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Glycerol monostearate (GMS) is an additive widely used in plastic industry for its good ability to improve the 
wettability and antistatic property of polymer surfaces. Based on GMS, we propose five additives of different polar-
ity by attuning the number of oxyethyl groups. All-atom molecular dynamics simulations of these additives in poly-
propylene (PP) matrix are carried out at temperatures of 300 K, 350 K and 400 K. Detailed molecular conforma-
tions are obtained and analyzed. Due to the gauche effect of the dihedral angles, the polar parts of these additives 
form helix structures. The diffusion coefficient of the additives depends on their molecular conformations and de-
creases monotonously with increasing polarity. These results are expected to be helpful in rational design of hydro-
philic antistatic agents in polymeric materials. 
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Introduction 
Polymers are easy to accumulate electrostatic 

charges due to low dielectric constant and high surface 
electrical resistance. Sometimes polymeric materials 
even suffer a high electrostatic charge up to 1.5×104 V 
due to low moisture degree in air, rubbing and dust.[1] 
The high electrostatic charge brings problems to the 
processing procedure, the appearance of the product, 
and the scope of application of polymer materials, and 
even causes fire or explosion. Therefore, it is very cru-
cial to avoid unfavorable accumulation of static electric-
ity. One of the effective methods is blending antistatic 
additives within polymers to increase the surface elec-
trical conductivity and the dissipation rate of the elec-
trostatic charge. 

Antistatic additives are generally categorized into 
the external and the internal ones. The external antistatic 
additives are directly applied on the surface of polymer 
materials, while the internal antistatic additives are 
added within polymer matrix during the preparation 
process. The internal antistatic agents are suitable for 
commercial application, because they build a conduc-
tive path for the dissipation of electrostatic charges with 
relatively homogeneous and stable electrical proper-
ties.[1] Inorganic fillers, conductive polymers, hydro-
philic molecules are usually used as internal antistatic 
agents. 

Compared with inorganic fillers and conductive 
polymers, hydrophilic antistatic additives do not sig-
nificantly change the pristine color of polymer matrix.[2] 

Generally, a hydrophilic additive molecule has a hy-
drophilic group building the conductive path, and a hy-
drophobic group immersed within the polymer matrix. 
Through the mixing process, the hydrophilic additives 
form a network, resulting in effective pathways 
throughout the polymer matrix to disperse accumulated 
electrostatic charges.[2] In addition, the hydrophilic 
groups emerged on the surface absorb more moisture 
from the surrounding air, and thus reduce the surface 
electrostatic charges.[1] 

The efficiency of antistatic agents is determined by a 
serial of additive and matrix properties, such as the mo-
lecular weight of antistatic agent molecules, the surface 
tension gradient, and the surface roughness of polymer 
matrix.[3-5] Among these, the migration rate of mole-
cules is especially important for the lifetime of antistatic 
agents. Small molecules with controllable migration rate 
have attracted intensive research due to their abundant 
applications including packaging,[6,7] additive migra-
tion,[8-11] gas separation,[3,12-14] osmosis,[14] biosensors,[15] 
drug releases,[16,17] and ion exchange.[18] However, when 
the molecules are immersed in a polymer matrix, direct 
measurement of the migration rate is difficult due to 
very long time scales of diffusion.[19,20] 

In order to solve this problem, Limm et al.[21] and 
Brandsch et al.[22] developed semi-empirical models to 
calculate the migration rate of non-polar fatty molecules 
in polyolefins. They pointed out that the diffusion rate 
depends on a series of factors such as polymer crystal-
linity,[23] antistatic molecular concentration, tempera-
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ture,[21] and chemical compatibility between the antista-
tic agent and the polymer. Employing a series of as-
sumptions, their semi-empirical models can predict the 
diffusion rate of simple molecules, such as the diffusion 
rate of non-polar fatty molecules in polyolefins.[24] 
However, this semi-empirical models is limited to deal 
with molecules of complex structures. 

