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In recent papers[ Bufl. Kor. Chem. Soc. 1996, 17, 73521bid 1997, /8, 478 | we reported results of molecular dy-
namics (MD) simulatiens for the thermedvnamic, structural, and dvnamic properties of liquid nonmal alkanes,
from #- butane Lo #- hepladecanc., using three dilterent models. Two of the three classes ol models are collapsed
atomic models while the third class is an atomisticallv detailed model. In the present paper we present results
of ML simulations for the corresponding properties ot liquid branched-chain alkanes using the same models.
The thermodynantic property reflects that the intermolecular mteractions become weaker as the shape ol the
molecule tends to approach that of a sphere and the surface area decreases with branching. Not like observed
m the straight-chain alkanes, the structural propertics of model 11T from the site-site radial distnibution [unction,
the distribution functions of the average end-to-end distance and the root-mean-squared radii of gyvration are
not much different from those of models T and 11 The branching clfeet on the self ditfusion of liquid alkanes
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15y well predicted from our MDD simulation results but not on the viscosity and thermal conductivity.

Introduction

In recent papers,”™ we carried out cquilibrium MD sinmu-
lations of three different models tor liquid normal alkanes( »-
alkanes) to mvestigate the thermodynamie, structural and dy-
namic properties of liquid »- butane to #- heptadecane. In the
present paper the same technique is applied to study the cor-
responding propertics ol branched-chain alkanes. Four dil-
tferent branched-chain alkanes are chosen-isobutane(i-bu-
tanc), 4-propyl heplane(d-ph), 6-penty]l duodecanc(6-pdd),
and >-dibuty]l nonane(3-dbn) and the same three ditferent
molccular models as in the previous works™ arc used for
the branched-chain alkancs.

Normal butane /z- butane) and 1sobutane (/- butane) have
the same molecular formula: CH,,. The (wo compounds
have their atoms comnected 1 a different order and are,
therefore, constitutional  1somers. Constitutional 1somers
have different phvsical properties. The differences mayv not
always be large, but they will always be found (o have dil-
ferent melting points, boiling poeints, densities, indexes of re-
fraction, and so forth. For example, in every case a bran-
ched-chain isomer has a lower boiling point than a straight-
chain isomer. Thus »- butane has a boiling point ot 0 °C and
i- butanc — 12 'C, »- penlane has a boiling pomnt of 36 "C, i-
pentane with a single branch 28 °*C, and neopentane with
two branches 9.5 "C. This cifect of branching on boiling
point 1s observed within all families of organic compounds.
That branching should lower the boiling point is reasonable:
with branching the shape of the molecule tends to approach
that of a sphere: and as this happens that the surface arca
decreases, with the result that the intermolecular forces be-
come weaker and are overcome al a lower tCIanI'ﬁlllI’C.

The branching effect on the dvnamic properties of liquid
alkancs such as sell diffusion coetTicient, viscosity, and ther-
mal conductivity 1s one of the most interesting phenomena
of nowadavs. For liquid butane, the experimentally ob-

served behaviour’ tells us that viscosity is found to increase
with branching. However, lor liquid pentane, hexane, and
heptane, branching decreases the viscosity —0.240 ¢ and
0.223 for n- pentane and i- pentane, 0.326 and 0.306 for »-
hexane and /- hexane, and 0.409 and 0.384 for »n- heptane
and /- heptane,” respectively,

To investigate the molecular cause ol the structural
branching etfect upon viscosity, NEMD simulations of LJ
sile-site models representing, #- butane and /- butane were per-
formed over much of the density range tfor which ex-
periniental data are available. by Rowlev and Elv.” Simu-
lated viscosities al zero shear agreed very well with ex-
perimental data over the entire density range. Site-size, non-
cquilibrium moleeular alignment and molecular geometry
were the primary tactors causing both the similarities and
differences between 1somers” viscosity and rtheology.

