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In this paper we have presented the results of diffusion behavior of model systems for eightdlgaites

(C12Cs4) in a canonical (NVT) ensemble at several temperatures using molecular dynamics simulations. For
thesen-alkanes of small chain lengththe chains are clearly €®R/6<R,>>>1 and non-Gaussian. This result
implies that the liquidh-alkanes over the whole temperatures considered are far away from the Rouse regime,
though the ratio becomes close to the unitynascreases. Calculated self-diffusion constants: Bre
comparable with experimental results and the Arrhenius plot of self-diffusion constants versus inverse
temperature shows a different temperature dependence of diffusion on the chain length. The global rotational
motion ofn-alkanes is examined by characterizing the orientation relaxation of the end-to-end vector and it is
found that the ratiai/1; is less than 3, the value expected for a isotropically diffusive rotational process. The
friction constantg of the whole molecules ofalkanes are calculated directly from the force auto-correlation
(FAC) functions and compared with the monomeric friction consfarstracted from Ry Both the friction
constants give a correct qualitative trends: decrease with increasing temperature and increase with increasing
chain length. The friction constant calculated from the FAC’'s decreases very slowly with increasing
temperature, while the monomeric friction constant varies rapidly with temperature. By considering the
orientation relaxation of local vectors and diffusion of each site, it is found that rotational and translational
diffusions of the ends are faster than those of the center.
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Introduction Although the power law dependence has the same functional
form as in Eq. (1), the origin is totally different. The
It is well known that dynamics of polymer chains such asmolecular weight dependence of.pand n, in Eq. (1) is
self-diffusion constant, ;, and zero shear viscositys, for attributed to the topological entanglement effect not the
a melt of chains shows three distinctively different behaviorssegmental friction while the exponeatfound below the
according to the molecular weight or the chain length. TheRouse regime reflects the molecular weight dependence of
first crossover is from the behavior of unentangled chairthe local friction not the topological effect. A property often
regime to that of entangled polymer regitne: employed to investigate the local friction in the polymer
Deer~ M~ andro ~ M for M<M. (1) chain dynamics is_ the monomeric friction coefficieht,For
Do~ M2 andr. ~ Me4for M>M Iow molecular weight polymerg, depends on the molgcular
sef Mo @ weight. Above the onset molecular weight at which the
where M is the entanglement coupling molecular weight. Rouse behavior is observed, becomes independent of
The polymer chain dynamics of unentangled and entangletholecular weight* Recent molecular dynamics (MD)
chains are commonly described by the Rouse and thsimulation studies showed that the Rouse chain behavior of
reptation model, respectively. The second crossover is n-alkane was obtained around 80 carbons at whickaches
from the behavior of very smatialkane molecules to the an asymptotic limit independent of molecular weftht.
Rouse regime. The study ofalkanes in the range of In arecent stud¥, diffusion of methyl yellow (MY) in the
medium size (e-Cao) provides a clue for the simplest oligomeric host oh-alkanes andh-alcohols was studied by
physical system for investigating the Rouse regime offorced Rayleigh scattering as a function of the molecular
polymer dynamics. The first crossover has receivedveight and the viscosity of the medium. It was observed that
considerable attention in recent yeatsyhile the second the diffusivity of the probe molecule follows a power law
crossover has received relatively little attention. dependence on the molecular weight of the oligomers,
At the molecular weight below the Rouse regimgsBnd  Duy~M™ well. As the molecular weight of the oligomers
ne of n-alkanes show power law behaviors. For examplejncreases, the exponent shows a sharp transition from 1.88 to
Deseir Of n-alkanes fromn-octane to polyethylene of the 0.91 near docosaneZin n-alkanes and from 1.31 to 0.60
molecular weight of several thousands was reported tmear 1-hexadecanol {€£OH) inn-alcohols at 45 C. A similar
follow the relation, Re-M™ in which the exponentg is in transition was also found in the molecular dynamics (MD)
the range of 2.72-1.75 depending on temperdtlre. simulation for the diffusion of a Lennard-Jones particle of a
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size similar to MY inn-alkanes. This transition deems to (Ci2Hze), n-hexadecane (fgHss), n-eicosane (&Hai), n-
reflect a change of the dynamics of oligomeric chaintetracosane (&Hsg), n-octacosane (fHsg), n-dotriacontane
molecules that the motion of the segments, not the entiréCs.Hee), N-hexatriacontane @#gH-4), andn-tetratetracontane
molecules, becomes responsible for the transport of th€CsHgg). Each simulation was carried out in the NVT
probe molecule as the molecular weight of the oligomerensemble; the number ofalkane was N=100, the density
increases. and hence the length of cubic simulation box were fixed and
In this study we have investigated the diffusion behaviollisted in Table 1 with given temperatures. The usual periodic
of small n-alkane molecules by MD simulation in a boundary condition in the x-, y-, and z-directions and the
canonical (NVT) ensemble at temperatures of 273, 293, 31Iminimum image convention for pair potential were applied.
333, and 372 K. We have chosen 8 liquid n-alkane systemSaussian isokinetics was used to keep the temperature of the
of various chain lengths, 12 n < 44. The primary purpose system constant:'?
of this work is to characterize the diffusion dynamics of We used a united atom (UA) model fealkanes, that is,
small sizen-alkanes as a function of chain length(or methyl and methylene groups are considered as spherical
molecular weight M) and as a function of temperature. Ininteraction sites centered at each carbon atom. This model
general the temperature dependence of the diffusion constawas used in the previous simulation studiéd.Here, we
of small n-alkane is well described by the Arrhenius briefly describe the salient features of the model. The
equation. The Arrhenius behavior of the smathlkanes interaction between the sites on differaralkane molecules
over the whole temperatures considered is examined and tland between the sites separated by more than three bonds in
diffusion activation energies of the Arrhenius plot for the the samen-alkane molecule was described by a Lennard-
given n-alkanes are determined. We also try to investigatelones (LJ) potential. All the sites in a chain have the same LJ
the local intramolecular relaxation by considering thesize parameteo; = g; =3.93 A, and the well depth para-
orientation relaxation of local vectors and local diffusion of meters wereg = & = 0.94784 kJ/mol for interactions bet-
monomers at both center and end monomers. ween the end sites amp= 0.39078 kJ/mol for interactions
This paper is organized as follows: In Section Il, webetween the internal sites. The Lorentz-Berthelot combining
present the molecular models and NVT MD simulationrules E; =(g8)*%, gj = (i + j)/2] were used for inter-
methods. We discuss our simulation results in Section Illactions between an end site and an internal site. A cut-off

