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Rheological and structural studies of liquid decane, hexadecane,
and tetracosane under planar elongational flow using nonequilibrium
molecular-dynamics simulations

C. Baig, B. J. Edwards,® D. J. Keffer, and H. D. Cochran
Department of Chemical Engineering, University of Tennessee, Knoxville, Tennessee 37996-2200

(Received 10 January 2005; accepted 2 March 2005; published online 11 May 2005

We report for the first time rheological and structural properties of liquid decane, hexadecane, and
tetracosane using nonequilibrium molecular-dynami¢¢EMD) simulations under planar
elongational flow(PEF. The underlying NEMD algorithm employed is the so-calle&LLOD
algorithm[C. Baig, B. J. Edwards, D. J. Keffer, and H. D. Cochran, J. Chem. Pt®3.114103

(2005]. Two elongational viscosities are measured, and they are shown not to be equal to each
other, indicating two independent viscometric functions in PEF. With an appropriate definition, it is
observed that the two elongational viscosities converge to each other at very low elongation rates,
i.e., in the Newtonian regime. For all three alkanes, tension-thinning behavior is observed. At high
elongation rates, chains appear to be fully stretched. This is supported by the result of the
mean-square end-to-end distance of chéRfg) and the mean-square radius of gyration of chains
<R§>, and further supported by the result of the intramolecular Lennard-Jbdepotential energy.

It is also observed thaR2,) and(RS) show a different trend as a function of strain rate from those

in shear flow: after reaching a plateau val¢gZ) and(RS) are found to increase further as
elongation rate increases. A minimum in the hydrostatic pressure is observed for hexadecane and
tetracosane at about(mo?/e)2=0.02. This phenomenon is shown to be associated with the
intermolecular LJ potential energy. The bond-bending and torsional energies display similar trends,
but a different behavior is observed for the bond-stretching energy. An important observation
common in these three bonded-intramolecular interactions is that all three modes are suppressed to
a small value at high elongation rates. We conjecture that a liquid-crystal-like, nematic structure is
present in these systems at high elongation rates, which is characterized by a strong chain alignment
with a fully stretched conformation. @005 American Institute of Physics

[DOI: 10.1063/1.1897373

I. INTRODUCTION The other important standard flow is elongational flow.
In contrast with shear flow, it is extremely difficult to per-
Understanding rheological and structural behaviors oform real experiments in elongational flow, and thus only a
polymeric materials in flowing systems is important not only few experimental data are available for this flow fiélRe-
in practical polymer processing but also in advancing oursearch is still in progress toward developing improved ex-
knowledge of the fundamental characteristics of chain molperimental apparatus and methodologies for measuring elon-
ecules, i.e., viscoelasticity? There exist two important stan- gational viscositieé. In this regard, without doubt, the
dard flows in rheology:shear flow(e.g., planar Couette flow computational feasibility of simulating elongational flows
and Hagen—Poiseuille flowand elongational flow[e.g.,  would be tremendously helpful. Unfortunately, NEMD simu-
uniaxial elongational flon(UEF), biaxial elongational flow lations of elongational flow, in particular, for chain mol-
(BEF), and planar elongational flo¢PEBR]. ecules with a long relaxation time, have been limited by the
Because of its amenability, numerous experimental datgimulation time, since at least one dimension is contracting
of shear flow have been published in the literaftfésur-  with time in this flow. This problem has been partially re-
thermore, successful development of proper nonequilibriunsolved by Kraynik and Reinelfsngenious discovery of the
molecular-dynamic§NEMD) simulation algorithm® for  temporal and spatial periodicity of lattice vectors in PEF.
shear flow has made it possible not only to produce impor{Unfortunately, these authors also proved that no such peri-
tant rheological and structural properties for a system condiedicity exists for UEF and BEFUsing their idea, there have
tion at which a real experiment is difficult to perform but been a few partially successful NEMD simulations of PEF
also to understand the fundamental nature of chain moleculder simple fluids using the so-called SLLO[Refs. 5,6
by observing their dynamics under flow at atomistic time andalgorithm?'g These simulation works demonstrated success-
length scales. ful application of the Kraynik—Reinelt boundary conditions
(KRBCs) in computer simulations of PEF.
dAuthor to whom correspondence should be addressed. Electronic mail: Very recently, however, Todd and Daifisave reported
bjedwards@chem.engr.utk.edu another serious problem NVT NEMD simulations of PEF
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when using the SLLOD algorithm. Regardless of the thermoil. SIMULATION METHODOLOGY
stat (Nosé—Hoover or Gaussignthe size of the time step

(small or large, the dimensionality of the fluidéwo or three In this section, we present the details of simulation strat-

dimensional, or the integration scheméGear predictor- egy. To avoid unnecessary repetition, however, we will not
here present the theoretical and computational backgrounds

corrector or velocity Verlgt the total linear momentum in £ th laorith h hnical | .
the contracting direction grows exponentially, which resultsC! te P-SLLOD algorithm and the technical details associ-

in an aphysical phase transition after a certain time interva/@€d With it; instead, we refer readers to our previous pelper.

