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A B S T R A C T   

It is well established that the chain dimensions of a polymer are intimately related to the viscoelastic fingerprint 
and the relevant macroscopic properties of the material such as the entanglement modulus and its melt viscosity. 
In this work, the chain properties have been obtained by means of molecular dynamics simulations computed at 
different temperatures in a series of ethylene/1-butene copolymers with constant number of carbons in the 
backbone but varying branch content, from linear polyethylene to poly(1-butene) with a range of molecular 
weight extending from 7012 g/mol till 14025 g/mol. The simulations were performed in a time window up to 5 
μs at four different temperatures between 450 and 600 K. Simulation results are in good agreement with previous 
SANS experiments performed in this kind of model polymers. The influence of the amount of ethyl branches on 
the temperature dependence of the backbone conformation was analyzed. Thus, the observed trends of chain 
dimensions with increasing SCB content and temperature can be explained by the variation in content of the 
different trans-trans, gauche-trans and gauche-gauche dyads along the polymer backbone.   

1. Introduction 

Macromolecular chain dimension is a key factor of polymers, as it is 
directly related to physical properties, entanglement state and melt 
viscosity [1] [–] [4]. In particular, this parameter plays an important 
role while modeling polymeric materials since it influences the devel-
opment of force fields in both atomistic and coarse-grained methods. 
One of the most interesting case-study for such computer simulations is 
the polyethylene (PE) family, as it contains the simplest chemical 
polymeric chains. There are several factors related to the molecular 
architecture that have an impact on the solid and melt physical prop-
erties of PE, being the amount of short chain branches (SCB) a relevant 
factor among them. However most of these studies have been restricted 
to models with relatively low SCB content-up to 40% of comonomer and 
focused on the study of static properties [5]. 

In this context, the dependence on the temperature of the macro-
molecular dimensions is given by the parameter by κ = d[ln〈Rg2〉]/dT. 
This parameter can be obtained by measurements carried out in diluted 
solutions in theta conditions and also in the melt by means of thermo-
elastic experiments and Small Angle Neutron Scattering (SANS) [6]. The 
results obtained for κ by Monte Carlo (MC) and Molecular Dynamics 
(MD) have been found to be in almost perfect agreement with the 

experiments in the case of linear PE, especially in simulations carried out 
with the TraPPE force field [7–10]. The effect of SCB in κ has not been 
explored yet from the point of view of atomistic simulations, although 
experimental results from Fetters et al. on the variance of κ obtained by 
SANS in a family of model ethylene/1-butene copolymers are available 
since 1997 [6]. An interesting result obtained by these authors was the 
change in κ values, from negative to positive, as SCB content increased. 
The objective of our work is then to specifically study the chain di-
mensions and their temperature dependence as a function of the ethyl 
branch content is a series of model ethylene/1-butene random 
copolymers. 

2. Methods 

The linear polyethylene and the ethylene/1-butene chains of 250 
monomers (Scheme 1) models-named as PEB-X used in the simulations 
are shown in Table 1 (X stands for the total number of ethyl branches per 
chain). Details concerning position of the branches and segment length 
distribution (spacers) between the branches are given in the Supple-
mentary Information archive (Table S.1). All copolymer chains of a 
particular system are replicas having the same branch distribution 
(monomer distribution). 
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The initial structures for MD have been prepared as follows. The 
generation and packing of the chains were initially performed using a 
modified recoil growth algorithm with periodic boundary conditions 
[11]. As the copolymers are considered as atactic a value of +30.5◦ or 
− 30.5◦ to the –CH2-CH(CH2)br-CH2- improper angle (χijkl) has been 
randomly assigned to the branch points (see scheme in Fig. S.1). The 
initial melt density was set to 0.740 gcm− 3 for all the systems. Subse-
quently, energy in the simulation box was minimized. Further equili-
bration was performed by 0.1 ns of NVT-MD runs and then the box 
volume was relaxed by 1 ns of NPT-MD runs. After the equilibration 
period, NPT-MD simulations were extended up to 5 μs at the tempera-
tures 450, 509, 550 and 600 K using the TraPPe-UA force field [8–10]. 
However, two modifications of the original force field are considered: i) 
Instead of using, the original fixed bond model, we have applied a 
harmonic bond stretching potential to C–C bonds (1/2kb(l-lo)2 where kb 
= 900 kcal/molÅ2 and l0 = 1.54 Å) [7] and ii) in order to maintain the 
tacticity of the branched systems in the united atom (UA) approach, we 
have introduced an improper torsional angle potential in the branch 
points in the form of 1/2kχ(χijkl-χo)2 where kb = 123.7 kcal/(mol rad2) 
and χ0 = ±30.5◦ for the two possible configurations of the branch point, 
see Fig. S.1) [12]. This improper dihedral potential is sufficient to keep 
the chiral center in its original configuration. In fact, flips between 
branch configurations have not been detected during the simulation. 

