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Abstract 

Carbon fiber (CF) reinforced polymers (CFRPs) have experienced widespread use in various 

industries. One of the most important parameters that controls the macroscopic property of 

CFRPs is the interface between a polymer matrix and CF. There is growing evidence to suggest 

the formation of a bound polymer layer (BPL), i.e., polymer chains that physically adsorb on 

a filler surface. However, this interface is always in contact with the thicker part of a polymer 

matrix, rendering its understanding a difficult task. Therein, we use CF-reinforced isotactic 

polypropylene (iPP) as a rational CFRP. To characterize the BPL on the CF surface, we 

extracted it from the CFRP using solvent-rinsing with p-xylene. The physical and thermal 

properties of the BPL were characterized by differential scanning calorimetry and 

thermogravimetric analysis, while its microscopic structures and dynamics were probed by 

small-angle neutron scattering and quasi-elastic neutron scattering (QENS) techniques. 

Subsequently, we employed atomistic molecular dynamics (MD) simulations to complement 

the QENS results above the bulk melting temperature and reveal details that were 

experimentally inaccessible. We observed that the degree of crystallinity of the BPL was quite 

lower than the bulk, while the melting temperature of the BPL remained the same as the bulks. 

Within the given length and time scales probed by QENS and MD, we also observed that most 

of the bound chains were mobile, with the formation of a high-density region (less than 1 nm 

in thickness) near the CF surface. The segmental dynamics of the bound chains probed by both 

QENS and MD were also much faster than those of the free chains, possibly due to the presence 

of a free surface region at the topmost surface of the BPL. Furthermore, the MD results 

demonstrated that the backbone chains and side groups lie nearly flat on the CF surface, which 

is the driving force for the flattening process of the iPP BPL to overcome the conformational 

entropy loss in the total free energy.  
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1. Introduction 

Polymer nanocomposites continue to generate remarkable scientific and applied interest, 

given their structurally, dynamically, and mechanically beneficial behaviors that involve 

fundamental polymer and colloid science aspects [1, 2]. Furthermore, carbon fiber (CF) 

reinforced polymers (CFRPs) are used extensively in ground and air transportation, 

construction, and sporting goods industry [3-7] due to their superior mechanical properties such 

as high tensile strength, high modulus, and remarkable wear resistance [3, 8]. It is especially 

important that CFRPs can achieve these excellent properties together with light weight. The 

light weight characteristic results in improved fuel efficiency for automobiles and aircrafts, 

which, in turn, contributes to the realization of a carbon-neutral society. 

Among the most important parameters that control the macroscopic properties of CFRPs is 

the interface between a polymer matrix and CF [9, 10]. There is growing evidence to suggest 

the formation of a bound polymer layer (BPL), i.e., polymer chains that physically adsorb on 

the filler surfaces such as carbon black [11-16] and silica [17, 18]. The BPL can interact with 

a matrix polymer and concurrently bridge neighboring fillers. The thickness of the BPL is 

commensurate with the radius of gyration (Rg) of bound polymer chains [19-27]. The BPL itself 

is made up of three types of segment sequences [28]: “trains” (fully adsorbed segments), “loops” 

(sequences of free segments connecting successive trains), and “tails” (non-adsorbed chain 

ends). Bound polymer chains also exhibit a more elastic mechanical property [29-31] and 

higher glass transition temperature (Tg) [32, 33] than the bulks. At high filler loadings where 

the interparticle distance between neighboring fillers is on the order of the BPL thickness, 

bound chains begin to form “doubly adsorbed” polymer segments, or polymer bridges [34-36] 

between neighboring fillers. This results in the formation of a filler network. Among several 

factors contributing to mechanical property enhancement, this filler network contributes the 

most [29, 32, 35, 37-46]. On the other hand, the majority of the BPL is not in bridges, but rather 

at the level of individual chains in tails and large loops. The tails entangle (or large loops 

interdigitate) with free matrix chains [47-50], acting as “connectors” [51, 52] between a filler 

and a matrix polymer. Sokolov and co-workers also indicated that the flexibility of the BPL 

enhances the mechanical property of polymer nanocomposites [53].   
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In this paper, isotactic polypropylene (iPP), a widely utilized commodity polyolefin, mixed 

with CF is our target CFRP. Due to experimental constraints, molecular dynamics simulations 

are alternatively used to shed light on the buried structures and dynamics of polymer/graphite 

hybrid materials [54-59]. To expose the BPL to the air, we use an established solvent-based 

method [21, 48, 60] and characterize its physical and thermal properties using differential 

scanning calorimetry and thermogravimetric analysis. Moreover, we unravel the microscopic 

structures and dynamics of the BPL above the melting temperature with neutron scattering and 

spectroscopy techniques. Motivated by previous work, we then employ atomistic molecular 

dynamics (MD) simulations to complement the neutron scattering and spectroscopy results and 

reveal more detailed structural and dynamical features. Herein, the integrated experimental and 

computation study shows the unique “flattening” process of the backbone and side groups of 

the iPP BPL, as well as the resultant heterogeneities in buried structures and dynamics, both 

critical parameters to better understand the molecular mechanisms behind macroscopic 

property enhancements of the model CFRP.  

