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Abstract. Poly(e-caprolactone) (PCL) diol, with good biodegradation and biocompatibility, is one of the
widely used soft segments (SSs) in composing bio-polyester-urethanes (Bio-PUs), which show great
potential in both biomedical and tissue engineering applications. Properties of Bio-PUs are tunable by
combining SS monomers with different molecular weights, structures, modifications, and ratio of
components. Although numbers of research have reported many Bio-PUs properties, few studies have been
done at the molecular scale. In this study, we use molecular dynamic (MD) simulation to construct atomistic
models for two commonly used PCL diol SSs with different molecular weights 1247.58 Da and 1932.42 Da.
We compare the simulation results by using two widely used classical force fields for organic molecules:
Consistent Valence Force Field (CVFF) and CHARMM General Force Field (CGenFF), and discuss the
validity and accuracy. Melt density, volume, polymer conformations, transition temperature, and mechanical
properties of PCL diols are calculated and compared with experiments. Our results show that both force
fields provide accurate predictions on the properties of PCL diol system at the molecular scale and could
help the design of future Bio-PUs.

Keywords: Molecular dynamic (MD); Poly(e-caprolactone) (PCL) diol; Consistent Valence Force
Field (CVFF); CHARMM General Force Field (CGenFF)

1. Introduction

Experiments and simulation studies on the interactions between amino acids, solvents, and
synthetic molecules are important in developing cell culture scaffolds, drug delivery matrix, or
implant stents. Biodegradable Polyurethanes (Bio-PUs) have been used as building blocks for
fabricating various tissue scaffolds in biomedical fields (Lim et al. 2013, Martina and Hutmacher
2007, Ou et al. 2014, Tatai et al. 2007). Being implanted or injected into human body, the thermal
stability and mechanical properties of Bio-PUs under human body temperature have been studied
(Fakirov 2006, Marcos-Fernandez et al. 2006, Tiwari and Raj 2015). Bio-PUs are created by using
dialcohol materials as soft segments and combine with hard segments diisocyanate. PCL diol is
one of the commonly used soft segments in Bio-PUs. PCL diol is relatively cheap, and is with
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good thermal stability and biocompatibility, which have been approved by Food and Drug
Administration for clinical use (Labet and Thielemans 2009, Sinha et al. 2004).

Moreover, the mechanical properties can be tuned by combining PCL diols with different
molecular weights (Tatai et al. 2007), or different combination ratio of hard segments (Karchin et
al. 2011, Li and Tan 2014, Marcos-Fernéndez et al. 2006). Therefore, in recent years, diverse PCL
diol Bio-PUs have been synthesized to provide required properties in biomedical applications
(Chen and Hsu 2014, Gref et al. 1994, Hsu et al. 2014, Niu et al. 2014, Younes et al. 2004).

Numbers of experimental and theoretical approaches have been conducted to evaluate the
microstructures (lwata and Doi 2002, lwata et al. 2004, Kweon et al. 2003, Li et al. 2011, Ou et al.
2014), crystallinity (Bittiger et al. 1970, Chatani et al. 1970, Fuller et al. 1942), thermal properties,
and mechanical responses (Chatani et al. 1970) of PCL-based materials. Interaction between PCL-
based materials and biomolecules such as enzymatic behavior (Fuller et al. 1942), degradability
(Chatani et al. 1970, lwata et al. 2004), and biocompatibility (Bittiger et al. 1970) have been
investigated. However, properties at ultrafine- or nano-scale are hard to be quantified. Therefore,
the interactions between biomolecules and the PCL-based materials at nano-scale are still not well
understood (Uemura et al. 2010).