For molecular dynamics (MD) simulations, a time step of Δt = 2fs 
was used to integrate the motion equations using the velocity Verlet 
algorithm. The non-bonded interactions were calculated using the Verlet 
buffer cut-off scheme using a van der Waals cut-off of 1.4 nm. The 
neighbor list for non-bonded interactions has been updated each 10 
steps. The Nose-Hoover thermostat with a relaxation time (τT) of 0.5 ps 

was used to control the temperature. The pressure was set up to 1 atm in 
all NPT simulations and isotropically controlled using the Parrinello- 
Rahman barostat with a time constant (τP) for coupling of 5 ps. Cubic 
Periodic boundary conditions (PBC) were applied to all the three di-
rections to remove the surface effect and to mimic the bulk state. Unless 
otherwise stated, the structures were dumped every 20 ps for subsequent 
analysis using ‘‘in-house’’ codes. The last 3μs in the simulations were 
taken into account to calculate the ensemble averages. Molecular 
graphics have been generated using the VMD package [13]. All simu-
lations were performed using GROMACS 2016.3 [14] package on GPU 
workstations. 

3. Results and discussion 

Testing equilibration of the models. As a measurement of the equili-
bration at all length scales, the orientational autocorrelation functions of 
the end-to-end unit vectors (ACF-EE) and the mean square internal 
distances, were calculated. Fig. 1 shows these functions at 450K (see 
Figure S.2 and S.3 for the rest of temperatures). The ACF-EE functions 
decay to zero for all systems and temperatures indicating the full 
relaxation of the polymer chains and the loss of the memory of its initial 
conformations (see Fig. 1 and S.2). As expected, the ACF-EE decay is 
greater as the temperature increases for all the systems under study. 
Also, the value of the relaxation of the full chain is slower as the number 
of branches increases. Furthermore, smooth curves are observed for all 
the mean square internal distances in all simulations without chain 
deformations, indicating a good equilibration of internal segments on 
short and intermediate scales (Fig. S.3). 

Densities and thermal expansion coefficient. Calculated densities show 
a very good agreement with experimental values. In Fig S.4.a, melt 
densities at 450 K (listed in Table 1) as a function of the SCB content are 
compared to the experimental results obtained from the literature. 

The thermal expansion coefficient,α = − dlnρ/dT = − 1
ρ dρ/dT , can be 

extracted from the temperature dependence of the simulated density 
values (Fig S.4.b). For linear high molecular weight PE and poly(1- 
butene) the experimental values of α vary between 7.6-8.8 × 10− 4 K− 1 

and 7.4-7.6 × 10− 4 K− 1 at 439 K, respectively [5,15]. These experi-
mental values are in nice agreement with our simulations (see Table 1). 
Furthermore, the experimental α results for polyolefins with 

different type of branches are practically the same across the whole 
range of comonomer content in Ziegler-Natta and single site polyolefins, 
which suggests that SCB does not significantly affect the value of α [15]. 
Our simulations also show that the α values are not affected for branch 
content lower that 25 branches/100 backbone carbons, within the range 
of branches experimentally reported in Ref. [15]. For contents greater 
than 25 branches/100 C, the α value shows a clear decreasing aspect. 