 

2. Experimental Section 

2.1 Materials 

iPP (average molecular weight (Mw) = 250,000 g/mol, Cat. No. 427888, MilliporeSigma, 

St. Louis, USA) and CF (average diameter = 7 ±	1	µm, average length = 10 ±	1 mm, 

Mitsubishi Chemical Corp.) were used. The error bars used in this paper represent	± 1 standard 

deviation unless otherwise noted. Para-xylene (p-xylene, > 98%, FUJIFILM Wako Pure 

Chemical Corporation, Osaka, Japan), deuterated p-xylene (d-xylene, MilliporeSigma, Product 

No. 175927), and acetone (>99.5%, FUJIFILM Wako) were used as received.  

The preparation of the BPL on the CF filler is schematically illustrated in Fig. 1. CFs were 

first cleaned by acetone in an ultrasonic bath for 20 min, three times, and then blended into an 

iPP matrix by compression molding at 200 ℃, using a loading force of 10 MPa, for 5 min, and 

cooled at 20 ℃ for 3 min. Next, the BPL layer formed on CF surfaces (hereafter assigned as 

“the BPL-coated CF”) was then exposed by heated p-xylene at about 150 ℃ (a good solvent) 

multiple times and removed of unadsorbed chains. The details of the solvent rinsing process 
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have been described elsewhere [21, 48, 60]. After rinsing and subsequent acetone replacement, 

the BPL-coated CF fillers were placed in a vacuum oven at room temperature overnight to 

evaporate all residue solvent molecules.  

 

2.2 Techniques 

Thermogravimetric Analysis (TGA) 

The thermal properties of the BPL-coated CF fillers and neat iPP were characterized by using 

thermogravimetry (TGA Q5000IR, TA instruments, New Castle, DE, USA). At the same time, 

we also characterized the bare CF as a control. The instrument was calibrated by using nickel 

and cobalt before measurements. 10 mg of each sample was used for TGA measurements. The 

heating rate of 10 ℃/min was used for the temperature ramp from room temperature to 800 ℃. 

The TGA curves were analyzed as percentage weight loss as a function of temperature. As will 

Fig. 1. Schematic diagram of the sample preparation (not drawn to scale) for the TGA, DSC, 
SANS, and QENS experiments. 
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be discussed later, the weight fraction of the bound layer in the BPL-coated CF was 0.5 %.  

 

Differential Scanning Calorimetry (DSC) 

  The melting temperatures of the BPL-coated CF fillers and neat iPP were characterized by 

using DSC instruments (Discovery DSC2500 and Q2000, TA instruments). All experiments 

were conducted in a nitrogen environment with a flow rate of 50 mL/min. The heating rate was 

10 ℃/min. The respective sample was sealed in an aluminum pan with a weight of around 5 

mg. The apparatus was calibrated by indium, tin, and lead before measurements. 

 

Small Angle Neutron Scattering (SANS) 

  As previously reported, we have established SANS techniques to identify the structural and 

dynamical properties of the BPL composed of polybutadiene on carbon black fillers dispersed 

in a good solvent [21], polymer solutions [25], and a polymer melt [48]. Here we used the same 

contrast-matched SANS using deuterated p-xylene (d-xylene, with the scattering length density 

(SLD) of 5.9× 10!" nm-2) to characterize the thickness of the iPP BPL on the CF (SLD = 

5.1× 10!"	nm-2) surface at room temperature. While the solubility parameter of the bulk iPP is 

8.2 (cal/cm3)1/2, which is close to that of d-xylene, 8.75 (cal/cm3)1/2 at 25 °C [61], the dissolution 

temperature of iPP in p-xylene, where crystallites acting as “crosslinks” in the polymer are 

melted, is 102 ℃ [61]. Hence, p-xylene or d-xylene at room temperature behaves like a poor 

solvent, as will be discussed later. The measurements were carried out at the SANS beamline 

QUOKKA [62] at the Australian Nuclear Science and Technology Organization (ANSTO, 

Lucas Heights, Sydney, New South Wales, Australia) at 8.0 m sample-detector distance with a 

0.6 nm wavelength. The scattering intensity was measured as a function of scattering vector, q 

= 4πsinθ/λ, where 2θ represents the scattering angle and λ is the wavelength of the incident 

neutron beam. We also measured the SANS data for d-xylene and CF for the background 

corrections. The SANS data reduction and analysis were performed by using the program 

developed by the NIST Center for Neutron Research (NCNR) [63].  

