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Segmental dynamics in a blend of alkanes: Nuclear magnetic resonance
experiments and molecular dynamics simulation
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The segmental dynamics of a model miscible blend, C24H50 and C6D14, were investigated as a
function of temperature and composition. The segmental dynamics of the C24H50 component were
measured with13C nuclear magnetic resonanceT1 and nuclear Overhauser effect measurements,
while 2H T1 measurements were utilized for the C6D14 component. Use of low molecular weight
alkanes provides a monodisperse system in both components and allows differentiation of dynamics
near the chain ends. From these measurements, correlation times can be calculated for the C–H and
C–D bond reorientation as a function of component, position along the chain backbone,
temperature, and composition. At 337 K, the segmental dynamics of both molecules change by a
factor of 2 to 4 across the composition range, with the central C–H vectors of tetracosane showing
a stronger composition dependence than other C–H or C–D vectors. Molecular simulations in the
canonical and isobaric–isothermal ensembles were conducted with a united-atom force field that is
known to reproduce the thermodynamic properties of pure alkanes and their mixtures with good
accuracy. With a minor change to the torsion parameters, the correlation times for pure tetracosane
are in good agreement with experiment. For pure hexane and its mixtures with tetracosane, the
simulated dynamics are faster than experiment. ©2002 American Institute of Physics.
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INTRODUCTION

Molecular simulations have been shown to be capabl
predicting the structure and thermodynamic properties
relatively complex fluids, including alkanes and polyolefin
Not as much is known about the ability of available for
fields to reproduce the dynamic properties of such fluids
this work we investigate whether a force field previous
optimized for thermodynamic properties of alkanes and th
mixtures can also provide an accurate description of dyn
ics in these systems.

Simulations of alkanes can be performed at varying l
els of molecular detail. At the most detailed level, all-ato
~AA ! force fields consider each atom individually. At
slightly more coarse-grained level, united-atom~UA!, and
anisotropic-united-atom~AUA ! force fields treat carbon at
oms and their bonded hydrogens as a single interaction
The UA model considers forces to act on the center of
site, while the AUA model displaces the acting forces fro
the center of the site. For a simple alkane, the computatio
demands of a simulation with a UA force field are consid
ably smaller than those of an all-atom calculation. Th
higher computational efficiency has fostered the recent
velopment of simple force fields capable of describing
thermodynamic properties of alkanes and polyolefins.1–3 It
has been postulated that UA models are not able4,5 to de-
scribe thermodynamic and dynamic properties of alkanes
8200021-9606/2002/116(18)/8209/9/$19.00
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multaneously. This postulate, however, was proposed be
the availability of more accurate UA models for thermod
namic properties.1,2

Several studies have examined the performance of
models vis-a`-vis that of AA models for prediction of dy-
namic properties.4,6–8 Simulations were performed fo
n-tridecane,n-tetratetracontane, andn-C100H202; results of
UA and AA models were compared to experimental data
various dynamic properties, including C–H bond orientati
correlation times and diffusion coefficients. It was foun
that, in general, the UA results were worse for dynamic pr
erties than would be expected from static-property result

Anisotropic-united-atom models are generally perceiv
to offer an attractive alternative to AA models for simul
tions of alkanes or polyolefins. Simulations using an AU
model, for example, have been shown to provide a go
description of the equation of state and the heat of vapor
tion of polyethylene.5 More recent calculations using th
same force field indicate that good agreement with exp
ment can be achieved for the dipole relaxation time a
function of both temperature and pressure.9

In a recent series of papers, a group of researchers3,10–13

have compared the performance of UA and AUA mode
The results have been mixed, and obscured by the us
combinations of different UA force fields, some of which a
known to be inaccurate. While this body of work sugge
that AUA models are superior, these conclusions could
9 © 2002 American Institute of Physics
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partly based on inappropriate comparisons. Simulations b
different group of researchers14–17 comparing UA and AUA
models did not reveal any clear advantages for dyna
properties of one over the other; each force field had str
points.

