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Direct observation of Long-
Chain Branches in a Low-Density 
polyethylene
Ken-ichi shinohara  1, Masahiro Yanagisawa2 & Yuu Makida1

Low-density polyethylene (LDpe) has short-chain branch (sCB) and long-chain branch (LCB). In 
particular, the influence of the structure of LCBs on polymer properties is remarkable; however, it has 
been difficult to precisely analyze LCB structures. In this study, we measured the chain length of LCBs 
and the distance between branch points of LDPE by atomic force microscopy. Consequently, three LCBs 
were confirmed in a main chain of 162 nm, and their length were measured as 10, 31, and 18 nm. The 
positions of the LCBs were 33, 70, and 78 nm from the main-chain end.

The properties of a polymer change significantly depending on the structure of the polymer chain, particularly, 
with branched structures, depending on the number of branches and the length of the branch1–5. However, the 
long-chain branch (LCB) structure of polyethylene was unclear, due particularly to the complex polymer struc-
ture and the limitations of its analysis methods. Thus, in this study, we aimed to directly observe the LCB struc-
tures in low-density polyethylene (LDPE). Specifically, single-molecule imaging was performed by an atomic 
force microscopy, which improved the structural observation of the polymer chain6–11 and allowed direct obser-
vation of the number and length of LCBs in LDPE, the positions of the branch points, and the distance between 
them.

Experimental
LDPE sample. LDPE F200-0 produced by Sumitomo Chemical Co., Ltd. (Tokyo, Japan) was used as a sam-
ple material. This LDPE was prepared by a tubular process. The LDPE sample was fractionated according to its 
molecular weight using a tailor-made fractionation system produced by Tosoh Co. (Tokyo, Japan). The system 
comprises of a manual injector, an oven, a column filled with glass beads, valves and two pumps equipped with 
vacuum degassers. The oven temperature was set to 125 °C. Xylene (good solvent) and 2-ethoxyethanol (poor sol-
vent) were used as the components of the mobile phase. The xylene concentration in the mobile phase gradually 
increased, and the sample for atomic force microscope (AFM) observation was collected at a xylene concentration 
of 59.1–59.6 vol%. The average molecular weights (Mw and Mn) and molecular weight distribution (MWD) were 
estimated with an HLC-8121GPC/HT GPC (gel permeation chromatography) or SEC (size exclusion chroma-
tography) system (Tosoh) with three GMH6-HT columns (Tosoh). The SEC system was operated at 140 °C with 
a flow rate of 1.0 mL/min. The solvent and the eluent used for the analysis were o-dichlorobenzene (ODCB) 
stabilized with 500 ppm of 2,6-di-tert-butyl-p-cresol (BHT). The concentration of the sample solution and the 
injection volume were 1.0 mg/mL and 0.3 mL, respectively. Calibration of the system was performed with nar-
row MWD polystyrene (PS) standards obtained from Tosoh. To transform the molecular weight values of PS to 
those of PE, the Q-factor12 of 41.3 (PS) and 17.7 (PE) was used. The absolute weight-average molecular weight 
(Mw) and branching index g′ (M) (the ratio of the intrinsic viscosities of branched and linear polymer at the same 
molecular weight) were estimated using a GPCIR SEC (GPC) system (Polymer Char, Spain) with three PLgel 
Olexis columns (Agilent Technologies, CA, USA), equipped with a HELEOS 8 multi-angle laser light scattering 
detector (MALLS, Wyatt Technology, CA, USA), a viscometer (Visc, Polymer Char) and an IR5 infrared detector 
(Polymer Char). Here the SEC-MALLS system provided the structural information of a polymer chain in dilute 
solution13,14. This SEC system was operated at 160 °C with a flow rate of 1 mL/min. The solvent and the eluent 
used for the analysis was 1,2,4-trichlorobenzene (TCB) stabilized with 300 ppm of BHT. The concentration of 
the sample solution and the injection volume were 2 mg/mL and 0.4 mL, respectively. NIST 1475a (a linear PE 
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standard material) was used as a linear reference for calculating g′(M). The effect of short-chain branches (SCBs) 
on g′(M) was compensated by the method of Sholte et al.15. The number of branching points in the molecule n was 
obtained using the following equation16:

π′ = + + −g M n n( ) [(1 /7) 4 /9 ]b1/ 1/2 1/2

Here, b is a constant relating to the structure of branched polymers. As the most suitable b value from our 
SEC-MALLS-Visc experiments on LDPE samples, we used b = 0.9 for the calculation. The weight-average num-
ber (nw) of LCBs in single polymer molecule was also estimated.

