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ABSTRACT 
 

Intrinsic friction analysis (IFA), a novel methodology 

based on lateral force microscopy is presented wherein 

isothermal kinetic friction measurements, obtained as a 

function of velocity, are used to deduce apparent Arrhenius-

type activation energies (Eac) of molecular mobilities.  If 

cooperativity exists between molecular mobilities involved, 

the dissipation energy can carry a significant entropic 

energy contribution, accounting for the majority of Eac 

depending on the coupling strength between molecular 

actuators involved. IFA also provides a means of directly 

separating enthalpic contributions to Eac from entropic 

contributions by employing a combination of a relaxation 

model based on absolute rate theory with thermal activation 

of plastic deformation.  As such, the degree of cooperativity 

in the system can be discerned.  This methodology is 

illustrated with nanoscale tribological experiments on two 

systems, (1) monodisperse, atactic polystyrene and (2) self 

assembling molecular glassy chromophores. 
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1 INTRODUCTION 
 

In many nanoscale technologies the ability to obtain 

information regarding molecular mobility and cooperativity 

is critical to understanding processes as well as directing 

molecular engineering to obtain desired results.  Many 

experimental techniques have been developed to provide 

insight into molecular relaxations such as dielectric 

spectroscopy[1], dynamic light scattering[2] and 

multidimensional NMR[3] to name just a few.  In a more 

recent development, Sills et al. showed that, due to 

nanoscale contact between the tip and the sample in lateral 

force microscopy[4], insight into molecular dissipation 

mechanisms can be obtained for molecular systems 

providing relaxation information analogous to dielectric 

spectroscopy[5].  However, the ability to distinguish 

between entropic (cooperative) and enthalpic (non-

cooperative) contributions to the resulting apparent 

Arrhenius activation energy of a molecular process was not 

achieved.  In this work, we develop a methodology that 

allows access to such information via nanoscale friction 

experiments and we apply this methodology to a well 

understood model system (atactic polystyrene) and a system 

of practical interest (self-assembling glassy chromophores).   

. 

2 METHODOLOGY 
 

2.1 Experimental 

The experimental setup for IFA is provided below in 

Fig. 1.  As shown, an atomic force microscope (AFM) is 

used to scan the surface of a sample isothermally at various 

velocities (0.1µm/s to 10µm/s).  Scan areas were chosen to 

be 1µm
2
, and the line spacing was set to be 20 nm, which 

exceeds the contact diameter.  The left to right (torsional) 

photodiode signal is sent to an oscilloscope so that friction 

loops[6] can be obtained.  Experiments were conducted 

using a Topometrix Explorer AFM using Nanosensor PPP-

CONT uncoated cantilevers (CN~0.2N/m).  Cantilevers 

were calibrated on a silicon surface with the native oxide 

layer present as described in the literature[7].  

Subsequently, the tips were scanned on the sample material 

at temperatures above the glass transition temperature of 

the material for approximately 1 hour.  According to our 

experience, this process passivates the tip and produces 

better friction signals.   

 

 
Figure 1: Experimental set-up for IFA. 

 

Samples themselves were prepared as follows.  

Polystyrene samples were prepared by spin casting a 

0.28wt% solution of 56k MW polystyrene in toluene onto a 

silicon surface, where the native oxide had been removed 

by HF treatment.  Self assembling glassy chromophores 

were spin-cast onto indium tin oxide (ITO) coated glass 

substrates from a filtered 5 % chromophore solution 

dissolved in 1,1,2-trichloroethane.  Film thicknesses were 
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on the order of 300nm, which is sufficiently thick to avoid 

confinement effects. 

 

2.2 Data Analysis 

Data obtained are friction force as a function of 

scanning velocity at various isothermal temperatures 

(FF(v)|T).  As such, these data can be analyzed in a manner 

similar to that used for dielectric spectroscopy 

measurements.  Friction isotherms are first plotted as a 

function of ln(v) and then, employing the time-temperature 

superposition principle[8, 9], are shifted horizontally to 

form a master response curve, with each temperature 

having a unique shift factor aT.   An apparent Arrhenius 

activation energy, Eac, is available by plotting ln(aT) vs. 1/T 

according to the following equation: 

 

 

      (1) 

 

 

As will be discussed below, in some cases vertical shifting 

is actually necessary in some cases for certain temperatures, 

thereby introducing a vertical shifting term, ∆FF(T).   

Justification for this, as well as substantial insight into the 

processes involved in the system can be obtained by 

comparing Starkweather’s understanding of relaxation 

phenomena in organic systems[10, 11] with Briscoe and 

Evan’s model for activated shear processes[12].   