This phenomenon starts from a nonzero initial total linear . The_ p-SLLOD equ_atlons of mptlon foNVT NEMD
momentum of the system due to the limit of numerical pre_5|mula_t|0ns of PEF using the Nosé—Hoover thermostat
cision (truncation errorin computer simulations. Accepting are written a¥
this source of error as numerically unavoidable, the underly- P
ing cause should be ascribed to the basic algorithm used in Qia=— +0Qia- V U,
the simulations. 1a

This problem has been completely resolved by the
present authoi%' using the so-called proper-SLLOMor Ba=Fi=Pia- VU= VU- V- Eépia,
p-SLLOD) algorithm. Thep-SLLOD algorithm was origi- Q
nally proposed by Tuckermaet al,* and later derived by (1)
Edwards and Dressl’érthrough a fundamental investigation .
of the canonical structure of the evolution equations under a
completely Hamiltonian perspective. In the authors’ recent
paper- the fundamental correctness of theéSLLOD algo- 5
rithm was further demonstrated through a detailed analysis p,= > Pia _ DNkgT,
of all the existing NEMD algorithm¢DOLLS, SLLOD, and i a Ma
p-SLLOD). Only the p-SLLOD algorithm, in general, i.e., -
for any type of flow, satisfies two fundamental criteria: New- WN€répia andg;, are the momentum and position vectors of
tonian dynamics and thermodynamics. Based on the viola2{0Ma in moleculei, respectivelyF, is the force on atora
tion of Newtonian dynamics by a NEMD algorithm, it was N Mmoleculei of massmy, andV is the system volumeD
also demonstrated why the DOLLS algorithm does not givei€notes dimensionalityy, the total number of atomd, the
correct results even for shear flow, but the SLLOD algorithm@Psolute temperature, airg, the Boltzmann constang, and
does so(The SLLOD andp-SLLOD algorithms are identical P: &€ coordinate- and momentum-like variables of the
for shear flow, Furthermore, it was demonstrated that the'NOS€—Hoover thermostat, respectively, Qe DNKgT7 is
SLLOD algorithm does not satisfy Newtonian dynamics inthe mass parameter of the thermostat. ,
elongational flow, and thus should not be used in this flow. . The potential model employeq fol[., our systems Is essen-
Finally, through NEMD simulations of PEF using the tially the same as that useq by Gatial. ng)r shgar flow. The
p-SLLOD algorithm, it was shown that one no longer en_model was proposed by Siepmaenal,™ and is known as

counters the aphysical phenomenon observed by Todd arm_e Siepmann-_Karaboni-Smi(_SKS) united-atom model,
Daivis with respect to the total momentum of the system.WIth the exception that the rigid bond is replaced by a flex-
ible one with harmonic potential. In this model, nonbonded

Interested readers should refer to the original pé]per. . . L
intermolecular and intramolecular atom-atdjor site-site

In the present work, we extend our simulation method-, ¢ e deled by th -k L 41
ology for NEMD simulations of PEF from simple fluids to I(rli\;e)r?)gtl:rr:tsia?re modeled by the well-known Lennard-Jones

relatively short complex fluids. We explore three alkanes,
CyH», (decang CigHs, (hexadecane and G, Hs, (tetra- \12 \6
Vi4(r) = 4g; (ﬂl> ‘(ﬂl> , 2

I
QT

cosang which previously have been studied under shear
flow.**"**Thus, an advantage of choosing the three alkanes is
to compare NEMD simulation results of PEF and those ofyhere eij=(gig))? and gy;=(0;+0,)/2 are the energy and
shear flow, i.e., compare zero-elongation-rate and zero-sheajize parameters of the LJ potential between atoraad j.

rate viscosities. A NEMD simulation for these alkanes undefrie parameters and o are chosen as 47 K and 3.93 A for
shear flow was previously carried out by Gatial;* there- the CH, group, and 114 K and 3.93 A for the Gigroup. In
fore, it appears to be most appropriate to choose the samgjs work, we employed 2&y, for the cut-off distance.

state pointssee Sec. )l as those used by these authors for  The intramolecular LJ interaction is only active between
comparison. atoms separated by more than three bonds. The bond-

_This paper is organized as follows. In Sec. I, we de-gyetching interaction is modeled by a harmonic potential,
scribe the simulation methodology employed in this work:

r

the equations of motion of thp-SLLOD algorithm with a 1 )

Nosé—Hoover thermostat, the potential model, and simula- Vstf(l)‘ikstf(l ~leg”, (3)
tion conditions(state points, parameters of KRBCs, and so

on). In Sec. lll, we present our simulation results with awhere the bond-stretching constaky,/ks=452 900 K/A

detailed microscopic interpretation. Finally, conclusionsand the equilibrium length.,=1.54 A. The bond-bending
from this study are presented in Sec. IV. interaction is also governed by a harmonic potential,
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TABLE |. Elongational viscositiesp, and 7, as functions of elongation rate for decane, hexadecane, and
tetracosane. Numbers in parentheses represent the statistical uncertainties in the least significant digits calcu-
lated using Eq(28) in Ref. 23.