It is found that the molecular conformation and po-
larity are very important to diffusion and other physical 
properties of additives in a polymer matrix. A system-
atic study on the influence of molecular conformation 
on migration rate indicated that the long, flexible alkyl 
chains are crawling based on the large degrees of free-
dom, while the rigid molecules jump.[25] In case of the 
alkane isomers dispersed in polymer matrix, the methyl 
branches decrease the collision diameter and lead to 
larger diffusion coefficients than linear alkanes.[26] Polar 
molecules added within polypropylene (PP) matrix tend 
to segregate on material surface, with a surface concen-
tration strongly depending on their diffusion rates in PP 
matrix.[27] However, due to complex molecular struc-
tures and diverse chemical compatibilities, the under-
standing of how the molecular polarity influences the 
mobility of the antistatic agents in polymer matrix is 
still far from enough. 

Glycerol monostearate (GMS) used in polyolefins is 
widely known as an immediate performance antistatic 
agent but with short duration only about one month.[28] 
Based on GMS, we propose a series of derivative 
molecules with different polarity by changing the num-
ber of oxyethyl groups and keeping the molecular length 
unchanged. In fact, the study on hydrophilic migratory 
additives in PP films has pointed out the influence of the 
polarity on the diffusion coefficient remaining a prob-
lem to be solved.[20] 

Recent advances in molecular dynamics (MD) 
simulations render their application in calculating the 
migration rate of organic molecules with a high degree 
of precision.[24] The greatest advantage of MD is that it 
gives a direct view of the dynamic conformation of 
molecules, which elucidates the relation between mo-
lecular structure and diffusion better. Therefore, MD is 
now widely used to investigate the dynamics of polymer 
systems.[29-36] Moreover, the force field, which is central 
to the accuracy of MD, has been proved to be accurate 
for PP.[10,20,37,38] 

Therefore, in this paper, we carry out MD simula-
tions to study the single molecular conformation and 
dynamics of GMS-derived additives dispersed in a 
chemically incompatible PP matrix. In Section II, we 
briefly introduce the MD simulation method and the 
details of the simulation settings. In Section III, we 
analyze the simulation data and discuss how the polarity 
affects the molecular conformation of the additives and 
consequently influences their mobility. In the last sec-
tion, we summarize our conclusions. 

Molecular Dynamics Method 
In this work, Large-scale Atomic/Molecular Mas-

sively Parallel Simulator (LAMMPS) code was used.[39] 
The MD simulations were performed at different tem-
peratures ranging from room temperature to the maxi-
mum use temperature for PP (300 K, 350 K and 400 K) 
in the canonical ensemble (NVT) except the annealing 
procedure which adopted isothermal-isobaric ensemble 
(NPT). The NVT ensemble temperature was controlled 
by a Nose-Hover thermostat with a relaxation time of 
0.1 ps.[40] The Reversible Reference System Propagator 
Algorithms (RESPA) were used to predict the motion 
state of the particles with a time step of 1fs.[41] The pe-
riodic boundary condition was employed. The simula-
tion results were visualized by Visual Molecular Dy-
namics (VMD).[42] 

Force fields 
The MD simulations were carried out with the Op-

timized Parameters for the Liquid Simulation-All Atom 
(OPLS-AA) force field.[43] Among different force fields, 
diffusion coefficients calculated via OPLS agree better 
with the experimental results.[44] OPLS-AA force field 
was calculated via four types of potentials: bond poten-
tial, angle stretching potential, torsion potential and 
non-bonded interactions potential.[45,46] The inner and 
outer cutoff of the distance between two atoms for the 
calculation of non-bonded interactions potential were 
0.8 nm and 1 nm, respectively. A distance cutoff was 
not used for the long Coulomb interactions since they 
were calculated using the particle-particle/particle-mesh 
(PPPM) algorithm.[47]  

Sample preparation 
Based on the molecular structure of GMS, we pro-

posed a series of similar additives with the same mo-
lecular chain length and comparable molecular weight 
by substituting the -CH2-CH2-CH2- group by the more 
polar oxyethyl group (-CH2-CH2-O-). We use G-CnEm 
to denote the molecular structure, where “G” means the 
derivatives based on GMS, and n and m denote the 
number of -CH2-CH2-CH2- and oxyethyl groups in the 
molecule, respectively (as shown in Figure 1). The 
variation of the number of oxyethyl group allows a fine 
control on the hydrophobic-lipophilic balance (HLB) of 
the molecules. The HLB value, determined by Griffin 
method,[48] increases monotonously with increasing 
oxyethyl number, corresponding to increasing polarity 
of the molecules. The HLB value from 0 to 20 corre-
sponds to the molecular polarity from completely lipo-
philic to completely hydrophilic. Therefore, the HLB 
value of GMS-like additives increases with the increas-
ing ratio of the polar part. 