A review of the literature suggests that simulations
dynamic properties using some of the more recent and a
rate UA force fields have been scarce. In this study, a se
of NMR experiments were performed for systems of hexa
tetracosane, and their mixtures, to quantify fast dynamic p
cesses as a function of temperature, composition, and
strength. Molecular dynamics simulations of the same s
tems were then conducted using the NERD UA force fie
which has been shown to reproduce the thermodyna
properties~including phase behavior! of alkanes with good
accuracy.1,18 Our results suggest that united-atom force fie
are capable of describing simultaneously the equilibri
thermodynamic properties and several dynamic aspect
intermediate to long alkanes.

EXPERIMENTAL METHODS AND DATA ANALYSIS

Tetracosane (C24H50) was purchased from Aldrich an
used as received. Perdeuteratedn-hexane (C6D14) was pur-
chased from Cambridge Isotope and used as recei
Samples were made with the following mass fractions
C24H50: 100%, 86%, 50%, 10%, and 0%. Freeze–pum
thaw cycles were used to eliminate oxygen from the samp
13C NMR T1 and NOE experiments were performed on t
C24H50 components of the mixtures at13C Larmor frequen-
cies of 125.8, 75.5, and/or 62.9 MHz.2H T1 experiments
were carried out on the C6D14 components of the mixtures a
2H resonance frequencies of 76.9 and/or 55.3 MHz. The t
perature ranges of the experiments were chosen to en
that the samples would be in the one-phase region for
measurements. Temperatures were calibrated against the
ylene glycol spectrum.19 For the pure C6D14 sample, it was
necessary to use an NMR tube with a small inside diam
~2 mm! in order to eliminate convection.20

NMR observables

The connection between NMR observables and mole
lar motion is made through the orientation autocorrelat
functionG(t) for a 13C–H or C–2H vector. If the orientation
of this vector is designated asex , this time correlation func-
tion can be written

G~ t !5 1
2^3~ex~0!•ex~ t !!221&, ~1!

where the brackets indicate an average over all possible s
ing timest50 and over all nuclei with the same resonan
frequency. The spectral density,J(v), is the Fourier trans-
form of G(t),

J~v!5
1

2 E2`

`

eivtG~ t !dt. ~2!

The correlation timetc is defined as the time integral o
G(t),

tc5E
0

`

G~ t !dt. ~3!
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Deuterated hexane dynamics

Because2H nuclei relax via the quadrupolar mechanism
the relationship betweenT1 andJ(v) is

1

T1
5

3

10
p2S e2qQ

h D 2

@J~vD!14J~2vD!#. ~4!

All the 2H experiments reported here are in the extre
narrowing limit. In this case, the spectral density function
equal to its zero frequency limit and there exists an inve
relationship between the correlation timetc andT1 :

1

T1
5

3

2
p2S e2qQ

h D 2

tc . ~5!

For C6D14, the quadrupole coupling constant (e2qQ/h)2

is equal to 168 KHz for deuterons attached to thea carbon
~methyl groups! and 172 KHz for theb andg deuterons. The
a deuterons are detectable as one peak in the spectrum w
the b andg deuterons are detectable as a second peak.

Tetracosane dynamics

Five peaks are resolved in the13C NMR spectrum of
C24H50, corresponding to the four carbons at each end of
chain~a5methyl,b, g, d! and the 16 carbons in the center
the chain. Hence the dynamics of five types of C–H vect
can be investigated. Dipole–dipole~DD! interactions are the
main relaxation mechanism for these experiments. In so
cases, spin rotation~SR! also plays a role. The observed13C
relaxation rate can be expressed

1

T1
5

1

T1
DD 1

1

T1
SR. ~6!

The separation of the measuredT1 into its two compo-
nents~T1

DD andT1
SR! can be accomplished using the expe

mentally measured nuclear Overhauser effect~NOE! values.
The NOE value associated with dipole–dipole interact
NOEDD is bounded below by the observed NOE and abo
by 2.99. NOEDD should increase or remain constant as
temperature increases, as the concentration of C24H50 de-
creases, as the resonance frequency decreases, and as t
of the chain is approached. Most of our data showed th
trends; in these cases, we set NOEDD equal to the observed
NOE andT1

DD equal to the observedT1 . When the data did
not show these trends, NOEDD was estimated using th
above expectations, and theT1

DD was calculated from

T1
DD5S @NOEDD21#

@NOE21# D * T1 . ~7!