ClOH 22 c16H34 C24H 50
Total run

e(mo?/e)¥2  time (ns) 7 (cP) 7, (cP) m (cP) 7, (cP) 7 (cP) 7, (cP)
0.0005 37.6 2.4327)  2.75(54)
0.001 28.2 21714  2.34(29)
0.002 21.2 1.187) 1.05(15  2.38(11) 1.99(18)
0.004 141  0.63834) 0.638(76) 1.22(5  1.06(9) 224(6)  1.84(9)
0.01 9.4 064721 0.664(34) 1.14(2) 0.989(39) 1.96(3) 1.30(5)
0.02 9.4 061412 0.601(18 1.07(2) 0.901(23 1.56(2) 1.03(4)
0.04 6.0 05847 0569(12 0.898(6) 0.717(15 1.17(1)  0.771(15
0.05 6.0 05695  0.532(100 0.832(6) 0.663(9) 1.07(1)  0.701(16)
0.08 6.0 0.5193) 0.481(6) 0.707(4) 0558(7) 0.872(6) 0.582(9)
0.1 6.0  0.4943) 0.459(5) 0.651(3) 0.521(6) 0.794(4) 0.542(7)
0.2 35 04132) 03833 0.504(2) 0.410(4) 0.592(3) 0.423(5)
0.5 35 0.3111) 03022 0.357(1) 0.318(2) 0.406(1) 0.321(2)
0.8 35  0.2661) 0.274(2) 0.299(1) 0.282(2)  0.336(1) 0.274(2)
1.0 35 02481 0.264(1) 0.279(1) 0.267(2  0.313(1) 0.250(2)

1 5 In this study, we used elongation rates in the range of
Vier 6) = Ekben(e_ feq)”, (4 0.0005< &(mo?/e)2<1.0. Because of the strong thermal
Brownian motion of molecules overshadowing the external
where the bond-bending constaky./kg=62500 K/rad field effect, the three lowest elongation rates are omitted for
and f.q=114°. The torsional interaction is described by thedecane, and the two lowest elongation rates for hexadecane.
model proposed by Jorgensehal.,21 We suppose that the same situation was encountered by Cui

3 et al’®in their work on shear flow for these short alkanes. In
order to get more accurate results, i.e., smaller statistical un-
— m ' !
Vio 4) = mE:O am(COSP)"™, ®) certainties, we performed a sufficiently long simulation for

each elongation rate, using longer simulations for smaller

whereay/kg=1010 K, a;/ks=2019 K,a,/kz=136.4 K, and  elongation rates. The details are presented in Table |. The
a3/ kg=-3165 K. statistical uncertainty for all the physical properties reported

The state points for decane, hexadecane, and tetracosanere was calculated using E@8) in Ref. 23. Note that we
in this study are exactly the same as those used byeCui did not include the error bars in the figures presented in this
al.'® for shear flow: the temperatur€=298 K, and the den- paper if the error bars of all the data in the figure are smaller
sity, p=0.7247 g/cm, for decane, T=323 K and p than the size of the symbol used.
=0.7530 g/cm for hexadecane, andl=333 K and p
=0.7728 g/cm for tetracosane. Exploring these states by
NEMD simulations, we employed 200 molecules for decane!“' RESULTS AND DISCUSSION
162 molecules for hexadecane, and 100 molecules for tetra- |n planar elongational flow, there exist two independent
cosane. viscosity functions;?* the first elongational viscosityy;,

The equations of motion were integrated using the reand the second elongational viscosigy, defined as
versible reference system propagator algoritreiRESPA

developed by Tuckermaat al?* We devised the-RESPA mn= EXLHXX (6)
for PEF following the procedure by Tuckermahal?* and 4

Cui et al** Two time scales are used; the large time step of

2.26 fs is used for the intermolecular interaction, and the _ Iy -1, )
small time step of 0.226 fs for the intramolecular interaction. 27 o

The relaxation time parameter, of the Nosé—Hoover ther- , . ) . o
mostat was set equal to 0.24 ps. As for the KRBCs, we chosg€re.X is the direction of flow(extension, y is the direction

the Hencky straing,~0.9624, and the initial orientation of compression, and is the ne.utral direction. The pressure
angle of the simulation boxg,~31.718°, which are ob- tensor,l, is calculated according to

tained by settindk=3, N;;=2, andN;,=-1 in Ref. 7. The 1 D

time period,t, for the KRBCs is determined from,=«t,,. = <\_/E > (% + qia':ia>>- (8)