 

Quasi-elastic neutron scattering (QENS) experiments  
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   QENS measurements, which provide the spatial (sub-nm to 1 nm) and temporal (10 ps to 

1 ns) information, were conducted at a time-of-flight near backscattering spectrometer BL02-

DNA [64] at the Materials and Life Science Experimental Facility in Japan Proton Accelerator 

Research Complex (J-PARC, Tokai, Japan) with an energy resolution of 3.6 μeV and measured 

energy transfer range from ∆E = -40 μeV to 100 μeV. It should be noted that the contributions 

to the total scattering cross section from the CF fillers (i.e., coherent scattering) and the iPP 

bound chains (i.e., incoherent scattering) in the BPL-coated CF fillers was estimated to be 88 

and 11 %, respectively (Table S1 of Supplementary Data). However, we confirmed that the 

QENS profiles of the bare CF at the two temperatures were almost identical to that of the 

resolution function, indicating the lack of QENS (Fig. S1 of the Supplementary Data). Hence, 

it is reasonable to conclude that the quasi-elastic scattering originates mostly from the self-

motion of H atoms through the energy change of the scattered neutrons and allows us to 

calculate the dynamic incoherent structure factor, S(q, E) or S(q, 𝜔) (𝜔=∆E/h, where h is the 

Planck’s constant and 𝜔 is the angular frequency).  

Data were recorded in the q-range from 1 to 19 nm-1, and the instrument resolution 

function was collected by measuring the sample at T = -263.15 °C (i.e., 10 K), where the 

sample was expected to be immobile, giving rise to complete elastic scattering. The QENS 

data analysis was performed by using the DAVE software package [65]. The BPL-coated CF 

fillers, bare CF fillers, and neat iPP were measured for QENS. The fiber samples (i.e., the BPL-

coated CF fillers and bare CF fillers) and the neat iPP sample with a 0.1-mm thickness were 

put into an aluminum cylinder cell (having an inner diameter of 14 mm and a height of 40 mm) 

separately. We chose the two different temperatures (183 °C and 220 °C), both of which are 

above the bulk melting temperature, for QENS experiments. 

In this paper, instead of analyzing S(q,𝜔 ), we computed the intermediate scattering 

function, I(q,t), by Fourier transform of the experimental data. The details will be discussed 

later. The relationship between S(q,𝜔) and I(q,t) is as follows: 

𝑆(𝑞, 𝜔) = #
$% ∫ 𝐼(𝑞, 𝑡)exp	(−𝑖𝜔𝑡)𝑑𝑡, (1) 

with  
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𝐼(𝑞, 𝑡) = #
&!
8∑ 𝑒'()⃑ ∙,-")))⃑ (/)!-")))⃑ (1)2&!

' ;, (2) 

where 𝑟3==⃑ (𝑡)	is treated as the location of the ith hydrogen atom after an elapsed time of t from 

its original location 𝑟3==⃑ (0) and 𝑁4 as the total number of hydrogen atoms. 

 

Molecular dynamics (MD) simulations 

We performed atomistic MD simulations to study the structures and dynamics of two 

systems: (i) iPP chains adsorbed on a CF surface and (ii) neat iPP free chains at T > Tm, where 

the temperature conditions of 183 °C and 220 °C were applied to both systems. According to a 

previous paper, the number of backbone bonds in a segment for iPP is about 5 [66]. Namely, 

the one Kuhn segment consists of three repeat units (n, (C3H6)n). We first studied the effect of 

n on the resultant equilibrium structures and dynamics by changing n from 6 to 45 and 

confirmed that n = 30 is the threshold above which the relaxation times are identical within 

error bars (Fig. S2 of the Supplementary Data). Therefore, we used n =30 for both systems in 

this study. We also added a ‘vacuum layer’ unique to system (i), defined by a region of an 

empty space above a bound layer and below the CF surface. The number of iPP molecules (120) 

in system (i) was chosen together with the cross-sectional area of the simulation box. With this, 

we mimicked the thickness of the bound layer in MD simulations to that of our experiments, 

allowing us to approximate the partitioning of H atoms that are bound to CF and those that are 

suspended in the vacuum-film interface. In system (i), the CF surface was modeled as graphite 

with 1108 hexagonal unit cells, containing 52 in the x-axis, 60 in the y-axis, and 996 in the z-

axis with the unit cell of a = 2.456 Å, b = 2.456 Å, c = 6.696 Å, 𝛼 = 90°, 𝛽 = 90°, and 𝛾 = 

120°. The crystal structure information was obtained from the American Mineralogist Crystal 

Structure Database [67].  

AVOGADRO software [68] was used to construct individual mol2 and pdb files of 

molecules and fix iPP root methyl group carbon atoms to approximate an isotactic stereo-

configuration. The methyl group hydrogen atoms were still allowed to move freely. The 

forcefield used was the generalized AMBER force field (GAFF) [69] and partial charges were 

derived from AM1BCC routine in Antechamber, a utility included in the AMBER software 
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package. The total energy potential energy in GAFF (𝑈/5/) can be described as 

𝑈!"! = ∑ 𝑘#"$%#"$%& %𝑟 − 𝑟'((
) +∑ 𝑘*$+,'*$+,'& %𝜃 − 𝜃'((

) +∑ 𝑘%-.'%/*,%-.'%/*,& [1 + 𝑑𝑐𝑜𝑠(𝑛𝜙)] +

	∑ 7 0!"
1!"#$

− 2!"
1!"%

+ (!("
31!"

