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Abstract 

The temperature response of switchable polymer blends and coatings is important for the 

development of high performance materials. Although this is well studied for bulk materials, a 

proper understanding on the molecular level, in particular for high stretching forces, is still missing. 

Here we investigate the molecular details of the temperature response of two widely used water-

soluble polymers, namely poly (N-isopropylacrylamide) (PNiPAM) and polyethylene glycol 

(PEG) with a combined approach using atomic force microscopy (AFM) based single molecule 

force spectroscopy (SMFS) experiments and molecular dynamics (MD) simulations. SMFS 

became possible by the covalent attachment of long and defined single polymers featuring a 

functional end group. Most interestingly, varying the temperature has contrasting effects for PEG 

and PNiPAM. This on first sight surprising result can be understood with the help of MD 

simulations in explicit water. We find that hydration is widely underestimated for the mechanics 

of macromolecules and that a polymer chain has competing energetic and entropic elastic 
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components. We propose to use the temperature dependence to quantify the energetic behaviour 

for high stretching forces. This fundamental understanding of temperature dependent single 

polymer behavior might lead to new innovations like fast switchable polymer blends and coatings 

with antagonistically acting polymer chains. 

 

Introduction 

Polymer coatings, blends and composites are common in every household and became a part of 

our every-day life in the last century. They are fundamental for industrial applications due to their 

unique molding ability, their robustness and their light weight.1–3 Even though we face all their 

advantages on a daily basis, their behavior is still not completely understood. In particular, their 

response to external stimuli like force or temperature changes is often only understood 

phenomenologically.  

The temperature response of polymers is important for both, technical applications and 

fundamental understanding of polymer physics.4–8 Depending on the technical application, polymer 

properties have to be maintained over a large temperature range (as e.g. in cars), or coil to globule 

transitions are used to obtain stimuli responsive materials (e.g. for triggered drug release).9–11 In 

polymer physics, temperature is a fundamental parameter. Therefore, the dependence of polymer 

properties on temperature is crucial for a thorough understanding of polymer mechanics. 

Atomic force microscopy (AFM) based single molecule force spectroscopy (SMFS) is a versatile 

tool to investigate temperature dependent single polymer mechanics in liquid environment, in 

particular when combined with molecular dynamics (MD) simulations.12–19 Here, we focus on two 

widely used water-soluble polymers with different temperature response, namely poly (N-

isopropylacrylamide) (PNiPAM) and polyethylene glycol (PEG). 

In bulk experiments PNiPAM undergoes in water a transition from a coil to globular conformation 

at its lower critical solutions temperature (LCST) of around 305 K.20,21 This LCST is close to the 

temperature at which most physiological processes occur, which makes PNiPAM promising for 

the development of controlled drug delivery systems.22–25 The coil conformation of PNiPAM below 

the LCST is thought to be stabilized via formation of hydrogen bond bridges between water 

molecules and the amide side groups.26 The water molecules align around the hydrophobic 
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backbone making the polymer soluble in water and leading to energetic stabilization. At 

temperatures above the LCST, the entropy of the polymer-water system dominates, making the 

exothermic formation of hydrogen bonds unfavorable. Thus, the bound water molecules are 

released to increase their entropy and the polymers collapse into a globular state.27 It still remains 

unclear, if this is a bulk effect, or if this can already be observed for a single polymer chain. The 

single molecule stretching behavior at different temperatures has been measured by AFM, but with 

controversial results. Kutnyanszky et al. have found a linear temperature response without any sign 

of a sharp transition or minimum around the LCST.28 Cui et al. claimed that the stretching force 

has a minimum at the LCST.16 Liang et al. found a transition of the force-extension profile from 

worm-like chain behavior to a Rayleigh–Plateau of constant force at the LCST.17 Furthermore, 

Zhang et al. have investigated the solvent dependent single molecule stretching behavior of 

PNiPAM, observing thermally induced multisite adsorption above its LCST.18 The first study was 

restricted to a small temperature range of 299-313 K, while the other three studies use the 

nanofishing method for their AFM-based experiments, where a polymer physisorbed on a surface, 

e.g. glass or Au(111), is randomly picked up with a cantilever tip. This leads to several problems 

that interactions between different polymer chains physisorbed on the substrate cannot be excluded 

(bulk effects) and that every time a different polymer might be picked. These are problematic 

points, as discussed later, and caused us to revisit PNiPAM's temperature behavior.  

PEG is a linear macromolecule, consisting of -(CH2-CH2-O)- repeating units. It is used for medical 

and technological purposes.29–32 Unlike most polymers, PEG is generally soluble in water even for 

a high degree of polymerization.33 PEG does not exhibit a LCST transition and on first sight looks 

like an ideal entropic elastic spring. This has indeed been confirmed in hexadecane, where the 

force-extension relation of PEG is in accordance with the freely-jointed chain model (FJC).34,35 In 

water the situation changes, PEG does no longer show the characteristics of an ideal entropic spring 

at high stretching forces.34,19 The reason is found in the structural change from gauche to trans.35 

The ratio of monomers in the trans and gauche conformation during stretching and the number of 

water bridges was extracted from water-explicit MD-simulations. Altogether, a dominant solvent 

related effect of energy over entropy was suggested at high stretching forces.19 Again experimental 

temperature dependent behaviour shall clarify these points. 