More recently, Lee and Cummings’ have reported an
NEMD simulations ol planar Couctte tlow ol #- butane and
i-butane molecules using the three different models."” They
found that the collapsed atomic models prediet the viscosity
of n- butane quite well in general agreement with previous
workers™™ but 1l these models are applied o the isomer,
the viscosity is underpredieted. They also tound that their a-
tomistically detailed model does not vield quantitative agree-
ment with the viscosity of either the »- butane or its isomer,
However this model have the one positive feature that the
caleulated viscosity ol 1-butane is higher than that of #- bu-
tane (branching increases the viscosity) as observed ex-
perimentally. The results suggest that the inclusion of 1l
atoms may be important in correctly predicting the etfect of
molecular structure on physical properties of liquid alkanes.

Unfortunately, the branching cftect on the other two dy-
namic preperties of liquid alkanes. self diffusion coetficient
and thermal conduetivity, is ravely reported in the hiterature,
both experimentally and theoretically.

In this paper. we continue a series of molecular dynamics
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simulation studies o mvestigate the thermodynamice. strue-
tural, and dy namic propertics ol liquid branched alkanes. i-
butane, 4-propvl heptane, 6-pentv]l duodecane, and >-dibutvl
nonane, using the three different molecular models used n
the previous works.” Further studies include analyses of
segmental motions of C-C backbone chains in long chain al-
kanes.

The puaper 15 organized as follows. Scetion I contains a
briel description of molecular models and MDD simulation
methods followed by Sec. 11l which presents the results of
our simulations and Sce. TV where our conclusions are sum-
marized.

Molecular Dynamics Simulations and
Molecular Models

Continuing the MD simulations of' 14 liquid »- alkanes,™
we have chosen four branched-chain alkanes — 1sobutane( -
butane), 4-propyl heptane(d-ph). 6-pentvl duodecane (6-pdd),
and 3-dibuty]l nonane(3-dbn) to study the branching clleet
on thermodynamic, structural, and dynantie properties of 1i-
quid alkanes. The same three ditferent molecular models as
in the previous works™ are used tor the branched-chain al-
kanes — the original RT3 collapsed atontie model (modcl 1),
the expanded collapsed atomic model (model 11). and the a-
tomistically detailed model (model TIT). The MDD simulation
parameters such as number ol molecules, mass ol site, tem-
perature, and length of simulation box are histed i Table |
The usual periodie boundary condition in the x-, v-, and 7-
directions and mimimum image convention for pair potential

Table 1. M} simulation parameters {or models ol liguid bran-
ched-chain alkanes

Branched- Number Mass of
cham ol site*
alkane  molecules (g/maole)

Tempera- Density Length of
fure (K) (gice) box (nm)

i- butane o4 14331 291.0 (1.383 2.1964
4-ph 27 14228 29315 0.730 2.0598
G-pdd 27 14.145 296.0 (1.782 2.3979
5-dbn 27 14145 296.0 0.782 2.3979

*For model IIL the masses of carbon and hydrogen atoms
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were applied. A sphenieal cut-ofl of radius R =2.50, where
G 1s the LJ parameter, was emploved for all the pair in-
teractions. Gaussian isokinetics” was used to keep the tem-
perature of the sysiem constant.

Not like 1n the straight-chain alkanes, there are multiply
mposed torsional rotational potentials in the branched-chain
alkanes. For example, three doubly imposed dihedral states
on the bonds of 3-4. 4-5. and 4-8 i 4-ph, and on those of
3-6. 6-7. and 6-13 m 6-pdd. and lour trniply imposed
dihedral states on the bonds ol 4-5, 3-6, 5-13, and 3-14 in 5-
dbn exist as shown in Figure 1. These multiply imposed tor-
stonal rotational potentials are assumed (o be equal to the
sum ol torsional rotational potential of cach dihedral state.

Results and Discussion

In this section we analvze the results of our MD sinu-
lations. the principal thermodyvnamic, structural, and dv-
nantic propertics ol branched-chain alkanes are considered

Figure 1. Geometries of (a) 4-propyl heptane(4-ph), (b) 6-pen-
tvl duodecane(6-pdd), and (¢) S-dibutyl nonane{3-dbn).