8456 , (3) 

where 𝑟6(  and 𝜃6(  are the equilibrium bond distance and equilibrium angle value, 

respectively, 𝑘7589 , 𝑘:8;<6 , and 𝑘9'=69-:<  are force constants, and A, B, q and ε are 

parameters that characterize the non-bonded interactions. 

The configuration files were pre-processed with AM1BCC, PARMCHECK and TLEAP 

codes that are part of the package [70], where AM1BCC determines the partial charges, 

PARMCHECK checks the forcefield if all parameters are defined in GAFF, and TLEAP 

prepares AMBER topology and coordinate files. The files created by TLEAP were then used 

to create individual LAMMPS data files by using the AMBER2LAMMPS Python script that 

ships with the LAMMPS package. To assemble everything into the systems, the coordinates of 

individual molecules were packed together using Packmol [71, 72] from the individual pdb 

files. An in-house code was used to integrate the forcefield parameters and the molecules/ions 

coordinates to build the LAMMPS data and input files. The simulation box was periodic in all 

directions. In system (i), it contained 45120 atoms with dimensions of 51.576	Å ×

59.55484	Å × 360	Å	OVolume	(𝑉) =	1105776.15	Å>V . In system (ii), it contained 69500 

atoms with average dimensions of 91.0847	Å × 	91.0847	Å × 	91.0847	Å	O𝑉 =

	755677.16	Å>V. Also, in system (i), canonical NVT ensemble simulations were performed 

using LAMMPS, whereas in system (ii), the isobaric-isothermal NPT ensemble was used. 

Temperature and pressure were controlled by using a Nose-Hoover thermostat and barostat 

with damping parameters of 0.1 ps and 1 ps, respectively. Long-range electrostatic interactions 

were evaluated via the FFT-based particle-particle/particle-mesh (PPPM) method [73] with an 

accuracy of 10!" and a cut-off for the Van der Waals potential was set to 1 nm. The equations-

of-motion were integrated by using the velocity-Verlet scheme in LAMMPS with a timestep of 

1 fs. The production runs of the simulations proceeded for up to 15 ns for systems (i) and (ii). 
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Trajectories were recorded every 5 ps at 

each temperature condition. The 

calculation of tail correction of the 

polymer/polymer interaction for non-

homogeneous systems was not considered 

in this study (see the Supplementary data). 

From the simulation trajectory data, we 

computed the intermediate incoherent 

scattering function 𝐼(𝑞, 𝑡) , which is the 

spatial Fourier transform of the self-part of 

the Van Hove correlation function. The 

𝐼(𝑞, 𝑡) was computed for free and bound 

chains over a q-range of 1 nm-1 to 15 nm-1 

for both temperature conditions using eq. 

(2).  

 

3. Result and Discussion 

3.1 Thermal properties of the BPL 

Fig. 2a shows the TGA curves of the BPL-coated CF and bare CF samples. With respect 

to the iPP bulk data shown in Fig. 2b, the reduction of weight at around 400 ℃ corresponds to 

the weight loss of the BPL, while the second degradation temperature at around 650 ℃ is due 

to the weight loss of CF. To estimate the thickness of the BPL on the CF surface, two 

assumptions were made: (i) a core (i.e., CF)-shell (i.e., BPL) cylinder geometry, and (ii) that 

the density of the BPL remains the same as the bulk. The weight fraction of the BPL relative 

to the BPL-coated CF was estimated to be 0.5 %, giving us the BPL thickness of about 7 nm.   

Fig. 3a shows the DSC results for the BPL-coated CF and bare CF. As expanded by the 

DSC data near the bulk melting temperature of iPP (Tm = 164 °C determined by DSC), the 

endothermic peak during a heating process for the BPL-coated CF is identified at 164℃ (Fig. 

3b). This indicates the presence of a crystalline structure in the BPL. Moreover, the Tm value 
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of the BPL is the same as its correspondent 

for the neat iPP. Based on the total 

endothermic heat along with the heat 

fusion of a 100% iPP crystal sample 

( ∆𝐻 =207 J/g [74]), we estimated the 

degree of crystallinity of the BPL to be 

19%, which is much smaller than that of 

the bulk (46% [75]). As will be discussed 

later, the backbone and side groups of the 

BPL lie nearly flat on the CF surface to 

increase the number of segment-solid 

contacts. Hence, we anticipate that the 

chain mobility is significantly reduced, 

rendering the crystallization of bound 

chains difficult even when the temperature 

is below the melting temperature. 