For details, readers are referred to the original pépﬁss. b @

noted at the beginning of this section, for details of theThe angular brackets denote the time average of the system
implementation of thgp-SLLOD algorithm with KRBCs for  trajectory. The above definitions make it possible to compare
PEF, we refer readers to our previous paper. 7, and 7, at low elongation rates, i.e., in the Newtonian
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' tetracosane by Mondello and Grédtand A=188 ps for
(@) CyHpe & hexadecane by Cuét al® Using those values, the reduced
H E * 4. v critical elongation rates are found to be(mo?/e)Y?
* ® 7snear] =0.0406, 0.0125, and 0.004 43 for decane, hexadecane, and
tetracosane.
. As shown in Fig. 1, for all three alkanes, both and 7,
g decrease as elongation rate increases, i.e., tension-thinning
behavior is observed. It is also observed that&and », are,
in general, not equal to each other, indicating that there are
two independent material functions. Howeves, and 7, at
very low elongation rates, i.e., zero-elongation-rate viscosi-
1 on 001 ; o1 ; ties for each system, appear to converge well to each other
Sy un within the statistical uncertainties. As mentioned above, this
é(mo/e) behavior is evident because of the above rheological defini-
: y tion of », and 7,. Furthermore, with this definition, the zero-
®)CiHy, & M elongation-rate viscosities, in principle, should be the same
v as the zero-shear-rate viscosity for shear flow. To show this,
we included in the figure the shear viscosity at small strain
rates reported by Cuét al’® It is seen in the figure that the
two elongational viscosities at low elongational viscosities
e o are approximately equal to the shear viscosities at low shear
L rates, within the statistical uncertainties. Based on our result
T % at the lowest elongation rate for each alkane, we compare
71=0.64+0.03 cP and 7,=0.64+0.08 cP  with 7gpeqr
=0.61+0.08 cP for decaney;=1.18+0.07 cP and,
08001 0616'0 o1 1 =1.05%0.15 cP withngea=1.24+0.12 cP for hexadecane,
é(ma? /)" and 7,=2.43+0.27 cP andy,=2.75%20.54 cP with 7gnear
=2.56%0.35 cP for tetracosane.
T . To compare the elongational viscosities of decane, hexa-
(€)CyHse & ™ ] decane, and tetracosane with respect to elongation rate, we
v 7, plot »; and 7, separately in Fig. 2. Consistent with a well-
" ,,sm% known fact in polymer physics, both, and 7, are shown to
become larger as the chain length increases. While there is
| clearly a significant difference between the elongational vis-
v, e cosities of the three alkanes at low elongational rates, the
difference appears to decrease with elongation rate. This in-
v dicates that, even for these relatively short chain molecules,
the tension-thinning behavior becomes more pronounced for
the longer chain. Notice also that the difference 7 is
06.10001 0001 &, 001 o1 p reduc_ed faster than that . _
£(ma?/£)"? _Flgure 3 shows the effect of_elongatlon on the hydro-
static pressure at constant density. For decane, the hydro-
FIG. 1. Elongational viscositieg, and 7, as functions of elongation rate for ~ Static pressure increases monotonically with increasing elon-
(a) decane(b) hexadecane, an@) tetracosane. Included are shear viscosi- gation rate. For hexadecane, however, the opposite behavior
ties in the Newtonian regime at shear refies calculated by Ciétal. (Ref. 5 gphserved at low elongation rates with hydrostatic pressure
19)] corresponding to low elongation rates. eventually reaching a slight minimum value &imo?/e)'/2
=0.02. At higher elongation rates, the pressure increases with
regime, and compare the elongational viscosities and sheatongation rate as in decane. This same phenomenon is more
viscosity at small strain rates. obvious in the case of tetracosane, where we clearly see a
In Table I, we present our NEMD simulation results of minimum of the pressure a{mo?/¢)2=0.02, below which
7, and 7, as functions of elongation rate for the three al-it decreases with elongation rate, and above which it in-
kanes. In Fig. 1, we ploty; and 7, as functions ofs. The  creases. This minimum behavior in the hydrostatic pressure
vertical lines in the figure represent the “critical elongationhas also been observed in NEMD simulations of shear flow
rate,” &, at which the product of a characteristic relaxationfor linear alkanes GHs, and GgHsg by Khareet al,*® and
time A and & (note the Weissenberg numbdeWe=\ze) is  CiodH202 by Moore et al?® Another interesting observation
equal to unity, and which is often approximately consideredor tetracosane is that the pressure appears to reach a plateau
as the boundary between the linear and the nonlinear regimesilue at very high elongation rates.
in flowing systems. We calculated the critical elongation rate  To understand all of these observations, it is useful to
based on the results af=58 ps for decane and=531 ps for  consider them from a microscopic viewpoint. The contribu-
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FIG. 4. Intermolecular LJ potential energy per united atom vs elongation
rate for decane, hexadecane, and tetracosane. The error bars of all data are
smaller than the size of the symbols.

per particle as a function of elongation rate. As shown in the
figure, the overall shape of the intermolecular potential en-
ergy as a function of elongation rate for each alkane appears
to be very similar to that of the pressure shown in Fig. 3.
While there is shown to be no minimum of the intermolecu-
lar energy for decane, minima do exist atmo?/e)'/?
=0.02 for hexadecane and tetracosane. More interestingly,
similar to the pressure of tetracosane displayed in Fig. 3, a
plateau value of the intermolecular energy is observed at
very high elongation rates.