Table 2. Thermodynamic propertics of model T for liquid i-butanc. 4-propyl heptane(4-ph). 6-penty] duodecanc(6-pdd). and S-dibutyl

nonane{ 3-dbn)

Properties i- butane 4-ph 6-pdd S-dbn
Molccular temperature (K 291016 293.13+1.56 296.0£0.0 296.0£0.0
Alomic temperature (K) 24641122 233.05£17.69 2373+£8.2 2647+ 13.6
Pressure (atm) 3014 £2382 2109 £278.1 - 44172177 —28358+£2520

Tolal C-C 1.J en. (k) mol)
Inter C-C LJ cnergy
Intra C-C LJ cnergy
C-C-C-C torsional energy

Av. %o of C-C-C-C trans
Total barrier cross T-(v
G-T

Av. end-lo-end dist.(nm)
RMS radius of gvration

-17.34+029
—-17.34£0.29

(.2498 £ 0.0048
0.1267 £ 0.0018

-3546+£082
—49.72 £0.67
—574+0.24
20730104
92.13+£5.05°
143100000
141100000
0.6456 £ 0.0045
0.2572 +£0.0017

—107.99 £0.66
-919510.54
—16.04 £0.05

2.066+£0.016

7748 £ 14.68°

491:100,000
494:100,000
0.9676 £ 0.0008
0.3926 +£0.0031

—92.01 £0.92
—81.40 £0.73
-10.62+0.38
2125+ 0.063
76.56 £23.85
128: 100.000
131°100.000
0.7366 £0.0029
0.3260 £0.0027

*Avcrage of 3 dihedral states.

Average of 10 dihedral states,

Average of 8 dihedral states.
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Table 3. Thennodynamic properties of model 11 for hquid i-butane. d-propyl heplane(d-ph). G-pentyl duodecarre(6-pdd). and 3-dibutyl

nonane(3-dbn)

Propertics I-butane 4-ph 6-pdd 5-dbn
Molecular temperature (K) 2910104 293,13 £0.009 2960 £0.5 296.0 £0.5
Atomic temperature (K} 268.2 +26.3 264.72 £30.07 263.3+29.6 2548 £31.3
Pressure (atm) 379342817 — 1343 £393.6 - 258343809 —440.8 £375.2
Total C-C LJ en. (kJ:mol) - 17.25 £0.36 —34.25 £0.96 —-10761£145 —-9087 £ 1.43
Inter C-C 1.J energy —17.25 £0.36 — 4422 £0.67 —-76.18£0.54 —08.40 £0.73
Intra C-C LJ encray - —10.23 £0.66 -314340.50 —2241 £ 151
C-C-C-C torsional energy - 2423 £{L.166 2.167 £0.161 2,192 +0.119
C-C stretehing energy 1.565+£0.159 8048 £1.137 13.50 £1.82 16.68 £ 2.06
C-C-C angle bend encrgy 367410420 1011 £1.47 18.02£2.26 2042 £2.58
Av. % of C-C-C-C trans - 9135 +£3.03° 7881 £8.39° 80481 19.68°

Total barner cross -G

G-T
Av, end-to-end dist.(nm)
RMS radius of gyvration

0.2501 £0.0008
(.1270 £ 0.0008

176100 (K}
177100 (K}

0.6459 £0.0066
(L2356 £ 0.0023

377100000
379100000

1.0068 £0.0190
0.4032 £0.0075

296: 100.000
299: 100.000
0.6551 £0.0138
(.3306 £ (1.0044

“Average of 3 dihedral states. “Average of 10 dihedral states. Average of 8 dihedral stales.

Table 4. Thermedynamic prepertics of model III for liquid # butanc. 4-propyl heptane(d-ph). 6-pentyl duedecane(é-pdd). and 3-diburyl

nonane(3-dbn)

