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In a recent paper| Bull. Kor. Chem. Soc. 17,735 (1996)] we reported results of molecular dynamic (ML) sinm-
lations for the thermodynamic and structural properties of liquid »- alkanes, from 7- butane to #- heptadecane, us-
ing three different models. Two of the three classes of models are collapsed atomie modcels while the third
class is an atomistically detailed model. In the present paper we present results of MD simulations for the dv-
namic properties of liquid »- alkanes using the same models. The agreement of two self-ditfusion coefficients
of liqqud #- alkanes calculated from the mean square displacements (MSD) vie the Einstein equation and the
velocity anto-correlation (VAC) functions via the Green-Kubo relation is excellent. The viscosities of n- butane
10 #- nonane caleulated [rom the stress auto-correlation (SAC) functions and the thenmal conductivitics of - pen-
tane 10 #- decane caleulated (rom the heat-1ux auto-correlation (HFAC) Tunctions vie the Green-Kubo relations
are smaller than the experimental values by approximately a factor of 2 and 4, respectively.

Introduction

Green and Kubo' showed that the phenomenological cocl-
ficients deseribing many transport processes and time-de-
pendent phenomena in general could be written as ntegrals
over a certam type of Tunction called a time-correlation fune-
tion. These lime-correlation functions play a somewhal sim-
ilar role m nonequilibrium statistical mechanics that the par-
tition function plavs in equilibrium statistical mechanics.

The analogy breaks down in one respecl. Sinee the state off

thermal equilibrium is unique, a single partition function
gives all the thermodynamic propertics, but since there are
many dilferent kinds ol noncquilibrium states, a dilferent
time-correlation function for each type of transport process
is needed. Determining (he appropriate ime correlation fune-
ion Lo use for a particular transporl process of mlerest 18
very important.

The Green-Kubo relations (Table 1) are the formal ex-
pressions for hyvdrodvnamic field variables and some of the
thermodynamic properties in terms of the microscopic vari-
ables of an N-particle system. The identification of ni-
croscopic expressions for macroscopic variables 1s made by

a process of comparison ol the conservalion cqualions ol

hydrodynamics with the microscopic cqualions ol change
lor conserved densitics. The importance of these relations is
three-fold: they provide an obvious method for calculating
transport cocllicients using computer simulation, a - con-
venient starting point for constructing analylic theories lor
nonequilibrium processes, and an essential information for

designing nonequilibrium molecular dynamics (NEMD) al-
gorithm,

In previous works™ we reported results of equilibrium
molecular dynamics (EMD) and NEMD simulations for
the thermal transport properties - the self-diffusion coet-
ficients, shear viscosities, and thermal conductivities - of
liquid argon’ at 94.4 K and | atm and liquid water" at 298
5 K and 1 atm using TIP4P model® for the interaction
between water molecules. For liquid argon, the overall
agreement ol the caleulated  thermal transport propertics
through TIMI} and NEMD with the experimental resulls
was quite good.” [lowever, in the case of liquid water, the
Green-Kubo relations are applicd with difficulty o the
EMD results since the time-correlation functions are os-
cillating and not decaying rapidly enough but the NEMD
results were found to agree within approximately +£30-
A0% crror hars.”

[n this paper, we present results of MDD} simulation studies
o mvestigate the dynamic propertics of hiquid #- alkancs, #-
hutanc Lo #- hepladecanc, using the above relerred models.
Further stucies also nclude the investigation of the ther-
modynamic, structural, and dynamic propertics of branched-
chain alkanes, and analyses of segmental motions of C-C
backbone chains m long chain alkanes.