The system was built as follows. First, we randomly 
built 40 polypropylene (PP) chains without relaxation, 
using radical-like polymerization but fixing the poly-
mer's tacticity.[49] Each PP chain consisted of 50 repeat 
units including totally 452 atoms. Then we added five    
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Figure 1  The chemical structures and the hydrophobic-lipophilic balance (HLB) values of glycerol monostearate (GMS) and its deriva-
tives G-C4E1, G-C3E2, G-C2E3, G-C1E4 and G-E5.

GMS-like molecules into the system by setting their 
chain ends on different positions with large enough dis-
tance between each other to avoid any interaction be-
tween them during the simulation. The density of the 
initial packing cell was set to be 0.857 g/cm3, which is 
the density of the amorphous PP. After energy minimi-
zation, the system experienced an annealing procedure 
which heated the system from 300 K to 500 K with an 
interval of 50 K and then cooled down from 500 K to 
the settled temperatures (300 K, 350 K or 400 K) with 
an interval of 50 K. At each temperature stage, a 100 ps 
NPT dynamics was carried out on the cells. Afterwards, 
a 100 ps NPT (settled temperature, 105 Pa) MD run was 
performed to obtain the equilibrium density. Finally, 4 
ns NVT dynamics was performed to approach equilib-
rium state. The subsequent analysis lasted for 16 ns for 
300 K and 400 K, 170 ns for 350 K. The atomic trajec-
tory was recorded every 10 ps, and the center of mass 
(COM) of each molecule was recorded every 500 fs.  
Figure 2a shows a snapshot of the system including 40 
PP chains and five G-E5 molecules in equilibrium state. 
In order to obtain an adequate sampling of molecular 
conformations, we carried out five runs for each system 
with different random numbers for the initial state, and 
in each run five additive molecules are added. Thus our 
statistics of one additive is based on 25 molecules each 
with movement lasting at least 16 ns, which we believe 
is enough for the molecular conformation analysis. 

Results and Discussion 
In order to understand how the additive molecules 

behave to cope with the chemical incompatible envi-
ronment, the conformation of the molecules, the mov-
ability of atoms, and the diffusion coefficient of each 
additive are analyzed. 

For each molecule, we choose the carbon atom of the 
ester group as the reference one whose polarity is posi-

tive most (as shown in Figure 2(b)), and set the serial 
number of the reference atom as zero. The serial number 
is negative for the atoms in the nonpolar tail, and is 
positive for the atoms in the polar head. The position of 
atom i on the backbone of the molecule is Ri. We define 
the local unit tangent vectors τi＝ri/|ri|, where ri＝Ri－
Ri−2. 

 
Figure 2  (a) A snapshot of the whole system with PP chains 
(white lines) and five G-E5 molecules (color spheres). (b) Vectors 
of the atoms (Ri) and the vectors between atoms (rn−i) of G-C2E3 
(the hydrogen atoms are not shown). The colors from red to green 
to blue represent the polarity of the atoms from negative most to 
neutral to positive most. 
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Molecular conformation 
Molecular conformation has significant correlation 

to the chemical and physical properties, such as mo-
lecular mobility, chemical activity of atoms and groups, 
etc.[33] 

The snapshots of instantaneous conformation of 
GMS and its derivatives are shown in Figure 3. Obvi-
ously, due to the distinct chemical property, the polar 
heads and the nonpolar tails of the additive molecules 
exhibit different conformations. The nonpolar tails of 
each molecule adopt extended conformations like freely 
rotating chain, except the nonpolar tail of G-E5 which is 
too short. However, the polar heads employ distorted 
and shrinking structures. 