Chain Dimensions. Molecular dimensions obtained for the systems 
studied are listed in Table S.2. It is worthwhile to mention that from the 
simulated values of 〈R0

2〉 and 〈Rg
2〉, the Flory random coil approach 〈R0

2〉 
= 6〈Rg

2〉 nicely fulfills for all cases (see Fig. S.5 in the Supplementary 
Information). The results indicate that for chains of equal length (500 C 
atoms), the chain dimensions are reduced as the concentration of SCB 
increases at all temperatures between 450 and 600 K. This general 
behavior has been obtained previously in a more limited SCB content 
range at 450 K using Monte Carlo simulations [5,18]. 

The molecular weight invariant 〈Rg
2〉/M, can be obtained for all the 

models and the results are compared to those obtained experimentally 
by SANS in the whole range of SCB content up to poly (1-butene). The 
experiments show a monotonic decrease of 〈Rg

2〉/M with branching 
within a temperature range of 300–440 K [6]. Fig S.6 shows the com-
parison of the experimental values obtained for 〈Rg2〉/M at 440 K with 
those obtained in our simulations at 450 K. Clearly, the chain dimension 
decreases as the number of ethyl branches increases. In general, the 
results compare quite well with those obtained by SANS experiments 
[6]. Also a reasonable agreement is found with previous Monte Carlo 

Scheme 1. Chemical structure of the copolymers studied.  

Table 1 
Simulated PEB-X models, branching content (ethyl/100C atoms), number of 
chains (Nchains), total particles (Nparticles), molecular weight (Mw) and simulated 
density (ρ) and thermal expansion coefficient (α) at 450 K.  

System Ethyl/ 
100 C 
atoms 

Nchains
a Nparticles Mw (g/ 

mol) 
ρ (g/cm3) 
s.d. ±
0.002 

α (104 

K− 1)c 

PEB- 
000 

0 100 50000 7,012 0.760 8.36 

PEB- 
009 

1.8 100 51800 7,265 0.761 8.34 

PEB- 
027 

5.4 100 55400 7,770 0.763 8.36 

PEB- 
050 

10.0 100 60000 8,415 0.765 8.34 

PEB- 
075 

15.0 100 65000 9,116 0.766 8.39 

PEB- 
125 

25.0 100 75000 10,519 0.768 8.47 

PEB- 
160 

32.0 75 61500 11,500 0.769 8.22 

PEB- 
204 

40.8 75 68100 12,735 0.771 8.00 

PEB- 
250b 

50.0 75 75000 14,025 0.774 7.76  

a All chains of a particular system have both the same backbone length of 500 
carbons (250 monomers) and the same branch distribution (Table S.1). b Atactic 
Poly (1-butene) homopolymer- c Estimated at T = 450 K. 
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(MC) simulations using the same force field [18] and results obtained by 
Neelakantan et al. in MD simulations of united atom models of EB co-
polymers at T = 423 K using the OPLS-UA force field [19]. 

In the literature, some recent attempts have been made to study the 
effect of temperature on the chain dimensions for selected homopoly-
mers as polyethylene, polypropylene, polystyrene and poly-
dimethylsiloxane [20] and ethylene-propylene copolymers of different 
tacticity [21]. In the case of linear PE, MC [22] and MD simulations [7] 
have been reported within a broad temperature range 300–600 K. In this 
work, we have extended this study to ethylene-butene copolymers from 
linear to high contents of ethyl branches. 

The key property at this respect is the temperature dependence on 
macromolecular dimensions, κ = dlnR2

g/dT, which has a significant role 
on entanglement features [23]. Herein, the agreement between simu-
lated (− 1.10 × 10− 3 K− 1) and experimental (− 1.06 to - 1.25 × 10− 3 K− 1) 
κ values is quite good in the case of linear PE (PEB-000) [5,7,22]. 