Here, we compare the force response of PEG and PNiPAM at various temperatures in a combined 

experimental and theoretical study. This allows us to delineate the molecular details of the different 
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temperature responses of PEG and PNiPAM. While PEG becomes softer at higher temperatures, 

PNiPAM stiffens with increasing temperature. These at first sight contradictory results can be 

explained in molecular detail with our combined approach. We anticipate that this will help guiding 

the development of tailored materials that have to function over a wide force and temperature range. 

 

Methods 

Chemicals The chemicals used for cleaning of glass wear were Ammonia solution (Roth, 

Karlsruhe, Germany, 28.0 - 30.0 %) and hydrogen peroxide solution (Sigma Aldrich, St. Louis, 

MO, USA, ≥ 30 %) as RCA solution with ultrapure water (Purelab Chorus 1, Elga LabWater, Celle, 

Germany, 18.2 MΩ cm) with a ratio of 1:1:5. For the functionalisation process toluene (Fisher 

Chemicals, Hampton, NH, USA, 99.99 %), ethanol (Roth, Karlsruhe, Germany, ≥ 99.9 %), HEPES 

buffer (Pan-Reac AppliChem, Darmstadt, Germany, 99.5 %, 10 mM, pH = 7, 50 mM NaCl) silane-

PEG-mal (NANOCS, Boston, MA, USA, Mw = 5 kDa, lcont = 41 nm) and HEPES-buffer (10 mM 

HEPES, NaCl 50 mM; pH 7) were used. For the synthesis of PNiPAM all solvents and reagents 

were purchased from Alfa Aesar (Haverhill, MA, USA), Sigma-Aldrich (St. Louis, MA, USA), 

Fisher Scientific (Hampton, NH, USA), ABCR (Karlsruhe, Germany) and used as received unless 

otherwise stated. Deuterated solvents were purchased from Sigma-Aldrich. N-isopropylacrylamid 

(NiPAM) was recrystallized out of toluene and n-hexane (1:1) and dried in vacuum. Cu(I)Br was 

washed five times with glacial acetic acid and ethanol. Tris[2-(dimethylamino)ethyl]amine 

(Me6TREN), N,N-dimethyl formamide (DMF), 2 bromo-iso-butyric tert-butylester (tBbiB) were 

stored under argon atmosphere. 

Polymers The polymer used for the PEG experiments was purchased as Thiol-PEG-Thiol (HS-

PEG-SH, Creative PEGWorks, NA, USA, Mw = 35 kDa). The expected mean contour lengths for 

the experiments was calculated including the silane-PEG-mal linker with a monomer length of 

0.356 nm and a molecular weight of 44.05 Da to 282 nm.35,19 Adding the silane-PEG-mal linker 

length with about 41 nm leads to a total length of 323 nm.  

PNiPAM was synthesized as follows. The corresponding reaction path can be found in Figure S1a: 

9.00 g (79.53 mmol) NiPAM and 3.20 µL (0.018 mmol) tBbiB were placed in a Schlenk tube and 

18 mL of a 50:50 mixture of ultrapure water and DMF were added. The mixture was degassed 

twice and the polymerization was started by adding 90 µL (0.018 mmol) of a 0.2 M solution of 
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CuI(Me6TREN)Br in DMF. After 40 min 12 mg (0.075 mmol) potassium ethyl xanthogenate were 

added. After 10 min the reaction was cooled in an ice bath for 30 min. The mixture was diluted 

with 160 mL THF and filtered through an aluminium column to remove the residual copper 

catalyst. The polymer was precipitated in 800 mL diethyl ether and dried in vacuum (yield: 4.06 g, 

Mn: 497 kDa, Ð=1.28). 

500 mg (0.001 mmol) of the CTA-endcapped PNiPAM were dissolved in 20 mL ultrapure water 

and 100 mg (2.64 mmol) NaBH4 were added. After 2 h the polymer/solvent mixture was dialyzed 

against water for 4 days. The polymer was obtained by lyophilization (452 mg). 300 mg of the 

polymer were dissolved in 10 mL DMF and 45 mg (0.16 mmol) tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP) were added. After 24 h the mixture was diluted with water and dialyzed 

against water for 4 days again. 243 mg of the resulting polymer were obtained after lyophilisation 

(Mn: 510 kDa, Ð=1.28, see Figure S1b). 

For PNiPAM, the monomer length was calculated with respect to the backbone using the C-C bond 

length of 154 pm and a bond angle of 109.5°.36 With a calculated monomer length of around 252 pm 

and a monomer weight of 113 Da, the average contour length could be calculated to 1.14 μm with 

4513 repeating units. Adding the silane-PEG-mal linker length with about 41 nm leads to a total 

length of 1.18 µm. 

