 nm were observed over longer distances by settling for a more extended time or heating. The 

suppression of the layered density distribution showed the similar temperature dependence with 

the bulk viscoelastic relaxation. In contrast, the elongation of conservative repulsive force near the 

solid surface showed steeper temperature dependence than the bulk, which suggests that it was 

rate-limited by the attraction between the solid surface and the closest liquid molecules. 
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1. Introduction 

Polymer melts have many unique characteristics, such as viscoelasticity and entanglement, 

which are not observed in low-molecular-weight compounds. The properties of polymer melts 

vary greatly depending on the degree of polymerization in addition to their chemical species 

(polyethylene, polyacetylene, polysiloxane, etc.). Large-molecular-weight polymer melts 

generally show high viscosity and take a long time to relax their molecules' conformation and 

mechanical response. In particular, those above around the critical molecular weight (Mc) exhibit 

significant non-Newtonian properties owing to the molecular entanglement.1–3 Polymer melts are 

not only used as materials on their own but are often used in combination with other solid materials, 

such as for lubrication or fabrication of composite materials. In these applications, the interfaces 

between polymer melts and solids play crucial roles. Thus, molecular-scale analysis of both the 

structure and the mechanical properties of the interfaces with highly viscous polymer melts, 

especially above Mc, would be crucial. 

Polymer melt/solid interfaces have been previously investigated by surface force apparatus 

(SFA)4,5, X-ray reflectivity (XRR)6–8, and static-mode atomic force microscopy (AFM)9–11. They 

have revealed that the layered density distribution exists temporarily at the interface and disappears 

with relaxation over time. However, SFA and XRR lack in-plane resolution and only provide the 

structural information averaged in a plane parallel to the solid surfaces. Since polymers have long 

molecular chains (10-100 nm) and each molecule has a structural degree of freedom, the averaged 

one-dimensional information is insufficient to analyze these interfaces' spatial structures. Also, 

XRR detects only periodic density distribution on the interface and does not provide information 

on mechanical properties. SFA and AFM are effective for mechanical property analysis because 

of their principle of detecting forces. However, static-mode AFM cannot individually detect the 
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conservative and dissipative components of the mechanical response, which corresponds to 

elasticity and viscosity. Since polymer melts have viscoelasticity, unlike low molecular weight 

liquids, it is essential to detect their viscosity and elasticity separately. Also, while static-mode 

AFM has a nanometer-scale in-plane spatial resolution, the previous studies are mostly limited to 

one-dimensional force-distance curve measurements just across under the tip, which cannot 

visualize the in-plane distribution of the mechanical properties based on liquid molecules. 

Therefore, a method capable of mapping interfacial structure and mechanical properties with high 

spatial resolution is needed. 

Dynamic mode AFM, especially frequency modulation (FM-) AFM12, would be a more 

powerful technique to detect conservative and dissipative interactions separately because it detects 

the interaction force as a change of resonance properties of the force sensor. FM-AFM has widely 

been applied for high-resolution structural analysis on solid/liquid interfaces.13–16 In general, FM-

AFM analysis in highly viscous liquids is difficult because the viscosity of the liquid depresses the 

resonant quality factor of sensors and the force sensitivity,13 and most FM-AFM studies are limited 

to low-molecular-weight liquids17–20. To overcome this issue, we have developed FM-AFM 

utilizing a quartz tuning fork sensor (qPlus sensor21,22), which shows a higher quality factor than 

the conventional cantilevers even in a viscous liquid,23 and have achieved FM-AFM analysis of 

the interface between silicone oil (poly(dimethylsiloxane); PDMS) with a viscosity of 970 mPa·s 

(number-average molecular weight Mn ~ 26000 from calculation24) and mica. We successfully 

imaged the atomic-scale topography of the solid surface and the layered density distribution on the 

interface, representing the molecules-layering structures in which the PDMS molecular chains are 

oriented parallel to the mica surface.25  
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With these backgrounds, the nanoscopic structures and mechanical properties of polymer 

melt/solid interface were analyzed by FM-AFM with high spatial resolution using the qPlus sensor 

in this study. PDMS with a 9750 mPa·s viscosity was employed as the model polymer, whose 

molecular weight (Mn ~ 59000) is far above Mc. Furthermore, we studied the time-temperature 

dependence of these relaxation processes. In general, the temperature dependence of relaxation 

processes is determined by the activation energy26–28, which depends on its relaxation mechanism. 

The time-temperature dependence of bulk relaxation, such as macroscopic viscous flow29 and local 

segmental motion30, is well-studied for a wide range of polymers. However, it is not clear whether 

the relaxation process of the nanoscopic structures and mechanical properties on the interfaces also 

exhibit the time-temperature dependence similar to the bulk relaxation. Therefore, analyzing and 

determining the temperature dependence of molecular-scale relaxation phenomena on the interface 

are essential for revealing the mechanisms of relaxation processes both on the interface and in bulk. 