In order to reveal the details of the additives' con-
formation, we analyze the distance between the atoms, 
the orientation correlation functions, and the dihedral 
angles. 

 

Figure 3  Conformations of the additive molecules dispersed in 
PP matrix under 300 K (hydrogen atoms are not shown). The 
colors from red to blue represent the polarity of the atoms from 
negative most to positive most. The boxes with dashed-lines in-
dicate the hydrophilic part of the additive molecules. 

Average distance between atoms 
The distance between the atoms in a same molecule, 

especially the end-to-end distance, is used to character-
ize the stretching and compression of the chain-like 
molecules. The time-averaged distance Di0 between 
atom i and the reference atom in the same molecule is 
defined as, 

0 0i i t
D R R＝ －   (1) 

As shown in Figure 4, for both nonpolar tails (i＜0) 
and polar heads (i＞0), Di0 increases with the serial 
number difference. But the slope of the lines for the po-
lar heads is much smaller than that for non-polar tails, 
indicating the compressed polar heads and the stretched 
non-polar tails. Moreover, the distance of the oxygen on 
the polar heads (i＝4, 7, 10, 13, 16) is always smaller 
than their adjacent atoms, which suggests a hidden fine 

structure in the compressed polar head. 
To elucidate the structure of the polar heads, we fur-

ther analyze the main chain orientation correlation and 
the dihedral angles of the additive molecules. 

Orientation correlation function 
The orientation correlation function of the main 

chain of the molecule is defined as, 

0i ig τ τi＝   (2) 

where τ0 is the tangent vector pointing to the reference 
atom. 

As shown in Figure 5a, g(i) for the non-polar tails of 
different additives almost overlaps with each other. In-
deed, for GMS with the longest nonpolar tail (Figure 5a), 
g(i＜0) exhibits a simple, monotonously decreasing 
with decreasing i. The root of the mean-square deviation 
of g(i＜0) of GMS increases as i decreases, which re-
flects the losing orientation correlation with the increas-
ing contour distance from the reference vector. Al-
though the nonpolar part of GMS is not long enough to 
exhibit the vanish of g(i) for infinite i, we can estimate 
the persistent length as approximately 10 carbon bonds 
according to the decreasing rate of g(i). 

 
Figure 4  The average distance Di0 between the ith atom on the 
molecular backbone and the reference carbon atom of ester group 
at 300 K. (a) Di0 of GMS and G-E5 with error bars. (b) Di0 for the 
polar heads (i＞0) of GMS, G-C4E1, G-C3E2, G-C2E3, G-C1E4, 
G-E5 and the model built in Figure 7. 
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In contrast to the monotonous behavior of g(i＜0) for 
non-polar tails, g(i＞0) for the polar heads shows much 
more complicated structure with three notable characters, 
a sharp decreasing part connecting non-polar tails region, 
an obvious undulation around zero, and the step-like 
plateaus consisting of three successive data points, as 
shown in Figure 5b. 

 

Figure 5  The orientation correlation function g(i) at 300 K. (a) 
g(i) of GMS and G-E5 with standard deviations represented as 
error bars. (b) g(i) of GMS, G-C4E1, G-C3E2, G-C2E3, G-C1E4 , 
G-E5 and the model built in Figure 7. (c) The angle correlation 
functions of the orientation unit vectors of -C-O-C- segments in 
G-E5 and the model built in Figure 7. 

For 0≤i≤2, g(i) almost overlaps for all GMS de-
rivatives. It decreases sharply from 1 to approximately 
0.25, indicating the main chain orientation rotates for 

approximately 11π/12 within the molecular fragment 
-C-C-C-O-C- (which connects the non-polar tail and the 
polar head). 

The undulation of g(i＞0) indicates that the polar 
heads embedded in the chemically incompatible PP ma-
trix have a periodic structures. Although g(i＞0) for 
different molecules do not overlap as well as g(i＜0) do, 
they share a similar variation trend, such as the mini-
mum at i＝(7, 8, 9) and the maximum at i＝(13, 14, 15). 
Theoretically, g(i) should approach zero with increasing 
i due to the finite rigidity of the chain molecule and the 
non-zero temperature κBT. However, we cannot see the 
decaying undulation amplitude of g(i＞0) even for G-E5. 
We attribute this to the polar part being too short to ex-
hibit the effect of thermal fluctuation. The undulation of 
g(i＜0) indicates a repeating structure along the main 
chain. The period of such structure is approximately 12 
bonds, determined by doubling the distance between the 
vale and the peak of g(i＞0). 

