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A series of aliphatic hydrocarbons, methane to hexane in the liquid state, are modeled with the molecular mechanical 

potential parameters treating all hydrogen degrees of freedom explicitly. Thermodynamic properties (heat capacities 

and heats of vaporization) are calculated from relatively short (20ps) molecular dynamics trajectories. The liquid state 

structures are also examined through various radial distribution functions. Molecular dynamics simulations reproduce 

experimentally measured properties within a few percent errors, thus indicate that the present set of all-hydrogen 

parameters is suitable for simulating macromolecular systems in bulk.

Introduction

A detailed model for complex organic and biochemical sys

tems includes not only reactants but also surrounding mole

cules acting as solvent. A complete description of such a 

system as bulk matter would contain sub-Avogadro^ number 

of atoms, —IO.22 For each atom, we have to deal with 6 

phase space coordinates (position and velocity) while carrying 

out molecular dynamics simulations.

One way to approach to the problem of 1022 degrees of 

freedom is to utilize the model system with a 야ochastic bou

ndary. Only a part of the universe within the boundary is 

simulated with the normal molecular dynamics and the rest 

is regarded as the stochastic thermal bath to the system.1 

Another way is to set up a periodic boundary surrounding 

the system of interests.2 We need to include 1,000 to 10,000 

atoms within the boundary depending on the problem at 

hand. The problem of a bulk system can be safely reduced 

to 104 degrees of freedom in size.

Commonly used theoretical methodologies in molecular si

mulations are Monte Carlo (MC) and m이ecular dynamics 

(MD). Both methods are based on a molecular mechanical 

energy function designed to handle thousands of degrees 

of freedom efficiently. The Born-Oppenheimer potential sur

face is parameterized with a standard form of empirical pote

ntial function. Through molecular simulations, we generate 

or sample phase space trajectories over the potential energy 

surface.

With limited computing resources, we have been using 

the united atom representation of molecules with polar hy

drogen parameters. In the polar hydrogen model, nonpolar 

hydrogen is merged into the heavy atom that binds the hy

drogen. For example, the methyl group is replaced with one 

atom that represents the force field of CH3 moiety. The unit

ed atom representation has certain advantages in reducing 

computational demands with sacrificing less important de

grees of freedom such as CH stretching or HCH bending 

motions. The previous MC simulation showed that a variety 

of thermodynamic and conformational properties of molecular 

systems could be calculated with a few percent errors using 

the united atom model.3

With much increased computing resources enough to fulfill 

the needs of extended molecular simulations, it is desired 

to include all degrees of freedom explicitly. All-hydrogen pa

rameters are under development. Harvard group have made 

a preliminary release of all-hydrogen parameter sets for pro

tein, nu시eic acid and lipid simulations and is about to comp

lete such the task.4

As a part of all-hydrogen parameter development efforts, 

it is appropriate and necessary to perform molecular simula

tions with the subset of parameters for model compounds. 

In this work, we have carried out molecular dynamics simu

lations on a series of saturated hydrocarbons. Thermodyna

mic and structural properties of the liquid state of methane 

to hexane series are evaluated from the dynamics trajecto

ries. Comparison to known experimental results provides an 

indicator for goodness of the all-hydrogen parameter set.

Hydrocarbon is the backbone in most organic molecular 

structure and therefore the present work is considered to 

be the first step forward to developing molecular mod사s 

for organic solvents.

Theory and Computational Methods

Molecular Model. The standard all-hydrogen potential 

function of CHARMM (Chemistry at HARvard Macromolecu

lar Mechanics)5 is employed to build molecular models for 

the series of hydrocarbons. The empirical energy function 

is partitioned as
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Table 1. Potential Energy Functions

Energyterm Function Parameters
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Table 2. Atom Types and Non-Bonding energy Parameters

Atom Type £ (kcal/m이) o (A) Charge

CT4 carbon in methane -0.080 4.120 -0.36

CT3 carbon in methyl group -0.080 4.120 -0.27

CT2 carbon in methylene group -0.055 4.350 -0.18

HA aliphatic hydrogen -0.022 1.320 0.09

U=Eb+E0+EoB+Eo+E血+£诃用 (1)

The energy terms and parameters are summarized in Ta

ble 1.