Polymer characterisation Standard size-exclusion chromatography (SEC) was performed with a 

system composed of a 1260 IsoPump G1310B (Agilent Technologies, Santa Clara, CA, USA), a 

1260 VW detector G1314F at 254 nm (Agilent Technologies) and a 1260 RI-detector G1362A at 

35 °C (Agilent Technologies), DMF (with LiCl, 1 g/L) as the mobile phase (flow rate 1 mL/min) 

on a GRAM column set for DMF (at 50 °C) from PSS (Polymer Standard Service (PSS), Mainz, 

Germany) (GRAM 30, GRAM 1000, GRAM 1000). Calibration was carried out using PMMA 

standards for DMF (from PSS). Samples were measured with concentrations between 1 mg/mL 

and 3 mg/mL. For data acquisition and evaluation of the measurements, PSS WinGPC® 

UniChrom 8.2 was used.  

NMR spectra were recorded on a Bruker DRX 500 spectrometer (Billerica, MA, USA) working at 

500 MHz. NMR chemical shifts were referenced relative to the used solvent (D2O). For data 

acquisition and evaluation of the measurements, NMR software MestReNova® 11.0 was used. 
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Simulation details All molecular dynamics simulations are performed with the GROMACS 

simulation package (version 4.6.5 or newer).37 The time step is set to 2 fs. The temperature is set 

to a fixed value for each individual simulation. For temperature and pressure coupling, the v-rescale 

and Parinello-Rahman algorithms are used.38,39 The pressure is isotropic and set to 1 bar with a 

water compressibility of 4.5 × 10−5 bar−1. All simulations are performed with periodic boundary 

conditions in all three directions. The cut-off of nonbonded interactions is set to 1.0 nm. The 

particle mesh Ewald method is used for the long-range electrostatic interactions.40  

For PEG the force field charmm35r is used.41 The elongated (H-[CH2-O-CH2]12-H) chain is placed 

in a 3 nm×3 nm×9.6 nm box with 2900 tip3p water molecules. To equilibrate the system, the initial 

energy minimization of the system is followed by a 10 ps NVT simulation with constant volume 

and without pressure coupling and a 2 ns NPT simulation with an isotropic pressure of 1 bar. For 

the production run, the first and the last oxygen atoms are defined as pulling groups. A constant 

force between 1 pN and 600 pN is applied in z direction. For low forces, we additionally performed 

simulations using a longer chain (H-[CH2-O-CH2]24-H) placed in a 4.5 nm×4.5 nm×20 nm box with 

13433 water molecules. Each pulling simulation is performed for at least 200 ns. The temperature 

remains unchanged throughout a single simulation run and is set to 250 K, 300 K, 325 K, 350 K 

and 400 K, respectively. 

For simulations of PNiPAM, parameters remain the same as for PEG if not stated otherwise. For 

PNiPAM we use a recently modified version of the OPLS-AA force field with partial charges 

optimized by comparison to quantum mechanical simulations together with the SPC/E water 

model.42–45 The first and the last C atom of the backbone of H-[C6H11NO]20-H, which are adjacent 

to the side-chain of the polymer, are defined as pulling groups. A constant force between 1 pN and 

500 pN is applied in z direction. We simulate isotactic (meso-diad) PNiPAM, where the side chains 

are located on one side of the backbone, and syndiotactic (racemo-diad) PNiPAM, where the side 

chains are on alternating sides of the chain. The elongated chain is placed in a 3 nm×3 nm×11 nm 

box with 3121 SPC/E water molecules. Each pulling simulation is performed for at least 1000 ns. 

The temperature remains unchanged throughout a single simulation run and is set to 288 K, 298 K, 

308 K and 318 K, respectively. 

For both PNiPAM and PEG, the extension in the pull direction is calculated as the time average of 

the separation in z direction of the two pulling groups over the course of a simulation. The extension 



 

7 
 

of PEG is normalized by the contour length LC,0 = 11×0.356 nm or LC,0 = 23×0.356 nm, depending 

on the polymer length and in accordance to Liese et al.19 For isotactic PNiPAM the contour length 

used for normalization is LC,0 = 19×0.266 nm and for syndiotactic PNiPAM LC,0 = 19×0.264 nm in 

accordance to Kanduč et al.44 

AFM tip functionalisation The covalent attachment of one single polymer to a cantilever tip is 

decisive for single molecule force experiments. It enables a high reproducibility when performing 

force spectroscopy with a certain polymer on a specific cantilever tip. Influences on the 

measurements like differences in the contour length due to different attachment points to the 

cantilever tip, variation of the spring constant of the cantilever or interactions with further polymers 

can be widely prevented.46 Furthermore, a high yield of single molecule events can be obtained 

(42 % for PNiPAM and 19 % for PEG).  