Computational approaches such as density functional theory (DFT) (Ballone et al. 1999,
Montanari et al. 1999), Monte Carlo (Pandey et al. 2009), and molecular dynamics (MD)
(Bhowmik et al. 2007, Feng et al. 2011, Li et al. 2011, Regis et al. 2014) have been used to
explore conformational changes and mechanical responses of polymeric scaffolds. Force fields
describe molecule conformation such as atom types, bond types, topology, and the energy of the
molecular model. Therefore, the selection of force field is determinant to the accuracy of
simulation results of specific system. For example, Consistent Valence Force Field (CVFF)
(Maple et al. 1988), CHARMM, and CHARMM General Force Field (CGenFF)
(Vanommeslaeghe et al. 2010) have been used for a variety of functional groups such as amino
acids, hydrocarbons, and water (Molecular Simulations 1998, Studio. 2002-2016). On the other
hand, several groups have explored the validity of PCL-based models with CVFF. For example,
Rahul Bhowmik has reported good applicability of CVFF parameters in evaluating interactions
between PCL polymer and hydroxyapatite (HA) (Bhowmik et al. 2007). Quanshun et al. have
derived consistent simulation results of enzyme-PCL interaction energy with experimental data (Li
et al. 2011). Both force fields have been applied to compute biological properties such as hydrogen
bonds (Lifson et al. 1979), pKa shift, free energies between solvent and amino acids (Dixit et al.
1997), or interactions between metal and amino acids (Feng et al. 2011). For example, Surjit et al.
have compared the experimental solvation energy of each amino acid with computational results
based on AMBER, CHARMM, CVFF, GROMOS, OPLS, PARSE, and ab initio-derived charges.
They have concluded that among those force fields, CHARMM force field results in least overall
deviation of calculated results and experiment data (Dixit et al. 1997).

CGenFF is an extensive force field of CHARMM and is applicable to both biomolecules and
drug-like functional groups. The compatibility of modeling drug-like molecules in CGenFF and
biomolecules in CHARMM force fields benefit for modeling interactions between chemical
molecules and biomolecules. Although both CVFF and CGenFF have been used for simulating
polymer systems, the accuracy and applicability of CVFF and CGenFF for PCL diol polymers
have not been carefully studied. Therefore, in this study, we use MD simulation to study the
properties of PCL diol models with different molecular weights. Structural characteristics
including polymer melt density, volume, conformations, transition temperature, and thermal
characteristics are calculated and discussed. We compare the calculated properties of PCL diol in
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(a) Single PCL diol10 (b) Single PCL diol16

Ead

(c) Amorphous PCL diol10 (d) Amorphous PCL diol16
Fig 1. (a) Single PCL diol10 model: CgsH;1100,3 with total 197 atoms (b) Single PCL diol16 model:
C100H170035 , with total 305 atoms (c) Amorphous PCL diol10 model with initial density= 1.07 g/cm®,
box size=37.39A x 37.394 x 37.394, initial volume= 52.275 nm? (d) Amorphous PCL diol16 model
with initial density= 1.07 g/cm®, Box: 43.26A x 43.26A x 43.26A, initial volume= 80.958 nm®

both dilute and melt polymer systems based on CVFF and CGenFF. By comparing with
experimental data, we examine the accuracy and applicability of both force fields.

2. Simulation details
2.1 Model construction

Fig. 1 shows the conformation of PCL diol models constructed in this study. Fig. 1 (a) (b) show
single PCL diol polymer chain, (CsH1002),,, with two molecular weights: PCLdiol10, (n=5,
Mw~1247.58 Da, i.e. total 10 chemical repeat units) and PCLdiol16 (n=8, Mw~1932.42 Da, i.e.
total 16 chemical repeat units). Initial amorphous models for polymer melt systems, constructed by
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Table 1 Illustrations of atom types and bond coefficient used to parameterize PCL diol system in CVFF (top)
and CHARMM force field (bottom). Corresponding chemical conformation and atom positions are
illustrated as the chemical formula. For both force fields, bond energy is calculated by E(bond) = Kb (r - re)?
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CHARMM36
I eq A) 1.415 1.44 1.334 1.42 0.96 1.522 1.22 1.53 1.111

Ky (Kcal/mol) 360 320 150 428 545 200 750 222.5 309

the Amorphous cell module (Accelrys Inc, Material Studio 8.0, 2002-2016), are comprised by 27
entangled PCL diol chains with an initial density of 1.07 g/cm?® at room temperature (T= 300 K).
Amorphous models are constructed as shown in Figure 1 (c) (d), and are both with 27 chains in
cubic simulation boxes. The side length of the simulation box of PCLdiol10 is 37 A (containing
5319 atoms). The side length of the simulation box of PCLdiol16 is 43 A (containing 8235 atoms).
In this study, the dilute system means there is no interaction between each ideal polymer chain.
Dense melt system means there are entanglement and interactions between each polymer chain.