 

3.2 Structure of BPL - SANS results 

Fig. 4 shows the corrected SANS profile for the BPL-coated CF in d-xylene subtracted by 

the scattering from d-xylene and CF at 20 ℃. From the data, we can see a broad scattering peak 

at q = 0.4 nm-1. To further quantify the data, a core-shell-cylinder model [63] was used to 

discuss the structural information about the BPL. Since the size and length of the CF is far 

beyond the resolution of the SANS instrument, the effects of their sizes and polydispersity on 

the fitting results are minimal. The best-fit to the data gave us the BPL thickness of 5.0 ± 0.8 

nm. The SLD of the BPL was estimated to be -3.2 × 10-5 nm-2, which is identical to that of the 

bulk. The result indicates that there is no penetration of the solvent into the BPL at 20 ℃, 

indicating that the crystalline structures formed in the BPL in d-xylene at 20 ℃ remain 

unchanged [61] and that the solvent acts like a poor solvent. Given the results, the thickness of 

the BPL in d-xylene can be considered as that in air. The thickness is in good agreement with 

Fig. 3. (a) DSC curves of the BPL coated CF and bare 
CF. (b) Expanded view of the DSC curve of the BPL-
coated CF near the bulk melting temperature. 
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that estimated from the TGA result, 

suggesting that the BPL covers the CF surface 

entirely.  

 

3.3 Structures of BPL – MD Simulations 

Fig. 5 shows the monomer density 

distribution of the BPL along the z-direction 

calculated from the MD results for system (i). 

This distribution was extracted for both 

temperature conditions to mimic the QENS 

experiments. The thickness of the BPL was 

about 5.5 nm, which is in good agreement 

with the SANS results. As reported previously [33, 48], there is a high-density region (~ 1 nm 

in thickness) near the filler surface. This agrees with several simulation results in the literature 

that investigated the effect of polymer/substrate interaction on the dynamics of polymer chains 

near the substrate [57, 76-80]. We also observed a weak temperature dependence of the 

monomer density profile. The average density of the BPL decreased from 0.730±0.01 g/ml to 

0.712±0.01 g/ml g/ml at 183 °C and 220 °C, respectively, while the thickness increases from 

5.50 nm to 5.65 nm. Hence, the total mass 

was conserved. The simulated density 

values are within 3% of the experimental 

values of iPP (≅	0.75 g/ml at 183 °C and ≅

	 0.73 g/ml 220 °C, respectively) and the 

temperature dependence of the simulated 

density is in good agreement with the 

literature [81]. The volume fraction of the 

high-density region (at z ≤  2.1 nm) 

remained unchanged (~ 0.1).  

 

Fig. 5. Simulated monomer density 
distributions of the BPL along the z-
direction at 183 °C and 220 °C. z=0 
corresponds to the CF surface.  
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 3.4 Segmental Dynamics of iPP bound layer – QENS 

Fig. 6 shows the representative dynamic structure factor S(q,E) for (a) the bulk iPP 

(hereafter denoted by “free chains”) and (b) the BPL-coated CF (hereafter denoted by “bound 

chains”) at q = 6.25 nm-1 and T = 183 °C. We first fit the S(q,𝜔) for the free chains with the  

Kohlrausch−Williams−Watts (KWW) equation (i.e., an intermediate scattering function  

𝑆(𝑞, 𝑡) ∝ exp	[−(𝑡/𝜏?(𝑞))@]) [82, 83]) by applying the energy Fourier Transformation of 

S(q,𝜔) to fit in the energy domain,  

𝑆(𝑞, 𝜔) = a𝐴ABB𝔉 dexp e−f
/

C#(()
g
@
hij⨂𝑅(𝑞, 𝜔),	(4)  

where AKWW is a numerical constant, 𝜏?(𝑞) is the segmental relaxation time, and 𝛾 is the 

stretching exponent. 𝔉 denotes the Fourier transformation, R(q,𝜔) is the resolution function, 

and ⨂ represents a convolution operator. It has been reported that 𝛾 ≅	0.5 is established for 

many polymers [83]. The exponent of 𝛾	= 0.5 for the segmental dynamics in polymer melts is 

predicted by the standard Rouse model [84]. As shown in Fig. 6a, we confirmed that 𝛾	= 0.5 

reasonably satisfied the fitting results for the free chains regardless of q within the q-range. 

Hence, we used the fixed value of 𝛾	= 0.5 for all the fitting procedures. Also, the reasonable 

fit of the experimental data with eq. (4) implies that the contribution of the fast vibration (on 

the order of 0.5 ps [85]) for iPP melts, which will be discussed in the next section, can be 

ignored.  