In addition, to the author's knowledge, FM-AFM analysis in such a highly viscous liquid has yet 

to be reported. Therefore, this study is also crucial in terms of the progress of the AFM techniques 

in highly viscous liquids, as well as insights into the interfacial physical chemistry of polymer 

melts and solids.  
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Methods 

Poly(dimethylsiloxane) (PDMS) was employed as a model polymer melt. Figure 1 shows the 

molecular structure of PDMS. It is a silicone oil with a straight-chain structure and exhibits a wide 

range of viscosities depending on molecular weight and chain length. We used a PDMS oil (KF-

96-10000cs, Shin-Etsu Chemical Co., Ltd.) as received. The viscosity was η=9750 mPa·s at 25 ℃ 

(room temperature) and 3790 mPa·s at 80 ℃, which was measured by a viscometer (Kyoto 

Electronics Manufacturing Co., Ltd., EMS-1000). The molecular weight and chain length were 

calculated24 as Mn = 59000 and l =250 nm, respectively.  

Cleaved muscovite mica [KAl2(Si3Al)O10(OH)2] substrates were used as substrates, which have 

been used for high-resolution FM-AFM imaging in various liquids, and the atomically flat surface 

can easily be obtained by cleavage.  

 

 

Figure 1. The structural formula of poly(dimethylsiloxane) (PDMS). n ~ 800 was used for the 

experiment. 

 

The experiment was performed by a system based on a commercial AFM (JEOL Ltd., JSPM-

5200) with a homebuilt AFM head for qPlus sensors. The qPlus sensor was built using a quartz 

tuning fork (QTF; purchased from SII Crystal Technology Inc.) with resonant frequency ƒ0 = 

32.768 kHz and spring constant k = 1890 N m-1 (calculated from its shape). One prong of QTF 
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was fixed on the mount, and a tungsten tip was mounted on the end of the free prong of QTF by 

epoxy resin (EPO-TEK H70E; Epoxy Technology Inc). The probe was fabricated from tungsten 

wire (Nilaco Co., diameter = 0.10 mm) by electrochemical etching in 1.0 mol L-1 potassium 

hydroxide solution. The radius of the tip was approximately less than 100 nm, as measured by FE-

SEM inspection. 

 The AFM was used with frequency modulation (FM) mode12. The sensor was mechanically 

vibrated at its resonance frequency by a lead zirconate titanate (PZT) piezoelectric plate attached 

to the sensor clamp, and the deflection of the sensor was detected as a signal from the QTF 

amplified by a low noise differential amplifier invented by Giessibl et al.31. The sensor was self-

excited at its resonant frequency by a PLL-excitation loop using a digital lock-in amplifier (MFLI, 

Zurich Instruments), which is also used for the detection of the resonance frequency shift (∆ƒ) and 

the vibrating amplitude (Ap-p). The vibrating amplitude of the sensor Ap-p was kept constant during 

the AFM experiments by automatic gain control using a PID controller in the lock-in amplifier. 

The energy dissipation Ed and the increase of the viscous damping factor of tip vibration ∆γ were 

calculated from the excitation voltage applied for the constant amplitude of sensor deflection32. 

∆ƒ-z (frequency shift versus distance) curves were obtained by scanning the probe along a path 

perpendicular to the solid surface in approaching and retracting direction, and the corresponding 

∆γ-z (damping factor versus distance) curves were obtained simultaneously by tracing ∆γ during 

the ∆ƒ-z curves measurement. Also, the cross-sectional two-dimensional (2D) ∆ƒ maps in the 

vertical plane to the substrate were obtained by doing these measurements sequentially on each 

horizontal point across the lateral path.  

Approximately 0.5 µL of PDMS was dropped onto 1 × 1 cm2 mica substrates in a dry chamber 

(dew point < -50 ℃) and then spin-coated in an ambient condition to spread over the surface of 
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the substrates, which is to reduce the probe's immersion length in the liquid since the resonant 

quality factor of sensors decreased by increasing the immersion length25. The speed and duration 

for spin-coating were 2000 r min-1 and 90 min, as determined for the minimum duration required 

to spread PDMS over the entire substrate. The thickness of the liquid film measured by AFM was 

about 5 µm, which agreed well with the theoretically calculated value33. The spin-coated substrates 

were settled at room temperature or annealed at 80 ℃ (heated by a hot plate) for a specific time in 

a dry chamber, then investigated by qPlus AFM in an ambient condition at room temperature.  

 

Results and Discussion 

Figure 2(a) shows a cross-sectional 2D Δƒ map obtained at the interface after spin-coating and 

settling for 29 h at room temperature. ∆ƒ-z curves obtained along line AB in (a) were shown in 

Figure 2(b). The curves acquired during the tip approach and retraction are shown in red and blue, 

respectively. Note that all the ∆ƒ-z curves in this paper were averaged over 25 adjacent curves to 

improve the signal-to-noise ratio and further smoothed with a moving average filter. In addition,  

the amplitude error of the sensor deflection was successfully kept to less than ±10 %, and no 

oscillatory error was observed in amplitude-z curves for all experiments. 
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Figure 2. (a, c) 2D ∆ƒ map (approach) and  (b,d) ∆ƒ-z curves obtained after settling for (a, b) 29 

h and (c,d) 25 h at room temperature, respectively. The measurement parameters:   

(a, b) ƒ0 = 17732 Hz, Q=612, Ap-p = 274 pm. (c, d) ƒ0 = 17053 Hz, Q = 651, Ap-p = 269 pm. 