Silicon nitride AFM cantilevers, namely MLCT and MLCT-BIO-DC (both: Bruker AFM probes, 

Camarillo, CA, USA) were used for all measurements. First, the cantilevers were activated with 

oxygen plasma to gain hydroxyl groups on the surface of the cantilever tip. While the MLCT probes 

were treated for 1 min with 20 % power, the thermally more stable MLCT-BIO-DC probes were 

treated for 2 min with 40 % power, both with a pressure of 0.1 mbar. As a next step, a 5 kDa silane-

PEG-mal (NANOCS, Boston, MN, USA) linker was bound to the cantilever tip. The linker enabled 

to couple a probe molecule to the tip via a covalent bonding. Therefore, the cantilevers were 

incubated in a solution of silane-PEG-mal in toluene (1.25 mg/ml, 3 h, 60 °C).47 Even though the 

cantilever tip is covered with maleimide groups, these undergo a hydrolysis in water (inactive 

PEGs) leaving just few binding sites for the single probe polymer to be attached.48 The inactive 

PEGs serve as a passivation layer to reduce undesirable interaction between the cantilever tip and 

the surface as well as between the single PEG polymer and the cantilever tip. For functionalisation 

with PNiPAM, the PEGylated cantilevers were rinsed in toluene and ethanol before incubation in 

a solution of PNiPAM-SH in ethanol (1.25 µg/ml, 3 h, RT). For PEG, the PEGylated cantilevers 

were rinsed in toluene and incubated in a SH-PEG-SH toluene solution (1.25 µg/ml, 1 h, 60 °C). 

After a final rinsing, the cantilevers were stored in HEPES buffer at 4 °C until use in the AFM 

experiment.  
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For every functionalisation, control cantilevers were additionally prepared by the same procedure 

except just pure solvent was used instead of a SH-PEG-SH or PNiPAM-SH solution. A scheme of 

an AFM based single molecule force spectroscopy setup can be found in Figure 1. 

AFM Measurements All measurements were performed with a Cypher ES (Asylum Research, an 

Oxford Instruments company, Santa Barbara, CA, USA) using a heating and cooling sample stage 

for temperature variation. All measurements took place in ultrapure water on a silicon oxide wafer 

cleaned in ethanol using a sonicator (Elmasonic S15, Elma, Singen, Germany). Before every 

measurement, the inverse optical lever sensitivity (InvOLS) was determined by fitting a linear 

function to the repulsive regime of a force-extension curve. In order to reduce errors, the 

determination of InvOLS was performed by using an average of at least five individual InvOLS 

values. The spring constant of the cantilever was determined by the thermal noise method.49 

The measurement parameters were defined as followed: force distance: 1 – 3 μm, velocity: 1 μm/s, 

trigger point: 500 pN, sampling rate: 5 kHz and dwell time toward the surface: 0 – 1 s. To minimize 

the influence of the probe, force-extension curves were recorded in a grid like manner with 10×10 

points, covering 20×20 μm2 (force maps). At least two force maps were obtained per cantilever, 

with and without dwell. The temperature was varied in a random order. Following a temperature 

change, force-extension curves were collected after a stabilisation time of at least 5 min. Prior to a 

series of measurements, at least one control cantilever was measured on different spots to ensure 

the cleanliness of the SiOx-surface and a contamination free functionalisation. If the control 

cantilevers showed an absence of stretch events, the PNiPAM or PEG functionalized cantilevers 

were measured, respectively. 

For data evaluation, a self-programmed evaluation software based on IgorPro (Wavemetrics, 

Portland, OR, USA) was used. The force-extension curves were corrected for drift by fitting a 

linear function to the baseline after the last stretch. Then, the linear function was subtracted from 

the force-extension curve leading to curves such as shown in Figures 1a and b.  

Even though we used PNiPAM polymers with a low polydispersity index value Ð=1.28, significant 

differences in the polymer lengths were observed in the AFM experiments. This observation can 

be explained by different phenomena, which have already been described in literature before.19 The 

common method to detect the molecular weight and the polydispersity is size-exclusion 

chromatography (SEC), which determines a relative weight of the polymer compared to standards 
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like polystyrene or poly(methyl methacrylate).50 As polymers can significantly differ with respect 

to their hydrodynamic volume compared to these standards, a deviation of the determined 

molecular weight of PNIPAM from the absolute molecular weight is expected. Another important 

influence is given by the silicon layer. As the functionalisation process is performed in air, spurious 

water might start an oligomerisation of the silane molecules prior to the attachment to the tip. This 

leads to a flexible silane network with fewer anchor points.51 A further explanation is related to the 

position of the anchoring point of the polymer to the cantilever tip, since the polymer is not 

necessarily bound to the apex.19 As the cantilever detects only a force component in vertical 

direction, a non-vertical orientation of the polymer between a pin point on the substrate and the 

cantilever tip might lead to a shift of the detected force according to Serr et al.52 Yet, for long 

polymers such as the PEG and PNiPAM polymers presented here, the deviation from a vertical 

orientation is expected to be less than 1°, leading to a force variation below the detection limit of 

the AFM.53 For PEG, a broad mass distribution is expected (PDI is not indicated by the 

manufacturer). Furthermore, for HS-PEG-SH it is chemically possible that the ends of two 

polymers oxidise and react with each other to a disulfide bridge.54 That might lead to length values 

which are multiples of the contour length. Even though these phenomena have an influence on the 

observed absolute contour length of the polymer, they do not affect the stretching response of the 

respective polymer itself. Therefore, all these effects are not expected to show any dependence on 

temperature and therefore should not affect the general results found here.  