The orientation correlation of polar heads shows a 
series of step-like structures consisting of three succes-
sive data points. The number of the steps equals to the 
number of oxyethyl groups. The three successive vec-
tors (rn−1, rn−2, rn−3) should correlate the spacial positions 
of five atoms (see Figure 2). Such a phenomenon indi-
cates that the vectors are on the conical surface of a right 
circular cone with the reference vector as the axis, or the 
vectors are parallel to each other. However, we cannot 
differentiate these two cases from g(i). Therefore, in 
next subsection, we analyze the dihedral angles in order 
to observe the relative position of neighboring atoms of 
oxyethyl groups. 

We denote the local tangent vector calculated via 
two carbon atoms neighboring to the oxygen atom as 

'
jτ , which represents the local direction of -C-O-C- 

segment. Therefore, '
jτ ＝τ(3j＋2), j＝1, 2, … , m, 

where m is the serial number of -C-O-C-. The direction 
correlation of oxyethyl group is, 

( ) 1 2 1 2,j j t
g j j j j′ ′Δ Δi＝ ＝ －τ τ  (3) 

We calculated the angle correlation function of 
-C-O-C- orientation vectors of G-E5 at 300 K, as shown 
in Figure 5c. g(Δj) first decreases then increases with Δj, 
indicating a local structural correlation between all 
-C-O-C- fragments on G-E5. The correlation decays be-
cause the molecule is not totally rigid. A minimum 
value exists at Δj＝2 which is the angle of the selected 
plane and the second plane counted from either direc-
tion. 

Dihedral angle 
Dihedral angle describes the relative position of four 

atoms. The dihedral angles can be gauche (G) or trans 
(T).[50,51] Figure 6 shows the distribution functions of 
three successive dihedral angles -C-O-C-C-, -O-C-C-O-, 
and -C-C-O-C- of G-E5 at 300 K. In Figure 6a, the di-
hedral distribution functions of -C-O-C-C- and 
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-C-C-O-C- exhibit a strong peak at π, and two faint 
peaks at π/3 and 5π/3, which indicates the dominant T 
conformation. Therefore, the five atoms -C-C-O-C-C- 
locate almost on a flat plane. Combining the dihedral 
distribution functions with the orientation correlation 
function shown in Figure 5, we conclude that the three 
vectors on the same “step” in Figure 5 are parallel to 
each other. In contrast, as shown in Figure 6b, the dihe-
dral of -O-C-C-O- has a large possibility taking G con-
formation, but has much smaller possibility for T con-
formation. The statistics of the dihedral angles of G-E5 
show that the possibility of seeing the combination of 
three dihedral angles TTT, TTG, TGT, TGG, GTT, 
GTG, GGT and GGG are 0.020, 0.006, 0.868, 0.044, 
0.001, 0.001, 0.058 and 0.001, respectively. Note the 
significantly high possibility of TGT conformation, 
which means the molecule takes absolute majority time 
staying in this state. The small possibility of other con-
formation is understood as strong environmental fluc-
tuations happened to break TGT structure temporally. 
This TGT conformation phenomenon is named gauche 
effect which was also seen in 1,2-dimethoxyethane, 
2-methoxyethanol,[51] and poly(oxyethylene) chain in 
aqueous.[50] Usually TTT is the one with the lowest bar-
rier energy in vacuum. But in solution, TGT’s percent-
age is usually higher.[50,51] 

 

Figure 6  The dihedral distribution functions of (a) C-O-C-C, 
C-C-O-C and (b) O-C-C-O of G-E5 at 300 K. 