The series of normal alkane molecules are built with four 

atom types listed in Table 2; the aliphatic hydrogen (HA), 

the methylene carbon (CT2), the methyl carbon (CT3) and 

the carbon in methane (CT4). All bonding energy parameters 

are adopted from CHARMM version 22 parameter set for 

proteins; top__ ________________and par___ ________________ The

bond and angle energy terms take the harmonic form and 

the Urey-Bradley term is for 1-3 interactions and has both 

quadratic and linear contributions. The improper dihedral 

energy is another harmonic term usually needed to keep 

four atoms in a plane, however, no improper term is needed 

for the present work. The dihedral energy is represented 

as a periodic cosine term, where 脇 is the dihedral force 

constant, n is the periodicity and 8 is the phase shift. Para

meters for bonding interactions are collected in Table 3.

Non-bonded interactions are considered for 1-4 or further 

separated atoms in a molecule and for atoms belonging to 

different molecule도 with each other. In the all22 parameter 

set, an aliphatic hydrogen has the atomic charge of 0.09. 

Methylene and methyl groups are considered as a neutral 

unit in a molecule, therefore, carbons take the appropriate 

charge to keep the neutrality of the group. We adopt the 

all22 parameters for all the molecules except methane for 

which appropriate values are not found in the set. The ato

mic charge of HA is set to 0.09, then that for CT4 is —0.36. 

For the van der Waals energy term of methane, we take 

— 0.080 for £ and 4.120 for a. These values are obtained by 

considering the trend of CT1 to CT3 values of the all22 

parameter set. We might have performed the parameteriza

tion protocol based on fitting ab initio interaction energies, 

which would generate more accurate parameters. However, 

the scaled values are appropriate for the present work. The 

appropriateness is to be evaluated by comparing simulation 

results to experimental data.

Model System Construction. Our molecular system 

is built within a cubic periodic boundary and is consisted 

with the primary cube surrounded by 26 images of its own. 

The IMAGE facility of CHARMM is utilized in setting up 

the cubic images and the CUTIM value is set to the same 
as CUTNB value (13 A). Nonbonding interactions are consi

dered only for those atoms separated within the CUTNB 

distance. CUTIM is the cutoff distance for primary atom to 

image atom nonbonding interactions. Such construction war

rants a realistic representation of homogeneous liquids in 

bulk. When a molecule moves into or out of the primary 

cube, the corresponding image molecule moves out of or 

into the primary box so that the whole system may maintain 

the structural integrity as liquid and density of the box un

changed.

We put 216 molecules in the cubic box of proper size de

termined by the density at the simulation temperature. The 

initial coordinates are generated in such a way that the 216 

hydrocarbon molecules have the all-trans conformation. How

ever, we find that the proper gauche/trans ratio is maintain

ed during dynamics simulations. The box size and number 

of atoms for each system are listed in Table 4. Due to the 

periodic boundary in use, the atoms in the primary box and 

those image atoms within CUTIM (13 A) from the primary 

atoms should be considered. The actual number of atoms 

considered in the energy calculation is about three times 

of that of the primary atoms.

Molecular Dynamics Simulations. A unormar m시 

cular dynamics simulation procedure is applied to each mo-

Table 3. parameters for bonding Interactions

Bond kb 机
Angle, and 

Urey-Bradley
加 0o kuB So Dihedral n 8

CT4-HA 322.0 1.111 CT3-CT2-CT3 53.35 114.0 8.00 2.561 CT3-CT2-CT2-CT3 0.15 1 0.00

CT3-HA 322.0 1.111 CT3-CT2-CT2 58.00 115.0 8.00 2.561 CT3-CT2-CT2-CT2 0.15 1 0.00

CT2-HA 309.0 1.111 CT2-CT2-CT2 58.35 113.6 11.16 2.561 CT2-CT2-CT2-CT2 0.15 1 0.00

CT3-CT3 222.5 1.530 HA-CT3-CT3 37.5 110.1 22.53 2.179 X-CT3-CT3-X 0.155 3 0.00

CT3-CT2 222.5 1.528 HA-CT3-CT2 34.6 110.1 22.53 2.179 X-CT3-CT2-X 0.160 3 0.00

CT2-CT2 222.5 1.530 HA-CT2-CT3 24.6 110.1 22.53 2.179 X-CT2-CT2-X 0.195 3 0.00

HA-CT2-CT2 26.5 110.1 22.53 2.179

HA-CT4-HA 35.5 108.4 5.40 2.802

HA-CT3-HA 35.5 108.4 5.40 2.802

HA-CT2-HA 35.5 109.0 5.40 2.802
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Table 4. System Construction

Sy아 em T„ (t) Ts CCY
Density 

(g/cm3)

Box Sizes

(A)

#of Primary

Molecules

#of Primary

Atoms

Total # of

Atoms4

methane -161.49 -161.49 0.424 23.88 216 1,080 2,700

ethane -88.63 一 88,63 0.546 27.03 216 1,728 4,300

propane -42.07 一 42.07 0.581 30.084 216 2,376 5,900

butane 一 0.50 -0.50 0.602 34.842 216 3,024 7,500

pentane 36.07 25.00 0.621 34.668 216 3,672 9,000

hexane 68.74 25.00 0.655 36.138 216 4,320 10,000

a simulation temperature. b approximate number of primary and image atoms.

lecular system under the cubic boundary condition. First, 

the energy of the initial structure as a whole is minimized 

in order to remove any "hot" spots (close contacts within 

the van der Waals radius) generated during the coordin간e 

building processes. The steepest descent (SD) and adopted 

basis Newton-Raphson (ABNR) method are used for minimi

zation.