2.2 Force field setting

For CGenFF parameterization, the charges and potentials for every atom type is acquired
through uploading the monomer of PCL diol to the website of Paramchem (Vanommeslaeghe et
al. 2011, Vanommeslaeghe et al. 2012). Topology and parameters are generated by CGenFF
version 3.0.1 (Vanommeslaeghe et al. 2010, Yu et al. 2012). For CVFF parameterization,
parameters including bonded, non-bonded, and partial charges are taken from CVFF version 2.4
(Dauberosguthorpe et al. 1988). CVFF treats PCL diol model with 7 atom types, whereas
CHARMM distinguishes 8 atom types. The atom types found in both force fields are labeled in
Table 1.

2.3 MD Procedures

Full-atomistic models: PCL diol chains with two molecular weights in dilute and melt systems
are simulated using LAMMPS program (Plimpton and Hendrickson 1995). Melt system is set with
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periodic boundary condition, and the long-range electrostatic interactions are computed by the
particle-particle particle-mesh (PPPM) method. Atomic neighbor list and cut-off criteria are with
different settings for fitting the parameters and functional forms in the two force fields
respectively. CVFF parameterized models are set with Lennard-Jones interactions cut-off radius of
10 A and columbic interactions cut-off radius of 8 A, while CGenFF parameterized models are
with inner cut-off 8 A and outer cut-off 10 A. Processes of energy minimization, canonical
ensemble (NVT), and isothermal-isobaric (NPT) ensemble are employed to these models.
Temperature is controlled by Nose™-Hoover thermostat. Geometry of each model is first optimized
through energy minimization with steepest descent algorithm. In simulating dilute system, the
model is then simulated with NVT ensemble at different temperature from 100k to 800k for 1ns.

For simulating the polymer melt system, after NVT ensemble process, the equilibrium
configurations are then performed NPT ensemble with isobaric pressure setting at 1 atm and
constant temperature holding at 100 K, 200K, 300K, 310K, 320K, 325K, 350K, 400K, 500K,
600K, 700K, 800K separately for 1 ns. Enthalpy and Van der Waals energy analysis of polymer
melt system at different temperatures are then calculated and compared with both force fields.

2.4 Analyzing methods
2.4.1 Radius of gyration and end to end distance of single chain

Radius of gyration and end to end distance are two critical indicators of polymer geometry and
intrinsic properties such as flexibility. The radius of gyration of a polymer is calculated as the root
mean square distance of each atom with their mass center, which is calculated by Eq. (1).

2= (Z w@ (@) — 7’)2> / (Z W(i)> @

i=1

where 7 (1) is the position of the i'" atom and 7 is the position of mass center.
End to end distance is estimated by the distance between the first and the last atoms of each chain,
i.e. |lohy-oh4||, where n refers to the nth repeated segment.

2.4.2 Transition temperature of polymer melt

Transition temperature (softening point, Ty) is a unique property of polymers. When polymers
are with surrounding temperature below Ty, they behave like glass that is hard and brittle. When
above Ty, polymers perform like rubber that is soft and viscous. Although polymers possess two
completely different states below or above Ty, transition is a second order transition process so that
many first order properties such as volume and enthalpy would change gradually with increasing
temperature. Therefore, Ty, can be derived from fitting intercept of the two linear trend lines at low
and high temperature respectively.

2.4.3 Persistence length and stiffness of single chain
To estimate the contour length (L) and the end to end distance of the molecules, we compute the
bond length (I;) of the neighbor atoms in the main chain, i.e. oh, ¢2, ¢’, o, O*, then the contour
length is the summation of these distances of total segments (n), i.e. L, = Y7 1; (L. ~115A for single
PCL diol chain)

Persistence length (L) is a characterization of single polymer chain, and could be used to