and present the concluding remarks in Section IV. distance of 2.5 was used for all the LJ interactions.
Initially the bond-stretching was described by a harmonic
Molecular Models and MD Simulation Methods potential, with an equilibrium bond distance of 1.54 A and a

force constant of 1882.8 kJ/mofAThe bond bending inter-
For n-alkanes, we have chosen 8 systemsdodecane action was also described by a harmonic potential with an

Table 1. MD simulation parameters for molecular models-afkanes

n-alkanes T (K) I(Dge/r:ll_t)); Lsg)?t(;)o f n-alkanes T (K) E;;SI'_I;Z Lsgl)?t(:)o f
N-CioHas 273 0.7636 33.335 N-CieHs34 273 0.7874 36.281
(14.195% 293 0.7487 33.555 (14.183) 293 0.7737 36.494
(5.0 nsy 311 0.7360 33.747 (5.0 fis) 311 0.7612 36.692
333 0.7194 34.004 333 0.7460 36.940
372 0.6907 34.469 372 0.7190 37.396
N-CooHaz 273 0.8021 38.819 Nn-CaaHso 273 0.8118 41.070
(14.128% 293 0.7888 39.036 (14.1%1) 293 0.7988 41.292
(5.0 nsy 311 0.7769 39.234 (5.0 fis) 311 0.7873 41.492
333 0.7621 39.486 333 0.7728 41.750
372 0.7361 39.946 372 0.7475 42.215
N-CagHss 273 0.8196 43.086 N-CazHes 273 0.8243 44.951
(14.099% 293 0.8068 43.312 (14.090) 293 0.8119 45.179
(7.5 ns}y 311 0.7918 43.584 (7.5 fis) 311 0.8007 45.388
333 0.7776 43.847 333 0.7869 45.653
372 0.7565 44.252 372 0.7626 46.132
N-CaeH7a 273 0.8296 46.644 n-CasHgo 273 0.8296 49.697
(14.083% 293 0.8171 46.880 (14.073) 293 0.8249 49.953
(10.0 ns) 311 0.8059 47.096 (15.0 fs) 311 0.8135 50.185
333 0.7921 47.369 333 0.7993 50.480
372 0.7677 47.865 372 0.7745 51.014