Molecular conformation model 
According to the dominant TGT sequence of the 

three successive dihedral angles -C-O-C-C-, -O-C-C-O-, 
and -C-C-O-C-, we are able to build a model of G-E5, as 
shown in Figure 7. The bond length and angle between 
the atoms are given by their equilibrium values in OPLS 
force field. The dihedral angels are built as follows. For 
dihedrals related to -C-C-O- segments, we use standard 
TGT conformation, i.e. dihedrals of -C-O-C-C-, 
-O-C-C-O- and -C-C-O-C- are π, π/3 and π, respectively. 
Note that the dihedral of -O-C-C-O- also has high pos-
sibility at −π/3. We only use one value for dihedral of 
-O-C-C-O- here to simplifying construction of the 
model since the fractions of the -O-C-C-O- dihedral 
conformation with either π/3 or −π/3 are approximately 
the same. For other dihedrals, we use the statistical data 
based on the simulation. 

 

Figure 7  (a) The side view of the G-E5 model, and (b) the front 
view of (a) from the direction showed by the arrow. The colors 
from red to blue represent the polarization of the atoms from 
negative most to positive most. 

The repeating of TGT conformation results in a helix 
structure. The front view of the model (Figure 7a) shows 
that the polar part of -C-C-O- segments forms a helix. 
From the side view (Figure 7b), it looks like a 4-crown 
ether. The angle correlation function of -C-O-C- orien-
tation vectors for this model has a maximum value at  
Δj＝4 (Figure 5c), which indicates that four -C-C-O- 
segments form a period of the helix structure. 

We compare the distance Di0 for the model with the 
simulation results as shown in Figure 4b, and find that 
the slope of the polar part for the model is larger and the 
drop of the oxygen atom is less obvious. This difference 
indicates that G-E5 in PP matrix is more compressed 
than the model shows. 

We attribute the compressed helix configuration to 
the chemical incompatibility between the polar heads 
and non-polar PP matrix. The polar heads tend to col-
lapse and aggregate closely to decrease the unfavorable 
contact energy between them and the surrounding PP. 
The oxygen atoms, which have the strongest electro-
negativity, are wrapped near the center of the helix 
structure by the neutral carbons. Therefore, the interac-
tion energy between the additive and the PP bulk is 
minimized. Moreover, the flexibility of the C—O bonds 
enables the rotation of the atoms connected with them 
much easier. 
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Atom movability 
The movability of atoms depends on not only atomic 

numbers but also the configuration of molecules, the 
exact position of the atoms, and chemical environ-
ment.[52] In order to analyze the atom movability, we 
calculate the root-mean-square fluctuation (RMSF) 
within 3 ns time interval of each atom on the molecular 
backbone, as shown in Figure 8.  

The oxygen atoms on the molecular backbone have 
two connected neighboring atoms. Therefore, their steric 
hindrance is smaller than the carbon atoms which have 
four connected neighboring atoms. Under this situation, 
the oxygen will choose favorable conformation with 
lower energy. Figure 8 shows the mobility of the oxygen 
atoms in -C-O-C- groups of G-E5 is much lower than the 
carbon atoms on the molecular backbone. The low 
movability of the oxygen atoms also supports the helix 
conformation of the molecule—the oxygen atoms al-
ways stay in the inner side of the helix where the avail-
able free space is very limited. 

 
Figure 8  The RMSF of the atoms of G-E5 at 300 K. The black 
squares and the blue triangles represent the carbon atoms and the 
oxygen atoms of hydroxyl group in the molecular backbone, re-
spectively. The red circles represent the oxygen atoms of the 
oxyethyl groups. 

Diffusion coefficient 
Based on the detailed knowledge of the molecular 

conformation of GMS and its derivatives, it is possible 
to correlate the molecular conformation with the mo-
lecular movability that corresponds to its diffusion coef-
ficient in PP matrix. 