MD simulation is carried out at the boiling point for me

thane, ethane, propane and butane. For other systems, the 

simulation is carried out at the room temperature (25 QC). 

A minimized NVE ensemble is heated to the simulation tem

perature. Temperature is increased by 2K for every 50 steps 

of dynamics integration (each time integration step correspo

nds to one femtosecond) until it reaches the simulation tem

perature. Atomic velocities are assigned based on the Gaus

sian random deviates corresponding to the temperature. Af

ter the target temperature is established, lOps of equilibra

tion dynamics is performed. During the equilibration run, 

the temperature is monitored at every 50th step and the 

atomic velocities are reassigned if necessary. Verlet integra

tor is used for heating and equilibration dynamics with CH 

bonds "SHAKE” d. SHAKE is the way of time integration 

that keeps the "SHAKE"d bond lengths fixed during each 

integration step.

20 ps uproduction** runs for three different ensembles 

(NPT, NVT and NVE) are carried out with the equilibrated 

system. CPT (Constant Pressure and Temperature) dynamics 

program is used for simulation of NPT and NVT ensembles 

without using SHAKE. The Verlet integration method is 

u왕ed for NVE ensembles with SHAKE. Along each dynamics 

trajectory of NVT and NPT ensembles, the fluctuation in 

total energy is monitored and used for evaluating the heat 

capacities. The position and velocity trajectories are saved 

for further analyses every 25fs (25 steps) during the NVE 

dynamics.

Analyses. We have utilized various CHARMM analysis 

facilities and standard procedures for analyzing molecular 

dynamics trajectories. However, the procedure of evaluating 

the heat of vaporization needs to be described here.6

The energy of vaporization for the liquid going to the ideal 

gas, A£^ is defined by

皿=E(g、)一 쁘 (2)

where N is number of molecules in the system. If we assume 

that the kinetic energies of the ideal gas and liquid are the 

same, 

竺쁘产变
where Entra(g) is the intramolecular energy of the ideal gas 

(the total potential energy of an isolated m이ecule), £*血(/) 

is the total intramolecular energy of the liquid and Einler(l) 

is the intermolecular energy of the liquid. The intramolecular 

energy of an ideal gas molecule is obtained by running MD 

simulation of a molecule in vacuum at the simulation tempe

rature. is related to AH° as

AH? = A£?+P(r(^)~V(/))^A£?+/?T (4) 

where the work term is approximated with RT. For the real 

gas, we need to subtract the nonideality correction (the en

thalpy departure function) H° ~H from AH°

&瓦=사珥一(H—H) (5)

The enthalpy departure function can be calculated using 

the second virial coefficient for the gas according to 

H°~H= (6)

where B(T) is estimated from the Berthelot second virial 

coefficient,

B⑺=^"譽T) ⑺

The correction is small since the gases are relatively ideal 

under the simulation conditions. For example, the value for 

methane is 0.0337 kcal/rrK)L

Results and Discussions

Thermodynamics. The heat capacities, Q and Cv, are 

calculated from the total energy fluctuations in NPT and 

NVT ensembles re옪pectively.' These quantities are well con

verged during the production dynamics of 20ps.

〈/〉一〈" ®
Cp~\ dTNkF (8)

CJ^L\= <g>~<g>2 (9)
5 I dT )v NkT2

The results are listed in Ta비e 5 and compared to the 

reported values in the literature.8-9 The calculation out of 

energy fluctuations reproduces the experimental measure

ment very well. We obtain superior results to the previous
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Table 5. Heat Capacities (in cal/mol K)

Ts (t) CP (calc.)(方(expl.)(/ (calc.) Cv (expl.)

methane -161.49 15.3 13.2 4.2 —

ethane 一 88.63 16.8 17.6 5.5 —

propane -42.07 19.5 23.5 9.5 —

butane -0.50 29.9 31.8 25.6 23.1

pentane 25.00 35.2 39.9 27.7 —

hexane 25.00 38.8 46.8 36.0 —

Table 6. heats of vaporization (in kcal/mol)