 

Results and Discussion 

Figure 1 shows a schematic of the AFM-based single molecule force experiments including 

example traces and simulation snapshots. A single stretch event at a contour length of about 350 nm 

such as given in Figure 1a was observed in the PEG data in 95 of the 500 measured force-extension 

curves (rate of 19%). For PNiPAM, 252 out of 600 force-extension curves (42%) were found, such 

as shown in Figure 1b. In order to discuss the temperature dependence of the force-extension traces, 

a single master curve for every temperature was determined using only those curves that show a 

stretch event to at least 500 pN to be in the linear regime of bond stretching (see Figures S2 and 

S5). Then, the extensions were rescaled to a length L0 at a force of 500 pN. Finally, the force-

extension curves were averaged by a binomial smoothing, where a Gaussian filter convolves the 
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data with normalized coefficients derived from Pascal´s triangle at a level equal to the smoothing 

parameter 20.55 These rescaled traces are shown in Figure 2. 

 
Figure 1. Schematic AFM single molecule setup with a zoom-in to the functional groups (circular 

frames) and an exemplary monomeric unit for the PEG linker (green box) and the polymer (blue 

box) at room temperature. On the right part, example force-extension curves for (a) PEG and (b) 

PNiPAM including snapshots of the MD-simulations at the forces indicated in the force-extension 

traces are shown at 298 K. These forces are 15 pN and 600 pN for PEG (a1, a2) and 20 pN and 

500 pN for isotactic PNiPAM (b1, b2). The monomer numbers are n = 114 (41 nm) for the PEG 

linker, u = 795 (282 nm) for the PEG and m = 4513 (1.14 µm) for the PNiPAM polymer. Dz 

indicates a possible vertical shift corresponding to the anchoring position of the polymer on the 

AFM cantilever tip. 
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For the master curves depicted in Figure 2a we used 20 traces (4%) in total that reached forces of 

at least 500 pN in order to investigate the polymer behaviour at intermediate and high stretching 

forces. We focus on the range from 0.4 to 1.0 L0 because the temperature effect is best seen here. 

Furthermore, we can be sure that this extension range only comprises the stretching of a single 

molecule (for raw data see Figure S2). The difference between the force-extension curves for PEG 

measured at different temperatures (Figure 2a and Figure S3) can be described as a decrease of the 

force with increasing temperature at a given relative extension, which is discussed in detail below. 

In other terms, an increase of ca. 5 % of relative extension (at an applied force of 100 pN) is 

observed in a temperature range of 278 K to 318 K. Note that it is crucial to compare the 

temperature dependence for data taken with one and the same cantilever and for one set of 

polymers. Otherwise, variations of the spring constant of different cantilevers and possibly the 

contour length of polymers could mask the temperature effects (see methods section for details). A 

second data set confirms the observed temperature behavior (Figure S4). 

For PNiPAM, the length varies significantly even for a single cantilever tip. In order to minimize 

the effects of contour length, we only selected traces with contour lengths between 1.0 µm and 

2.5 µm and detachment forces of more than 500 pN. This resulted in 20 traces (3 %), which are 

shown in the master curves depicted in Figure 2b. The raw data can be found in Figure S5. 

Additionally, Figure S6 shows all master curves for different temperatures. Again, a temperature 

dependent shift in the stretching force can be observed, but this time in the opposite direction 

compared to PEG. The stretching forces increase with increasing temperature, i.e. the chain 

becomes stiffer, for a given relative extension (see Figure S6 and S7). In other terms, an increase 

of ca. 1 % of relative extension (at an applied force of 100 pN) is observed in a temperature range 

of 278 K to 328 K. Note, that there is no sudden change in the shape or frequency of the recorded 

force-extension curves when comparing temperatures below and above the LCST. This agrees with 

the expectation that a highly stretched single molecule does not show cooperative effects, which 

are rather expected for weakly stretched chains that can self-interact. This is in contrast to the study 

by Cui et al., which claimed that the stretching force has a minimum at the LCST when examining 

the temperature range of 304 K to 313 K with a difference of relative extension of up to 10 % at 

200 pN.16 Furthermore, we did not observe any plateaus in our force-extension curves over the 

whole range of temperature values from 278 K to 328 K such as observed by Liang et al.17  
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Yet, both Cui et al. and Liang et al. performed nanofishing experiments. Zhang et al. have already 

pointed out that AFM cantilever tip functionalization might be a better way to obtain clean and real 

single molecule stretching events.18 Nanofishing might lead to cooperative effects that might 

strongly affect the outcome of a single molecule study due to additional substrate adsorbed 

molecules.56 Our presented covalent attachment of a single molecule to the cantilever tip, enables 

to exclude any interactions with neighboring polymers. Therefore, our results are consistent with 

the study by Kutnyanszky et al.28, where also single molecule attachment to an AFM cantilever tip 

had been done. Yet, our significantly larger allows us to deduce the molecular mechanism for this 

behavior. A second data set for PNiPAM taken with a different cantilever confirms the observed 

temperature dependence (Figure S7). To further understand these observations, MD-simulations 

were performed and compared to the experimental data. 