For all aditives, at 400 K the root-mean-square dis-
placement (RMSD) is less than 7 nm for 16 ns (ap-
proximately 4.4 nm on average). Since the root-mean- 
square radius of gyration (RMSRG) of the molecule is 
about 0.7 nm, the displacement is barely enough to in-
vestigate the long term diffusion properties. At 350 K 
we prolonged the simulation time to 170 ns and ob-
tained the average RMSD for each additive larger than 
4.4 nm. However, at 300 K the RMSD is only 0.5 nm 
for 16 ns. At least 3000 ns is needed for the RMSD to 
reach ten times of the molecule RMSRG in order to ac-
cumulate convincible data, which is far beyond our 

 

Figure 9  (a) Mean-square displacement vs. time for G-C4E1 at 
400 K; (b) and (c) are the diffusion coefficients of GMS, G-C4E1, 
G-C3E2, G-C2E3, G-C1E4 and G-E5 in the PP matrix at 350 K and 
400 K, respectively. The error bars are given by the slopes of two 
enveloping lines, for example, dashed lines as shown in (a). 

present calculation capacity.  
The diffusion coefficient is calculated by the linear 

fitting of RMSD with respect to time. In order to esti-
mate the error bar of the diffusion coefficient, we calcu-
late two slopes U-D and L-D, which are the upper and 
lower enveloping lines of the data, respectively, as 
shown in Figure 9a. The difference of U-D and L-D is 
defined as the width of the error bar of the diffusion co-
efficient. 

The diffusion coefficients of GMS and its derivatives 
at 350 K and 400 K are shown in Figure 9b and Figure 
9c. GMS is always the one with the highest diffusion 
coefficient, 7.7×10−11 cm2/s at 350 K and 2.2×10−10 
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cm2/s at 400 K, which we attribute to the longest hy-
drophobic tail having the best compatibility with the PP 
matrix. At 400 K, the diffusion coefficients exhibit a 
monotonous decrease with the number of oxyethyl 
groups increasing in GMS derivatives. However, at 350 
K, all GMS derivatives have much lower diffusion coef-
ficients than GMS, and these values do not show obvi-
ous dependence on the number of oxyethyl groups. We 
speculate that at higher temperature (400 K), due to the 
frequent disassemble of the helix structure, the chain- 
like, flexible additive molecules crawl through the net-
work of PP chains to diffuse. In this case, the chemical 
incompatibility dominates the diffusion rate while the 
chain conformation is less important. However, at lower 
temperature (350 K), the helix structure, which behaves 
like a rigid, compressed body, employs the jumping 
mode for diffusion.[25] Therefore, the diffusion coeffi-
cient of GMS derivatives depends strongly on the size 
and shape of the compressed polar head, except for 
GMS which has too small polar head to block the 
crawling motion of the non-polar tail. 

Conclusions 
We have employed all-atom molecular dynamics 

simulation to investigate the conformation behaviors of 
antistatic agents in PP matrix. We proposed five hydro-
philic antistatic agents based on GMS by substituting 
-CH2-CH2-CH2- by -CH2-CH2-O-. And according to the 
number of -CH2-CH2-CH2- and -CH2-CH2-O- in the 
molecules, we named them G-C4E1, G-C3E2, G-C2E3, 
G-C1E4 and G-E5. Including GMS, we investigated six 
additives with increasing numbers of oxyethyl groups. 

In order to elucidate the typical molecular conforma-
tion, we carefully analyzed the average atom distance 
Di0, the angle correlation functions g(i), and the dihedral 
angle distribution of C-O-C-C, O-C-C-O and C-C-O-C 
of G-E5 at 300 K. We find that in PP matrix the polar 
part of the additives prefers a repeating trans, gauche, 
trans sequence (TGT) for three successive dihedral an-
gles of C-O-C-C, O-C-C-O and C-C-O-C, leading to a 
helix structure with a period of approximately four 
-C-O-C- segments. Such a helix structure is compressed 
in the chemically incompatible PP matrix, wrapping all 
oxygen atoms inside the helix to reduce the interaction 
energy with PP. Therefore, although the C—O bond is 
flexible to rotate, the movability of the oxygen atom in 
-C-O-C- segment is always much lower than its 
neighboring carbon atom due to much less free space 
inside the helix structure. 

The diffusion coefficient of all the additives shows a 
monotonous decrease with increasing number of oxy-
ethyl groups at 400 K, while it does not obviously re-
lated to the molecular hydrophilic property at 350 K. 
We speculate that both the molecular conformation and 
the chemical property play important roles on the mo-
lecular diffusion behavior. However, more simulation 
works in the future are necessary to reveal the hidden 

relation. 
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