332 Yin Chang and Shu-Wei Chang

70
20+ —— CVFF —— CVFF
—— CGenFF = ] —— CGenFF
184 ‘ ‘\ ‘\\ % °0 |
\ o] ‘
) W it § % T
—~ 164/ 1, 1 J““h ‘ ~\ o ‘ SO 1l U
I ‘\“ TN V r‘HM ! S 40 R LT I
e ALy w‘»ﬁ“ YA A ° W LRI M uvw ‘ ‘u
144 T “‘ | \\‘ i 01 \\\ \ ‘ | 2 ‘ \ ,mu 1] TR ¥ A
\ \ 1 ’ f \ | g 304 v\ " 'VL | |
121 2 201
L
"o 02 o4 o6 08 10 10
’ ’ - . ' ' 0.0 0.2 0.4 0.6 0.8 1.0
Time (ns) Time (ns)
(d) Radius of gyration of single PCLdiol10 (b) End to end distance of single PCLdiol10
calculated by CVFF (black) and CGenFF (red) calculated by CVFF (black) and CGenFF (red)

Fig. 2 CVFF and CGenFF calculated PCL diol10 structural characteristics at 300 K in dilute system for
the last 0.5ns at 300 K. (a) Radius of gyration (b) end to end distance of single polymer chain.

estimate the mechanical properties of a polymer chain such as stiffness. We use the following
equation to derive L, by considering rotating angles, end to end distance (r), and contour length

(r?) = 2(L )L, + 2L,*(1 — e~ (L)/LP) )

The bending stiffness B of a polymer can be calculate from its persistence length by the relation
L,=B/ksT , where kg is Boltzmann’s constant and T is the absolute temperature. The Young’s
modulus E of a polymer can be calculated by E = L, kg T/ I, where B= EI, in which [ is the second
moment of area of the polymer. (The diameter of polymer chain is assumed to be 4 A for all
models).

3. Results and discussions
3.1 Structure characteristics of PCLdiol10 chain in dilute system

Fig. 2(a), (b) show the radius of gyration (ry) and the end to end distance of single chain in
dilute PCLdiol10 system at 300 K. Both CVFF and CGenFF simulation results show similar
geometry features of PCLdiol10. For example, r, of PCLdiol10 is ~14.87+ 1.67 A for CVFF, and
is ~15.23+ 1.36 A for CGenFF. End to end distance of PCLdiol10 is ~35.93+ 8.15 A for CVFF,
and is ~37.10+ 5.72 A for CGenFF. From the results, we find out that both force fields show that r,
is smaller than the root mean square of end to end distance by a factor of ~\6, which indicates that,
in dilute system, the single PCL diol chain could be described with an equivalent freely joined
chain model (Kuhn and Kuhn 1943).

3.2 Structure characteristics of PCLdiol10 chain in dense polymer melt

Fig. 3(a) illustrates the end to end measurement of single polymer chain in polymer melt
system. Fig. 3(b) shows rg of single PCLdiol10 chain is ~9.82+ 0.14 A with CVFF, and is 9.60+
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(b) Radius of gyration of single PCLdiol10 chain

(@) End to end distance measurement of single in melt system calculated by CVFF (black) and

PCL diol polymer
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Temperature (K)
(c) End to end distance of single PCLdiol10 chain in melt system calculated by CVFF (black) and
CGenFF (red)
Fig 3. Single PCLdiol10 polymer chain structural characteristics in melt system with CVFF (black line)
and CGenFF (red line) (a) lllustration of end to end distance measurement (unit: A). (b) radius of
gyration (c) end to end distance of PCLdiol10 single chain at temperature from 100 to 800K.

0.18 A with CGenFF.

It could be observed from Fig. 3(b), (c), both mean value and variation of measured r, of single
PCLdiol10 polymer chain in melt system is much smaller than those in dilute system (Figure 2
(@)). This reflects the entanglements of polymer chains in high concentration polymer melt. The
results also imply that the mobility of single polymer in a polymer melt is restricted by the
presence of neighboring chains.