Properties i- butane 4-ph 6-pdd 3-dbn
Molecular temperature (K) 2910 0.1 293151018 296.0 £0.3 2960 £0.3
Atomic lemperature (K) 264.3£223 32781 £44.0 3103 +£40.1 3024+339
Pressure (atm) 61.3+3749 -2748+3714 — 150,53 £479 1 -262.6 14570
Total C-C 1.J en. (k) mol) - 1356 £0.43 —4233 £1.21 -78683+1.37 —-7382%1.32
Inter C-C LT energy -7.08+0.17 — 1879+ 0.40 —3592+046 -30.70+£0.42
Inter C-11 LI energy -0693%0.21 - 16.88 £(.44 -30.83+0.50 —27.26 £0.48
Inter H-H LJ cnergy -0.84 £0.17 -3221084 -223+0.634 -23210.355
Intra C-C LT cnergy - 273010 —54340.163 -9.12+0.10
Intra C-I11 1.J energy - 097034 — 3351 £0.364 -4.48£0.52
Intra H-H LJ energy -0.6910.02 (.26 +0.34 —0.71 20391 0.26 047

C-C-C-C torsional energy
C-C-C-H torsional cnergy
C-C strelching energy
C-11 strelching energy
C-C-C angle bend energy

C-C-11 angle bending energy
H-C-H angle bending encrgy

Av. % of C-C-C-C trans
Tolal barrier cross T-(
G-T
Av. end-lo-end dist.(nm)
RMS radius of gyration

1.398£0.186
4389 £(.328
18.26+1.38
3.328+0.404
11.63 £1.03
15.17 £ 1.06

0.2509 £0.0007
0.1273£0.0011

2.340+0.242
1.396 £ 0.331
1234 £1.97
31.6514.834
10.20 £1.36
1695 £2.37
40.87+£35.78
79.13 £842°
296: 100,000
294: 100,000
0.6387 £0.0073
0.26(08 £1.0049

2.392£0.189
1467 £0.263
20401310
49.08 £ 6.69
1686 +£2.21
2345 £3.51
67.79+£9.38

75737 12.89°

783100 000
779:100,000
10862+ 0.0184
04110 £0.0032

241120120
1.364+£0.257
20,19 +2.54
47.88 £5.87
20537219
2550 £3.01
6LO8 £7.13
81.82+16.10°
833°100.000
828100000
0.6978 £0.0103
(1.3368 +(.0038

“Average ol 3 dihedral states. “Average of 10 dihedral states. "Average of 8 dihedral states.

separately.

Thermodynamic properties. Thermodynamic pro-
perties of models T, 1T, and TTT for liquid 1sobutane{ i- butane),
J-propvl heptane(d-ph), 6-pentvl duodecane(6-pdd). and >3-
dibuty] nonanc(5-dbn) arc histed m Tables 2, 3, and 4,
respectivelv. Comparing with the corresponding properties
ol modcels for s- alkanes, the tolal C-C 1T energies are al-
most the same exeept 5-dbn, but the inter C-C T.T energies
are negativelv much less than those in z- alkanes which re-
tlects that the intermolecular interactions become weaker as
the shape of the molecule tends to approach that of a
sphere and the surface area decreases with branching.

Another branching eltect on the thermodynamic property

is the large inerement of the C-C and C-H bond stretehing,
and the C-C-C, C-C-IT and [[-C-[T angle bending potential
energies. This effect 1s especially large in the case of 5-dbn.
As the shape of the molecule tends o approach that ot a
sphere, the steric effect becomes larger and the monomeric
units repel cach other, which contributes the large repulsive
mteractions of the bond stretching and the bond angle bend-
ing polential energies.

In contrast to 7 dihedral states in 2#- decane, there are 9
dihedral states in 4-ph as shown Figure 1(a); 1-2-3-4, 2-3-4-

5, 3-4-3-6, 4-3-6-7, 4-8-9-10, 2-3-4-8, 3-4-8-9. 5-4-8-9, and
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Figure 2. Site-site radial distribution functions ol models 1(—), 11(---). and III{--) for liquid branched-chain alkancs, » *= r /a. (a}) i-butanc.
(b} d-propy] heptane. {¢) 6-pentyl duedecane. and (¢) S-dibutyl nonang.