 

After 29 h of settling, the layered ∆ƒ contrast parallel to the mica substrates was visualized on 

the 2D ∆ƒ map (Figure 2(a)). This layered contrast corresponds to the periodic oscillation of the 

∆ƒ-z curves (Figure 2(b)), and their period was about 0.7-0.9 nm. This period is roughly equal to 

the diameter of PDMS molecular chains and matches the distance between the molecular chains 

of 3170 mPa·s PDMS obtained from the theoretical calculation (PRISM; polymer reference 

interaction site model), molecular dynamics simulation, and X-ray diffraction34. It also 

corresponds to the interplanar spacing of cold-crystallized PDMS with a viscosity (25 ℃) of 3060, 

13700 mPa·s35. 

Since ∆ƒ is the convolution of the gradient of the conservative force Fcons with weighting by 

displacement over a vibration cycle and the Fcons is the gradient of its potential, the oscillation of 
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∆ƒ indicates a similar oscillation of Fcons and the corresponding potential. To convert the Fcons 

distribution to the density distribution of low-molecular-weight compounds such as water, the 

solvent tip approximation (STA)36,37 has been used. Although it cannot be directly applied to 

polymer melts because of the molecular size of the polymer (length > 100 nm), the periodic 

distribution in the tip potential qualitatively indicates the existence of corresponding periodic 

density distribution with approximately the same period. Therefore, it can be concluded that PDMS 

molecules formed a layered density distribution with a period of 0.7-0.9 nm near the mica surface, 

which suggests that the main chains of PDMS molecules near the mica surface were oriented 

parallel to the solid surface. This result is well consistent with a previous static-mode AFM study 

performed on a 480 mPa·s PDMS/SiO2 interface9 and our previous qPlus FM-AFM study 

performed on a 970 mPa·s PDMS/mica interface.25 Furthermore, the curves acquired during the 

tip approach (red) and retraction (blue) were well consistent. Generally, in Δƒ-z curve 

measurements and 2D Δƒ mapping at solid-liquid interfaces, the tip perturbs the liquid distribution 

when approaching the tip. Therefore, the result that the curves coincided during the approach and 

retraction suggests that the layered structure on the interface was stable or metastable. 

Figure 2(c) shows a cross-sectional 2D Δƒ map obtained at the interface after spin-coating and 

settling for 25 h at room temperature. Although the layered ∆ƒ distribution was imaged for the 29 

h-settling sample (Figure 2(a)), a disordered ∆ƒ distribution was imaged for the 25 h-settling 

sample. A ∆ƒ-z curve obtained along line CD in (c) was shown in Figure 2(d). Both approaching 

and retracting curve fluctuated with a period of 0.9 to 1.4 nm, and these curves were not consistent. 

This period was larger than that obtained on the 29 h-settling sample. The disordered structure and 

the inconsistency between the two curves can be regarded as an incomplete state before reaching 

the layered structure observed on the 29 h-settling sample. This result suggests the following two 
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possibilities. The first one is that the formation of the layered distribution takes more than 25 h. 

As shown in Figure 2(a), a layered distribution was observed in 29 h, and the difference in time 

was not significant. Another possibility is that the in-plane distribution was not uniform. That is, 

at 25-29 h after spin coating, both regions with the layered distribution and the disordered regions 

exist. However, as shown in Figures 2(b) and 2(d), the ∆ƒ-z curves obtained on the layered 

structure during the approach and the retraction were well consistent, whereas the curves obtained 

on the disordered region were not. This suggests that the layered structure is metastable or stable. 

Also, the fact that the layered structure observed after a longer settling time (Figure 2(a)) is 

reasonable from the viewpoint that a more stable structure would be formed by increasing the 

settling time.  

In contrast, the previous static-mode AFM study performed on 480 mPa·s PDMS/Si interface 

showed that the oscillatory force profile was observed soon after the deposition of the PDMS   (≤ 

30 min).9 This difference can be explained by the entanglement of the PDMS molecules. In general, 

the effects of entanglement on the bulk physical properties become significant for the polymers 

with the critical entanglement molecular weight Mc. The viscosity of the bulk liquid increases 

drastically above Mc.38 The Mc of PDMS is approximately 21,000-33,000,39 which corresponds to 

the viscosities of about 590-1200 mPa·s.24 Therefore, the PDMS used in this experiment has a 

much higher molecular weight than Mc, whereas that used in the previous report with static-mode 

AFM9 has a lower molecular weight than Mc.  

Supposing the critical entanglement molecular weight can be applied to the molecules forming 

these layering structures, the difference in their formation time above and below Mc can be 

explained by the difference in the limitation of molecular motion. The entanglement of polymers 

with molecular weights below Mc can be almost ignored, and the molecular motion is explained 
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by the Rouse model40 (bead-and-spring model) without entanglement. In this situation, the motion 

of the polymer molecules at the solid-liquid interface is not limited by anything other than the 

conformation of the molecule, and the molecular segments on the interface can freely move and 

exchange their position with other segments. In contrast, the molecules with a molecular weight 

above Mc cannot move freely in the entangled molecular chain networks, and their motion is 

mainly limited to reptation41, in which the molecules move in the longitudinal direction through 

tunnels in the network. This limitation retards the movement and rearrangement of the molecules, 

which can delay the formation of the layered density distribution on the interface. This can explain 

the slow formation of the layered distribution of the molecules, which is not similar to the PDMS 

with a lower molecular weight than Mc. 
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Figure 3. (a, b) ∆γ-z curves and the fitted ∆γhyd-z curves obtained after (a) 25 h, (b) 29 h of 

settling at room temperature. The fitting range and the fitted Rtip values are also shown. (c, d) 

The residual ∆γ-∆γhyd versus z curves corresponding to (a, b), respectively. 