 

Figure 2. Experimental AFM data: (a) Master curves of PEG showing decreasing stretching force 

with increasing temperature. (b) Master curves of PNiPAM showing an opposite temperature 

dependence compared to PEG. A single master curve for every temperature was determined based 

on force-extension curves with a stretch event to at least 500 pN. After rescaling the extensions to 

the length L0 at a force of 500 pN, the force-extension curves were averaged by a binomial 

smoothing. 

Figure 3a shows a comparison of the experimental master curves for PEG to the MD-simulation. 

The distinct tripartite structure with a middle section showing an almost constant force-extension 
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slope is well reproduced by the simulation. Also, the temperature shift agrees well with the 

experimental data. This validation enables us to extract the molecular mechanisms for PEG from 

the MD simulations (see below).  

Figure 3b,c show the comparison of the experimental master curves for PNiPAM with two sets of 

MD-simulations. As the polymer was synthesized by a controlled radical polymerisation without 

any manipulation of the propagating chain ends, a predominantly atactic arrangement of the side 

groups is expected. This is confirmed by the 13C-NMR data, which shows the expected ratios 

between the signals in the range of 30 – 45 ppm (Figure S1c).57 Accordingly, the experimental 

force-extension curves are between force-extension curves from MD-simulations representing the 

extreme cases of a fully isotactic and a fully syndiotactic polymer, as shown in Figure 3b (isotactic) 

and Figure 3c (syndiotactic). For the isotactic case, an extremely slow relaxation of the PNiPAM 

chain leads to a strong variation of the stretching force masking any clear trend with temperature. 

By contrast, the syndiotactic case comprises small error values and presents a clear force-extension 

course for the different temperatures. In particular, the temperature shift in the force response 

shows the same qualitative behavior for both AFM experiment and for the MD simulation, although 

differing quantitatively. The quantitative difference might result from the difference between 

atactic (experiment) and syndiotactic (MD simulation) arrangement.  
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Figure 3. Comparison of MD-simulations with the experimental data: (a) MD-simulations for a 

PEG molecule for a wide temperature range showing the same characteristics as the experimental 

data. Note the significantly larger temperature range in the simulations. (b) MD-simulations of an 

isotactic and (c) of a syndiotactic PNiPAM polymer compared to the experimental data for atactic 

PNiPAM, respectively. The experimental force-extension trace lies between the MD-simulations 

of the syndiotactic and isotactic PNiPAM. Also, the magnitude of the temperature induced force 

shift is in between the two extreme cases considered in the MD-simulations. Respective zoom-ins 

are shown in the bottom row for better comparison of the relevant mid-force extension range around 

200 pN. 

The temperature dependence of the free energy per length, F/L0, can be generally expressed as Tn 

with an exponent n. An ideal entropic behavior can be described by the FJC model58: 

#$%$
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while the wormlike chain (WLC) model is not purely entropic:59 
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Here, zete is the rescaled end-to-end distance, Lc the rescaled contour length, b the temperature 

independent Kuhn length (see Table S1), f the applied force and persistence length lp = k / kBT with 

the bending rigidity k assumed to be temperature independent. Next, the free energy F is given by: 

𝐹 = 𝑈 − 𝑇𝑆             (3) 

While the FJC model leads to U/F = 0 and −TS/F = 1, the WLC model leads to U/F = −1 and 

−TS/F = 2 with the energy U and the entropy S assumed to be independent from T.19 While in both 

cases TS/F is constant, F/L0 is proportional to Tn with n = 1 for the FJC model (with temperature 

independent Kuhn length, see Table S1) and n = 2 for the WLC model (with temperature 

independent bending rigidity k). In contrast, a purely energetic behavior should be temperature 

independent, i.e. n = 0. We name regimes with exponents n > 1 super entropic, n < 0 super energetic 

and with 0 < n < 1 mixed.  

The commonly used FJC and WLC models fail to describe the force-extension behavior of both 

PEG and PNiPAM over the whole force range (Figure S8 and S9).19 In particular, both polymers 

deviate from the purely entropic spring models at intermediate and highly stretched states. In fact, 

they represent energetic or mixed springs with different temperature behavior, as discussed in the 

following.  