Ts (t) NVE NVT NPT Experimental

methane —161.49 1.82 1.98 1.85 1.96

ethane —88.63 3.43 3.20 3.20 3.52

propane -42.07 4.52 4.62 4.35 4.49

butane -0.59 4.55 4.87 5.19 5.04

pentane 25.00 6.27 6.64 6.32 6.32

hexane 25.00 7.53 7.81 7.48 7.54

MC work for small hydrocarbons.3 The MC simulation samp

led 500,000 to 1,500,000 configurations of 128 united atom 

molecules, where methane was represented by a monatomic 

and ethane by a diatomic m이ecule. MD seems to be the 

better sampling strategy over well equilibrated representa

tive ensembles.

The heat of vaporization is determined as described in 

the previous section over NVE, NVT and NPT ensembles. 

While MD on NVE ensemble is carried out by the Verlet 

integrator with SHAKE, CPT dynamics of CHARMM is per

formed on NVT and NPT ensembles. The CPT dynamics 

is based on the Leap-Frog (LF) integrator. The temperature 

is deviated from the target temperature during the CPT dyn

amics when SHAKE is in effect. For some rea앙。！, the LF 

integrator is not able to maintain the constant temperature 

with using SHAKE. Therefore SHAKE has to be turned off 

during the production run under CPT dynamics. A separate 

dynamics on the NVE ensemble without using SHAKE indic

ates that the present integration step size of Ifs produces 

stable trajectories even without using SHAKE.

The heats of vaporization obtained from these ensembles 

are listed in Table 6. All are in excellent agreement to the 

experimental data.8 9 In the present work, the largest devia

tion from experiments is 0.3 kcal/mol. The previous MC si

mulation well reproduced the experimental results too.3 Be

cause the heat of vaporization is obtained as th은 energy diffe

rence, one might expect that both methods, MD and MC 

sampling, produce the heat of vaporization in similar quality.

Liquid Structure. Radial distribution functions (rdfs) 

represent deviations in the distribution of atoms in a liquid 

from that expected from the bulk density. The radial distri

bution function gif) gives the local density p(r)=Rg<r) about 

a fixed atom, where p is the bulk density.

A variety of rdfs for each system are determined from 

the MD trajectories over the NVE ensemble. The CC rdf 

for liquid methane is compared with that determined by the 

X-ray crystallography10 in Figure 1. The CH and HH rdfs

Figure 1. The C-C radial distribution function of methane calcu

lated from the NVE ensemble trajectory compared with that de- 

tennined by the X-ray scattering experiment

Figure 2. The C-H and H-H radial distribution functions of me

thane calculated from the NVE ensemble trajectory.

are also determined from the trajectory as shown in Figure

2. The structural features of methane molecule are well rep

resented in those rdfs. The first two peaks of CH rdf are 

located at each side of the first peak of CC rdf. The HH 
rdf shows a rather dispersed feature over 2 A

Figure 3 is the comparison of the CC rdfs of ethane, one 

determined from MD simulation and the other is from X- 

ray data.11 Both peaks are in good agreement with the ex
periment; less than 0.1 A in position. Note that the second 

peak is distinctive and well reproduced. The previous MC 

simulation with the united atom model was not able to rep- 

rod나ce the feature.3 The superior result is obviously due 

to more accurate model with explicit hydrogens.

The effect of increasing chain length on CH3-CH3 rdfs 

is illustrated in Figure 4. The shielding by the rest of mole

cule containing the reference methyl group, causes the hei

ght of the first peak to be decreased with increasing chain 

length. The shielding effect, however, is weakened over the 

size of butane. The second peak of the ethane rdf indicates 

the other methyl group of the neighboring molecule. As



Figure 3. The C-C radial distribution function of ethane calcula

ted from the NVE ensemble trajectory compared with that deter

mined by the X-ray scattering experiment.

Wonpil Im and Youngdo Won

bon systems3 are re-examined by MD simulations with all- 

hydn垠en model. For equilibrated systems, MD simulation 

results converge rapidly than those of similar MC simula

tions. Heats of vaporization are calculated with errors less 

than 0.3 kcal/mol for all the ensembles simulated. All hydro

gen representation yields better results in heat capacities 

in general than the united atom model. The explicit hydro

gen degrees of freedom are particularly important in me

thane and ethane systems. Structural features of experimen

tal rdfs of methane and ethane are well reproduced, which 

indicates assurance of nonbonding interaction parameters 

used in this work. The aliphatic part of the pre-release ver

sion of all22 parameter set is confirmed to be suitable for 

simulating organic and biochemical systems.
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