This T1 correction was usually less than 5% and alwa
less than 17%, except for thea andb carbons. The expecte
uncertainty in this procedure is<10% intc , except for thea
carbons where the error may be somewhat larger.

When NOEDD is near its maximum value of 2.99, ex
treme narrowing conditions apply and the correlation tim
can be calculated directly fromT1 ,

tc5
1

10KnT1
DD . ~8!
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8211J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Segmental dynamics in a blend of alkanes
Here the constantK is taken to be 2.293109 s22,21 andn
is the number of bonded protons. Outside the extreme
rowing regime,T1

DD and NOEDD depend upon the spectra
density function as follows:

1

T1
DD 5Kn@J~vH2vC!13J~vC!16J~vH1vC!#, ~9!

NOEDD511
gH

gC
F 6J~vH1vC!2J~vH2vC!

J~vH2vC!13J~vC!16J~vH1vC!G ,
~10!

wheregH andgC are the gyromagnetic ratios for carbon a
hydrogen, andvH andvC are their respective resonance fr
quencies. Based on previous experiments on oligom
polyethylene melts, we have estimated the shape ofJ(v) for
C24H50 and used this to estimate the correlation time wh
extreme narrowing conditions do not apply. This proced
is described in the Appendix. We estimate that this calcu
tion of correlation times introduces a systematic error of
more than 10%.

THEORY AND SIMULATION METHODS

Both NVT and NPT molecular dynamics simulation
were performed in this work. The NVT simulations used
Nosé–Hoover thermostat22,23 with a temperature coupling
parameter of 0.2 ps. The NPT simulations were perform
using the method of Berendsenet al.24 with a temperature
coupling parameter of 8 ps and a pressure coupling par
eter of 16 ps. The time step was 0.814 fs. A velocity Ver
algorithm was used to integrate the equations of motion
both types of simulations. For all the systems, at least 40
of equilibration time were allowed before data collection b
gan.

The NERD potential18 used in this work is shown in
Table I. The torsion potential was systematically changed
described below. A cutoff radius of 13 Å was used for t

TABLE I. NERD potential parameters.

Bond stretching potential

V~r!

kB
5

Kr

2
~r2beq!

2

Kr596 500 K/Å2, beq51.54 Å

Bond bending potential

V~u!

kB
5

Ku

2
~u2ueq!

2

Ku562 500 K/rad2, ueq5114.0°

Torsion potential

V~f!

kB
5V01V1~11cosf!1V2~12cos 2f!1V3~11cos 3f!

V050 K, V15355.04 K
V25268.19 K, V35701.32 K

Nonbonded potential

V~r!

kB
54eFSsr D

12

2S s

r D 6G
sCH2

53.93 Å, eCH2
545.8 K

sCH3
53.91 Å, eCH3

5104.0 K
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Lennard-Jones interactions, and tail corrections were
plied. System sizes were set so that there were 2400 to 5
interaction sites in the simulation box.

The simulated quantity of interest to this work is th
orientation autocorrelation function,G(t), defined in Eq.~1!
for the C–H bond vector. Given that the UA model used h
does not consider hydrogen atoms explicitly, it is necess
to develop alternative methods of interpreting our data
terms of implicit C–H bonds. The position of the interactio
site is taken as that of the carbon. The hydrogens are
sumed to be located in the plane formed by the bisec
vector and the out-of-plane vector of the three backbone
bons~the carbon of interest and its two nearest neighbo!,
with a H–C–Hangle of 109.5°.25 The motion of the hydro-
gens in the terminal methyl groups~a carbon! cannot be
inferred from a UA model.

In view of the fast initial decay of the correlation func
tions, and given the long-time tails encountered in some s
tems, it was practical to consider multiple time-step sizes
averageG(t) and then splice the results. For the short
times, multipleG(t)’s were calculated using 100 time-ste
increments and averaged together; 1000 time-step in
ments were used to calculateG(t)’s over the entire simula-
tion time. The finer grid was used at short times~generally
less than 10 ps! until noise or deviations from the coarse
grid were evident.