3Densities ofn-alkanes are obtained from or interpolated (or extrapolated) from the values at liquid states in Rifs8®f monomer (g/mole).
Equilibration time.
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equilibrium angle of 11%and a force constant of 0.079187 distance. The advantage for this change is to increase the
kJ/mol/degreg The torsional interaction was described by time step as 5 femto-seconds with the use of RATTLE

the potential developed by Jorgense¢ial'®:

Usorsio ) = @ + & COp+ & Co$@+ & CoSp

)

where@is the dihedral angle, and & 8.3973 kJ/mol, &=

16.7862 kJ/mol, a= 1.1339 kJ/mol, andza -26.3174 kJ/

algorithm?° After a total of 1,000,000 time steps (5.0 nano-
seconds) for equilibration, the equilibrium properties were
then averaged over 5 blocks of 200,000 time steps (1.0 nano-
seconds) but more equilibration time was required for longer
chains greater than=24 and the required equilibration
mol. For the time integration of the equations of motion, wetime for each chain was listed in Table 1. The configurations
adopted Gear's fifth-order predictor-corrector algorithm of all the molecules for further analyses were stored every 10
with a time step of 0.5 femto-second for all the systemstime steps (0.05 nano second) which is small enough for the
Later the bond-stretching was switched to a constraint forcéick of any time auto- correlation functions.
which keeps intramolecular nearest neighbors at a fixed There are two routes to determine self-diffusion constants

Table 2. Static and dynamic propertiesreilkanes. Uncertainties in the last reported digit(s) are given in parenthesis

n-alkanes T (K) % (A?) Reé (A?) Red/6R,? trans%  Dser (MSDY Dserr (VAC) z° Jomsp)
n-CizHzs 273 15.8(2) 140(3) 1.48 75.4(18) 7.61(45) 7.47(59) 180(0) 249(15)
(-0.60¥ 293 15.6(2) 136(3) 1.45 73.8(13) 10.6(6) 10.4(11) 179(0) 192(11)
311 15.4(2) 134(3) 1.45 72.5(16) 14.1(4) 13.7(17) 177(0) 153(4)
333 15.2(2) 131(3) 1.44 70.8(20) 19.3(6) 20.7(16) 176(1) 120(4)
372 14.9(2) 127(3) 1.42 68.7(22) 27.5(6) 30.2(24) 175(1) 93.7(20)
n-CigHas 273 26.3(5) 235(6) 1.49 76.2(17) 3.86(15) 3.41(17) 243(0) 368(14)
(-0.83% 293 25.7(3) 227(7) 1.47 74.1(15) 6.02(37) 5.61(36) 241(0) 253(16)
311 25.4(4) 223(6) 1.46 73.0(16) 8.25(49) 8.09(47) 239(0) 196(17)