Now let us consider the molecular origin of this behavior
in Fig. 4 more carefully. In the presence of an elongational
flow field, chains will tend to align themselves along the
direction of flow. This has been directly verified by our simu-

tion of the external flow field to the hydrostatic pressurelation results. The shape of individual chains will also be
appears in the potential part of the pressure tensor since tighstorted, i.e., elongated in the direction of flow. This align-
kinetic part is already determined by the imposed temperament of chains with elongated conformations would increase
ture. The change of the potential part of the pressure is sughe interaction area between molecules, and so strengthen the
posed to result mostly from the change of the intermoleculagdlegree of intermolecular interaction. Therefore, this would
interaction accompanying the change in the individual chairfesult in a decrease of the intermolecular LJ potential energy
conformations and their arrangement in the system. Theredf system, i.e., make the intermolecular potential energy
fore, it seems to be appropriate to investigate the change @hore negative. Note again that the alignment angle is along

the intermolecular potential energy due to elongation.

the direction of flow in PEF, as has been directly verified via

In Fig. 4, we plot the intermolecular LJ potential energy simulation.
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FIG. 3. Hydrostatic pressure vs elongation rate for decane, hexadecane, a
tetracosane. The error bars of all data are smaller than the size of the

symbols.

0.01

£(mo?/e)

172

With respect to the chain conformations, it is expected
that as the elongation rate increases, the intramolecular struc-
ture of alkanes will be elongated more and more, and even-
tually become a fully stretched zigzag shape almost entirely
in the trans-conformation at very high elongation rates. The
fully stretched chains aligned with each other would give the
most favorable intermolecular interaction in a static sense.

In a dynamic sense, we need also to consider the inter-
molecular collisions between molecules. Physically, it is
likely that the elongational field in PEF induces intermolecu-
lar collisions. In contrast with the above alignment effect
with elongated shape, these molecular collisions will in-
crease the energy. In short, there are expected to be two
competing factors involved with the intermolecular interac-
tion. We note that the effect of collision has also been sug-
r%ested by Moorest al?®
With the understanding that chain alignment lowers the
intermolecular interaction energy while collisions raise it, let
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us return to the intermolecular LJ potential energy in Fig. 4. 112 " ; — 122
At low elongation rates, the energy decreases with elonga:  110f (@ CyHy © <R, *
tion rate because of the alignment of molecules along the 108} e <R> . 120
direction of flow with elongated shape and the weak inter- _ 406 =
molecular collision compared with the effect of alignment. < 104 b 118 ‘g
However, as elongation rate increases, the intermoleculay | £,
collisions become stronger and become comparable to tth/c" L {116 &
effect of alignment, leading to an energy minimum at elon- 100t ®
gation rates(ma?/£)Y?=0.02 for the present systems, as %8 e © 3 °F =* . 114
shown in Fig. 4. With a further increase of elongation rate, 9 ¢ « = =
the collision effect is increased further and dominates the 94 . . . 1.2
alignment effect. In this intermediate range of elongational 0.001 0.01 fmot I !
rates, the alignment interaction would continue to increase
due to the larger degree of alignment with more elongated 320 - " " 32
shape; however, the alignment effect would not change (®)CigHae 8 <R,> S Ja
enough to compensate for the collision effect. As mentioned %00 o <R -
above, however, a further increase of elongation rate will _ g0} I
eventually lead to fully stretched, fully aligned chains. It is < . j29 g
seen in Fig. 4 that this change of molecular structure indeec<#, 260} s ° 128 o,
appears to occur at high elongation rates, such ase’ o as ®® * T
&(mo?/£)Y2=0.5. This effect of the structural change will 240} . 1?77
become more pronounced as the chain length increases b 220l a ® : {26
cause longer molecules can elongate to a greater extent. .« ® {25
A particularly strong effect due to the structural change 200
occurs in tetracosane at high elongation rate so as to compe 0.001 0.01 é(mo? /8‘;1}, 1
with the strong intermolecular collision, which thus explains
the observation of a plateau for tetracosane on the hydro 900 . . 80
static pressure and intermolecular LJ potential-energy pro- () CpHs, o <R, > 17s
files, shown in Figs. 3 and 4, respectively. Although such a %%} e <R> e
plateau does not appear explicitly in decane and hexadecar 100} 8 70
because even such a significant structural change is not ye s les
strong enough to compete with the collision effect, the struc- o go0 | g TB T : J(
tural effect is still seen in the figures by estimating changes ,* e ™% 160 o
in magnitude at high elongation rates. V. so0f . * 1ss Y
Also notice in Fig. 4 that the intermolecular LJ potential - e ®®
energy seems to decrease at the highest elongation rate er 4oy e o ® 190
ployed in this work after reaching the plateau. At this point, 300 " . . N P
although it is difficult to give a definite answer without 0.0001 0.001 s?’:; 2/ gt 0.1 1