The temperature dependent force response of the PEG polymer is best analyzed by normalizing the 

force response with respect to the temperature dependence, i.e. to find the exponent of the 

temperature n at which the experimental force response for the different temperatures fall on top 

of each other. In particular, the optimal exponent n is found by the lowest coefficient of variation 

(ratio of standard deviation and mean value) for the different temperatures at each stretching force 

value (Figure S10). Thus, the different regimes (entropic and energetic) can be distinguished along 

the course of the stretching force. In Figure 4a the stretching free energy, F per L0 is shown, which 

is determined by integration of the master curves (force vs rescaled extension) given in Figures 2 
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and 3. Considering the different temperature ranges for the experiment and the simulation, the data 

agree well. This is more obvious when F/L0 is normalized by kBT (Figure 4b). In particular, for low 

forces, the MD simulations data is better described by a scaling exponent n = 1, indicating purely 

entropic behavior. Above 150 pN, a similar trend as for the AFM data is observed where energy 

dominated behavior is found. Both F/L0 and the slope of F/L0 vs force is highest for the lowest 

temperature. F/L0 for the various temperatures increases linearly with the force up to 300 pN. For 

force values above 300 pN a sub-linear F/L0 vs force relation is observed. While F/L0 vs force 

curves for the lowest temperature (250 K) show a non-linear course, those for higher temperatures 

(300 K, 325 K, 350 K and 400 K) show a linear behavior up to 300 pN.  

 
Figure 4. Temperature dependence of the stretching free energy F for experimental AFM data and 

the MD-simulations of PEG: (a) stretching free energy F per L0 (extension at a force of 500 pN) 

vs. force (case n = 0), (b) F per L0 divided by kBT (n = 1), (c) F per L0 divided by kBT−1 (n = −1). 

Note the significantly larger temperature range in the simulations. 

For AFM data, an energy dominated behaviour is observed over the whole course of the curve 

(except below 50 pN). The AFM curves superimpose even better for a further normalization 

F/(L0kB)T vs force (n = −1) presenting a super energetic regime (Figure 4c). Altogether, the MD 
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simulations are best described by an entropy dominated chain at low forces (n = 1) and an energetic 

behaviour (n = 0) starting at intermediate forces, while the experiment already shows dominant 

energetic contributions (n = −1) at all investigated forces.  

In order to understand these observations, we examine the mean fraction of gauche and trans states 

in the PEG chain according to MD simulations. Figure 5a shows the mean fraction of monomers 

in the trans state for different temperatures as a function of force. The initially shallower increase 

of Фtrans for low temperatures can be explained by a higher number of water bridges forming two 

hydrogen bonds with the PEG backbone, which we depict in Figure 5b. The decrease in the number 

of water bridges explains the overall decrease in F/L0 with increasing temperature (Figure 4a). In 

addition, the pronounced non-linear behavior of Фtrans for low temperatures around 250 pN can 

explain the increase in the slope of F/L0 observed in Figure 4a at this force. Here, the water bridges 

stabilize the gauche state, which has a smaller contour length compared to the trans state (see also 

the increase of temperature dependent contour length using the FJC model, Figure S8). This also 

explains the temperature dependent cross-over of PEG around 250 pN, which can be observed in 

Figure 4a and 5. Note that a temperature dependent contour length can be obtained using the FJC 

model to fit PEG force-extension curves (see Figure S8), if a temperature independent Kuhn length 

is assumed (see Table S1). Such a temperature dependent contour length would just be a fit 

parameter with no real physical meaning and we therefore believe that the above discussed 

exponent n describes the underlying physical processes better.  
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Figure 5. MD-simulated data: (a) Mean fraction of monomers in the trans state and (b) number of 

water bridges nwb in dependence of the force for PEG at different temperatures ranging from 250 K 

to 400 K (with a PEG chain comprising 11 monomers). (c) Schematic picture of a water bridge to 

PEG in the gauche state with two or one hydrogen involved (left) and a water molecule forming a 

single hydrogen bond with PEG in the trans state (right).19 

Figure 6 shows the stretching free energy for PNiPAM vs force for different temperatures 

determined analogously to the PEG data. In general, AFM experiments and MD simulations agree 

well. Again, we optimize the coefficient of variation to find the exponent n in the temperature 

dependence (Figure S11). For the syndiotactic case with MD simulations, a dominance of entropy 

(n = 1) up to 100 pN can be observed (Figure 6b). But then, n = 1/3 describes the course of the 

temperature dependence of F/L0 well, resulting in a dominance of the energetic character. In fact, 

the syndiotactic case of the MD simulations is quite close to the atactic case of the experimental 

data. Altogether, we obtain the best fit for n = 1/3, i.e. F/L0 ~ T1/3 (Figure 6c). In general, PNiPAM 

shows a mixed behaviour (0 < n <1) for high stretching forces.  
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Figure 6. Temperature dependence of the stretching free energy F for the MD-simulations of 

isotactic PNiPAM and of syndiotactic PNiPAM to experimental AFM data (atactic): (a) stretching 

free energy F per L0 (extension at a force of 500 pN) vs. force (case n = 0), (b) F per L0 divided by 

kBT (n = 1) and (c) F per L0 divided by kBT1/3 (n = 1/3). 