333 24.9(4) 215(7) 1.44 71.3(18) 11.6(2) 11.0(13) 238(0) 149(3)
372 24.2(4) 206(7) 1.42 68.9(19) 18.3(3) 18.5(13) 236(1) 106(2)
n-CooHaz 273 38.2(6) 342(16) 1.49 76.5(16) 2.31(18) 2.03(32) 305(0) 492(38)
(-1.01¥ 293 37.6(8) 330(13) 1.46 74.6(16) 3.70(23) 3.25(15) 303(0) 329(20)
311 36.8(5) 318(10) 1.44 73.1(14) 5.54(16) 5.20(34) 301(0) 233(7)
333 35.8(7) 306(12) 1.42 71.4(15) 7.74(26) 7.31(49) 299(1) 179(6)
372 34.7(6) 292(11) 1.40 69.0(16) 13.0(6) 12.7(9) 297(2) 119(5)
n-Ca4Hso 273 52.1(11) 466(17) 1.49 77.7(16) 1.60(15) 1.35(23) 367(1) 591(55)
(-1.17% 293 50.9(10) 453(17) 1.45 75.0(11) 2.55(18) 2.27(23) 365(0) 398(28)
311 49.7(11) 427(16) 1.43 73.2(14) 3.75(16) 3.51(21) 362(1) 287(12)
333 48.2(11) 405(17) 1.40 71.4(14) 5.40(26) 5.12(19) 360(0) 214(10)
372 46.5(10) 386(16) 1.38 69.2(15) 9.79(33) 9.18(64) 357(1) 132(4)
n-CagHss 273 67.2(10) 597(19) 1.48 77.9(16) 1.13(7) 1.00(10) 430(1) 718(44)
(-1.37% 293 64.8(14) 559(21) 1.44 75.2(12) 1.91(10) 1.66(25) 427(1) 456(24)
311 63.1(14) 529(20) 1.40 73.4(14) 2.92(20) 2.46(44) 424(0) 316(22)
333 61.4(12) 509(24) 1.38 71.6(13) 4.33(10) 4.13(31) 421(1) 228(5)
372 58.6(13) 476(20) 1.35 69.5(13) 7.38(39) 6.67(70) 417(1) 150(8)
n-CazHes 273 85.4(25) 752(24) 1.47 78.5(20) 0.93(6) 0.80(8) 490(1) 763(49)
(-1.95% 293 82.1(23) 709(19) 1.44 76.0(17) 1.41(5) 1.29(11) 488(1) 540(19)
311 79.0(24) 649(25) 1.37 73.6(11) 2.07(6) 1.85(16) 486(1) 390(11)
333 75.6(19) 610(27) 1.34 71.8(12) 3.17(26) 3.17(18) 482(1) 273(22)
372 70.5(22) 558(26) 1.32 69.8(12) 6.15(26) 6.02(21) 478(1) 157(7)
N-CagH7a 273 108(27) 929(28) 1.43 79.2(29) 0.76(5) 0.61(11) 555(2) 830(55)
(-2.35% 293 100(27) 844(30) 1.40 76.6(12) 1.16(5) 1.08(15) 551(1) 584(25)
311 95.6(21) 774(31) 1.35 73.6(13) 1.68(11) 1.50(9) 547(1) 427(28)
333 90.9(22) 728(31) 1.33 72.1(11) 2.68(13) 2.42(16) 544(1) 287(14)
372 85.0(20) 666(25) 1.31 70.3(12) 5.12(33) 4.92(36) 538(1) 168(11)
n-CaaHoo 273 149(32) 1225(38) 1.37 81.2(16) 0.52(5) 0.36(7) 675(1) 993(95)
(-2.94% 293 136(30) 1107(32) 1.35 77.5(14) 0.84(6) 0.66(10) 673(1) 659(47)
311 127(29) 1006(37) 1.32 74.7(11) 1.21(7) 1.01(7) 671(1) 486(28)
333 121(24) 937(31) 1.29 76.1(11) 1.93(16) 1.64(29) 666(1) 326(27)
372 111(29) 842(31) 1.26 70.9(12) 3.69(11) 3.40(23) 660(1) 191(6)