The paper is organized as lollows. Scetion TT contains a
brief description of molecular models and MDY simulation
methods followed by Sec. [I1 which presents the results of
our simulations and Sce. TV where our conelusions are sum-
marized.
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Table 1. Green-Kubo relations for thermal transport Properties.
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Molecular Dynamics Simulations and
Molecular Models

In the recent paper, we sclected 14 systems for MD
simulations using the three different models for liquid #- al-
kanes. from - butane to »#- heptadecane, all at 293.15 K ex-
cepl for a minor change in temperature 10 291.0 K lor #- bu-
tanc and o 296.0 K for n- heptadecane. Tlach  simulation
was carried out in the NVT ensemble: the densitv and
henee the Tength of cubie simulation box were ixed and list-
ed in Table 1 of Reft 1. The usual periodic boundary con-
dition in the x-. v-. and z-directions and minimum image
convention for pair potential were applied. A spherieal cut-
off ol radius R =2.5 ¢, where ¢ 15 the Lennard-Tones (1.1)
parameter, was employed for all the pair interactions. Gaus-
sian  isokinetics’ was used to keep the temperature of the
svsiem constant.

The first model (Model 1) is the original Ryvckaert and
Bellemans' collapsed atomic model in which monomeric
units (methylene or methyl) are tyvpieally treated as single
spheres with masses given i Table 2 of Ret. 1. They m-
teract through an LJ potential between the spheres in dif-
ferent molecules and between the spheres more than three
aparl on the same moleeule. The distance between neigh-
boring spheres 1s tixed at 1.53 A and the bond angles are
also fixed at 109.47 degrees. In addition to the LI potential,
a C-C-C-C torsional rolational potential s also included
which models the missing hvdrogen atoms in molecular con-
formation ™ and the polential parameters arc also given in
Table 2 of Rel. 1. The main benetit of this model 1s (o
reduce considerably the amount of computing tune by reduc-
ing the number of interaction sites. The MD sinulations of
model T were performed using the Verlet algorithm for the
time integration of the equations of motien with a time step
of 0.001 ps and the RATTLE algorithm™ for the bond
length and bond angle consiramits. M) runs of at least 200,
000 time steps each were needed for the hquid alkane svs-
tem to reach equilibritm. The equilibritm properties were
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Table 2. Selt-diffusion coeflicients (1. 107m' s) of model LI
for liquid #z2- alkanes calculated from MS1

#- alkane D n- alkane D s alkane 1,
n-butane  7.83 - nonane 2.82  »- tetradecane  1.62
(8.06)  n- decane 2533 n-pentadecane  1.55
[9.49) (2.93) i- hexadecane  1.39
n- pentane 5.91 [3.28]" u- heptadecane .30
n- hexane 4.84 s- undecane  2.30) (1.36)
n- heptane 4.02 - duodecane 2.06 [1.43)

"Model T. "Model 11

then averaged over 10 blocks of 10,000 time steps (10 ps)
lor a total of 100,000 time steps (100 ps).

Model 1l is the expanded collapsed atomic model which
includes a C-C bond stretching potential of harmonie qua-
dratic torm and a C-C-C bond angle bending potential of an-
harmonic cubic form in addition to the LJ and torsional po-
tentials of model I The cquilibrium bond length and bond
angle, and the force constants used by Chvnoweth er of ™™
from the work of White and Boville," arc given in Table 2
ol Rell 1. For the integration over tinie ol model 11, we a-
dopted Gear's fifth-order predictor-corrector algorithm™ with
a tnie step of 0.0005 ps lor all the #- alkanes. A total of
100,000 or 150,000 tme steps was simulated cach Tor the
average and the configurations of molecules were stored
every [0 ume steps lor further analysis.

The last model (model TIT) 15 the atonuistically detailed
model in which the explicit presence ot Il atoms in the al-
kane niolecule inereases the number of interactions n inter
and intra LI potentials between 11 and I and between €
and 11 atoms, as well as introducing C-11 bond stretching, C-
C-H and H-C-H bond angle bending, and also terminal C-C-
C-11 torsional potentials. The bond stretching potental 1s of
the same harmonic quadratic form as model 11 but the bond
angle bending potential has the same harmonie quadratic
lorm rather than that enharmonic cubic of model T1. The ter-
minal C-C-C-II torsional potential has a different form to
the C-C-C-C of Tig. (1) m Ref. I. The potential parameters
are listed in Table 2 of Ref. 1. The Gear's fifth-order predic-
tor-corrector algorithm' was also used with a time step ot Q.
00033333 ps and the cquilibrium properties were averaged
for a total of 130,000 tme steps (30 ps). We have used a
modilied LT parameter for H atom o oblain a reasonable
pressure ol - butane Tor model TIT by comparing the MD
calculated pressures for various sets of ¢ for [ atom. The fi-
nal 1.J parameters are listed in Table 2 of Ret. 1.