a further investigation on higher elongation ratesthout a
possible thermostat artifat we conjecture that the struc- gig. 5. The mean-square chain end-to-end distatR%y), and the mean-
tural effect will reach its maximum value at a certain high square chain radius of gyratiofR%), vs elongation rate fofa) decane(b)
elongation rate with a maximum alignment with the fully hexadecane, an) tetracosane.
stretched conformation, and after the maximum stage, it
would not change anymore, but be constant with a furtheguantitative comparison needs a more detailed theoretical
increase of elongation rate. In contrast, the intermoleculaanalysis.(Quantitative results for these entities are presented
collision is expected to still increase with increasing elongain Table I1) While the overall shapes qRZ.) and(Rg) as
tion rate after the maximum stage. Therefore, we conjecturéunctions of elongation rate look different from that of the
with caution that the hydrostatic pressure and the intermohydrostatic pressure shown in Fig. 3, we may attribute the
lecular LJ energy of tetracosane, shown in Figs. 3 and 4pehavior of(Rgte} and(Rg) to the same molecular origin as
respectively, would eventually increase further at the highethat of the pressure. At low elongation rates, bg®,) and
elongation rates. <R§> increase with increasing elongation rate because the
Now let us examine two important structural quantities, molecules are elongated due to the field. In the intermediate
the mean-square end-to-end distance of chaiR§y, and  range of elongation rate, the intermolecular collisions be-
the mean-square radius of gyration of chait®). Since come stronger. The strong collision between molecules is
both (RZ,) and(R?) are directly related to the molecular con- likely to disrupt their full elongation.
formations, they are expected to show a similar behavior = This phenomenon can be more easily understood based
with varying strength of field. This expectation is indeedon the mean-field concept. Let us consider a single chain
observed in Fig. 5(R§te> and <R§> show almost the same under a hypothetical field action, which exerts random im-
behavior qualitatively as functions of elongation rate. Apulses on the particles of the chain. In this environment, the
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TABLE II. The mean-square end-to-end distance of chaﬂﬁgg, and the mean-square radius of gyration of
chains,(Rﬁ), as functions of elongation rate for decane, hexadecane, and tetracosane. Numbers in parentheses
represent the statistical uncertainties in the least significant digits calculated usit@BEq. Ref. 23.

Total run C:10H22 C16H34 C24H50
e(ma?le)?  time(ny (RD) (A2 (RGp (A (R) (A% (RGp (A (R)(AY (RGp (A?)
0 6.4 11.302) 97.06(14)  25.18(4) 219.5(6) 48.36(32)  408.2(50)
0.0005 37.6 48.5712) 411.3(17)
0.001 28.2 48.6012) 411.8(19)
0.002 21.2 25.183) 219.7(4) 49.59(18) 426.6(27)
0.004 14.1 11.291) 96.93(9) 25.23(4) 220.4(6) 52.02(30) 464.4(47)
0.01 9.4 11.301) 97.23(11)  25.76(5) 228.7(8) 57.90(38) 556.0(86)
0.02 9.4 11.311) 97.34(12)  26.65(5) 243.3(8) 60.38(26) 597.3(39)
0.04 6.0 11.342) 97.88(17) 27.23(6) 253.2(8) 61.34(33) 615.1(55
0.05 6.0 11.342) 98.01(15)  27.30(6) 254.9(8) 61.19(32) 614.5(44)
0.08 6.0 11.341) 98.31(12)  27.40(4) 257.5(6) 61.42(19 621.7(29)
0.1 6.0 11.341) 98.40(11)  27.40(3) 258.2(5) 61.16(13) 618.4(20)
0.2 35 11.361) 99.09(11)  27.49(4) 261.1(6) 61.54(15) 628.0(23
0.5 3.5 11.6%1) 103.1(1) 28.27(3) 273.5(4) 64.62(8  671.8(11)
0.8 35 11.901) 107.3(1) 20.65(3) 292.9(4) 70.20(5)  744.2(7)
1.0 3.5 12.1%1) 110.3(1) 30.87(3) 309.6(4) 74.31(4)  797.1(5)