3n 10°° cP/sec °In g/(ps-mol) The expansion coefficient in K™,
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of n-alkanes from MD simulations; the Einstein relation and it also does at 333 K except.n the case afi-alkanes

from the mean square displacement (M3D), studied here, the chains are clearly.&R6<R,>>>1 and
non-Gaussian. Fon-alkanes, the crossover to Gaussian
o =1im ddr (t) —r(0)|F 3) chain statistics is known to occur feigreater than 10¢:2°
self = 6 o dt ’ Since the Rouse model is based on the fact that the chains

are Gaussian, one would expect that the crossover length is a
and the Green-Kubo relation from the velocity autocorre-minimum chain length for the Rouse model to hold, though
lation (VAC) function ofn-alkaneg? this has not previously been checked systematically. Hence
data from Table 2 for the ratio of sR/6<R;>> implies that
the liquidn-alkanes over the whole temperatures considered
are far away from the Rouse regime.

The change of Rover the whole temperature interval can
Results and Discussion be used to obtain an estimate of the expansion coefficient
k = d(In R?/dT, which is given in Table 2. We also plot (In
Structural properties. Some equilibrium properties for Ry?) versus temperature in Figure 1. The obtained expansion
liguid n-alkanes at 273, 293, 311, 333, and 372 K obtainedoefficient n-tetracosane (%) at 333 K is also in good
from our MD simulations are listed in Tables 2 and 3. Theagreement with the pervious MD simulation regtfisr the
calculated square radii of gyrationg{Rand the square end- UA model k=-1.10.2x10° K™). The corresponding
to-end distances (&) of n-tetracosane () at 333 and 372 experimental value for bulk polyethylere=-1.07 +0.08
K are in good agreement with the pervious MD simulationx 102 K™, obtained SANS measuremeffisn general we
resultg? for a united atom (UA) model [48.9(0.3) and 409(6) find a decrease of the expansion coefficient with increasing
at 333 K and 46.3(0.3) and 376(5) at 372 K, respectively]temperature. The average % of C-C-Gr&hsis found to
The slight difference of bothgRand Ré is probably due to  decrease with increasing temperature which is coincided
the difference in the running times. In all cases decrease ofith the decrease of bothyRand Ré&, but it increases with
both R? and Ré& with increasing temperature was found.  increasing chain length. As temperature increases, there is a
The crossover of the square radii of gyration and theeduction in the degree of asymmetry fedodecane (©)
square end-to-end distances to the Rouse regime is examinadd n-tetracosane (&), as shown by a decrease of the
as a function of the chain length,For Gaussian chains, itis largest eigenvalue) of the mass tensor listed in Table 3.
satisfied that <R?> = 6<R;?>> =nb? where b is the effective |; corresponds to the smallest eigenvalue of the inertia tensor
bond length. The ratios of <R>/6<R>> for liquid n- and the associated eigenvector defines the direction of the
alkanes at several temperatures obtained from our MDongest principal axis of the molecule's ellipsoid of inéttia.
simulations are shown in Table 2. Clearly the ratio decreaseBhese eigenvaluet?] satisfy the relatioh? + I,? + 15 = Ry
with increasing temperature for alalkanes considered. At with 1;2>1,? > 32 The largest eigenvaluek? of the mass
low temperatures for smail < 16, the ratio increases with tensor also decreases with increasing chain length.
increasingn since the chains are relatively rigid for snrall Diffusion constants Self-diffusion constants, &
At 372 K, the ratio constantly decreases with increasing obtained from both the Einstein relation, Eg. (5), from the

Dour= 5 V(1) V(O)Ce @

Table 3. Some selected propertiessélkanes. Uncertainties in the last reported digit are given in parenthesis

nakanes T(K) IZRZ  IARZ  T1e8® 1€ () n a(®)
ctr end ctr end ctr end
nCiHe 273  0919(6) 0.069(5) 170 62.0 169 157 15.7 13.8 15.8 14.9
293 0915(6) 0.072(5) 109 38.9 111 105 11.7 10.4 11.3 10.1
311  0911(6) 0.075(6) 828 30.2 83.2 81.8 9.1 8.1 9.0 8.7
333 0.906(6) 0.079(6) 562 21.4 55.3 54.2 75 7.0 7.7 7.3
372 0.901(7) 0.084(6) 36.4 12.9 39.4 38.1 5.8 55 5.8 5.4
nCoHso 273 0.892(8) 0.094(7) 1880 663 652 303 56.0 34.9 56.9 31.0
293 0.885(7) 0.100(6) 1160 409 458 195 44.1 21.3 425 19.8
311  0.876(9) 0.107(8) 735 269 381 159 32.3 18.9 33.6 19.4
333 0.866(10) 0.116(9) 466 170 300 131 21.7 9.4 205 9.0
372 0.860(9) 0.120(8) 244 92.4 211 95.6 12.9 7.2 11.9 6.4
nCuHeo 273  0.855(7) 0.127(6) 6660 2560 1020 403 95.6 485 93.3 47.2
293 0.850(8) 0.128(6) 3570 1360 646 290 61.9 36.4 62.6 37.3
311  0.846(9) 0.129(8) 2540 978 535 222 45.2 19.8 45.0 19.7
333 0.838(3) 0.132(3) 1500 577 465 168 30.4 10.4 29.7 9.9
372 0.828(3) 0.139(3) 812 320 308 126 16.7 5.7 17.3 5.7

&n the unit of ps.
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Figure 1. Plot of (In R?) vs temperature. From top £ Css, Ca», Figure 2. Arrhenius plot of self-diffusion constants versus in
Cas, Caa, Goo, Ci6, and G, respectively. temperature for liquich-alkanes. From top, & Cis, Coo, Co4, Cos,