To simplify the calculations oftc @from Eq. ~3!#, the
G(t) function is fit to a modified Kohlrasch–Williams–Watt
~mKWW! equation26

G~ t !5Ae2~ t/tKWW!b
1~12A!e2t/t0, ~11!

where A, b, tKWW , and t0 are adjustable parameters. Th
form of this equation is empirical, and has been used
previous studies ofG(t).27–29 The parameters must satisf
the constraints 0<b<1, 0<A<1, tKWW.0, andt0.0. The
correlation time is then calculated by integrating Eq.~11!
over time:

tc5
AtKWW

b
GS 1

b D1~12A!t0 , ~12!

whereG is the gamma function.

EXPERIMENTAL RESULTS

Tables II–VI present the NMR measurements
C24H90/C6D14 mixtures, and the correlation times which w
have calculated from these measurements. Figures 1 a
show the temperature dependence of the correlation time
C–H and C–D vectors in neat tetracosane and in neat h
ane, respectively~the simulation results shown in these fi
ures will be discussed below!. In Fig. 1, correlation times are
shown for the five different types of C–H vectors resolvab
in these experiments. Over the temperature range from
to 337 K, all C–H vectors show the same change in corre
tion times~21–28%! within experimental error. Based on th
Debye–Stokes–Einstein equation, one might expect the
relation time changes to have the same temperature de
dence as the viscosityh divided by the absolute temperatur
In agreement with this expectation,h/T for pure tetracosane
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. C24H50 T1(s) ~T1
DD values shown in parentheses if different!.

C24H50 T (K) a T1 b T1 g T1 d T1 CenterT1

100% 337a 6.560.3 4.360.2 3.060.1 2.260.1 1.2260.05
329a 5.5660.06 3.4860.03 2.4560.02 1.7960.02 1.0260.01
337b 6.560.1

~7.0!
4.360.1

~4.5!
3.160.1

~3.2!
2.360.1 1.3260.02

327b 5.760.2 3.7960.06 2.7460.06 2.0460.05 1.2160.04

50% 337b 7.560.4
~8.0!

6.360.3
~6.6!

4.860.3
~4.9!

3.760.2
~3.8!

2.0660.08

327b 6.860.2
~7.3!

5.560.2
~5.6!

4.260.1 3.260.1 1.8460.07

317b 6.060.1 4.960.1 3.760.1 2.960.2 1.760.2

10% 337a 9.162.0
~14.3!

9.161.2
~10.8!

8.560.8
~9.2!

6.761.3
~7.3!

3.260.1
~3.7!

307a 6.860.2
~7.5!

6.760.2
~7.1!

5.560.3 4.260.2 2.4860.02

a75.5 MHz.
b125.8 MHz.

TABLE III. C 24H50 NOE values~NOEDD shown in parentheses if different!. Errors are60.05.

C24H50 T (K) a b g d Center

100% 337a 2.93 ~2.95! 2.93 2.89 2.91 2.80
329a 2.94 2.91 2.86 2.84 2.72
337b 2.79 ~2.94! 2.83 ~2.92! 2.78 ~2.86! 2.76 2.60
327b 2.96 2.79 2.80 2.70 2.51

50% 337b 2.85 ~2.98! 2.85 ~2.95! 2.85 ~2.90! 2.86 ~2.88! 2.84
327b 2.85 ~2.98! 2.90 ~2.93! 2.91 2.85 2.81
317b 2.95 2.93 2.90 2.88 2.79

10% 337a 2.27 ~2.99! 2.67 ~2.99! 2.85 ~2.99! 2.77 ~2.92! 2.63 ~2.89!
307a 2.80 ~2.99! 2.87 ~2.99! 2.96 ~2.99! 2.94 2.77

a75.5 MHz.
b125.8 MHz.

TABLE IV. C24H50 correlation times~ps!.