chain would have a smaller extension rather than its full We may further understand the effect of elongation on
extension without the hypothetical field. In short, the inter-the intramolecular LJ energy through the consideration of the
molecular collisions inhibit the full elongation of the chain chain flexibility. The overall chain flexibility is governed by
structure. These two competing factors of collision and elonthe torsional interaction. The fully stretched chain conforma-
gation result in a plateau value {Rz,) and(R?), as shown in  tion may be considered as a very stiff chain with a zigzag
Fig. 5. It is also seen that the plateaus are reached at abosihape, i.e., with the energetically favorableans
£(ma?/£)Y2=0.02, at which point the hydrostatic pressureconformation along the chain, and, therefore, the torsional
and intermolecular potential energy reach their minima, agnergy is expected to be very low. On the other hand, this
shown in Figs. 3 and 4, respectively. Above this intermediatestretched conformation will increase the intramolecular LJ
range, a further increase of elongation rate will lead eventupotential energyor make it less negatiydecause the atoms
ally to fully stretched chains. in the same chain are separated from each other by greater
Up to now, our microscopic interpretation seems to begistances. This physical picture is indeed confirmed by com-
physically reasonable and consistent. This physical picturgaring Figs. 6 and 7 at high elongation rates. Above
can be further supported by the plot of the intramolecular L& (mg?/¢)12=0.2, the torsional energy is seen to decrease
potential energy, which is shown in Fig. 6. As expected.yery steeply with increasing elongation rate, indicating that
comparing Figs. 5 and 6, it is seen that there is a close relanhe chains become very stiff.
tionship among(RZ,, (RE), and the intramolecular LJ en- Another aspect worthy of consideration is that, at the
ergy. fully stretched state{Rth would not even approximately

(4] -] ~
o]
Qa b
ap

P
000
@
I I I
¢
=}

(o}
00 [o]<] a

<]
1.4 : . . ) 3 . . ) .
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1

g(mat/e)"? é(matle)?

Intramolecular LJ potential energy ()
o
3
bond torsional energy (¢)
[}
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scale linearly with the chain length, but rather would scale ' j j
quadratically with the chain length. The fully stretched state (@) CyoHy,
of chains at high elongation rates can be roughly confirmed R
by comparing the quantitative results <(ﬂ§te> at high elon-
gation rates between alkanes in Table Il. Of course, for a
more exact quantitative comparison, one would need to in-
clude other contributions such as the bond-stretching and
bond-bending modes.

It is also seen from Fig. 7 that the torsional energy de-
creases with elongation rate at low rates, then reaches a mini-
mum value and increases at intermediate rates. All of these ) ) L L L
observations can be understood in the same way as above by 0 20 40 60 80 100 120 140 160 180
considering the competing effects of intermolecular collision
and elongated chain alignment.

For additional understanding of the variation of torsional
energy with elongation rate, we investigated the distribution
function of the torsional mode as a function of torsional
angle for different elongation rates—see Fig. 8. It is quite
instructive to compare Figs. 7 and 8 in detail. For example,
for tetracosane shown in Fig(@, the distribution function
at thetrans-state(or zero torsional angjes increasing with
increasing elongation rate at low rates up giono?/e)'/?
=0.02. After that, at intermediate rates, it decreases with in-
creasing elongation rate and reaches a minimum value,
which corresponds to the maximum torsional energy in Fig. . .
7. Further increase of elongation rate brings about a higher 0 20 40 60 80 100 120 140 160 180
value of the distribution function of thigans-state. Notice in
Fig. 8 that the increase of the distribution function of the
trans-state is accompanied by a decrease of the distribution r r : . . -
function of thegauchestate and other states, which indicates . (©) CoiHyy é(ma? /)2
that the chains get stiffer. 3

Based upon the structural information contained in Figs.
7 and 8, we conjecture that the fluid of flexible chains adopts
a liquid-crystal-like, nematic structure, characterized by a
strong chain alignment with a fully stretched conformation,
at high elongation rates. This conjecture is supported by the
results of other intramolecular interactions, i.e., bond bend-
ing and bond stretching.

To further understand the effect of elongation field on
the chain structure, we also examined the bond-bending and
bond-stretching modes. While the global chain flexibility is
controlled mainly by the torsional interaction, the relatively torsional angle (°)
short-range IO(.:al chain flexibility .WOUId be determme.d by FIG. 8. The bond-torsional distribution function vs elongation rate(&r
the bond-bending and even possibly the bond-stretching inecane(b) hexadecane, an) tetracosane.
teractions. Figure 9 shows the variation of the bond-bending
energy as a function of elongation rate. The plot of the bondTherefore, at high elongation field, the chains become stiffer
bending energy qualitatively resembles that of the torsionaboth globally and locally as the elongation rate increases.
energy shown in Fig. 7. Thus, for this phenomenon, we may  Finally, the bond-stretching mode is shown in Fig. 11.
give the same physical interpretation as for the torsional enthe overall shape of the plot of the bond-stretching mode
ergy. appeatrs to be rather different from those of the torsional and

Figure 10 shows the distribution function of the bond-the bond-bending modes. Neither a minimum nor a maxi-
bending mode with respect to the bending angle for differentnum is observed in the bond-stretching energy over the
elongation rates. Initially at low elongational rates, the dis-whole range of elongation rates. This seems to reflect the
tribution appears to be broader and to reach a minimum atery strong force constant describing the bond-stretching
£(mo?/e)12=0.02. After that, as the elongation rate in- mode compared with the relatively weak force constants de-
creases, the distribution becomes narrower with a highescribing the bond-bending and torsional modes. For the
value of the peak. Physically, this means that the bondpresent systems of alkanes, a much greater energy is required
bending motion becomes more and more restricted aroun change the bond length than to alter bond or dihedral
the equilibrium angle; that is, chains get stiffer locally. angles.