Cs2, Cse, and Gg, respectively.
mean square displacement (MSD) and the Green-Kube
relation Eg. (6), from the velocity autocorrelation (VAC) 45
function ofn-alkanes are collected in Table 2. The calculatec
diffusion constants ofi-tetracosane (&) at 333 and 372 K
are comparable with the pervious MD simulation re$ults
for a united atom (UA) model [4.50(0.17) and 8.50(0.38) at -5 |
333 and 372 K, respectively], though these results over
estimates the experimental measures [2.58 and 5.65 at 3.
and 372 K, respectivelyf. The previous MD simulation
study?? could improve the results much better [2.70(0.11) & 55
and 5.50(0.21) at 333 and 372 K, respectively] by using ai™
asymmetric united atom (AUA) mod&which introduces a
displacement between the centers of force of nonbonde
interaction and the centers of mass of the united atoms. |
this study we do not consider the use of the AUA model
since the qualitative trend of diffusion constants of liquid
alkanes may not vary much on the model property. ' ‘

The temperature dependence of the calculated diffusio ‘6'52_2 24 26 28
constants of liquich-alkanes over the whole temperatures Log M
considered are suitably described by an Arrhenius plot:

Figure 3. A log-log plot of self-diffusion constants ver
Dseir= Do exp(£p/RT), (5) molecular mass for liquid-alkanes. From top, T = 372, 333, <

o ] 293, and 273 K, respectively.
as shown in Figure 2, wherg 3 the pre-exponential factor,

RT has the usual meaning, dBslis the activation energy of Recent experimental study reported thafEM™, with o
n-alkane diffusion. The value of the activation energy is achanging approximately linearly from -2.72 to -1.85 as T
direct measure of how fast the self-diffusion changes withincreased. Thus the apparent activation energies also rises
temperature. The activation energies obtained from the slopaearly with log M. In the absence of molecular entangle-
of the least square fit are 2.66, 3.17, 3.53, 3.69, 3.84, 3.88nents, Rouse kinetics prediats= -1, but Cohen-Tumbull-
3.93, and 4.0kcal/mol for G, Cis, Coo, Coa, Cog, Caz, Cae, Bueche free-volume effects due to molecular chain ends add
and Gy, respectively. The previous MD simulation sttfdy a further nonpower-law terfd,enhancing D increasingly at
reported this value as 3.98 kcal/mol for the UA modet-of low M.

tetracosane (§) which is compared with a value of 4.04 Global rotational motion. The global rotational motion
kcal/mol obtained from viscosity measureméhtand a  of n-alkane molecules is characterized by the orientation
value of 4.36 from PFG NMR resuftswWe also show the relaxation of the end-to-end vector. Results are collected in
log-log plot of diffusion constant versus molecular mass inTable 3, where; andr; indicate the characteristic relaxation
Figure 3. The obtained exponents are between -1.6 and -2.times of the first- and second-order orientation correlation
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Figure 4. First-order (Eqg. (6), upper curves) and second-ordelFigure 5. Time auto-correlation function of the end-to-end ve
orientation correlation functions (Eqg. (7), lower curves) of the end-as extracted directly from the simulation and as calculated fro
to-end vector fon-dodecane (). The solid, dotted, dashed, long (8) usingree= 170 ps fon-dodecane (g) at 273 K.

dashed, and dot-dashed lines are for T = 273, 293, 311, 333, aliu

372 K, respectively.
|:Ree(t) |:Ree(o)D — z ieXpD—'ﬂzD (8)
=1,3,.. p27T2

functions, ER;D P 0 1
P.eYt) = <ey(t)-e1(0)> (6) whererteis the longest relaxation time expressed as
and B Zonz R, eDZ o
1 5 ee ™ 2 ! ( )
Pt = 5 B <) e(0]>-1. ) 3mkT

where , is the monomeric friction constant. This friction
In Figure 4 we show the first- and second-order orientaiorconstant is related to the self-diffusion constant:
correlation functions (Eqgs. (6) and (7)) of the end-to-end _
vector for n-dodecane (G) and n-tetracosane (G) at ¢o=KT/nDserr. (10)
several temperatures. The relaxation behavior of the end-td=rom Eq. (8), it is obvious that the autocorrelation function
end vectors can always be adequately described by a simpdé the end-to-end vector is clearly dominated by the first (p =
exponential. The calculated characteristic relaxation times of) mode. In Figure 5 we compared the time auto-correlation
n-tetracosane () at 333 and 372 K are comparable with function of the end-to-end vector as extracted directly from
the pervious MD simulation resudtdor a united atom (UA)  the simulation and as calculated from Eq. (8) usiag 170
model [531 and 211 for, and 215 and 92 far, at 333 and  ps forn-dodecane (§) at 273 K. The figure shows again
372 K, respectively]. The characteristic relaxation timethat the short chain-alkane is far away from the Rouse
decreases with increasing temperature and it increases withgime. Table 3 contains results ®f calculated from the
increasing chain length. In the case of isotropic rotationatime auto-correlation function of the end-to-end vectors for
diffusion a value of 3 for the ratin/1, is expected®**The  n-dodecane (), n-tetracosane (), and n-tetratetra-
ratios 1,/17, obtained from the characteristic times given in contane (Gy). The characteristic relaxation time decreases
Table 3 are the range between 2.63-2.82rfglodecane  with increasing temperature and it increases with increasing
(C1), 2.64-2.84 fon-tetracosane (%), and 2.60-2.63 fon- chain length.
tetratetracontane (¢ which are closed to 3. This ratio  Friction constant. A friction constant is obtained from the
appears to decrease with increasing chain length which ime integral of the force auto-correlation function (F&&)
contrasted with the decrease of the largest eigenvaides (
of the mass tensor with chain length. It is hard to reach a _1_ 1+
detailed conclusion on the temperature and chain length (=17 kTIo
dependence with given statistical uncertainty.