C24H50 T (K) a b g d Center

100% 337 2.260.2 5.360.3 7.560.4 1161 2162
328 2.760.4 6.660.2 9.460.4 13.360.6 2762

50% 337 1.860.1 3.360.2 4.860.3 6.260.3 11.760.5
327 2.060.1 3.960.2 5.560.2 7.460.3 13.460.5
317 2.460.1 4.560.1 6.360.2 8.260.5 1562

10% 337 1.060.3 2.060.3 2.460.3 3.160.6 6.460.3
307 1.960.1 3.160.3 4.160.4 5.560.3 10.260.2

TABLE V. C6D14 T1 values and correlation times.

C6D14 T (K) bg T1 (s) a T1 (s) bg tc (ps) a tc (ps)

100% 337a 2.4160.01 2.6660.02 0.9560.01 0.9060.01
327a 2.2160.03 2.3860.01 1.0360.01 1.0160.01
317a 2.0260.02 2.1860.04 1.1360.01 1.1060.02
307a 1.8060.05 1.9360.06 1.2760.03 1.2460.04

50% 337b 1.3160.02 1.7760.01 1.7460.02 1.3560.01
327b 1.2060.01 1.6060.01 1.9060.02 1.4960.01
317b 1.0560.01 1.4360.01 2.1760.02 1.6860.02

14% 337b 0.9160.03 1.4460.03 2.5 60.1 1.6660.05
327b 0.7660.03 1.2660.10 3.0 60.1 1.9060.14

a55.3 and 76.4 MHz.
b55.3 MHz.
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8213J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Segmental dynamics in a blend of alkanes
changes by 24% over this temperature range.30 Figure 2
shows the temperature dependence of the two different ty
of resolved C–D vectors in neat per-deuterated hexane.
a and bg C–D vectors both show about a 36% change
correlation times over the temperature range from 307 to
K. Over this temperature range,h/T for undeuterated hexan
changes by 40%,31 again consistent with the changes in co
relation times within experimental error.

Figures 1 and 2 show a strong similarity between m
roscopic and microscopic measures of liquid dynamics
tetracosane and hexane as neat components. Interest
this correlation works for the central C–H vectors and tho
close to the chain ends, including the methyl groups. T
former are partially influenced by the longest relaxati
times of the alkane molecules, while the reorientation of
methyl groups is a considerably more localized motion.

The connection between microscopic dynamics and
cosity is much more complicated in the mixtures of tet
cosane and hexane. Figure 3 shows the dynamics of all t
of C–H and C–D vectors as a function of composition at 3
K. For all the C–H and C–D vectors, changes in compo
tion cause changes in correlation times by factors of 1.8
3.6. In contrast, the viscosity increases by a factor of 18
the composition is changed from pure hexane to pure te
cosane. This difference between macroscopic and mi
scopic measures of dynamics would be qualitatively ant
pated for this case. The viscosity depends most strongly
the longest relaxation times of the molecules, while the C

FIG. 1. Correlation times for the different C–H vectors in neat tetracos
as a function of temperature. Solid symbols are experimental points,
symbols are simulated points using the 15% higher torsion potential.

TABLE VI. T1 , NOE, and correlation times for center carbons of n
C24H50 (T>341 K).

T (K) T1
a ~s! NOEa ~60.05! tc (ps)

371 2.2660.05 2.98 9.860.5
365 2.0860.04 2.91 11.060.6
360 1.9060.04 2.88 12.460.6
354 1.6960.03 2.95 13.360.7
347 1.5360.03 2.91 15.160.8
341 1.3360.03 2.90 17.460.9

a62.9 MHz.
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and C–D vector correlation times are mainly sensitive
conformational relaxation times which are not as stron
affected by composition changes.

Two further observations for these mixtures do not ha
simple explanations. Close scrutiny of Fig. 3 shows that
more central C–H vectors of tetracosane~center,d, andg!
show a stronger composition dependence~dynamics change
by about a factor of 3.3! than the other C–H or C–D vector
~dynamics change by about a factor of 2.4!. For the 50/50
mixture, over the temperature range of 317 to 337 K,
C–H vectors in tetracosane change shift dynamics by 2
36%, while the C–D vectors change by 25%. While th
difference is just barely significant, given the error bars, it
consistent with a trend seen in some miscible polym
blends, i.e., that each component retains its own tempera
dependence in the blend.32

SIMULATION RESULTS

Tetracosane

Several simulations were run for pure tetracosane s
tems in the temperature range 324–371 K. Sample C–H v

e
en

FIG. 2. Correlation times for C–D vectors in neat hexane as a function
temperature. Note that NPT simulated points are forg carbon C–D vectors
only.