(a, c) ƒ0 = 17732 Hz, Q=612, Ap-p = 274 pm. (b, d) ƒ0 = 17053 Hz, Q = 651, Ap-p = 269 pm. 

 

To discuss the mobility of the liquid molecules in more detail, we obtained ∆γ-z curves 

simultaneously with the ∆f-z curves. Figures 3(a) and (b) show ∆γ-z curves obtained on the 25 h-

settling and 29 h-settling samples, respectively. ∆γ increased as the tip approached the solid 

surfaces for both samples. ∆γ is the superposition of the dissipative interaction between the tip and 

the interfacial structure and the background hydrodynamic interactions originating from the 

squeeze-out of the bulk liquid induced by tip movement. If the liquid on the interface can be 

regarded as a homogeneous isotropic fluid, ∆γ can be expressed by the hydrodynamic component 

∆γhyd. Under the assumption that the !
"!"#

 and the Reynolds number Re are sufficiently small, ∆γhyd 
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is described with the viscosity η, the tip radius Rtip, and the distance to the solid surface z as 

follows:42 

∆𝛾#$% = 6𝜋𝜂
𝑅&'()

𝑧
	 (1) 

Note that, 𝑅𝑒~ *!
+
𝐴𝜔 ≤ 2 × 10,-) ≪ 1 and !

"!"#
≤ 10,- ≪ 1 for z = 1 nm in this experiment, this 

assumption is reasonable. 

Because ∆γhyd is based on the viscosity of the bulk liquid, we carried out the fitting for the z range 

relatively away from the solid surface. The fitted ∆γhyd are also shown in Figures 3 (a) and 3 (b). 

The residual ∆γ - ∆γhyd can be regarded as originating from the dissipative interaction between the 

tip and the interfacial structure. Figure 3(c) and (d) are the residual ∆γ-∆γhyd versus z plots 

corresponding to Figure 3(a) and (b).  ∆γ-∆γhyd increased as the tip approached the sample surface 

for both samples. The region where ∆γ-∆γhyd increased was 1-2 nm from the nearest point to the 

solid surface, which corresponds to the first to the second layer of the solvation layers observed in 

the ∆ƒ-z curve. Since ∆γ in FM-AFM generally indicates the friction coefficient, the increase in 

∆γ near the surface corresponds to an increase in the local viscosity of the liquid. Since the viscosity 

of liquid reflects the mobility of molecules,43 the increase in the local viscosity along the solid 

surface indicates that the molecular mobility nearest to the solid surface is limited, which implies 

the intense attraction between the solid surface and the closest liquid molecules.  

In addition, ∆γ-∆γhyd obtained on the 25 h-settling sample (Figure 3(c)) showed the oscillation of 

∆γ with a period of 0.5-1.0 nm, which is roughly equal to the diameter of PDMS molecules. 

Hofbauer et al. reported an FM-AFM study on an alcohol/graphite interface and showed that both 

∆f and ∆γ oscillated at the interface. The ∆γ oscillation was explained by the presence of the “solid-

like” (crystallized) solvation layers and the squeezing-out of the liquid molecules with low 

mobility.20 Therefore, the ∆γ oscillation observed in Figure 3(c) may reflect the low mobility of 
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the molecules on the interface. However, the oscillation period of ∆γ was inconsistent with that of  

∆ƒ, reflecting the density distribution, and this oscillation was not observed in the layered 

distribution region on the 29 h-settling sample (Figure 3(d)). To clarify the origin of the oscillation, 

further AFM study on polymer melt/solid interfaces would be required.  

The results described above indicate that the layered distribution is either a stable or metastable 

structure. To confirm either of these, samples that had settled for a more extended period of time 

were analyzed. Figure 4(a) and (b) are the obtained 2D ∆ƒ maps after 74 and 142 h of settling at 

room temperature, respectively. A ∆ƒ-z curve obtained along line EF in Figure 4(a) and that 

obtained along line GH in Figure 4(b) are shown in Figure 4(c) and (d), respectively. Figure 4(e) 

and (f) are the ∆γ-∆γhyd versus z curves corresponding to each ∆ƒ-z curve of Figure 4(c) and (d), 

respectively. 
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Figure 4. (a, b) 2D ∆ƒ map (approach), (c, d) ∆ƒ-z curves, (e, f) ∆γ-∆γhyd versus z curves 

obtained after  (a, c, e) 74 h, (b, d, f) 142 h of settling at room temperature after spin-coating. 

(a, c, e) ƒ0 = 16439 Hz, Q = 480, Ap-p = 307 pm. (b, d, f) ƒ0 = 15262 Hz, Q = 579, Ap-p = 313 pm. 

 

The layered contrast in the 2D ∆ƒ maps (Figure 4(a) and (b)) became less visible with increasing 

settling time. Correspondingly, the ∆ƒ-z curves (Figure 4(c) and (d)) changed into almost 

monotonic curves, with only weak oscillation at 74 h and no oscillation at 142 h of settling. The 

∆γ-∆γhyd versus z curves (Figure 4(e) and (f)) were monotonic in both settling times and showed 

no oscillation, similar to 29 h of settling. Also, ∆γ-∆γhyd increased in the region of 1-2 nm from the 

nearest point to the solid surface, as in the case of 29 h of settling. 