 

At the molecular scale the temperature dependent behavior of PNiPAM can be understood as 

follows 26,60–63: At low temperature, PNiPAM hydrogen bond bridges are formed between water 

molecules and the amide side groups. Thus, the polymer comprising a hydrophobic backbone is 

soluble in water. When the temperature is increased, exothermic formation of hydrogen bonds 

becomes unfavorable. Therefore, the bound water molecules are released leading to a partial 

dehydration of the polymer. In parallel, intramolecular hydrogen bonding between the amide 

groups becomes more favorable (attractive interaction). Therefore, the polymer tends to collapse 

into a globular state, i.e. more force is required to keep the polymer at a certain extension compared 

to a lower temperature. For single PNiPAM molecules, investigated here, we do not observe a 

sharp transition, which is rather attributed to cooperative effects as discussed in Futscher et al. 27, 

but a gradual change. 

The simulation of isotactic PNiPAM (Figure 6a, open rhombi) shows a similar linear relation of 

free energy F/L0 with force. Here, due to the one-sided arrangement of the NiPAM monomer units, 

the water bridges might be formed between two monomers. This could lead to a greater influence 

of the water bridges compared to the syndiotactic polymer, where the NiPAM monomer units are 

arranged in an alternating fashion with respect to the backbone leading to a shallower increase of 

free energy F/L0 with force (Figure 6a, filled squares). Additionally, the magnitude of the 
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experimental values for free energy per length F/L0 (atactic polymer, Figure 6a, solid lines) is close 

to the simulated syndiotactic data while the simulated isotactic values are about 1.5 times higher 

for a given force in the range of 200 – 500 pN. In conclusion, the tactility of PNiPAM is more 

important for the free energy to stretch the polymer at a given force than a change of temperature 

from 278 K to 328 K. 

Conclusion 

In a combined experimental and simulation approach, we have scrutinized the temperature 

dependence of single PEG and PNiPAM polymers. We were able to develop a reliable procedure 

to covalently attach long polymers (ca. 500 kD) to the tip of a Si3N4 AFM cantilever and select for 

single polymers. This allows us to measure highly reproducible single polymer force-extension 

curves up to high stretching forces (ca. 800 pN), excluding any interactions with neighboring 

polymer chains, which is difficult in other (e.g. nanofishing) experiments. Our truly single 

molecule experiments are consistent with MD simulations in explicit solvent at various 

temperatures. For PNiPAM we could show that neither the shape nor the frequency of the recorded 

force-extension curves are significantly changed around the LCST. The LCST is therefore indeed 

a cooperative effect that only appears at low stretching force. 

In addition, we find that PEG and PNiPAM show a contrasting temperature behavior in water. 

While the stretching force increases with increasing temperature for PNiPAM, a decrease in the 

stretching force for increasing temperatures can be observed for PEG. The experimental 

temperature dependent stretching behavior of PEG and PNiPAM is also in good agreement with 

the MD-simulation.  

Furthermore, both experimental data and MD-simulations show a decrease of the force dependent 

stretching free energy of PEG with increasing temperature for high stretching forces. This can be 

explained by the influence of temperature on the mean fraction of gauche and trans states of the 

PEG chain and the corresponding reduction of the number of water bridges during stretching. 

PNiPAM also shows a non-linear dependence of the free energy per length on temperature.  

In summary both, single PEG and PNiPAM molecules, do not constitute purely entropic 

springs. Their stretching free energy is dominated by energetic solvation effects. This shows that 
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although the FJC and WLC models are very helpful to compare polymer properties, the physical 

interpretation of the resulting parameters has to be done with care. In particular, as has been found 

before, both models do not mimic the force-extension behaviour over the full range of stretching 

forces. Here, we could further show that they also do not correctly describe the temperature 

dependent force-extension behaviour, in particular for highly stretched polymers under aqueous 

conditions. 

We propose to use the exponent n of the temperature dependence of the normalized stretching free 

energy (F/L0) as a measure for the degree of energetic vs. entropic character of a polymer. A purely 

entropic chain is defined by n = 1, as given in the FJC model. For PNiPAM, we find a mixed 

behavior with 0 < n < 1. For PEG we find a super energetic behavior with n < 0. Thus, we are able 

to classify the temperature behavior of different polymers and to show that PEG has a more 

dominant energetic character than PNiPAM. At the molecular level, both polymers lose hydrogen 

bonds with the surrounding water. At the same time, for PNiPAM, intermolecular hydrogen bonds 

are formed that compensate for that loss. Thus, PNiPAM shows an antagonistic temperature 

dependent force-extension behaviour compared to PEG. 

This paves the way to understand temperature responsive polymers and to design block copolymer 

structures for a tailor-made temperature behavior. Materials comprising blocks with antagonistic 

temperature dependence could be used for switches or actuators analogous to the bimetallic 

effect 8,64 Here pre-stressed material could be used to adjust the force range. In addition, current 

thermoresponsive materials are often crosslinked polymer hydrogels.65 Here small molecular 

effects might translate to significant macroscopic effects, e.g. in hierarchical structures 66 or the 

devices might be implemented at significant pre-stress to increase the temperature response. 

Finally, some future adaptive force sensors will use polymeric system that can reach or operate in 

a highly stretched state.67 
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