In Fig. 2 a the ln〈Rg
2〉 at different temperatures for PEB-000, PEB-160 

and PEB-250 are displayed (see Fig. S.7 for all studied systems). Values 
of κ as a function of the content branch have been extracted from the 
slope of the linear fitted lines. It is quite interesting the behavior ob-
tained with increasing branching, which goes from negative to positive κ 
values. It is clearly seen that the value of κ = 0 is obtained close to an 
ethyl branch content of around 25–30 every 100 carbon atoms. The 
trend observed in our simulations is in perfect agreement with the values 
of κ measured by SANS for ethylene/1-butene copolymers [6] and poly 
(1-butene) [24] as it can be observed in Fig. 2 b, where both simulated 
and experimental values are compared. 

The decrease of coil dimensions with temperature (negative κ) has 
been suggested to be due to a decrease of the trans population of dihe-
dral angles with increasing temperature. Fetters et al. argued that the 
addition of ethyl branches to the main chain reverses the trans/gauche 
population when compared to the linear PE, in which the gauche con-
formers have a lower probability than the trans conformers [6]. This 
reversing would lead to increased values of κ with branching content. 

RIS calculations on unperturbed isolated chains to study the 
conformational properties of polymeric chains, including ethyl 
branched polyolefins, are available in the literature [25,26]. These RIS 
calculations show a monotonic decrease in the chain dimensions of PEB 
as increase the number of 1-butene units, in qualitative agreement with 
both the experimental measurements and the MD simulations here re-
ported. In previous MC simulations performed on ethylene/1-hexene 
copolymers, it was concluded that the decrease observed in the coil 
dimensions as the amount of SCB increases goes parallel to an increase of 
the population of backbone gauche conformers [11]. Furthermore, RIS 
calculations seem to show that sparsely branched polymers (20 or more 
bonds apart) vary insignificantly from linear polyethylene. In the 

current MD simulations, the 〈Rg
2〉 of the less branched polymers is 

reduced only in 3% for PEB-009 (branches spaced 49 bonds apart) with 
respect to the linear polyethylene (PEB-000). In the case of PEB-027 
(branches spaced 17 bonds apart) the reduction is more significant 
(around 7–12%). 

To examine how both the number of ethyl branches and temperature 
affect the chain conformation of PEB systems, an analysis of the torsion 
angle distribution along the chains has been carried out. The evolution 
of the relative population of different chain dihedral states extracted 
from the MD simulations for PEB-000, PEB-125 and PEB-250 as a 
function of the temperature are shown in Fig. 3. 

In the case of PEB-000 the relative population of trans (t) states and 
trans-trans dyads (tt) clearly decreases as temperature increases. 
Furthermore, these are the most populated states at the different tem-
peratures. Consequently, the relative population of gauche (g+, g− ) 
conformers increases, an increment also observable in tg+, g+g+, tg− and 
g-g- dyads. It should be noted that the distance between the end atoms of 
two consecutive monomeric units decreases following the order tt > t 
g+, t g− > g+g+, g-g-, as depicted in Fig S.9. Obviously, the enlarged 
population of gauche states as temperature increases lead to the 
contraction of the coils and, therefore, a negative value of κ. 

The PEB-160 system has a κ value positive, that is the size of the 
chain increases as the temperature increases. As it can be seen in Fig. 3 
(and Fig. S.8), the population of tg+/g+t and tg− /g-t are most populated 
than the tt states in the whole range of temperatures. Although, a 
decrease in tt states is observed as T increases, the trend of tg+/g+t and 
tg− /g-t states are reversed as compared with the PEB-000 system (Fig. 3. 
c). This should explain the small positive value of κ observed in this 
system. 

The PEB-250 model represents the other compositional extreme and 
it is also shown in Fig. 3. Interestingly, there is no appreciable change 
with temperature in the relative population of t, g+ and g− conformers 
(Fig. 3.c). In contrast dyad states are clearly affected for the tempera-
ture. Again, most populated tg+/g+t and tg− /g-t states are observed. 
Furthermore, in this case, as temperature increases the relative popu-
lation of tt conformers increases at the cost of tg+ and tg− conformers, 
but g+g+ and g-g- conformers still remain unchanged with temperature. 
As a result, this variation gives rise to the increase of chain dimensions 
and clear positive value of κ as temperature increases. 