Sun et al. reported a static-mode AFM study on 480 mPa·s PDMS/silicon oxide interface, 

showing that the layered interfacial structure disappeared in ~20 h.9 This disappearance was 

explained as a structural relaxation from a layered distribution to a random-coiled configuration 
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of the PDMS.9 The disappearance of the layered ∆f distribution in our study can be explained in 

the same way. The relaxation time of 9750 mPa·s PDMS on mica was 74-142 h in our study, while 

those of 97 mPa·s PDMS on Si7 and 480 mPa·s PDMS on silicon oxide9 was ~4 h and ~20 h, 

respectively. That is, these results indicate that the relaxation time required for disappearing the 

layered distribution increases with the viscosity. Note that, in this experiment, the shear caused by 

the spin coating might be an additional cause of the persistence of this structure for a long time, 

but this is unlikely because no significant difference in the ∆ƒ and ∆γ distribution was observed 

with or without spin coating in the experiment using PDMS with a viscosity of 970 mPa·s 

(Supporting Information: Figure S1). 

To obtain further insight into the relaxation process on the interface, we investigated interfacial 

structure after heating the sample. We prepared two PDMS/mica samples for heating; one was 

heated for 5.7 h at 80 °C and the other for 16 h at  80 °C. After the heating, both samples were 

settled for 24 h at room temperature, and the interface was investigated by the AFM. Figure 5(a) 

and (b) are the obtained 2D ∆ƒ maps of the 5.7 h-heated sample and 16 h-heated sample, 

respectively. A ∆ƒ-z curve obtained along line IJ in Figure 5(a) and that obtained along line KL in 

Figure 5(b) are shown in Figure 5(c) and (d), respectively. Figure 5(e) and (f) are the ∆γ-∆γhyd 

versus z curves corresponding to ∆ƒ-z curves of Figure 5(c) and (d), respectively. 
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Figure 5. (a, b) 2D ∆ƒ map (approach), (c, d) ∆ƒ-z curves, (e, f) ∆γ-∆γhyd versus z curves 

obtained after heating for (a, c, e) 5.7 h and (b, d, f) 16 h at 80 ℃ and then settled at room 

temperature for 24 h after spin-coating. 

(a, c, e) ƒ0 = 16687 Hz, Q = 694, Ap-p = 266 pm. (b, d, f) ƒ0 = 17119 Hz, Q = 769, Ap-p = 304 pm. 

 

Both the 5.7 h-heated sample and the 16 h-heated sample showed weaker oscillation of ∆ƒ than 

the 29 h-settled sample shown in Figure 2(b), and the ∆ƒ-z curve of the 16 h-heated sample showed 

a slight oscillation of only one time. However, the weak oscillation of ∆ƒ was still visible after 16 

h of heating, in contrast to that for 142 h of settling at room temperature. The ∆γ-∆γhyd versus z 

curves were monotonic without oscillations for both heating time and showed an increase in the 

region of 1-2 nm from the nearest point to the solid surface, as in the cases of settling at room 

temperature. 
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To independently discuss the oscillatory and monotonically increasing components in the ∆ƒ-z 

curves, we separate ∆ƒ-z curves into the short-range and long-range components by curve fitting. 

The long-range component ∆ƒlong is the one that monotonically increases with approaching the 

solid surface, which was assumed to be described by a double-exponential function 𝑎𝑒,.! +

𝑐𝑒,/! + ℎ (𝑎, 𝑏, 𝑐, 𝑑, ℎ: arbitrary constants, 𝑧: relative distance from the solid surface). By fitting 

the ∆ƒ-z curve with this function form, the ∆ƒlong-z curve was obtained as the double-exponential 

curve with the fitted coefficients a, b, c, d, and h. The double-exponential functional format was 

used because it approximated the ∆ƒ-z curve well and provided only negligible residuals other than 

the periodic ∆ƒ oscillations. This function has also been empirically used for approximating the 

force-distance curve obtained by static-mode AFM44. Therefore, the residual ∆ƒ-∆ƒlong practically 

contains only the oscillation derived by the layering interfacial structures, which was taken as a 

short-range oscillatory component ∆ƒshort. 

Figure 6 shows is the (a, b) ∆ƒshort-z and the (e, f) ∆ƒlong-z curves for the samples with or without 

heating, respectively. (Figures 6(b) and (f) also contain the curve for 29 h of settling without 

heating for comparison.) Each ∆ƒshort-z and ∆ƒlong-z curves were transformed into the 

corresponding conservative force, Fcons, short-z, Fcons, long-z by Sader’s transformation.45 It is known 

that ∆ƒ depends on the vibrating amplitude, and the relationship between density distribution and 

force has been well studied, though limited to small molecule liquids36,37,46. Fcons, short-z and Fcons, 

long-z curves are shown in Figures 6(c, d) and 6(g, h), respectively. 

https://doi.org/10.26434/chemrxiv-2024-ljd5f ORCID: https://orcid.org/0009-0002-9550-326X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-ljd5f
https://orcid.org/0009-0002-9550-326X
https://creativecommons.org/licenses/by/4.0/


 20 

 

Figure 6. (a, b) ∆ƒshort-z, (c, d) Fcons, short-z, (e, f) ∆ƒlong-z, (g, h) Fcons, long-z curves transformed 

from each curve in Figures 2, 4, and 5. (a, c, e, g) settled for 29, 74, 142 h at room temperature, 

(b, d, f, h) heated for 5.7 h, 16 h at 80 ℃, then settled for 24 h at room temperature (with the data 

for 29 h settling at RT for comparison). The definition of the decay length λd is in the text. 