The Rouse model also predicts a relation for the relaxatiomwheref;(t) = Fi(t) — <Fi(t)>, Fi(t) is the total force exerted on

of the time autocorrelation function of the end-to-end vectomolecule i, and; is the macroscopic relaxation time of the
Reeas® FAC23" The force auto-correlation functions obtained from

dt{;(t) 4;(0) (11)
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Figure 6. Force auto-correlation function of center of mass (dashecFigure 7. First-order orientation correlation functions (Eq. (6
line), center monomer (dotted line), and end monomer (solid linethe ¢ vectors at different positions along the backbone rf
for n-dodecane (G) at 273 K. dodecane (¢) at 273 K (upper curves) and at 372 K (lo
curves).
our MD simulations for liquidn-tetracosane at 273.15 K
only are shown in Figure 6. The FAC function for center offrom MSD’s in Table 2. Both the friction constants give a
mass shows a well-behaved smoothly decaying curve, whileorrect qualitative trends: decrease with increasing temper-
those for center and end monomers are oscillating onesture and increase with increasing chain length. The friction
probably due to the rapidly varying interaction of methyl constant calculated from the FAC'’s using Eq. (10) decreases
groups. The initial decay is very rapid, occurring in a timevery slowly with increasing temperature, while the mono-
~0.2 ps, while a subsequent long tail decays only aftemeric friction constant obtained from Eq. (10) varies rapidly
several ps(not shown). It is notorious that the calculation ofvith temperature.
friction constant from the force auto-correlation function is Intramolecular dynamics and diffusion of the center
very hard due to the non-decaying long-time tails. As Kubaand end monomersWe consider the orientation relaxation
pointed out in his “fluctuation-dissipation theorefi”the  of three vectors in order to analyze the local intramolecular
correlation function of random force R will decay in a time relaxation: the local orientation of the backbong (he
interval of r.(microscopic time or collision duration time), perpendicular direction to thevector in the local plane of
whereas that of the total force F has two parts, the short timidne molecule &), and the direction perpendicular to the
part or the fast similar to that of the random force and themolecular planeh). The orientation relaxation of these local
slow part which should just cancel the fast part in the timevectors are considered at both the center and end of the
integration®® This means that the time integral of Eq. (11) upmolecule. In a chain af sites numbered from 1 tg for
to 7= is equal to zero. The time integral in Eq. (11) attainsexample, the enclvectors represent=r-rz andc =r,»r,
a plateau value far satisfyingr.<< 1 <<, if the upper limit  and the center ¢ vectots=r .1l y2+1@NA C = Iyl 242 IN
of the time integral, Eq. (11), is chosen thgt< r<<r Figure 7 we show the first-order orientation correlation
because the slow tail of the correlation function is cut off.functions (Eq. (6)) of the& vectors at different positions
However, we were unable to get the plateau value in thalong the backbone fordodecane (¢) at 273 K and at 372
running time integral of the force auto-correlation function. K. Note that the relaxation behavior of tkevectors is
Kubo suggested above that the friction constants should ba&dequately described by a simple exponential. Table 3 con-
obtained from the random FAC function not from the totaltains results of; calculated from the time auto-correlation
FAC and that there exists a difficulty to separate the randorfunction of these local vectors at both the center and end of
force part from the total force. We could obtain the friction n-dodecane (g), n-tetracosane (&), and n-tetratetra-
constants by the time integral of the total FAC with choosingcontane (Gs). The orientation relaxation time decreases with
the upper limit ofr as the time which the FAC has the first increasing temperature. In general the orientation obthe
negative value by assuming that the fast random forcand a vector relaxes much shorter than that of the corre-
correlation ends at that time. The monomeric frictionspondingc vector, while there is a little difference betwden
constant{, is related to the diffusion constantcpusing and a. In the case oh-dodecane (), the orientation
Einstein relation (Eqg. (3)) through Eq. (10). Table 2 containgelaxation times of the three vectors for the center and end
the friction constants obtained from the time integral of themonomers are almost the same, reflecting the rigidity of the
FAC using Eq. (11) and from Eg. (10) withfpobtained  backbone, while fom-tetracosane (&) and n-tetratetra-