Fig. 3(c) shows the relations between end to end distance and temperature from 100 to 800 K.
It could be observed that for both CVFF and CGenFF, the end to end distance of single chain in
polymer melt appears to be insensitive to temperature below 300 K and above 500 K, but is with
increasing values from 300 K to 500 K. Comparatively, as shown in Fig. 4, we can see that volume
of polymer melt system is temperature dependent. Moreover, larger thermal expansion coefficient
of PCL diol can be observed when temperature rises above ~310 K.
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Fig. 4(a) Volume and (b) density of PCL diol10 polymer melt at different temperatures calculated by
CVFF and CGenFF. The two force fields simulation results are with almost the same values at around
300 K, but CGenFF derived slightly larger value of volume at high temperature.
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3.3 Transition temperature of PCLdiol10 and PCLdiol16

The fitting results of transition temperature are shown in Fig. 5. The two fitted linear trend lines
show R? ~0.99 referring density of PCL diols change linearly with temperature. Calculated T, and
density are listed in Table 2 and compared with experimental data from marketing PCL diol
products provided by Sigma-Aldrich Corporation. The density of PCLdiol1l0 and PCLdioll6
calculated by CVFF and CGenFF also fit well with the experimental value (1.071 g/cm?®). For T,
estimations, both CVFF and CGenFF show an abrupt bend of the volume of polymer melt at T,
value (~318 K for PCLdiol10 and ~320 K for PCLdiol16). Marginal differences of T, and density
of PCL diols between simulation and experiment results reveal that both CVFF and CGenFF
provide accurate prediction in calculating PCL diol structural characteristics and thermal
responses. To look at the simulation result in detail, CVFF and CGenFF fit very well around 300 K
and at lower temperature, but are with larger deviation at high temperature.
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Table 2 Density and Ttr of PCL diol10 and PCL diol16 calculated by CVFF and CGenFF. Both force fields
derive close values of density and Ttr with relatively small deviation points out their good applicability in
parameterizing and calculating polymer system. (*Experimental data are from marketing PCL diol products
provided by Sigma-Aldrich Corporation.)

p (glem®) Tg (K)
Experiment
PCLdiol10* 1.071 (298 K) 318
PCLdiol16* 1.071 (298 K) 323
CVFF
PCLdiol10 1.05 £0.004 (300 K) 320.22 +4.806
PCLdiol16 1.05+0.003 (300 K) 323.75 +6.885
CHARMM
PCLdiol10 1.06 £0.003 (300 K) 319.39 +7.536
PCLdiol16 1.07 £0.003 (300 K) 321.19 +6.170
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(@) Enthalpy of PCLdioll0 polymer melt (b) Van der Waals energy of PCLdiol10 polymer
calculated by CVFF (black) and CGenFF melt calculated by CVFF (black) and CGenFF
(red) (red)

Fig. 6 Bonded and nonbonded energy at different temperature calculated by CVFF and CGenFF. (a)
Bonded energy (enthalpy) at different temperature. (b) Nonbonded energy values (Evdwl) calculated
by CGenFF are around 1250 J higher than those calculated by CVFF at all ranges of temperature.

3.4 Thermodynamic responses of PCL diol system

Transition of amorphous phase polymer is a second order transition process that means many first
order properties such as volume (Fig. 4) and energy (Fig. 6) change continually with increasing
temperature. Moreover, despite CVFF and CGenFF report different atom types and bond
coefficients (Table 1), similar bond energy (Fig. 6(a)) and non-bond energy (Fig. 6(b)) are derived
from the two force fields. This means energy-temperature relation calculated by the two force
fields are almost the same. Our simulation process well describes the second-order transition
characteristics of polymer melt, which confirms the validity of MD simulation with both CVFF
and CGenFF in calculating condensed polymeric system.
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Table 3 Simulated mechanical properties of PCLdiol 10 and PCLdiol16 in dilute and concentrated condition
calculated in this study, and experimental properties of electrospun PCL fibers provided by other research
groups.