Results and Discussion

The mean square displacements (MSD) and normalized
velocity auto-correlation (VAC) functions of liquid »- al-
kanes are shown in Figures 1 and 2, respectively. As seen
n Figures 1 (a), (¢), and (¢), the Turther trom the center of
mass the sites, the larger the MSD's. As the carbon number
Increases, the slope of MSD 1s decreased as shown in Fig-
ures 1 (b) and (d). The MSD of models [ and 111 for liquid
n-butane, »- decane. and n- heptadecane are shown in Figure
I (). The slopes of the MSD of models I and III are larger
than those of model II. The self-diffusion coefficients of
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Figure 1. Mcan squarc displacements of model 11 tor liquid #- alkancs with U in ps. (a) center of mass (—). 2nd and 3rd(----- ). and 1st
and 4th () sites of 2- butane. (b) center of mass sites of #- bulane. #- pentane. #- hexane. #- heplane. #- oclane. and »- nonane. where the
number represents the carbon number of liquid #- alkane. (¢) center of mass (—), 4h and 7th (———— }. 3rd and 8th (- — -), 2nd and 9th
(——---). and Istand [Oth () sites ol »- decane. (d) center of mass sites ol w- undecane. - duodecane. and »- tridecanc. #- (etradecanc. #- pen-
tadecane. and n- hexadecane. where he number represents the carbon number of hquid #- alkane. (¢) center of mass (—). 8th and 10th
(——— ) Sthand 13th (———). 3rd and 1 5th{----- )oand Tstand 17th () sites of sites of #- heptadecane. and (1) mean square displacements
ol medcels I (-} and 11I(—) fLor liquid »- butane(d). #- decane( 1) and 1~ heptadecane(17).

maodels T T and 1T for Liquid #- alkanes caleulated lrom
MSD's using the insten equation:

D, = Lim 42 r(t)— ()| %>

6w dt (6)

arc histed in Table 2. The caleulated sclf-diftusion coct-
ticient of model T for iquid #- butane from our MI> simu-
lation is different from that of lidberg ef al. ¥ (8.06/6.14)
possibly due to ditferent algorithms used (Verlet and RAT-
TLI in this work’ and a new procedure to correct lor num-
crical error’ m ldberg er af ). Those of #- decane are much
difterent (2.93/5.15) since the MDD simulation stale points
(simulation temperature and densitv) and simulation al-
gorithms are dillerent, which indieates that the denser and
the lower temperature of the svstem, the lower the self-dil-
fusion cocllicient. As the carbon number increases. the scll-
dilTusion coellicient 1s monotonically: decreased.

As seen in Iigures 2 (a), (b), (¢). and (f), the VAC's of
the sites near the center of mass are more oscillating than
those near 1o the ends ol the alky] chains. This seems con-
trarv 1o the Tess MSLYs of those sites in Figures 1 (a), (€),
and (¢), but it can be casily understood i terms of the con-
straint forees on the local segment by the intramelecular in-
teractions - C-C bond stretching and C-C-C bond angle
bending. The intramolecular forees exerted on the siles near
the center of mass vary much more rapidly than those near

to the ends of the alkyl chains and the velocities of the sites
have the same trend. Figures 2 (¢), (d), and (e) show very
little sensitivily of the whole trend of VAC of center of
mass to the carbon number. We show the VAC of models |
and I tor liquid #- butane, #- decane, and »- heptadecane in
Figure 2 (g) and (h) respectively. The VACS of model 111
are all oscillating [unctions due to the several intramolecular
micractions. In Table 3. the sell=dilfusion cocllicients of
models I, 1T and III for liquid #- alkanes calculated from the
VAC's using the Green-Kubo relation, Tig. (1), are colleeted.
The scli=diffusion coellicient, £2, can be separated into (s o
parts - KT/m and the mitegration value of the normalized
VAC functions, A

A= J” <v(0)v(7)> ) (7)
0 <VO)V(0)>

With £2.= (k7 mioA since m o v (0) - v (0) = m v=3kT. The agree-

ment ol sell-diffusion cocthcients, Tables 2 and 3, From the

two different routes. [igs. (0) and (7) 15 excellent.