 

After 29 h of settling at room temperature, ∆ƒshort-z (Figure 6(a)) and Fcons, short-z (Figure 6(c)) 

curves showed the clear three oscillatory peaks, which corresponds to the presence of layered 

distribution on the interface. The amplitude of the oscillation was suppressed after 74 h of settling 

at room temperature, and almost no oscillation was observed after 142 h of settling (Figures 6(a) 

and (c)). This indicates the layered density distribution of the liquid molecules on the interface 

disappeared after settling at room temperature for 142 h. In contrast, after heating for 5.7 and 16 h 

at 80 ℃, both ∆ƒshort-z (Figure 6(b)) and Fcons, short-z (Figure 6(d)) curves still showed the fluctuation, 
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indicating that the weakened layered density distribution remained even after 16 h of heating at 

80 ℃.  

In the fitting function of the double-exponential form   𝛥𝑓0123 = 𝑎𝑒,.! + 𝑐𝑒,/! + ℎ  (b > d), the 

values of a, c, and h depend on the offsets on the ∆ƒ and z. Especially since the offset of z cannot 

be determined explicitly in the FM-AFM in principle, it is difficult to compare and discuss the 

coefficients of a, c, or Fcons, long, ∆ƒlong-z curves themselves. However, the values of b and d do not 

depend on the offset of z and provide the decay length of the interaction force. As the Supporting 

Information: Figure S2 shows, the ∆ƒlong was mainly represented by the term with longer decay 

length with the offset (ce-dz+h), and the inverse of d (λd=1/d) can be regarded as the decay length 

of the long-range interaction on ∆ƒlong. Note that, since ∆ƒ for 𝐹4125 = 𝐹4125!67	𝑒,!/9 is calculated to 

be  𝛥𝑓 = 𝑐𝑒,!/9  ( 𝑐 = :$
;<=

𝑒,=/9	𝐼- B
=
9
C = const., 𝐼-(𝑥) =

-
; ∫ 𝑒>	@AB	C𝑐𝑜𝑠	𝜃;

7 	𝑑𝜃 ), the 

exponentially decaying ∆ƒlong corresponds to a long-range repulsive conservative force Fcons, long 

following an equal decay length λd. The calculated λd is shown in Figure 6(e, f) for each ∆ƒlong-z 

curve. The value of λd was provided as the average of the approaching and retracting scan. The λd 

increased after the duration of settling at room temperature (Figure 6(e)) or heating at 80 ℃ (Figure 

6 (f)). This result indicates that the long-range component of the Fcons (Fcons, long) has changed to 

act over a longer distance. Moreover, 5.7 and 16 h-heated samples showed larger λd than 74 and 

142 h-settling samples, respectively. This means that the disappearance of periodic density 

distribution reflected in ∆ƒshort and the increase of the decay length λd for the long-range repulsive 

conservative force Fcons, long showed different time-temperature dependence in terms of relaxation 

time. 

Note that, since the polymer melt also shows significant elasticity with high viscosity, the 

elasticity of the liquid can also cause a long-range increase in ∆ƒ and Fcons, not only the density 
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distribution. In fact, the previous quasi-elastic neutron scattering (QENS) on silica-particle-filled 

PDMS has suggested that a ~5 nm thick layer of liquid molecules is formed on the silica surface, 

which forms a strong interaction with the surface and brings the extra elasticity of the interface.47 

On the other hand, from the standpoint of solvent tip approximation (STA), the relationship 

between the conservative forces and the density distribution can be formulated as follows:36,37 

𝐹4125(𝑧) =
𝑘D𝑇
𝜌(𝑧)

𝑑𝜌(𝑧)
𝑑𝑧

	 (2) 

For 𝐹4125,			0123(𝑧) = 𝐶𝑒,!/9% , the corresponding density distribution is calculated as 𝜌(𝑧) =

𝜌7𝑒,9%FGH([,!/9%]/(<&L). That is, the apparent density decreases near the solid surface. The XRR 

analysis also proved that the liquid molecules show a lower density near the solid surface in 1-3 

nm on PDMS/Si interface.6 They considered the low-density layer detected by XRR and the highly 

elastic layer observed by QENS to be identical, which is widely known as the “immobilized 

layer”48. Therefore, the increase in 𝐹4125,0123 near the solid surface would reflect either a lower 

density or the increased elasticity near the solid surface, or both, which are strongly related to each 

other. 