For the BPL chains (shown in Fig. 6b), both elastic and quasi elastic scattering were 

detected. There are two contributions in the elastic component: one originates from the internal 

inhomogeneous (the so-called turbostratic) structures within CF [86] whose size is less than 1 

nm [87] and the other originates from “immobile” segments strongly adsorbed on the CF 

surface [88]. Fig. 6c shows the S(q,𝜔) of the BPL-coated CF and bare CF, where the S(q,𝜔) of 

the bare CF was normalized by the ratio of the weight of CF and the BPL-coated CF. The S(q,𝜔) 

of the BPL-coated CF is higher than that of CF, indicating the presence of “immobile” 

components within the BPL. To evaluate the spectra from the BPL-coated CF, we approximated 

S(q,𝜔) as the sum of the KWW function and elastic contribution, i.e.,  

𝑆(𝑞, 𝜔) = m𝐴?𝔉 dexp e− f
/

C#(()
g
@
hi + 𝐴9𝛿(𝜔)p⨂𝑅(𝑞, 𝜔), (5) 
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where AB and Ad (AB+Ad =1) are numerical constants and 𝛿(𝜔) is a delta function that is 

approximated to express the elastic contribution. Representative fitting results at 183°C are 

shown in Fig. 6b, demonstrating that eq. 

(5) is appropriate regardless of q. Since it 

is experimentally difficult to separate the 

two contributions of the elastic scattering, 

we will quantify the immobile fraction of 

bound chains based on the MD results. 

 Fig. 7 summarizes the q dependence 

of 𝜏?(𝑞) for both the bound and the free 

iPP chains at (a) 183 °C and (b) 220°C. It 

has been reported that the power-law, 

𝜏?@(𝑞) ∝ 	𝑞!$ , is established for many 

polymers in the limit of low q values (q ≤

	 10 nm-1) [83], indicating that the 

dynamics is originated from the segmental 

dynamics described by the standard Rouse 

model [83, 84]. The data shows the power-

law behavior of 𝜏?1.E(𝑞) ∝ 	𝑞!F  (𝛼 =

1.55 ± 0.05)	for the free chains at q < 9 

nm-1. Hence, the power law exponent is 

slightly smaller than the Rouse model, but 

is consistent with previous QENS data for 

iPP melts at similar temperatures [89]. 

This discrepancy may be attributed to the 

contribution of methyl group rotations 

within the q and time domains of QENS 

measurements, as previously reported 

[89]. However, the separation of these 
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contributions is difficult from an experimental point of view without selective isotope labeling. 

A deviation from the power-law indicates the non-Gaussian statistics of molecular 

displacements at small length scales [90-93]. Furthermore, the QENS data indicates that the 

dynamics of bound chains is much faster at the relatively low q region than those of free chains 

at both temperatures, while the deviation disappears at the higher q region.  

We previously reported, using QENS, 

that the segmental dynamics of bound 

polybutadiene (PB) chains onto the CB 

surface in a PB melt is identical to that of 

free chains in the melt within the given q-

range (4 < q < 18 nm-1) [48]. On the other 

hand, QENS results reported by Roh and 

co-workers showed the suppressed 

segmental dynamics of exposed PB bound 

chains on the CB surface (without a matrix) 

compared to that of counterpart free chains 

[93]. However, their conclusion was 

derived from S (q, 𝜔) summed over all q 

values (3.1 < q < 17.1 nm-1) used for the 

QENS measurements. To further shed light 

into the interfacial dynamics, in the 

following section, we aim at clarifying the 

dynamics of free and bound chains that 

span the time domain from sub-ps to 15 ns using atomistic MD simulations.  

 

3.5 Segmental and Local Dynamics of Bound Chains – MD simulations. Fig. 8 shows 

representative computed I(q,t) data for (a) free and (b) bound chains at 183 °C using eq. (4). 

Tanchawanich and co-workers [89] demonstrated the product of two independent contributions 

to describe the intermediate scattering function for iPP melts at T > Tm: 

Fig. 7. Comparison of segmental dynamics of 
bound and free iPP chains (a) at 183 °C and (b) 
at 220 °C. The symbols and solid lines 
correspond to the QENS data and MD data, 
respectively.  
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𝐼(𝑞, 𝑡) = 𝐼<'7(𝑞, 𝑡)𝐼G6;(𝑞, 𝑡), (6) 

where 𝐼<'7(𝑞, 𝑡) represents the fast vibration on the picosecond time scale which is identified 

with oscillations around energy minima, and 𝐼G6;(𝑞, 𝑡)  accounts for the slow segmental 

motion [89]. As mentioned above, 𝜏?(𝑞) determined from the QENS data may include the 

contribution of methyl group rotations. We therefore used eq. (6) and compared the “effective” 

characteristic time of the slow mode, 〈𝜏?〉, extracted from the computed 𝐼(𝑞, 𝑡) with those 

determined from the QENS data. Taking further input from the prior study [89], we used an 

exponential decay function to describe the fast dynamics, as well as a KWW stretch exponential 

function to describe the slow mode: 

𝐼7H<I(𝑞, 𝑡) = s𝐴J(𝑞) + (1 − 𝐴J(𝑞)) exp t−
/

C$%&'
uv exp f− /

〈C#〉
g
@
, (7) 

with 𝜏J:G/ being the characteristic time of the localized relaxations, the order of 0.5 ps for iPP 

[85], and 𝐴J(𝑞) being the temperature-dependent amplitude of the fast process. As performed 

for the QENS analysis, we further expanded this function to describe the motions of bound 

chains on the CF surfaces as follows:  