The normalized stress auto-correlation (SAC) and heat-
Mux auto-correlation (TTFACY functions of models T, 11
and [ for liquid »#- butane, #- decane, and #- heptadecane
are shown in Figures 3 and 4 respectivelv. The trends are
very much smilar (o cach other but the caleulated in-
tegration value (rom these nonmalized  auto-correlation
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Figure 2. Normalized veloeity auto-correlation functions of model 11 for liquid #- alkanes with € i ps. (a) center of mass (—), and 1st

and 4th{-----) sites of n-butane. (b) center ot mass (—). and 2nd and 3rd(-----) sites ot” #- butanc. (¢) center of mass sites of #- butane (

= pentane(-----

).

). and #- hexane (). (d) cenler of mass sites of s#- heplane {(—). #- octane(-----). and n- nonane (). e) cenler ol mass

{(—). Ist and 10th(-----) sites of »- decanc. (1) center of mass (—) 3rd and 8th{-----) sites of n- decane. (g) normalized velocity auto-corre-
lation functions ol model T for liqud #- butane (—), #- decane () and #- heptadecane(-—--- ). and (h} of model 11T tor liquid #- butane. n-
decane and n- heptadecane. where the number represents the carbon number of liquid #- alkane.

Table 3. Sclf-ditTusion coelticients(I>. 10" m" s) of model I for liquid - alkanes caleulated from VAC, The value of A(ps) is the in-
tegration value of Xq.(7) and KT m in 10" m g

5- alkane KT m A 1. u-alkane KT m A D
n- butane 42.32 01719 7.28 n- undecane 14.93 0.1483 221
(41.30 0.1782 7.36)" - duodecans 13.67 0.1441 197
[44.39 0.2075 921 1= (ridecanc 12.60 0.1291 1.63
- penfane 3358 0.1732 5.82 - fetradecane 11.70 0.1306 1.33
#- hexane 2785 1719 4.79 #- penfadecane 10.91 0.1339 1.46
- heplane 2379 0.1660 395 n- hexadecane 10.22 (L1313 1.34
n- oclang 20.02 01424 294 n- heptadecane 9.614 0.1318 1.27
A- nonanc 18.29 0.1386 2,53 (9.336 {.1388 1.30)
#- decane 16.44 0.1383 227 19.406 0.1467 1.38
(1581 0.1505 2.38)
[17.15 0.1365 2.08]

‘Model 1. ‘Model 11 and in the caleulation of D the mass of C atoms only is considered.

funcuions are venn dillerent. The viscosities and thermal
conductivitics of models 1, 1T, and IIT for sn- alkanes cal-
culated from the Green-Kubo relations, Eqgs. (2) and (3)
are Iisted 1n Tables 4 and 5. The viscosity, 1. and thermal

conductivity, A, are also separated mto two parts respec-
tively - 1~ P - %7 and the integration value of the nor-
realized SAC [unctions, 13
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o <Py Po (D>
B= | ropos (5]

and 1727, = “/KT* and the integration value of the normalized

HFAC fﬁnctions, C:
Jw de(O)JQx(T)> dt {()}
0 <J,, (0)J, (0)>

. P g
with n TU and 7»_—:1'7': C.