The temperature dependencies of bulk viscoelastic relaxation time τ(T) are described by the 

time-scale shift factor aT,η, which can be calculated from the viscosity η(T) for the different 

absolute temperature T and T0 (T < T0) with the density ρ(T):27,49 

𝑎L,+ =
𝜏(𝑇)
𝜏(𝑇7)

=
𝜂(𝑇)
𝜂(𝑇7)

𝑇7𝜌(𝑇7)
𝑇𝜌(𝑇)

	 (2) 

The shift factor of relaxation processes reflects the activation energy derived from the main rate-

limiting mechanisms. The apparent activation energy ∆E of the relaxation process can be 

calculated as follows (R: gas constant):43 

https://doi.org/10.26434/chemrxiv-2024-ljd5f ORCID: https://orcid.org/0009-0002-9550-326X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-ljd5f
https://orcid.org/0009-0002-9550-326X
https://creativecommons.org/licenses/by/4.0/


 23 

𝑎L = exp Q
∆𝐸
𝑅 S

1
𝑇
−
1
𝑇7
UV	 (3) 

As mentioned in the experiment section, the obtained bulk viscosity was 3790 mPa·s at 80 ℃ 

and 9750 mPa·s at 25 ℃. The density of PDMS is reported to be 0.922 g cm-3 at 80 ℃ and 0.969 

g cm-3 at 25 ℃50. From these values, the shift factor aT,η and the activation energy Eη of viscous 

flow at T0 = 80 + 273 [K] and T = 25 + 273 [K] was calculated to be aT,η = 2.9 and Eη = 17 kJ mol-

1. That is, taking the time-temperature superposition principle27,51,52, heating at 80 ℃ for 1 hour is 

equivalent to settling at room temperature (25 ℃) for 2.9 h in terms of bulk viscoelastic relaxation. 

Therefore, the 5.7 h and 16 h of heating with the subsequent 24 h settling are calculated to be 

equivalent to settling for 40 h and 70 h at room temperature in the bulk viscoelastic relaxation, 

respectively.  

Note that, the apparent activation energy ∆E is not always constant nor independent of the 

temperature. For bulk viscoelasticity, the activation energy of viscous flow ∆Eη is calculated as 

the function of temperature with  Williams-Landel-Ferry (WLF) parameters.27 However, ∆Eη 

converges to a constant value at higher temperatures than the glass transition temperature Tg,27,49 

and the temperature dependence of ∆Eη can be practically ignored for small temperature 

differences at T  >  Tg + 100 K.49 Since Tg of PDMS is -123.3 ℃53,54, ∆Eη can be regarded to be 

constant. 

Regarding the oscillation in the ∆ƒshort-z and Fcons, short-z curves, no obvious difference was found 

in amplitude between the sample heated for 16 h and the sample left at room temperature for 74 h, 

though the ∆ƒshort oscillation of the 142 h-settling sample almost disappeared. Taking the 

interpretation that 74 h of settling at room temperature is equivalent to 16 h of heating with 

subsequent 24 h of settling, the shift factor aT, short and the activation energy ∆Eshort are calculated 
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to be aT, short  = (74-24)/16 = 3.1 and Eshort = 18 kJ mol-1. These values are almost similar to those 

of the bulk viscoelastic relaxation (aT, η=2.9 and Eη =17 kJ mol-1). 

On the other hand, the increase of λd in the ∆ƒlong-z and Fcons, long-z curves showed more steeper 

time-temperature dependence. Since the 16 h-heated sample showed a similar λd value to the 142 

h-settling sample, the shift factor aT,long and the activation energy ∆Elong of λd elongation are 

calculated to be aT, long =(142-24)/16 = 7.4 and Elong = 32 kJ mol-1, which are obviously larger than 

∆Eshort, aT, short and ∆Eη, aT, η. This suggests that the elongation rate of λd is determined by a different 

mechanism from the suppression of the short-range oscillatory component or the bulk viscous 

relaxation. 

The attraction between the charge sites on the solid surface and the dipole of the PDMS molecules 

is one of the possible mechanisms that can delay the interfacial relaxation. Although PDMS is a 

nonpolar molecule, a dipole is induced when it contacts with a charged mica surface. The 

relaxation model based on the charge sites/molecular segments attraction has already been 

predicted6,9 to explain the long-range increase in the repulsive force in AFM force-distance curve9 

and the formation of “immobilized” layer of lower density6 near the solid surface on the interface. 

As mentioned above, after 29 h of the contact at room temperature, the molecules near the solid 

surface were oriented parallel to the solid surface, forming a layered density distribution (Figure 

2(b)). However, the charge-dipole interactions are broken at a particular rate by the thermal motion 

of the molecules, and the other molecules replace the molecular chain segments on the charge sites 

if the vacant sites make a new bond with the different molecular segments. This displacement 

proceeds irreversibly due to the conformational entropy gain because the released chain segments 

by the substitution can form a three-dimensional conformation. After this displacement progresses, 

the number of PDMS molecules directly attracting the solid surfaces is increased, and only partial 
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segments of the PDMS molecules interact with the charge sites. In this situation, the volume 

occupied by the PDMS molecules that directly attract the solid surfaces also increases. Note that, 

since the molecular chain length of PDMS used in this study is as long as 250 nm, the molecular 

motion of the segments not interacting with the solid surface is also limited when the other 

segments are making charge-dipole bonds. Thus, the increased volume occupied by these 

molecules suppresses molecular mobility over longer distances. Since the lower molecular 

mobility at the interface results in an excess of both viscosity and elasticity at the interface 

compared to the bulk, an increase in the number of molecules interacting with the solid surface 

increases the decay length λd of the long-range repulsive force Fcons, long. In addition, As mentioned 

above, the increase in ∆γ-∆γhyd near the solid surface (Figures 3(c, d), 4(e, f), 5(e, f)) demonstrated 

the low mobility of the molecules in the layers closest to the solid surface. This result also suggests 

that the charge-dipole interaction on the closest layer is strong and limits the mobility of the 

molecular segments directly interacting with solid surfaces. Therefore, the fact that the activation 

energy of the λd elongation ∆Elong was significantly larger than ∆Eη was most likely based on the 

substitution of charge-dipole bond.  