The results obtained in the complete set of simulations suggest that 
monotonic decrease of tt population causes the decreased chain di-
mensions as branching increases, as observed in Fig. 1. Conversely, a 
change in the temperature trend of the relative population of tt, tg+ and 
tg− conformers causes the change from negative to positive κ as 
branching increases shown in Fig. 2. 

These analysis give a suitable physical explanation to the experi-
mental observations [6] regarding the change of sign for the 

Fig. 1. a) Orientational autocorrelation func-
tions of the end-to-end unit vectors (ACF-EE) 
for all systems at 450K. ACF-EE is defined as 
< Ree(t)Ree(0) > / < R2

ee >, where Ree(t) is the 
end-to-end distance at time t. The decay of this 
function to zero is a measure of the rate of full 
relaxation of the polymer chain [16]. and b) 
Mean square internal distance < R2(N) > / <

Nl2 > as a function of N, where N is the dis-
tance between the monomer jth and the (jth+
N) monomer and l stands for the bond distance 
(1.54 Å). This function is used to understand 
the correlation between internal monomers in 
a chain. A smooth curve is observed for all 
systems and temperatures, no chain de-
formations on intermediate scales are observed 
which can be interpreted as a well-equilibrated 
system. More information about this function 

can be found in Ref. [17].   
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temperature dependence of macromolecular dimension (κ) as the 
number of ethyl branches increases on the backbone polymer chain as a 
function of the temperature. 

4. Conclusion 

We have performed MD simulations on a set of ethylene/1-butene 
models with different branching content from linear polyethylene to 
poly(1-butene) over a broad range of temperature in order to determine 
the characteristic macromolecular sizes. We have found that the 〈Rg

2〉/M 

Fig. 2. a) Chain dimensions (lnR2
g ) as a function of the temperature for three selected systems. The values of κ have been obtained from the slope of the straight lines 

b) Temperature coefficients (κ= dlnR2
g /dT) as a function of the ethyl branches obtained from MD simulations (solid squares) and from SANS experiments reported by 

Fetters et al. for PEB copolymers [6] and Zirkel et al. for poly(1-butene) [24] (open squares). 

Fig. 3. a) Normalized backbone dihedral angle distributions, b) average population of trans (t), gauche+(g+) and gauche− (g-) dihedral states and c) average pop-
ulation of the dyad states (tt, tg+/g+t, g+g+, …) for PEB-000 (top), PEB-160 (middle) and PEB-250 (bottom) systems as a function of temperature. The torsional states 
are defined as follows: g- state corresponds to a torsional angle in the range 0◦ ≤ ϕ ≤ 120◦, t state to 120◦ ≤ ϕ ≤ 240◦ and g+ state to 240◦ ≤ ϕ ≤ 360◦. 
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ratio decreased with increasing ethyl branch concentration, as observed 
in previous works. In addition, we have found that the temperature 
dependence of macromolecular dimension (κ) changes from negative to 
positive as the ethyl branch concentration increases. Both results are in 
perfect agreement with the SANS experiments performed by Fetters 
et al., in 1997 in hydrogenated polybutadiene. A systematic study of the 
population of conformers in the model systems indicates that the 
decrease observed in coil dimensions as SCB increases at a given tem-
perature goes parallel to the increase of the relative population of gau-
che conformers. Below 25–30 ethyl branches every 100 carbon atoms, 
negative values of κ have been obtained, which is related to an increase 
population of the dense gauche conformation with temperature. 
Notwithstanding, the situation reverses with SCB content higher than 
25–30 ethyl branches every 100 carbon atoms. In these case the increase 
of the temperature favors the more extended trans conformers, giving 
rise to positive values of κ. Thus, the results shown by SANS in 1997, and 
now computer simulations in the current manuscript, show that there 
exists a strong influence of the frequency of side groups on the tem-
perature dependence connected with the different population of trans/ 
gauche states of the main chain. This behavior was not predicted via RIS 
theory. Additionally this trend with the temperature has not been 
explained before neither theoretically nor by computer simulation. 
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