The experimental viscosity of »#- butane at density 0.383 g/
cc and temperature 291 K is 0.19 cl." Those of »- pentane,
#- hexane, #- heplune, #- octane. and #- nonane at 298 K are
0.240, 0.326, 0,409, 0.342. and 0.711 ¢P.” respectivelv,
Our results for »#- butane to #- nonane are smaller than the ex-
penmental values by approximately a lactor of 2. An
equilibrivm mwolecular dynamics (EMD) simulation study
for n-butane at the same state arived at 0.26 ¢P" via the
Green-Kubo relation. Several non-equilibrium melecular dy-
namics (NEMD) simulation studies reported different values
—0.24" and 0.175" for model 1. and 0.168* and 0.171*

Song Hi fee et al.

for model [I. The experimental viscosity of »- decane at
0.6136 glee and 480 K ix 0.196 = 0.006 ¢P." An NEMD
simulation study predicted an accurate result for the viscos-
itv of »- decane at the same state — 0.190 £ 0.015 cP.”
Another EMD and NEMD simulation studies reported bett-
er results — 0.191 £0.012 and 0.197 £ 0.003, " respectively.
Unfortunately no experimental values at 0.730 giee and 293,
13 K are available (o compare with our results [or #- decane.
As the carbon number increases, the calculated viscosity is
generally increased as shown in Table 4.

The expenimental thenmal conductivities ol #- pentane., #-
hexane, #- heptane, »#- octane, #- nonane, and »- decane at 298
K are 01348, 0.1375. 0.1403, 0.1451. 0.1412, and
0. 140118, respectivelv. It seems that the thermal con-
ductivity ol hquid #- alkane 1s independent ol the carbon
number of #- alkane. Our results for #- pentane to - decane
are smaller than the experimental values by approximaltely a
factor of 4. The disagreement of our MD simulation results
for the viscosities and thermal conductivities of liquid » -al-
kanes with the experimental values may be possibly -
volved in several aspects, but the most signiticant point is
due to the limitation of equilibrium MD simulation using
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Figure 3. Normalized stress avto-comrelation functions of models (a) I (b) IT and (¢) III tor liquid »- butane (—), »- decane(-—--- ). and n-

heptadecane () with t* in ps.
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Table 4. Viscositics (n. ¢P) of model II tor liquid »#- alkanes caleulated trom SAC. The value ot B(ps) is the integration valuc of Eq.(8)

and VP KT is ¢P ps.

n- alkane VP KT B n #- alkane VP KT 13 n
- bulane 1.6806 0.06448 0.109 n- undecane 5.265 (.06095 0.321
(1.486 (.07983 0.119y #- duadecane 5.630 0.05895 0.332
[2.425 (0.0dd52 0.108] r- tridecane 0.331 0.06518 0413
#- pentane 2.143 0.03908 0.127 #- tetradecane 6.371 0.06544 0417
#- hexane 2651 0.05948 0.158 #- pentadecane 7.373 (1.06903 (.509
#- heplane 3.074 0.05775 0.178 #- hexadecane 7325 0.06334 0479
n- octane 3.750 0.07613 0.286 n- heptadecane 7.6135 0.066359 0.307
7- nonane 4,201 0.06668 0.281} (6,722 0.07978 0.336)
n-decane 4.852 0.06442 0.313 [12.18 0.04427 0.539]"
(4.230 0.07983 0.342y
[7.273 (.03936 (1.288)'

‘Model I. ‘Moedel III and in the caleulation of n. the mass of C atoms only is considered.

Table 5. Thermal conductivities (A, J:s-m - K) for liguid - alkanes calculated from HFAC. The value of C(ps) is the integration value of Fq.

(9yand V-1 KT in s -m - K - ps.

n- alkane VeI KT C A n- alkane Vel KT C A
#- butane 0.6079 0.09439 0.0575 n- undecans 0.5662 0.06724 0.0363
(0.3248 007035 0.0369y n- duodecane {1.3043 0.06418 0.0270
|0.7783 0.04836 L0376 n- tridecane 0.5006 (1.05348 0.0282
- pentane 0.5443 0.07530 0.0410 #- tetradecans 04816 (.05634 0.0279
n- hexane 0.5767 .07939 0.0459 n- pentadecane 0.50535 0.05799 0.0317
#- heptane 0.3469 0.09527 0.0521 1= hexadecane 0.4874 0.06269 0.0349
4= oclang 0.3618 0.08777 0.0493 n- hepladecane 1.3347 0.07155 0.0345
K= nonang 0.3197 0.06311 0.0338 (0.4336 (1L.06716 (1.0306)
#- decane (.5297 0.06724 0.0356 107431 0.03374 0.023517
(04532 0.07190 0.0326)
[0.7396 0.03808 0.0282]

‘Model I. ‘Model III and in the caleulation of A, the mass of C atoms only is considered.