Further, the previous studies have associated the growth in strength of long-range repulsive force 

with the disappearance of the periodic density distribution as follows: The periodic layered 

structures are initially formed due to the contact of the polymer melt/vacant solid surface or the 

shear flow during casting into the AFM cell, and disappear because they are the unstable structures. 

The interfaces then become occupied by randomly coiled segments, which include those that have 

detached from the solid surface.9 Although this explanation does not assume a delayed formation 

of the layered structure above Mc or the fact that the layered structure is metastable, a similar 

interpretation consistent with our results is possible with some modifications based on the 
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segmental substitution on the solid surface. The layered structure is metastabilized by the solid 

surface / liquid molecule interaction on the closest layer and the intermolecular interactions 

between the layers. After the substitution process on the closest layer, the segments released from 

the solid surface make the loops and tails. Since these structures act as conformational obstacles 

for maintaining the layered density distribution, the substitution process on the closest layer 

destabilizes the layered structure. This causes the stability of the layered structure on the interface 

to decrease over time, resulting in random coiling on the interface. 

Considering that these substitution and destabilization processes include the breaking process of 

charge-dipole bonds between the closest layer and the solid surface, the disappearance rate of the 

layered structure could also be dominated by the activation energy to break the charge-dipole 

bonds, which is larger than that for the bulk viscous flow. Nevertheless, as mentioned above, the 

activation energy of the disappearance of the layered structure was almost equal to the bulk viscous 

flow. This fact implies that the rate of disappearance of the layered structure was mainly dominated 

by the activation energy of bulk viscous flow rather than that of breaking the charge-dipole bond. 

It may be counterintuitive that a step of smaller activation energy would be the rate-limiting 

reaction. However, this result is not strange because the rate of the reaction depends not only on 

the activation energy but also on the frequency factor in the Arrhenius equation. The relationship 

between the shift factor and activation energy shown in eq. (3) is based on the Arrhenius 

equation,43 which describes the reaction rate constant k with the frequency factor A and the 

activation energy ∆E as 𝑘 = 𝐴exp B− ∆O
"L
C.  It is impossible to determine the frequency factor or 

rate constant in this experiment since the shift factor reflects only the activation energy. If the 

disappearance of the layered structure is regarded as a sequential reaction, the overall reaction rate 

k is determined by the elementary reaction with the smallest rate constant. That is, it is possible 
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for a process with low activation energy, i.e., bulk viscous flow, to be the rate-limiting process 

depending on the frequency factor. The disappearance of the layered structure is attributed to both 

the segmental substitution on the solid surface and the random coiling of the PDMS molecules. 

Because the molecular chain length of the PDMS used in this study was ~250 nm, the formation 

of a random-coiled structure can involve the conformational rearrangement of large spatial regions 

on the interface, compared to the local segmental substitution of charge-dipole interaction. The 

time required to move a molecular segment in a bulk viscous flow depends on its travel distance, 

and the rearrangement of such a large region will be significantly retarded by the bulk viscous 

flow. Therefore, it is reasonable that the time required for random-coiling can be much longer than 

that for the substitution of the charge-dipole bond, and that bulk viscosity becomes the rate-limiting 

mechanism for the entire reaction of the disappearance of layered structure. 

  

Conclusion 

The interfacial structures of 9750 mPa·s PDMS / mica interface were investigated by FM-AFM 

with qPlus sensor. The interfaces settled for 25 h and 29 h at room temperature after contacting 

showed the disordered and the layered density distributions on ∆ƒ, respectively. The approaching 

and retracting ∆ƒ-z curves obtained on the layered region overlapped, which suggests that the 

layered structure was stable or metastable. Also, an increase of ∆γ in excess of the hydrodynamic 

effect was observed near (~1-2 nm) the solid surface, which suggests the intense attraction between 

the solid surface and the closest liquid molecules. 

 Furthermore, the stabilization of the interfacial structure was further examined by separating 

the short-range interaction forces from the long-range interaction forces. The long-range repulsive 

conservative force was observed near the solid surface, which acted over a long distance from the 
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solid surface (about 2-3 nm) after settling for a longer time at room temperature or heating. The 

layered density distributions were suppressed by settling for a more extended time at room 

temperature or heating at 80 ℃. This finally disappeared by settling at room temperature for 142 

h; however, it remained after the heating for 16 h, followed by settling at room temperature for 24 

h. The temperature dependence and the activation energy of this relaxation process are close to 

that for bulk viscoelastic relaxation, suggesting that it is mainly rate-limited by the same 

mechanism as bulk viscoelastic relaxation. On the other hand, the increase of the decay length for 

the long-range repulsive force on the interface showed a steeper time-temperature dependence and 

a larger activation energy than the bulk viscoelastic relaxation, which implies they were rate-

limited by the activation energy for substitution of the molecular segments interacting with the 

solid surface.  
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