8-4-5-6. Becausce ol doubly imposed torsional rotational po-
tentials on the bonds of 3-4, 4-5, and 4-8, the dihedral
states of 2-3-4-5, 3-4-5-6, 2-3-4-8, 3-4-8-9, 5-4-8-9, and 8-4-
5-6 are almost fried and so only three dihedral states of 1-2-
3-4, 4-5-6-7, and 4-8-9-10 are subject to the vsual torsional
rotational potentials. The average % ol C-C-C-C trans and
the total barrier cross 1-(G; and G-1 of model 1, L1, and 111
for 4-ph i Tables 2, 3, and 4 are (or the three dihedral
states but the average C-C-C-C torsional energy per
dihedral state is obtained from the whole dihedral states.

Similarly, in contrast to 14 dihedral stales m - #- hep-
tadecane, there are 20 and 16 dihedral states i 5-dbn and 6-
pdd, respectively, as shown Figures 1(b) and (¢). Because
of doubly and triply imposed torsional rotational potentials
on the honds of the branched-cham alkanes(6-pdd and 5-
dbn), the 6 dihedral states of 6-pdd and 12 dihedral states
of 5-dbn are almost fixed and so only 10 dihedral states of
6-pdd and 8 dihedral stales of 5-dbn are subjecel Lo (he usual
torsional rotational potentials. The average % of C-C-C-C
trans of modcl T, 1T, and TTT for branched-chain alkanes are
generally much incrcased and the total barrier crossings T-
G and G-T are largelv decreased in comparing with the
straight-chain alkanes. This is also one of the results of the
branching cffeel which reflects that as the shape of the
molecule tends to approach that of a sphere, the steric etfect
becomes larger, the chains tend to straighten up, and the
dihedral states are almost fined due o the repulsive Torees
between monomers. But in model 111 the intra bond stretch-
ing and bond angle hending potentials may overcome the
hagh bartier crossing energy.

Structural properties. Thc silc-sitc radial dis-
tribution functions, g, of models I, II, and ILI for liqmd
branched-chaim alkanes are shown in Figure 2. The whole
trend of g} for branched-chain alkanes, Figure 2(a). is
slightly difterent from that of straight-chain alkanes, Figure
4(h) in Rel. 1, in view of the plateau at #¥=1.25~1.6. The g
{#) Tunchions of the three different maodels are almost the
same excepl shilts (o the smaller # #* at » #¥=0.75~1 .1 and .6~
1.75.

In Figures 2(b), (¢), and (d), the g¢#) functions of 4-ph, 6-

pdd, and >-dbn show the sharp peaks correspond to gauche
(G) and trans(1), and to the contributions of 11, T1T,
T, and 11111 at » *=1.27, 1.61, 1.91, and 2.24, respec-
tively. Between these sharp peaks, there are somewhat
broad curves comrespond Lo the contributions of TG between
Tand TT, TTG and TGT between TT and TTT, and TTTG
(or cquivalently TGTG)Y between TTT and TTTT at #*=1.1,
1.3, 1.45, and 1.8, respectively. The difterence between Fig-
urcs 2(b) and (c) 15 very littde except the contributions of
11T and TTTG(or TGTG) as expected for the geometries
of 4d-ph and 6-pdd in Figure [. The relatively larger peak ol
G 1 the g(r) of 5-dbn n Figure 2(d) than those of 4-ph and
O-pdd in Tigures 2(b) and (¢} is due Lo the branching clTecl
on the structural properly — two branches vs. a single branch.
[t 1s worth noting that the structural properties of model [II
from g} arc not much different from those of models T
and T in view ol Tigures 2(a), (b), (¢). and (d).

In Figures 3 and 4, we have shown the distribution func-
tions of the average end-lo-end distance and the root-mean-
squared radii of gvration of models I, II, and 111 for liquid
branched-cham alkancs as a function of # *. There 1s no con-
tribution corresponds to gauche((G) and trans(1) i the case
of i- butane and both functions for i- butane, "1 in Figures 3
and 4, show a delta function with sharp peak of model 1
and broad pcaks of models T and TIT due to the bond
stretching and bond angle bending potentials.