12
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We also conjecture that the changeRf,) and(R%) due
to elongation, in general, does not result from the change of
the bond lengthat least in the range of elongation used in
this study, but mainly from the decrease of the global flex-
ibility determined by the torsional mode and possibly from
the decrease of the local flexibility determined by the bond-
bending mode. The latter effect is, however, expected to be
much smaller than that of the torsional mode. Figure 11 bond bending angle (°)
shows that the bond-stretching energy decreases monotoni- .
cally with increasing elongation rate over the whole range of (© C,H
e, and eventually reaches a very small value. The steep de- I w0
crease of the bond-stretching energy at high elongation rates
is also observed, as shown in the bond-bending and torsional
energies. Physically, this means that at high elongation rates,
the fluctuation of bond length about its equilibrium value
becomes very small. This phenomenon is indeed confirmed
by the result of the bond-stretching distribution function as a
function of elongation rate. As shown in Fig. 12, the overall
shape of the distribution function becomes steeper around
the equilibrium bond length with increasing elongation rate. % 100 10 120 130 140
This result is exactly consistent with the observation of Fig.
11 and the above physical interpretation of smaller fluctua-
tions of bond length with higher elongation rate. FIG. 10. The bond-bending distribution function vs elongation rate(dpr

In summary, all of the torsional, bond-bending, anddecane(b) hexadecane, an) tetracosane.
bond-stretching motions are observed to be very much sup-
pressed at high elongation rates. As mentioned before, fovement is not the same as that of a rigid rod. In this
seems that at high elongation rates, the chains are highlyityation, chains may take some sort of “reptating”
aligned in a fully stretched conformation, and thus eventuallymovemert’?® to a certain degree. Mooret al?® reported
form a ”quid-CryStal-"ke, nematic structure. We also notethat their simulation results of l@)HZOZ under shear were
that in a strong elongational flow field, chains are very stiffconsistent with the reptation modérather than the Rouse
and aligned with the direction of the fleld, and thus the mO'mode|_29 This m|ght be Worthy of consideration when devel-
tion of chains would not be isotropic as in the equilibrium gping theories of chain dynamics under an elongational flow
state. Both the translational and orientational movements dfe|d.
chains in the direction perpendicular to the alignment direc-
tion are expected to be very restricted because of the 98, CONCLUSIONS
metrical constraint’ It would be rather easier to move inthe
direction parallel to the alignment direction. Here it is noted  In this study, we have reported the rheological and struc-
that even if chains are very stiff at this strong elongationtural properties of decane, hexadecane, and tetracosane under
field, the individual atoms along the chain still perform their planar elongational flow for the first time. We investigated
thermal Brownian movements. Therefore, the overall chairthese properties in a systematic way using NEMD simula-

distribution function

90 100 110 120 130 140

A &mo?/g)"? |

distribution function

bond bending angle (°)
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tions implemented using the-SLLOD algorithm. For each é
rheological and structural phenomena observed in this study 3
under PEF, we provided a fairly detailed interpretation from ,‘Z
the microscopic viewpoint. All of our explanations seem to °
be physically plausible and consistent. Some physical prop-
erties, such as the hydrostatic pressure, appeared to be quali- 148 150 e 160 165

tatively similar to those observed under sh&df but not so
for all the properties.

Two elongational viscositiesy; and 7,, were separately .
calculated with appropriate rheological definitions. For all (¢) C,H
three alkanesy, and », showed a tension-thinning behavior
as elongation rate increased. It was observed #hatnd 7,
are, in general, not identical to each other, indicating that two
independent viscometric functions actually exist. Consistent
with the theoretical predictiony, and », appeared to con-
verge to each other at low elongation rates, i.e., in the New-
tonian regime. For the three alkanes, the zero-elongation-rate
viscosities calculated in this work agreed well with the zero-
shear-rate viscosities reported by Gtial’® Another inter- , , :
esting similarity between shéar® and planar elongational 145 150 155 1.60 1.65
flows was found in that for both flows there exists a mini- bond distance (A)

mum in the hydrostatic pressure at constant density versus
strain rate for these alkanes. FIG. 12. The bond-stretching distribution function vs elongation ratézjor

The mean-square end-to-end distance of chéifgy  Jecane(b) hexadecane, an@) tetracosane.
and the mean-square radius of gyration of cha{ﬁ%}
showed different trends from those in shear flow. Aftervalues at high elongation rates. We conjec.tured that a liquid-
reaching a plateau valuéRZ,) and(Ré) were shown to in- crys:tal-l!ke, nematic structure, characterized .by a strong
crease further as elongation rate increases. This phenomenbi2in alignment with a fully stretched conformation, exists in
has been interpreted by conjecturing that chains are fullpyStéms at high elongation rates.
stretched at high elongational rates. This conjecture was well
ZLrjgyported by the examination of the intramolecular LJ €N\ CKNOWLEDGMENTS
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