FIG. 3. Experimental correlation times for mixtures of hexane and te
cosane as a function of composition at 337 K.

t
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8214 J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Budzien et al.
tor orientation autocorrelation functions for the four sets
carbons accessible from simulation~b, g, d, and center! are
shown in Fig. 4. A fast initial decay is seen in the first 0.3
of the correlation function, followed by a much more gradu
process. Figure 5 shows an extended temperature rang
the center-carbons correlation times and compares two
of simulated results with the corresponding experimental v
ues. It can be seen that the standard NERD potential si

FIG. 4. Representative orientation autocorrelation functions for C–H v
tors in tetracosane at 327 K, obtained with standard NERD torsion. L
are mKWW fits.
Downloaded 05 Mar 2007 to 128.104.198.71. Redistribution subject to AI
f

s
l
for
ets
l-
u-

lated results are faster than the experimental results by
proximately 50%. Results by Smithet al.33 on polybutadiene
show that changes in the torsional potential have a very
nificant effect on C–H vector reorientation in longer mo
ecules. They report that raising the barrier between con
mational states by only 0.4 kcal/mol, slowed C–H vec
relaxation times by a factor of 2. As a rough means to i

-
sFIG. 5. Comparison of simulated and experimental correlation times for
center C–H vectors of tetracosane as a function of temperature. Solid
bols are experimental points, open symbols are simulated points.
.9

8

TABLE VII. Simulation results for neat tetracosane.

Temp
~K!

NVT/
NPT

P
~bar!

r
~g/cc! Type A b

tKWW

~ps!
t0

~ps!
tc

~ps!

37166 NVT
1.15 NERD

256 0.747 Center 0.80 0.34 1.91 2.56 9.0

35466 NVT
1.15 NERD

271 0.759 Center 0.77 0.31 2.27 3.64 14

33763 NPT 26128 0.76860.005 b 0.88 0.34 0.48 2.09 2.6
g 0.86 0.34 0.76 1.82 3.9
d 0.86 0.35 1.14 2.00 5.2

Center 0.734 0.295 1.629 3.213 12.

33764 NVT 291 0.769 b 0.997 0.39 0.68 2.2 2.4
g 0.977 0.42 0.88 86.4 4.5
d 0.965 0.43 1.14 89.6 6.2

Center 0.939 0.47 1.75 138 12.1

33766 NVT 2110 0.769 b 0.89 0.32 0.65 4.2 4.5
1.15 NERD g 0.87 0.31 0.91 4.5 6.9

d 0.82 0.29 1.11 5.2 10.8
Center 0.76 0.29 2.67 4.96 24

33764 NVT
V352000 K

250 0.769 b 0.49 0.19 0.62 357 240

g 0.45 0.22 0.59 351 208
d 0.43 0.24 0.96 386 233

Center 0.35 0.25 1.86 403 278

32765 NVT
1.15 NERD

288.9 0.775 b 0.82 0.29 0.52 4.71 5.5

g 0.84 0.30 0.96 5.16 8.3
d 0.86 0.32 1.62 6.19 10.7

Center 0.79 0.30 3.46 6.48 26.7
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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prove agreement between simulation and experiment, the
sion potential in this work was modified by multiplying th
NERD torsion potential parameters by 1.15~raising the bar-
riers by about 15% for an increase of 0.45 kcal/mol! and
simulations were run using this potential. The inset in Fig
shows the modified torsion and the standard torsion.
though we have not verified this point, it is expected th
since equilibrium properties depend on the minima in
torsion potential, this change will not influence the therm
dynamic properties to a significant extent. This modificat
resulted in good agreement between simulation and exp
ment, as can be seen in Figs. 1 and 5. Table VII gives
parameters for the fit to the simulation data for pure te
cosane using Eq.~11!, the modified torsion potential, an
compares the results of the torsion modification at 337 K

Hexane

Hexane simulations were run at temperatures betw
285 K and 322 K with both NPT and NVT dynamics. Figu
6 compares the NVT and NPT results for the C–H vec

FIG. 6. Comparison ofg carbon C–H vector orientation autocorrelatio
functions from standard NERD force field NVT and NPT simulations
neat hexane. Solid symbols correspond to NVT results, open symbols
respond to NPT results. Lines are NVT mKWW fits.