The 13C-NMR analytical results for LCBs (equal to or longer than C6), as n (average number of LCBs in a 
single molecule) or the LCB/1000 C values, and SCBs (shorter than C6) as the SCB/1000 C values were estimated 
using an AVANCE 600 NMR spectrometer (Bruker Co., MA, USA). The measurement conditions and calculation 
methods are available in the literature17,18.

AFM imaging. A freshly cleaved mica surface of the muscovite substrate (Nilaco, Tokyo, Japan) was obtained 
using adhesive tape, and any adsorbed water on the mica surface was removed by rinsing with dehydrated THF 
in dry air (RH < 25%). The AFM sample was prepared by spin-casting (1,500 rpm) hot xylene dilute solution 
(120 °C, 1 μL) of LDPE onto a mica substrate in dry air. If the dilute polymer solution is only cast/dried on the 
substrate, the polymer chains easily aggregate to form globules, so the above technique is essential. We altered the 
specifications of a fast-scanning AFM (NVB500, Olympus, Tokyo, Japan) in dynamic (tapping) mode to observe 
isolated polymer chains using a cantilever (BL-AC10EGS, BL-AC10DS, Olympus, Japan or USC-F1.2-k0.15, 
NanoWorld AG, Switzerland)7,8. Single-molecule imaging of a polymer was performed by AFM at 25 ± 1 °C in an 
organic solvent. We verified that decamethyltetrasiloxane (DMTS; TCI) was useful as an observation solvent for 
AFM imaging of single chains. As the interaction between the polymer chain and mica substrate also depends on 
its affinity to observation solvent, a solvent suitable for observing the isolated polymer chain on mica was chosen.

To investigate the affinity of solvents, we used the Hansen solubility parameter (HSP)19. The Hansen solubility 
parameters (δ) were calculated as follows.

δ δ δ δ= + +d p h
2 2 2 2

Here, δd, δp, and δh are the dispersion, electrostatic, and hydrogen-bond components of δ, respectively.

Figure 1. Direct measurement of LCB in a tubular LDPE (F200-0 fractionated). (A) AFM image of a single 
molecule of LDPE on mica in DMTS at 25 °C. X: 279 nm, Y: 209 nm, Z: 18 nm. (B) Length of each chain of 
LDPE. (C) A wire model of self-shrinking structure of polymer chain of LDPE. Main chain: red wire. LCB: black 
wire. The model was created to be one tenth of the length of the extended chain based on AFM observation (B), 
MD simulation (Fig. S1), and the molecular weight determined by SEC-MALLS-Visc experiments (see Fig. 2).
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Polyethylene (PE instead of LDPE): δd = 16.2, δp = 2.1, δh = 2.4
DMTS: δd = 11.7, δp = 2.4, δh = 0
The HSP distance (Ra) between PE and DMTS was also calculated.

δ δ δ δ δ δ= − + − + −
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All-atom molecular dynamics simulation. All-atom molecular dynamics (MD) simulations were per-
formed with the Forcite module of the BIOVIA Materials Studio 2018 (Dassault Systèmes BIOVIA, San Diego, 
CA, USA) on a supercomputer system (PRIMERGY CX2570 M4, Fujitsu, Tokyo, Japan). See the Supplementary 
Information for more details.

Results and Discussion
Single-molecule imaging and structural analysis results for LDPE (fractionated sample, Mw: 1.99 × 105, Mw/Mn: 
1.2) produced by the tubular method are shown. The structure of single LDPE molecule was directly observed in 
DMTS on a mica substrate by AFM (Fig. 1A). The length of a LCB in a single molecule, the position of the branch 
point, and the branching point interval were directly observed (Fig. 1B).

According to the conventional SEC-MALLS-Visc analytical method, the presence of an average of 3.4 LCBs in 
a single molecule of this polymer is estimated (nw in Fig. 2B). Single-molecule imaging by AFM allowed success-
ful observation of LCB, and the molecular size confirmed that this was a single molecule of this LDPE. Moreover, 
three LCBs in the main chain of 162 nm were confirmed, measuring 10, 31, and 18 nm in length. The LCBs were 
located 33, 70, and 78 nm from the chain end, that is, the positions of the branching points. The structure with 
a molecular chain height of 2–3 nm (Fig. 3B) was believed to be self-shrinking (Fig. 1C). A molecular model of 
200-mer LDPE having a LCB that formed a self-shrinking structure in DMTS was verified by the all-atom MD 
simulation (Fig. S1 and Movie S1).