𝐼75H89(𝑞, 	𝑡) = [𝐼7H<I(𝑞, 𝑡)𝐴M + (1 − 𝐴M)	], (8)  

where Am is treated as the volume fraction of a mobile component, and (1 - Am) the immobile 

counterpart. The presence of the immobile component is evidenced as a plateau at long times 

in Fig. 8b. The best-fits to the data with eq. (8) gave us the constant immobile fraction of 0.02-

0.03 at q > 5 nm-1 for both temperature conditions. As discussed above, the volume fraction of 

the high-density region at z < 1.0 nm is about 0.1 (Fig. 5). Hence, these results suggest that 

while the trains are densely packed and give rise to the higher density, most of the H atoms 

located in the trains (i.e., adsorbed parts) still vibrate within the MD time scale.  

Fig. 7 also plots 〈𝜏?〉 extracted from the computed I(q,t). Hence, the MD simulations 

predict the overall experimental results probed by QENS in a satisfactory manner except for 

the high q data at 220 °C. Since the measured energy transfer range is limited (∆𝐸M:N =

100	𝜇𝑒𝑉) compared to the broadening of QENS at 220 °C, we expect that the experimental 

𝜏? values from QENS are underestimated. Nevertheless, it is reasonable to conclude that the 

enhanced slow mode at the relatively low q region is inherent to the bound chains. This result 
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may be consistent with previous MD results on 

a polystyrene bound layer on a planar substrate 

that indicated the presence of a “free surface” 

region at the topmost surface of the bound 

layer (about 2 nm in thickness) where the 

segmental dynamics is enhanced compared to 

the bulk regardless of polymer-substrate 

interactions [80].  

Note that the 𝜏J:G/  estimated from the 

best fits to the data with eq. (6) varied from 0.5 

ps to 2.5 ps with different q. Prior 

experimental and computational studies 

reported to be 𝜏J:G/ ≈ 0.5 ps, independent of 

q [89, 94]. In addition, the 𝛾	values deviated 

from 0.5 for both bound (𝛾 = 0.67-0.98) and 

free ( 𝛾  = 0.6-0.75) chains. These 

discrepancies suggests the contribution of 

methyl group rotations to the computed I(q,t). 

We are currently working on “selective labeling” where the same I(q,t) computation 

methodology is applied, except that only side-group respective H atom trajectories will be 

considered to discuss the dynamics of the side groups independently. The details will be 

summarized in a forthcoming publication.   

Finally, we discuss the orientations of backbone chains and side groups composed of bound 

chains on the CF surface to gain insight into the chain conformations. From the LAMMPS 

trajectory files for production runs used to compute 𝐼(𝑞, 𝑡) in system (i), we used the atom 

coordinate data (i.e., xu, yu, and zu) to initialize a positional bond vector equivalent to (a) the 

sum of all C-H bond vectors (𝑣G) in side group chains (CH3) and (b) the sum of all C-C bond 

vectors (𝑣7) in backbone chains (see, Fig. 9a). Using the z-axis in LAMMPS as a directional 

reference point, we took the dot product of the three resultant (xu, yu, zu) vectors to find 𝜃/ 

Fig. 8. Representative computed I(q,t) data 
for (a) free and (b) bound chains at 183 °C in 
the q-range of 2 nm-1 to 7 nm-1. The q-values 
increase from the topmost to bottommost 
curve, respectively. 

 (a) 

(b) 
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between each of the vectors and the z-axis. The second Legendre polynomial distribution of 

𝜃/ , 𝑃$(𝑧) = 1.5〈cos2 𝜃/〉 − 0.5, was then calculated as a function of z so that a coefficient 

could be used to indicate the orientations, as well a number density distribution of C atoms 

involved in the calculation. We used a 0.01 nm-thick slab to calculate 𝑃$(𝑧) for the bound 

chains in the z-direction (i.e., the direction perpendicular to the CF surface).  

1.5

1.0

0.5

0.0

M
on

om
er

 d
en

si
ty

 
of

 m
et

hy
l g

ro
up

s 
(g

/m
l)

6420
z (nm)

1.0

0.8

0.6

0.4

0.2

0.0

R
atio of density

 betw
een m

ethyl groups and total

 Methyl group
 Density ratio

1.0

0.5

0.0

-0.5

P 2
(z

)

6543210
z (nm)