Starkweather employs absolute reaction rate theory to 

develop the following expression for an apparent Arrhenius 

activation energy in terms of the relaxation temperature TR, 

the peak frequency (fR), and the activation entropy of the 

relaxation ∆S* as[10, 11]: 
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Starkweather also noted that for polymer systems where 

relaxations were isolated phenomena (e.g., side chain 

rotation) ∆S*=0.  These relaxations he dubbed “non-

cooperative.”   

Briscoe and Evans[12] developed an activation model 

for shear processes with apparent activation energy E’ac that 

involves a slider exerting pressure P over a pressure 

activation volume, Ω, resulting in shear stress τ  acting over 

stress activation volume, φ, being resisted by potential 

barrier of height Q’.  
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By equating E’ac and Eac, setting τ = (FF+∆FF)/A, where A 

is the true contact area, introducing a term φ’=φ/A, called 

the apparent stress activation length[13], and employing 

thermodynamic identities[12] one may show that: 
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where vo is a characteristic velocity of the system.  The key 

point in this discussion is that equation (4) establishes a 

clear connection between vertical shifting of FF(v) data and 

the cooperativity of the system.  As such, cooperativity in 

the system is indicated by the need for vertical shifting to 

form the master response curve.  We now turn our attention 

to the first system of interest, a well understood amorphous 

polymer, atactic polystyrene.   

 

 

3 POLYSTYRENE 
 

Friction measurements on polystyrene following the 

IFA method are provided in Fig. 2.  As shown, initial raw 

data over the temperature range 37
o
C to 123

o
C (Fig. 2 inset) 

can be shifted using the procedure described in Section 2 to 

provide a  master curve containing the peak of the α-

relaxation (low values of ln(aT*v)) and the shoulder of the 

β-relaxation (high values of ln(aT*v)).     

 

 
Figure 2: Master curve established for polystyrene from 

IFA data.  (Inset) Raw friction data before horizontal and 

vertical shifting. 

 

Figure 3 provides plots of ln(aT) as a function of 1/T 

(inset) as well as a plot of vertical shifting (∆FF) as a 

function of temperature.  Apparent Arrhenius activation 

energies obtained are 22 kcal/mol and 90 kcal/mol for 

regions below and above the glass transition temperature, 

respectively.  These values are in reasonable agreement 

with literature values for the β-relaxation (17.4 kcal/mol 

[14], 21.5kcal/mol [15] and 24 kcal/mol [16]) and the α-

relaxation (80-90kcal/mol[17]), respectively. To determine 

the degree of cooperativity (T∆S*) with Eq. (2), a peak 

frequency, f, is required, which can be obtained for the α-
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relaxation from measured peak velocities (Fig. 2) and 

dissipation lengths, ξ, available from the literature for 

polystyrene as f = v/ξ [5]. Using this process for data above 

Tg (α-relaxation) reveals an entropic contribution of ~70 

kcal/mol to Eac. The entropic contribution was determined 

from vR = 0.8 µm/s at TR = Tα = 396.2 K with the 

previously determined[5] dissipation length of 0.4 nm. Such 

a large (~80 %) energy contribution is expected for the 

highly cooperative process of the α-relaxation in polymeric 

glass formers.[18].  

 

 
Figure 3: Vertical shifting (-∆FF) necessary to produce 

master curve.  (Inset) Plot of ln(aT) as a function of 1/T 

resulting in apparent Arrhenius activation energies of 

22kcal/mol below Tg and 90 kcal/mol above Tg. 

 

 

 

4 SELF ASSEMBLING GLASSY 

CHROMOPHORES 
 

Having established that the methodology is successful 

for determining extent of cooperativity in a well understood 

model system we now turn to a more interesting system of 

practical interest.  For self assembling glassy chromophores 

which show optical non-linearity [19], the challenge is to 

acentrically align the chromophores while preventing 

undesirable aggregation due to dipole-dipole interactions.  

One such strategy is to add dendrons to the chromophores 

that are capable of self assembly by face to face phenyl-

perfluorophenyl interactions due to complementary 

quadrupolar moments.  Such interactions provide 4-

7kcal/mol[20-22] of additional stability to the system per 

interaction and allow the molecules to create physically 

linked chains, with each molecule acting as a link in that 

chain.    One such system, dubbed HDFD (Fig. 4 inset), has 

been shown to have two transition temperatures, at T1=59
o
C 

and T2=70
o
C[19].   

Understanding the dynamics of such systems is critical 

to designing molecules with improved electro-optical 

activity (EO activity).  As such, the degree of 

intermolecular cooperativity (T∆S*) was deduced using the 

above methodology (Fig. 4).  For temperatures below T1, no 

cooperative motion was expected due to the fact that 

∆FF=0; however, between T1 and T2, vertical shifting was 

required as well as for T>T2 (Fig. 4 inset).  In this case no 

dissipation length data was available, so a reasonable range 

was assumed (0.1-20 nm, Fig. 4) and it was found that the 

entropic contribution to the apparent Arrhenius activation 

energy was ~0 for T<T1, but increased to be the majority 

contribution for T1<T<T2 and T2<T (Table 1).     