The validity of this method was investigated by comparing the value obtained by AFM imaging with that 
determined by the conventional SEC-MALLS-Visc method. This sample polymer is a fraction component of 
tubular LDPE (Fig. 2A, see experimental section for details). As shown in Fig. 2B, Mw (PS calibration) indicates 
a PS-calibrated molecular weight (molecular weight converted to PE), corresponding to the molecular weight 
of the main chain only (PS: polystyrene, PE: polyethylene). This is because the radius of gyration (Rg) of a single 
polymer chain in solution is roughly determined by the main chain, and the molecular weight reflecting the main 
chain is measured (Fig. 3A). In the fractional component of the AFM sample, the value calculated by dividing Mw 
(PS calibration) by the absolute molecular weight Mw (MALLS) obtained by adding the molecular weights of the 

Figure 2. (A) SEC chart of LDPE (F200-0) and the fractionated sample, which was used for AFM imaging. (B) 
Analytical results for SEC-MALLS-Visc, SEC (conventional), and 13C-NMR (see the experimental section for 
details).
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main-chain and the branch chain is, Mw (PS calibration)/Mw (MALLS) = (Main Chain)/(Main Chain + LCBs) = 1
99,000/275,000 = 0.724 (value 1). However, the length measured by AFM (Fig. 1B) is calculated as (Main Chain)/
(Main Chain + LCBs) = 162 nm/(162 nm + 10 nm + 31 nm + 18 nm) = 0.733 (value 2). Value 1 and 2 were similar, 
confirming the validity of the value obtained by AFM imaging. The extended chain length of the main chain was 
estimated to be 1,800 nm using SEC, while it was 162 nm according to the AFM measurement. Thus, we propose 
a self-shrinking model in which the wire is one tenth of the length (Fig. 1C). Similar self-shrinking phenomena of 
a LDPE chain in DMTS have been confirmed even in all-atom MD simulations (Fig. S1, Movie S1).

Based on the line profile, the molecular height was 2.8 ± 0.6 nm (Fig. 3B). However, 13C NMR measurement 
indicates that approximately one SCB is introduced per 100 carbons (Fig. 2B); thus, so the crystal structure for-
mation is limited, and the folded structure is considered to be partial in the isolated chain at the solid-liquid inter-
face. The structure having this molecular chain height of 2–3 nm was believed to be a self-shrinking and formed 
from a series of small globules (Fig. 1B).

Moreover, the radius of gyration (Rg) of a single LDPE molecule in a good solvent is 36 nm as measured by 
MALLS analysis, and the spread from the center of gravity of the molecular chain in the average structure lies 
within a sphere of a diameter 72 nm, which is close to the size measured by AFM (Fig. 1A).

The above results indicate that the structure measured by AFM is based on the polymer chain skeleton, and 
that the globule is formed locally. As the solvent for observation is DMTS (HSP distance with PE is 9.32), which 
is a relatively low solubility to polyethylene, it was believed that small globules were formed.

Figure 3. The validity of the value measured by AFM imaging. (A) Comparison of SEC and AFM data based 
on molecular weight and the chain length. The PS-calibrated molecular weight and the extended chain length 
of the sample were calculated for linear PE by the Q-factor method12. (B) Line profile of single LDPE molecule 
on mica in DMTS at 25 °C. The structure with this molecular chain height of 2–3 nm was believed to be self-
shrinking (see Fig. 1C).
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A wire model (Fig. 1C) that rationally describes all measurements including the chain length (Fig. 1B), line 
profile (Fig. 3B), and chromatographic results (Fig. 2B) was created. In conclusion, it was demonstrated that LCBs 
can be measured directly.

This method can be applied both to measuring LCBs in LDPE and elucidating of various branched polymer 
structures.

References
 1. Gabriel, C. & Munstedt, H. Influence of long-chain branches in polyethylenes on linear viscoelastic flow properties in shear. Rheol 

Acta 41, 232–244 (2002).
 2. Stadler, F. J., Kaschta, J. & Munstedt, H. Thermorheological Behavior of Various Long-Chain Branched Polyethylenes. 