In the case ol 4-ph, two distinet peaks of the average end-
to-end distance and the root-mean-squared radii of gyration
of modcl T hecome weakened im Maodels 1T and TTT, while in
the case of 5-dbn, three distinct peaks of the average end-to-
end distance do not disappear in models T, 1T, and TIT but
tour distinct peaks of the root-mean-squared radn of gvra-
tion of model T become weakened in Models T and TIT On
the other hand, both functions of models 1. [I. and 111 for 6-
pdd arc all smooth broad curves. Not like obscrved i the
straighl-chain alkanes, the structural propertics of model TTT
from the distribution functions of the average end-to-end dis-
tance and the root-mean-squared radn of gyration are not
much different from those of models T and TT.

Dynamic Properties. The mean square displacements
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Figure 3. Avcrage end-to-end distance distribution of models I
(—). H(---). and III(-} for liquid branched-chain alkanes, »*- r/G.
(i) i-butane, (4) 4-propyl heptane, (6) 6-pentyl duodecane, and (5)
5-dibutyl nonane.

0.08 Tx i
| | (f 4
0.06 Hi :
0.04
T
0.02 1
0.00 FH—+—+—+— l

0304050607
r*

Figure 4. Rool-mean-squared radius ol gyvration distribution of

models T(—), 1I{---). and 111{--") for liguid branched-chain alkanes.
r*= rio. (1) 1-butane, (4) J-propyl heptane, (6) 6-penty] duodeeanc,
and (3) 3-dibuty] nonane.

(MST2) and normalized velocity  auto-correlation (VAC)
tunctions of liquid branched-chain alkanes are shown in Fig-

ures 5 and 6, respectively. The self difTusion coclTicients ol

models 1, 11. and 11 tor liguid branched-chain alkanes cal-
culated from MSIY's using the Einstein equation:

D_=ll d _|rit—ri[>

6 1o ('-flf

(1

are listed in Table 5. The caleulated self” dilfusion coct-
ficient from MSD from our MD simulation decreases as the
branching 15 mereased exeept model T of #- butane and +- bu-
tane, and »- decane and 4-ph. This 1s the branching effect on
the seli” difTfusion property of liquid alkancs.

The normahzed VAC of model II for all the branched-
chain alkanes show very different trends rom those of the

Bull Korean, Chem, Soc. 1997, Vol, 8. No. 3 Rl
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Figure 5. Mcan square displacements ot models It—), II(---).
and [II(--) lor liquid branched-chain alkanes with 7% in ps. (a) i-
butane(i) and 6-pentyl duodecane(6). (b) 4-propyl heptane(d) and
S-dibutyl nonane(3).

other two models in Figure 6. The self ditfusion coctticients
of model II for all the branched-chain a l\qnes calculated
from the VAC's using the Green-Kubo relations' give some-
what strange results as shown in Table 6. As discussed in
Ret. 2, the selt diffusion coefticient can be separated into
two parts according Lo:

w(0) ity dt
- {2)

where v 15 the velocity of particle. since m ¢ (0) - v (0)>=
e =3 kT and

(- <e@ (D>
jﬂ BT (3)

The integration values of the normalized VAC tunctions of
model II for all the branched-chain alkanes are too large but
the calculated values of &7 m are usual as seen in Table 6.
Fxeept the sell difTusion coctlicients of model 1T Tor all the
branched-chain alkanes calculated trom the VAC's, the cal-
culated self’ diffusion coetficient from VAC from our MD
simulation also decreases as the branching is inercased.
Hence the branching etfect on the self diffusion property of
Liquid alkanes is confirmed.



306 Bull Korean Chemn. Soc. 1997, Vol. 18. No. 3 Song Ifi Lee et al.
1.00 1.00
0.75 0.75
0.5011 0.50-
O
<
>
0.25 1 0.25 1
0.001 0.001
| oo ¢l —————
~-0.25 +— ettt -0.25 4t
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0

-0.25 —

-0.26 ———+———+—+ +
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
t t*

Figure 6. Normalized velocity auto-correlation functions of models I(—). H{---). and II{---) for liquid branched-chain alkanes with * in

ps. (a) #- butane. (b) d-propyv] heptane. (¢) 6-pentyl duedecane. and (d) 3-dibutvl nonane.