 

 
Figure 4:  Plot of T∆S* as a function of dissipation length.  

(Right Inset) Vertical shifting required to generate master 

curve. (Left Inset) Depiction of HDFD. 

 

The molecular dynamics of the system can be 

understood as follows.  Below T1 there is only isolated 

motion of HDFD molecules, as they associate and 

dissociate with each other locally.  Above T1 there is 

enough mobility in the system that groups of linked 

molecules can act cooperatively in rotation or translation.  

Above T2, the system exhibits a high degree of 

cooperativity, although the linkages between molecules 

have broken down.  This is similar to a polymer melt close 

to the glass transition temperature.[18] 

 

 T<T1 T1<T<T2 T2<T 

Ea c
  

(kcal/mol) 
23 44 71 

T∆S* 

(kcal/mol) 
- 26-30 52-56 

% entropic ~0% 59-68% 73-79% 

Table 1.  Eac and T∆S* contributions for HDFD. 

 

5 CONCLUSIONS 
 

As shown in the examples of polystyrene and self-

assembling glassy chromophore HDFD, the intrinsic 

friction analysis technique provides substantial insight into 

molecular relaxations in a system.  Apart from 

determination of an apparent Arrhenius activation energy, 
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this technique is capable of providing information relating 

to the cooperativity, with the presence and extent of vertical 

shifting necessary to develop a master response curve.  This 

technique promises to provide substantial insight for other 

organic systems in the future.   

 

 

REFERENCES 
 

1. Hedvig, P., Dielectric spectroscopy of polymers. 

1st ed. 1977, New York: John Wiley & Sons. 

2. Fischer, E.W., et al., J. Non-Crystalline Solids, 

2002. 307-310: p. 584-601. 

3. Tracht, U., et al., Phys. Rev. Lett., 1998. 81(13): p. 

2727-2730. 

4. Overney, R.M., et al., Interfacially confined 

polymeric systems studied by atomic force 

microscopy. 1997: Material Research Society. 

5. Sills, S., T. Gray, and R. Overney, J. Chem. Phys., 

2005. 123(13): p. 134902. 

6. Overney, R.M., et al., Phys. Rev. Lett., 1994. 72: 

p. 3546-49. 

7. Buenviaje, C.K., et al., Mat. Res. Soc. Symp., 

1998. 522: p. 187-192. 

8. Williams, M.L., R.F. Landel, and J.D. Ferry, 

JACS, 1955. 77: p. 3701-3707. 

9. Sills, S. and R.M. Overney, Phys. Rev. Lett., 2003. 

91(9): p. 095501(1-4). 

10. Starkweather, H.W., Jr., Macromolecules, 1988. 

21(6): p. 1798-802. 

11. Starkweather, H.W., Jr., Macromolecules, 1981. 

14(5): p. 1277-81. 

12. Briscoe, B.J. and D.C.B. Evans, Proc. R. Lond. A, 

1982. 380: p. 389-407. 

13. He, M., et al., Phys. Rev. Lett., 2002. 88(15): p. 

154302-(1 - 4). 

14. Wypych, A., et al., Journal of Non-Crystalline 

Solids, 2005. 351(33-36): p. 2593-2598. 

15. Vyazovkin, S. and I. Dranca, Journal of Physical 

Chemistry B, 2004. 108(32): p. 11981-11987. 

16. Bershtein, V.A. and V.M. Egorov, Differential 

Scanning Calorimetery of Polymers. 1994, 

Chichester, West Sussex: Ellis Horwood Ltd. 

17. Patterson, G.D. and C.P. Lindsey, Journal of 

Chemical Physics, 1979. 70(2): p. 643-5. 

18. Donth, E., J. Non-Crys. Sol., 2002. 307-310: p. 

364-375. 

19. Kim, T.-D., et al., Journal of the American 

Chemical Society, 2007. 129(3): p. 488-489. 

20. Reichenbaecher, K., H.I. Suess, and J. Hulliger, 

Chemical Society Reviews, 2005. 34(1): p. 22-30. 

21. Dunitz, J.D., A. Gavezzotti, and W.B. Schweizer, 

Helvetica Chimica Acta, 2003. 86(12): p. 4073-

4092. 

22. West, A.P., Jr., S. Mecozzi, and D.A. Dougherty, 

Journal of Physical Organic Chemistry, 1997. 

10(5): p. 347-350. 

 

903NSTI-Nanotech 2008, www.nsti.org, ISBN 978-1-4200-8503-7 Vol. 1