0.10

0.05

0.00

N
um

ber density of C
 atom

s

 Side group 
 Backbone
 Density 

Fig. 9. (a) Schematic illustration of iPP chains and the definitions of the respective bond vectors to 
calculate P2. C and H atoms are indicated by green and white colors, respectively. (b) P2 values as a 
function of z for summed C-H bond vectors in the side groups and C-C bond vectors in the backbone 
chains composed of bound chains at 183 °C. The number density distribution of all C atoms (both 
the backbone and side group) involved in the calculation is also plotted. (c) Expanded view of Figure 
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Fig. 9b shows 𝑃$(𝑧) of the backbone and side groups of bound chains along with the 

number density of all carbon atoms binned in the z-direction at 183 °C. P2 for both backbone 

and side groups remained nearly 0 at z > 0.8 nm, indicating that the backbone and side groups 

are randomly oriented. On the other hand, as highlighted in Fig. 9c, the P2 values oscillate 

between -0.3 and 0.9 at z < 0.8 nm, suggesting that the backbone and side groups have rather 

dominant orientations against the CF surface. Note that the P2 values of 1 and -0.5 correspond 

to 𝜃/ = 0	(a “flat” configuration, i.e., backbone/side groups are oriented in the direction 

parallel to the CF surface) and 𝜃/ = 90°  (a “standing” configuration, i.e., backbone/side 

groups are oriented in the direction perpendicular to the CF surface), respectively. Hence, it is 

indicative that the backbone chains lie nearly flat on the CF surface. This is in consistent with 

previous atomistic MD results for atactic PP (aPP) chains (below the glass transition 

temperature (Tg)) on a graphite surface [54]. The same tendency of backbone orientations was 

indicative at the poly(methyl methacrylate) (PMMA)/graphene interface at T > Tg regardless 

of the choice of tacticity [59]. To further provide insight into the orientation of the side groups, 

we calculated the monomer density distribution of the side group as a function of z at 183 °C. 

The calculation methodology to produce Fig. 9d considered only side-group respective C and 

H atom densities but was otherwise retained from Fig. 5. We found that the density of the side 

groups in the bound chains was significantly enhanced near the CF surface. This finding in 

conjunction with P2 > 0 near the CF surface indicates that the side groups also prefer to lie flat 

on the CF surface. The result is in contrast to the aforementioned previous MD results for aPP 

chains on a graphite surface where the side groups showed a preferential perpendicular 

orientation with respect to the surface [54]. We expect that this is attributed to the difference in 

chain packing at the graphite interface between iPP and aPP. In fact, Behbahani and co-workers 

predicted that the chain packing of isotactic PMMA is better than that of syndiotactic PMMA 

or atactic PMMA on graphene [59].  

Fig. 9d shows the ratio of the density between the side groups and the total (shown in Fig. 

5). Hence, the side groups tend to migrate not only to the CF-vacuum interface but also the 

polymer-CF interface. The former is consistent with previous results [95, 96] and possibly due 

to the decreased steric hinderance between neighboring methyl groups. The latter indicates that 
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both the backbone and side group lie nearly flat on the CF surface (as highlighted in Fig. 9e 

and 9f ) to increase the number of solid/backbone segment contacts, which is the driving force 

for the “flattening” process of bound chains to overcome the conformational entropy loss in 

the total free energy, as revealed for bound chains formed in supported polymer thin films [97-

99]. The chain arrangements result in the improvement of segmental packing near the CF 

surface, as evidenced in Fig. 5. Using the selective labeling approach, the effects of tacticity 

on the flattening process of PP on solids with different segment-solid interactions are currently 

in progress. For the backbone and side chains of bound chains located slightly away from the 

CF surface (at z < 0.6 nm), they appear to show preferred orientations depending on z (Fig. 9c 

& 9f). At z > 0.6 nm, however, their orientations become randomized (isotropic) (Fig. 9c).  

 

4. Conclusion 

In summary, we have studied the local conformations of bound iPP chains on the CF 

surface and the resultant dynamics at the relevant length and time scales at T > Tm using the 

integrated experimental-computational approaches. The results reveal novel local structural 

and dynamical features of bound iPP chains as well as the macroscopic properties: (i) the 

thickness of the bound layer is estimated to be about 5 nm; (ii) the formation of a high-density 

region (less than 1 nm in thickness) near the CF surface; (iii) the degree of crystallinity for the 

bound chains is quite lower than the bulk, while the melting temperature remains the same as 

the bulk, (iv) the presence of an immobile component in the bound layer whose fraction is only 

a few %, (v) the segmental dynamics of the bound chains at the relatively low q region is 

enhanced possibly due to the presence of a free surface region at the topmost surface of a bound 

layer, and (vi) the backbone and side groups of the bound chains lie flat on the CF surface, 

which would be unique to iPP chains and is the driving force for the flattening process to 

overcome the conformational entropy loss in the total free energy.  

It is also interesting to note on the gradient in the segmental dynamics within the bound 

layer along the direction normal to the CF surface. This suggests the reduction of the glass 

transition temperature at the topmost surface [100]. At the same time, the presence of the free 

surface implies that the polymer-solid interaction is not strong such that the propagation of 
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suppressed dynamics induced by interacting substrates is limited [101] and/or preceded by the 

lack of large loops (sequences of free segments connecting successive trains), which play 

crucial roles in propagating the suppressed interfacial dynamics into the film interior [102]. 

Further computational studies to quantify the detailed chain statistics about tails, loops, and 

tails [97] deserve future work.  
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