Macromolecules 41, 1328–1333 (2008).
 3. Resch, J. A., Stadler, F. J., Kaschta, J. & Munstedt, H. Temperature Dependence of the Linear Steady-State Shear Compliance of Linear 

and Long-Chain Branched Polyethylenes. Macromolecules 42, 5676–5683 (2009).
 4. Yu, Y., DesLauriers, P. J. & Rohlfing, D. C. SEC-MALS method for the determination of long-chain branching and long-chain 

branching distribution in polyethylene. Polymer 46, 5165–5182 (2005).
 5. Podzimek, S. Importance of Multi-Angle Light Scattering in Polyolefin Characterization. Macromol. Symp. 330, 81–91 (2013).
 6. Shinohara, K. Single-Molecule Imaging of a Polymer: Direct Observation of Structure and Dynamics in a Polymer Chain. Kobunshi 

Ronbunshu 73, 491–504 (2016).
 7. Shinohara, K. & Makida, Y. Direct observation of dynamic interaction between a functional group in a single SBR chain and an 

inorganic matter surface. Sci. Rep 8, 13982 (2018).
 8. Shinohara, K. Dynamic Analysis Method for Polymer Chain, Manufacturing Method for Polymer, Polymer, Manufacturing Method 

for Synthetic Polymer, and Synthetic Polymer. Pat., WO 2014104172 A1 (2014).
 9. Shinohara, K., Kodera, N. & Ando, T. Single Molecular Imaging of a micro-Brownian Motion and a Bond Scission of a 

Supramolecular Chiral π-Conjugated Polymer as a Molecular Bearing Driven by Thermal Fluctuations. Chem. Lett. 36, 1378–1379 
(2007).

 10. Shinohara, K., Kodera, N. & Ando, T. Single-Molecule Imaging of a Micro-Brownian Motion of a Chiral Helical π-Conjugated 
Polymer as a Molecular Spring Driven by Thermal Fluctuations. Chem. Lett. 38, 690–691 (2009).

 11. Shinohara, K., Kodera, N. & Oohashi, T. Single-Molecule Imaging of Photodegradation Reaction in a Chiral Helical π-Conjugated 
Polymer Chain”. J. Polym. Sci. Part A: Polym. Chem 48, 4103–4107 (2010).

 12. Mori, S. & Barth, H. G. In Size Exclusion Chromatography, Springer (2009).
 13. Yanagisawa, M. & Isogai, A. SEC-MALS-QELS Study on the Molecular Conformation of Cellulose in LiCl/Amide Solutions. 

Biomacromolecules 6(3), 1258–1265 (2005).
 14. Yanagisawa, M. & Isogai, A. Size exclusion chromatographic and UV-VIS absorption analyses of softwood unbleached and bleached 

kraft pulps using LiCl/1,3-dimethyl-2-imidazolidinone as a solvent. Holzforschung 61, 236–241 (2007).
 15. Scholte, T. G., Meijerink, N. L. J., Schoffeleers, H. M. & Brands, A. M. G. Mark–Houwink equation and GPC calibration for linear 

short-chain branched polyolefines, including polypropylene and ethylene–propylene copolymers. J. Appl. Polym. Sci. 29, 3763–3782 
(1984).

 16. Zimm, B. H. & Stockmayer, W. H. The Dimensions of Chain Molecules Containing Branches and Rings. J. Chem. Phys. 17, 1301 
(1949).

 17. Nozue, Y. & Ochi, N. Ethylene-Alfa-Olefin Copolymer and Molded Article, US patent 2012/0065351 A1 (2012).
 18. Hosoda, S. et al. Effect of the Sequence Length Distribution on the Lamellar Crystal Thickness and Thickness Distribution of 

Polyethylene: Perfectly Equisequential ADMET Polyethylene vs Ethylene/α-Olefin Copolymer. Macromolecules 44, 313 (2011).
 19. Hansen, C. M. The Three Dimensional Solubility Parameter-Key to Paint Component Affinities: III; Independent Calculation of the 

Parameter Components. J. Paint Technol. 39, 511–514 (1967).

Acknowledgements
We thank Sumitomo Chemical Co., Ltd. for allowing to publish this study, and Prof. Tomoyuki Ikai at Kanazawa 
University for useful comments. Computation time was provided by the supercomputer system, Research Center 
for Advanced Computing Infrastructure, JAIST.

Author Contributions
K.S. conducted and analyzed the AFM imaging and led the scientific development. M.Y. prepared and 
characterized LDPE samples. Y.M. provided the AFM experiments. K.S. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46035-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46035-9
https://doi.org/10.1038/s41598-019-46035-9
http://creativecommons.org/licenses/by/4.0/

	Direct Observation of Long-Chain Branches in a Low-Density Polyethylene

	Experimental

	LDPE sample. 
	AFM imaging. 
	All-atom molecular dynamics simulation. 

	Results and Discussion

	Acknowledgements

	Figure 1 Direct measurement of LCB in a tubular LDPE (F200-0 fractionated).
	Figure 2 (A) SEC chart of LDPE (F200-0) and the fractionated sample, which was used for AFM imaging.
	Figure 3 The validity of the value measured by AFM imaging.