. Molecular . Young’s Modulus
Ref. Fiber type weight (KDa) Diameter (nm) Lc (nm) (Mpa)
This study DUt PC'&S/'E'FN (300k), 1.25 0.40 115  1833.38+ 769.97
Dilute PCLdiol10 (300k), 4 g 0.40 115 1907.78+ 559.28
CGenFF
DilutePCLdiol16 (300k),
CVEF 1.93 0.40 17.6 170.46x 75.25
Dilute PCLdI0I16 (300k), 4 g3 0.40 176 104.16+ 133.36
CGenFF
Melt PCLdiol10 (300k),
CVEE 1.25 0.40 11.5 523.25+ 61.23
Melt PCLdiol10 (300k), 1.25 0.40 115  911.53t 140.71
CGenFF
Melt PCLdiol16 (300k),
CVEE 1.93 0.40 17.6 1450.31+ 72.50
Melt PCLdiol16 (300k), 4 g3 0.40 176 1266.18+ 133.00
CGenFF
Bhowmik, SMD, Single polyacrylic i i ~
2008 acid (PAAc), CHARMM Lol 37710
Baker, 2016 Electrospun PCL fibers 120-300 440-1040 - 62.3+ 25.6
Electrospun PCL fibers 60 200-300 - 2000-3250
Tan, 2005  Electrospun PCL fibers 80 1100-1700 - 120+ 30
Wong, 2008 Electrospun PCL fibers 80 350-2500 - 275
Chew, 2006  Electrospun PCL fibers 60 230-5000 - 1000-3000
PCL film 86-89 Thickness: 5mm - 330-570
Crosier, 2012 Electrospun PCL fibers 80 250-700 - 3700+ 700

In addition, according to the results of temperature dependency of single polymer chain end to
end distance (Fig. 3(c)) and polymer melt volume expansion (Fig. 4), we find out that higher
temperature causes larger inter-chain distance but does not change the constraints of single chain
movement which renders the whole polymer melt system in a less compact conformation.

3.5 Mechanical property of single PCLdiol10 and PCLdiol16

We derive stiffness of single PCL diol chain from simulating results of persistence length at 300
K. The average values and deviations of each model with CVFF and CGenFF in different
concentrations are listed in Table 3. In addition, we review and organize experimental data of
Young’s modulus of PCL-based materials provided by other research groups.

As listed in Table 3, our simulation results with both CVFF and CGenFF show that in dilute
system, PCLdiol10 possess an order of magnitude higher stiffness than PCLdiol16. However, in
melt system, both force fields calculate higher stiffness of PCLdiol16 than PCLdiol10. The high
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stiffness in melt system might be caused by both the nature of themselves and the entanglements
with neighbors. Another interesting phenomenon is that both force fields show in dilute condition,
PCLdiol10 polymer chains possess higher stiffness, but PCLdiol16 chains possess lower stiffness.
This implies the entanglements of PCLdiol16 might be more significant.

Our computational results show all our PCLdiol models possess stiffness an order of magnitude
smaller than the one calculated through SMD (~37710 MPa) (Bhowmik et al. 2008). However, our
results are comparable with other experimental data that stiffness of PCL-based materials range
from 102 to 103 MPa. Baker’s group concluded that Young’s modulus for single electrospun fibers
would increase as the fiber diameter decreases to nanoscale. They also revealed that the properties
of single fiber would approach that of the bulk as fiber diameter increases. For example, Young’s
modulus of PCL film (~330-570 MPa) reported by Chew’s group was about 5 times higher than
the PCL nanofiber (~62.3% 25.6 MPa) reported by Baker (2016).

4. Conclusions

We consider two classical force fields: CVFF and CGenFF for PCL diol polymers in dilute and
in melt (condensed phase) systems. We calculate the static structure, thermal properties, and
mechanical properties of PCLdiol10 and PCLdiol16. We find that CVFF and CGenFF show no
structural differences in describing the single chain geometry (ry and end to end distance) in both
dilute and melt system. Both force fields also show similar energy characteristics, thermodynamic
responses, and mechanical properties of PCL diols.

The accuracy and applicability of CVFF and CGenFF are discussed based on comparing Ty, and
mechanical properties of both PCLdiol10 and PCLdiol16 with experimental data. The calculated
mechanical properties of single PCL diol chains show similar results for CVFF and CGenFF. The
calculated stiffness of PCLdiol10 and PCLdiol16 are comparable to experimental data ranging
from 102 to 103 MPa. We also confirm that PCL diol with shorter monomer units (PCLdiol10) has
higher stiffness in dilute system.

Our results show that CVFF and CGenFF are both applicable to PCL diol in computing
transition temperature and thermodynamic responses. The applicability and accuracy of CGenFF
on synthetic polymers will open up more chances for simulating various synthetic chemical
molecules and for predicting the interactions between chemical molecules and biomolecules.
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