FIG. 7. Effect of changing the torsional potential on the orientation au
correlation function for theg carbon C–H vector of neat hexane. The en
gies of the torsional potentials are compared in the inset.
Downloaded 05 Mar 2007 to 128.104.198.71. Redistribution subject to AI
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autocorrelation functionG(t). It can be seen that the NP
and NVT simulations give similar results.

Figure 2 compares the simulated and experimental c
relation times. The simulated correlation times are about h
as long as the corresponding experimental values, consis
with observations for tetracosane. As with tetracosane,
increased the torsion energy barriers in an attempt to
prove agreement with experiment. Thetrans–gaucheandcis
barriers were increased by roughly 5 kcal/mol. This was
complished by changingV3 to 2000 K for hexane. The inse
in Fig. 7 shows both the original and the modified torsi
potentials. An NPT simulation of pure hexane at 322 K, 0
bar was run with this modified potential.

The resultingG(t) for the g carbon is compared to th
standard torsion potential results in Fig. 7, at both 322 K a
293 K. The change in correlation time from 0.60 ps to 0.
ps corresponds to only a 15% increase at 322 K; this resu
still well below the experimental time of about 1.08 ps.
contrast, using this greatly increased torsion potential for
racosane slows the dynamics by an enormous amount,
shown in Fig. 8.

or-

-

FIG. 8. Simulated center carbon tetracosane C–H vector dynamics
changing torsion potential.

FIG. 9. Comparison of simulated and experimental correlation times
C–H vectors of tetracosane in mixtures with hexane. Solid symbols are
for experimental data, and open symbols are used for simulation re
using 15% higher torsion potential.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



.8

8216 J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Budzien et al.

Downloaded 05 Ma
TABLE VIII. Simulation results for 3 wt % hexane in tetracosane.a

Type A b
tKWW

~ps!
t0

~ps!
tc ~3%!

~ps!
tc ~neat!

~ps! % change

g hexane 0.993 0.46 0.56 0.45 1.32 0.59 2124
b tetracosane 0.991 0.375 0.84 3.82 3.37 3.90 14
g tetracosane 0.94 0.354 1.13 2.22 5.27 6.1 14
d tetracosane 0.89 0.343 1.62 1.98 8.00 8.4 4
Center tetracosane 0.78 0.296 2.55 3.78 20.4 20.0 22

aSimulaltion performed with NVT dynamics (T531664 K; r50.774 g/cc;Pave5254 bar).
e
ile
au
ea
tio
dy

m
h
de
on
le
te
in

ng
UA

m
s
s
ri
e
nd
p
n
m
a

be
.

ta
a
e

er

s
r in
er
ven
sults
ted
eri-

bly

14%
t to
hex-

ar,
ddi-
een

thane
se,
e-
ivity
x-

r-
o-
or
lts
en-
ix-

om
tion
the

that
Why can tetracosane results be made to match exp
ment with a minor modification to the torsion potential wh
hexane results cannot? We believe that this occurs bec
hexane, in contrast to long chain alkanes, rotates as a n
rigid object. It has long been appreciated that local relaxa
times in polymers are influenced both by conformational
namics and overall molecular reorientation.34 The longer the
molecule, the more conformational dynamics are the do
nant influence. We believe from the evidence above t
C–H vector reorientation in hexane is almost completely
termined by overall molecular reorientation and thus is c
trolled by interactions between sites on different molecu
This is precisely the aspect of the simulation which is trea
least realistically in a UA model. In contrast, for long cha
molecules, the effect of internal potentials~e.g., torsional
barriers! on segmental dynamics is known to be very stro
Thus, for long chain molecules, any inadequacy in a
model is less apparent.