Green-Kubo relations for the thermal transport propertics ol

liquid #- alkanes, and that explains why the non-cquilibrium
MD simulation has been developed recently.

Concluding Remarks

We have carried out a series of MD simulations of liquid
#- alkanes, from #- bulanc 1o #- heptadecane, using three dit-
ferent models. Two of the three classes ol models are col-
lapsed atomic models while the third class 1 an atomistic-
ally detarled model. Tn a reeent paper,' we reported the MD
simulation results tor the thermodynamic and structural pro-
pertics of iquid #- alkanes. Tixeellent agreement ol the
results of model 1 for »#- butane from different MD al-
gorithms, ours and thosc of Bdberg ef al, * confirmed the
validity of our whole set of MD simulations of model II for
14 hiquid #- alkanes and of models T and TTT for hqud #- bu-
tane, n- decane, and »- heptadecane. The thermodvnamic and
structural propertics of model T and 1T were very similar o
each other and the thermodvnamic properties of model 111

for the three s#- alkanes are nol much difterent from those of

models [ and 1L Hosvever, the structural properties of model
T were very dilferent [rom those of model T and 1T as seen
trom the radial distribution functions, the average end-to-
end distances, and the root-mean-squared radii of gyration.

In the present paper we report results of MD simulations
for the dynamic propertics ol liquid #- alkanes using the
same models. The selocily auto-correlation (VAC) Tunce-
tions of the sites near the center of mass are more 0s-
cillating than those near to the ends of the alkyl chains and
this seems contrary o the less mean square displacements
(MSD) of those sites, but it can be casily understood in
terms of the constraint forces on the local segment by the in-
tramolceular interactions. The agreement of two sell-dit-
fusion ceefficients of liquid »- alkanes calculated from the
MSIY's via the Finstein equation and the VAC lunctions via
the Green-Kubo relation is excellent. The trends of the nor-
malized stress auto-correlation (SAC) and heat-Tux auto-
correlation (HFAC) functions of models . 11 and III for li-
quid #- butane, #- decane and #- heptadeance are very much
similar to each other but the calculated integration value
from these normalized auto-correlation lunctions are very dil-
ferent. The viscosities of s~ butane to #- nonane calculated
[rom the SAC functions and the thermal conductivities ot #-
pentane to #- decane calculated from the [IFAC functions via
the Green-Kubo relations are smaller than the experimental
values by approximately a factor of 2 and 4, respecuively,
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The Reaction of 6,7-Dichloro-5,8-quinoxalinedione with Aromatic
and Aliphatic Dinucleophiles and Molecular Modeling Study
of Their Intercalation Complexes
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The angular and planar heteroeyvelie compounds containing nitrogen, sultur and oxygen were svnthesized by
reaction of 6.7-dichlore-3.8-quinoxalinedione with aromatic and aliphatic dinucleophiles. Nucleophilic reac-
tvity was somewhat different between 2,3-dichloro-1,4-naphthoquinone and 6,7-dichloro-3 8-quinolinedione
with dinucleophiles. The distribution of electron in heterocvele appeared to contribute to this difference. The
mterealation comple of planar heteroey elic compound between GC/GC base pairs showed the optimum int-
crealation but the intercalation ol angular heterocvelic compound was not good. Thus. the planar compound

was expeceled to have antitumor activity,

Introduction

The reaction of 2 3-dichloro-1 4-naphthoquinone and 6.7-

dichloro-3 8-quinolinedione with nucleophiles  was in-
vestigated for a long time. Ilowever, the reaction of the
analogue 6, 7-dichloro-38-quinoxalinedione (1) with nu-

cleophiles was rarelv reported because the total vield of 1
was only 1.1%." The new method, in which the total vield
was 27%, was developed reeently.” Dichloro  compound
showed the diverse reactivity with nueleophiles and pro-
duced various heterocyelic compounds.” We svnthesized het-
crocveles by reaction ot 1 with aromatic and aliphatic dinu-
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