1602 Bull. Korean Chem. So2002 Vol. 23, No. 11

Geun Hoi Goo et al.

Table 4. Self-diffusion constants calculated from MSD’s and n increases. Calculated self-diffusion constantgy [@re
monomeric friction constants of each sitaaE1.H26 andn-Cz4Hso

at 273 K. Uncertainties in the last reported digit(s) are given inof self-diffusion constants versus inverse temperature shows

parenthesis

n-alkanes Site (MDgg)a Jomsp®  Site (|\I/D|;e|g) {pMmsD)

nCiuHs end 12.4(4) 153(10) 2nd 11.0(4) 172(13)
3rd  9.80(46) 193(18) 4th  8.91(45) 212(22)
S5th  8.34(46) 227(25) ctr  8.06(46) 235(27)

n-CoHso end 4.69(17) 202(15) 2nd 3.93(14) 241(17)
3rd  3.37(15) 281(26) 4th  3.07(13) 308(26)
5th  2.88(12) 329(27) 6th  2.82(17) 336(41)
7th  2.77(15) 342(37) 8th  2.76(21) 343(52)
o9th 2.78(21) 340(52) 10th 2.79(25) 339(61)
11th  2.77(25) 342(62) ctr  2.78(25) 340(62)

3n 10°° cnP/sec °In g/(ps-mol).

comparable with experimental results and the Arrhenius plot

a different temperature dependence of diffusion on the chain
length. The comparison of the time auto-correlation function
of the end-to-end vector as extracted directly from the
simulation and as calculated from using=170 ps forn-
dodecane (€) at 273 K also supports this conclusion. The
local intramolecular relaxation is also analyzed by consider-
ing the orientation relaxation of three local vectors, and
diffusion and friction of each site are examined to show that
rotational and translational diffusions of the ends are faster
than those of the center.
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flexibility of the molecular ends. The relative difference in
the orientation relaxation time between the center and end
vectors is slightly larger in the and a vectors than in the
corresponding vector. 1.

We have also examined diffusion behavior of each site of
n-dodecane (G) andn-tetracosane (&) at 273 K. Table 4
contains self-diffusion constants of each site calculated from
mean square displacement (MSD) through the Einsteing.
relation, Eq. (3), and monomeric friction constants calcu-
lated from Eq. (11). We were not able to calculate the S
friction constants of each site directly from the force auto- 6.
correlation (FAC) functions, since these functions are ;
oscillating fast probably due to the rapidly varying inter-
action of methyl groups as shown Figure 6. Self-diffusion 8.
constants of all sites are generally larger than that of center
of mass which is listed in Table 2, and diffusive motion of S
the end monomers are much larger than the center monomeg
As the site is closer to the center, diffusive motion becomess.
smaller. In the case oftetracosane (%), several sites close
to the center show almost the same self-diffusion constanit?-
indicating that the center part of a long chain retains
considerable degree of rigidity. Roughly speaking, rotationaf;L
and translational diffusion of the ends are faster than those qh.
the center.

15.

Conclusion 16.
In this paper we have presented the results of diffusionz.
behavior of model systems for eight liquidalkanes in a
canonical (NVT) ensemble at 273, 293, 311, 333, and 372 R8.
using molecular dynamics simulations. Diffusion dynamics
of thesen-alkanes of small chain lengthis well understood
using the united atom model with relatively small deviationzg.
from the experimental diffusion constants. The small chaing1.
of thesen-alkanes are clearly <B>/6<R/>>1 and non-
Gaussian. This result implies that the liguidlkanes over
the whole temperatures considered are far away from the
Rouse regime, though the ratio becomes close to the unity ag.
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