We have also compared self-diffusion coefficients fro
the simulations of hexane to data in the literature. Intere
ingly, the self-diffusion coefficient of hexane calculated u
ing the NERD force field is in good agreement with expe
mental results~Table IX!. Included in that table, also, ar
results from other thermodynamically optimized UA a
AUA force fields. The differences between force fields a
pear to be more of a function of temperature depende
rather than a superiority of any particular model. This co
parison suggests thatT1 and NOE measurements provide
more stringent test of the ability of a force field to descri
fast dynamic processes than do diffusion measurements

Mixtures

Several mixtures were simulated at the experimen
concentrations of 10 wt %, 50 wt %, and 86 wt % tetr
cosane. The densities employed for these simulations w
the ideal solution densities calculated from literature exp
mental values and equation of state interpolations.35,36
r 2007 to 128.104.198.71. Redistribution subject to AI
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It is known that mixing chains of different length
changes the dynamics of the chains from their behavio
pure fluids. Short chains are slowed by mixing with long
chains and the longer chains exhibit faster dynamics. Gi
the discrepancies between the simulated pure hexane re
and experimental data, it is not surprising that the simula
correlation times for the mixtures are smaller than the exp
mental values~Fig. 9!. Even for relatively little hexane in the
mixture, the tetracosane correlation times are noticea
changed. A simulation with 3 wt % hexane in tetracosane~24
hexane chains, 197 tetracosane chains!, for example, showed
that the tetracosane correlation times decreased by up to
~Table VIII!. The largest change is for the carbons closes
the ends, while the center carbons were unchanged. For
ane in this same mixture, theg-carbon correlation time was
increased by 124% compared with the pure fluid. A simil
noticeable effect on dynamic properties caused by the a
tion of a small amount of a second component has also b
seen when a single decane molecule was added to a me
system.12 For the majority component, methane in that ca
the viscosity, thermal conductivity, and diffusion were r
duced by at least 20%. These results illustrate the sensit
of dynamic properties to impurities having different rela
ation characteristics.

CONCLUSION

Multiple simulations for dynamic properties were pe
formed with a united-atom force field that is known to repr
duce thermodynamic properties quantitatively. A min
modification to the torsion potential gave simulated resu
for tetracosane which are in good agreement with experim
tal data for correlation times. For pure hexane and its m
tures with tetracosane, simulations exhibit deviations fr
experimental data. The simulated pure-hexane correla
times are about 45% shorter than experimental times; for
mixtures they are 20 to 60% shorter. Our results indicate
TABLE IX. Self-diffusion coefficients of hexane.

Temperature~K! Density ~g/cc!

Self-diffusion coefficient (1029 m2/s)

Expt. NERD TraPPE AUA4

273 0.677a 2.96a 3.6a

298 0.655b 4.7b 4.8 5.1b

333 0.622a 5.97a 6.3a

aReference 3.
bReference 37.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the UA model captures the main-chain relaxation proces
of longer alkanes well; it is, however, insufficient to descri
fast ~subpicosecond!, atomic-scale processes.

We conclude that, for simple alkanes of intermediate-
large molecular weight, a simple united-atom force field a
pears to be fully capable of describing thermodynamic a
dynamic properties simultaneously with a reasonable leve
confidence.
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APPENDIX: MODEL FOR J „v… FOR C24H50

Based on our previous work on C44H90 and C153H208

melts,38 we expect the spectral density function for C24H50 to
be reasonably well described by the following form:

J~v!5At1 /~11v2t1
2!1~12A!t2 /~11v2t2

2!. ~A1!

Here A is constrained to have the temperature dep
dence found in our previous work,

A50.915173.957/T222688/T2. ~A2!

Fitting Eq.~A1! to data on C24H50 melts from 330 to 380
K, yields an excellent fit and the following parameters:t1

56.7310214exp(1900/T); t2515.5t1 . We assume that this
functional form is also a reasonable approximation
C24H50 in mixtures with hexane. From the above equatio
and parameters, we calculateT1

DD(v)/T1
DD(0) versus

NOEDD(v). Then we use this relationship and the observ
value of NOEDD, to find T1

DD(0). Inserting this quantity into
Eq. ~8! yields our best estimate oftc .
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