Table 5. Sclf dittusion coctlicients( D, 10" m*s) of model II
for liquid i-butane. 4-propy] heptane(d-ph). 6-pentvl duedecans(6-
pdd). and 3-dibuty] nonane(3-dbn} caleulated from MSI> using

Table 6. Sclt diftusion cocflicients( D, 10" m™ s) of model II
for liquid i-butane. d-propyl heptane(d-ph). 6-pentvl duodecane(6-
pdd). and 3-dibuty] nonane(3-dbn) calculated from SAC. A (ps) iy

Eq. (1)

Alkane D, Alkane 1,

i- butane 33 4-ph 2,61
(7.96Y Q.37
[8.58]" [3.16]"

6-pdd 110 3-dbn (.833
{1942y (0.689)
[1.398] [0.994]

‘Model I. "Model 111,

The normalized stress auto-correlation (SAC) and heat-

the value of Eq. (3) and AT mr in 10° m'/s

Mux auto-corrclabon (HFAC) tunctions of models T, 1T and
ITT for liquid branched-chain alkanes are shown in Figures 7
and 8. respectively. Both functions of modcel 1T of all the
branched-chain alkanes also show a different behavior from
those of the other two models. As discussed 1n Sec. [, the
branching clleet on the viscosity properly ol liquid alkanes
is that branching decreases the viscosity. However, un-
fortunately there is no experimental data avaliable for the

Alkane KT mt ot 1.
i- butane 42.11 0.3319 13.98
(41.49 0.1732 719y
[44.92 0.1923 8.64]"
d-ph 16.43 0.3093 5.08
{15.81 0.1262 2.00y
[16.81 0.1537 2.58]"
6-pdd 9.099 0.2765 2.08
(9.328 0.0762 711y
19.847 0.0941 .923]"
5-dbn 9.700 0.2837 2795
{9.334 0.0820 0.765y
19.775 0.0941 0.927]

‘Model 1. 'Model 111 and in the caleulation of £, the mass ol
atoms only is considered.

branching effect on the thermal conducuvity of liquid al-
kanes.
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Figure 7. Nomalized siress auto-correlation functions of models 1(—). TI{--~). and TII(--} for liquid branched-chain alkanes with ¥ in ps.

(a) i- butane. (b) 4-propy] heptane. {¢) 6-pentyl duodecanc. and (d) 3-dibuty] nonane.

The calculated viscosities and thermal conductivities of
models 1, 11, and 11l for branched-chain alkanes from the
Green-Kubo relations™ are listed in ‘T'ables 7 and 8, respec-

tively. Those values are again separated into two parts ac-
cording Lo

V ” 1
N~ %r Jn S PUAOY-P o
_bep et
= = B
kT

4

where P 1s an off-diagonal /x # ) of the viscous pressure
tensor,

N N
PY=% mwy~3 rF (3)
i=1 =]

= <Py (1) - Py (1D)>
and =7 S () Pl D)>
an =, <Py (0) Po(0)> 6

] oo
And A= jD < (t) - T (O)> dit

V<, >2
=2 {7

kT2

where ./, 1s a component ot the energy current veetor, J

K

N
JQV:ZEIVE - % 22 rj(v; - Fy)
i=1 [

(8)
. _ i~ Vo0 S (D>
and C _jl) W {9)

The calculated viscosities and thermal conductivities from
SAC and HFAC [rom our MD simulation are too much var-
1ed 1o prediet the branching eflect on the viscosity and ther-
mal conductivity of liquid alkanes. The variation ol our MD
simulation results for the viscosities and thermal con-
ductivities of liquid branched-chain alkanes may be possibly
involved in several aspects, but the most significant point is
due to the limitation of” equilibrium MDD simulation using
Green-Kubo relations for the thermal transport properties of
liquid branched-chain alkanes, and that explains why the

non-equilibrium MDD simulation has been developed re-
cently

Conclusions

We have carried out a series of MD simulations of liquid
alkanes using three different models. In a recent paper,’ we
reporied the MDD simulation results for the thermodynamie
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Figure 8. Nomnalized heat-flux auto-correlation functions of models [(—). H(---). and 111{---) for liquid branched-chain alkanes with 7* in
ps. (a} #- bulane. (b) 4-propy] heptane. (¢) 6-pentyl duodecane. and (d) 5-dibutyl nonane.

Table 7. Viscosities( 0. ¢P) of model 11 for liquid i-butane, 4-pro-
pyl heptanc(d-ph). G-pentyl duodecanc(G-pdd). and 3-dibutyl
nonane(3-dbn} caleulated from SAC. B (ps) is the value of lig. (6)

Table 8. Thermal conductivities{ . J:s-m - K ps) for liquid i-bu-
tane. d-propyl heptane(d-ph). 6-pentvl duodecane(6-pdd). and 5-
dibutv]l nonane(3-dbn) caleulated trom HFAC. € (ps) 1s the value
of lig. (9yand !t =, - kT inJs-m - K ps

andI* po kTinePps
Alkane p’

B

. N
i- butane 1.470 0.1642 0.219
{1.448 (.1036 0.153)
[2.354 0.05007 0.118)"
4-ph 3.496 01103 (1.386
{3.337 0.08180 0.273y
|5.338 0.03416 0.300]'
6-pdd 6838 (.1330 0.612
{3.885 0.09555 0.362)
[10.24 0.04063 0.4181"
3-dbn 5.049 (.1338 0.787
{3.841 0.1521 (J.888)
|8.415 0.04811 0.505]'

‘Madel 1. "Maodel 1T and in the calculation ol

atoms only 1s considered.

" 1). the mass of €

and structural propertics of hyquid #- alkanes. Txecllent agree-
ment of the results of model I for #- butane from different

-

Alkane [ { A

i- butane 03159 0.15753 0.0813
(0.5016 0.1081 0.0542)°
[0.7201 0.06864 0.0494]°

4-ph 04247 0.1364 0.0583
{0.3729 0.07541 0.0281)
10.3825 0.03185 0.0348]

6-padd 04216 0.1228 0.0518
{0.3473 0.07763 0.0270)
10.6281 0.04922 (.03097

5-dbn 0.3347 0.1663 0.0537
(04106 0.08032 0.0331)
[0.3313 0.04718 0.0260]

‘Madel 1. 'Model 1T and in the ecalculation of A, the mass of

atoms only is considered.

MD algorithms, ours and thosce ot Tdberg eral, " con-
firmed the validity of our whole set of MD simulations of
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model 11 for 14 liquid »- alkanes and of models 1 and 111 for
liquid #- butane. »- decane, and »- heptadecane. The ther-
modynamic and structural properties of model 1 and 11 were
verv similar to each other and the thermodvnamic properties
of model 111 for the three »#- alkanes are not much ditterent
from those of models T und IT. However, the structural pro-
perties of model 111 were verv different from those of model
I and IT as scen [rom the radial distnibution functions. the
average end-to-end distances. and the root-mean-squared ra-
di1 of gvration.

In a more recent paper,’ we reported the results of MD
stmulations [or the dvnamic propertics of hgud #- alkanes
usmyg the same models. The agreement of two sell-diftusion
coetficients of liquid #- alkanes calculated from the MSD's
via the Einstein equation and the VAC functions via the
Green-Kubo relation was excellent. The viscosities of n-bu-
tane 1o #- nonane calculated from the SAC Tunctions and (he
thermal conductivities of »#- pentane to »#- decane calculated
from the HFAC functions via the Green-Kubo relations
were smaller than the experimental values by approximatelv
a factor of 2 and 4, respectively.

In the present paper, we report results of thermodvnamic,
structural, and dvnamic properties from MD simulation ol 1i-
quid branched-chain alkanes using the same models. The
thermodvnamic propertv reflects that the intermolecular in-
teractions become weaker as the shape ol the moleeule
tends to approach that of a sphere and the swface area de-
creases with branching. Not like observed in the straight-
chain alkanes, the structural properties of model LI trom
(he site-site radial distnbution function and the distribution
functions of the average end-to-end distance and the root-
mean-squared radi of gyration are not much ditferent from

those of models T and T The branching cfleet on the sclf

diffusion of liquid alkanes is well predicted but not on the

Bull. Korean, Chem. Soc. 1997, Vol 18. No. 3 09

viscosity and thermal conductivity from our MDD simulation.
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