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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 blengHg, and GD4, were investigated as a
function of temperature and composition. The segmental dynamics of;thg{&omponent were
measured witht3C nuclear magnetic resonan@g and nuclear Overhauser effect measurements,
while 2H T, measurements were utilized for the[G, 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. 262 American Institute of Physics.

[DOI: 10.1063/1.1464538

INTRODUCTION multaneously. This postulate, however, was proposed before
the availability of more accurate UA models for thermody-
Molecular simulations have been shown to be capable ofamic properties:?
predicting the structure and thermodynamic properties of  Several studies have examined the performance of UA
relatively complex fluids, including alkanes and polyolefins.models vis-avis that of AA models for prediction of dy-
Not as much is known about the ability of available forcenamic propertie4®~8 Simulations were performed for
fields to reproduce the dynamic properties of such fluids. Im-tridecane,n-tetratetracontane, ana-C,oHop; results of
this work we investigate whether a force field previously UA and AA models were compared to experimental data for
optimized for thermodynamic properties of alkanes and theivarious dynamic properties, including C—H bond orientation
mixtures can also provide an accurate description of dynameorrelation times and diffusion coefficients. It was found
ics in these systems. that, in general, the UA results were worse for dynamic prop-
Simulations of alkanes can be performed at varying lev-erties than would be expected from static-property results.
els of molecular detail. At the most detailed level, all-atom  Anisotropic-united-atom models are generally perceived
(AA) force fields consider each atom individually. At a to offer an attractive alternative to AA models for simula-
slightly more coarse-grained level, united-atgiA), and  tions of alkanes or polyolefins. Simulations using an AUA
anisotropic-united-atonfAUA) force fields treat carbon at- model, for example, have been shown to provide a good
oms and their bonded hydrogens as a single interaction sitelescription of the equation of state and the heat of vaporiza-
The UA model considers forces to act on the center of theion of polyethylen€. More recent calculations using the
site, while the AUA model displaces the acting forces fromsame force field indicate that good agreement with experi-
the center of the site. For a simple alkane, the computationahent can be achieved for the dipole relaxation time as a
demands of a simulation with a UA force field are consider-function of both temperature and presstire.
ably smaller than those of an all-atom calculation. That  In a recent series of papers, a group of research&rs
higher computational efficiency has fostered the recent dehave compared the performance of UA and AUA models.
velopment of simple force fields capable of describing theThe results have been mixed, and obscured by the use of
thermodynamic properties of alkanes and polyolefifist  combinations of different UA force fields, some of which are
has been postulated that UA models are not“abte de- known to be inaccurate. While this body of work suggests
scribe thermodynamic and dynamic properties of alkanes sthat AUA models are superior, these conclusions could be
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partly based on inappropriate comparisons. Simulations by Beuterated hexane dynamics
different group of researchéfs’’ comparing UA and AUA
models did not reveal any clear advantages for dynami
properties of one over the other; each force field had stron L 3 2402
points. €7q

A review of the literature suggests that simulations of T, 1_0772( h ) [J(wp)+4(20p)]. )
dynamic properties using some of the more recent and accu- . .
rate UA force fields have been scarce. In this study, a series Al .the ?H.expenments reported here are n the ex.trenje
of NMR experiments were performed for systems of hexane, &' 'OWINg limit. In this case, .th? spectral densﬁy fungt|on IS
tetracosane, and their mixtures, to quantify fast dynamic pro(—equ"’.II to 't.s zero frequency limit qnd 'Fhere eX'St_S an inverse
cesses as a function of temperature, composition, and fielrc‘ial"’ltlonShIp between the correlation timgandT, :
strength. Molecular dynamics simulations of the same sys- 1 3 ) e?qQ\?
tems were then conducted using the NERD UA force field, T =27 ( h ) Te
which has been shown to reproduce the thermodynamic ) )
properties(including phase behavipof alkanes with good ~ For GsDia, the quadrupole coupling constaef§Q/h)
accuracy-'8Our results suggest that united-atom force fields'S €qual to 168 KHz for deuterons attached to thearbon
are capable of describing simultaneously the equilibriurdMethyl groupsand 172 KHz for thes and y deuterons. The

thermodynamic properties and several dynamic aspects 6f deuterons are detectable as one peak in the spectrum while
intermediate to long alkanes. the B and y deuterons are detectable as a second peak.

Becaus€&H nuclei relax via the quadrupolar mechanism,
Ehe relationship between; andJ(w) is

®)

EXPERIMENTAL METHODS AND DATA ANALYSIS .
Tetracosane dynamics

Tetracosane (£Hsg) was purchased from Aldrich and

used as received. Perdeuterateddexane (GD,,) was pur- .
chased from Cambridge lsotope and usg‘d as receive24Hso, corresponding to the four carbons at each end of the

. . . hain(e=methyl, 8, y, 5 and the 16 carbons in the center of
Samples were made with the following mass fractions c)Tf[:he chain. Hence the dynamics of five types of C—H vectors

CosHsg: 100%, 86%, 50%, 10%, and 0%. Freeze—pump-— . . . NP .
thzgwsgycles were used to eliminate oxygen from the sre)lmplloes(,:.an. be mvesltlgated. D|p9le—d|po(ID) mteracpons are the
13C NMR T, and NOE experiments were performed on themain rela?<at|on mechanlsm for these experiments. In some
C,4Hso components of the mixtures HC Larmor frequen- cases, spin rotatiofBR) also plays a role. The observ&i

cies of 125.8, 75.5, and/or 62.9 MHZH T, experiments relaxation rate can be expressed

were carried out on thedD, components of the mixtures at 1 1 1

2H resonance frequencies of 76.9 and/or 55.3 MHz. The tem- T_l = @ + T_fR' (6)
perature ranges of the experiments were chosen to ensure

that the samples would be in the one-phase region for all The separation of the measuréd into its two compo-
measurements. Temperatures were calibrated against the efgnts(T?° and TT%) can be accomplished using the experi-
ylene glycol spectrur® For the pure gD, sample, it was mentally measured nuclear Overhauser eftBDE) values.

necessary to use an NMR tube with a small inside diametefhe NOE value associated with dipole—dipole interaction
(2 mm) in order to eliminate convectiof. NOEPP is bounded below by the observed NOE and above

by 2.99. NOEP should increase or remain constant as the
NMR observables temperature increases, as the concentration QH4g de-

The connection between NMR observables and molecucreases, as the resonance frequency decreases, and as the end
lar motion is made through the orientation autocorrelatiorPf the chain is approached. Most of our data showed these
functionG(t) for a®C—H or C-2H vector. If the orientation trends; in these cases, we set N9Eequal to the observed
of this vector is designated as, this time correlation func- NOE andT?® equal to the observe®; . When the data did

Five peaks are resolved in tHéC NMR spectrum of

tion can be written not show these trends, NGB was estimated using the
G(t) = H3(ey(0) - &4(t))°— 1), @ above expectations, and tfig° was calculated from
. . [NOEPP—1]
where the brackets indicate an average over all possible start- TPP= (—) *T,. (7)
ing timest=0 and over all nuclei with the same resonance [NOE-1]
frequency. The spectral densiti{w), is the Fourier trans- This T, correction was usually less than 5% and always
form of G(t), less than 17%, except for theand 8 carbons. The expected
1 (» uncertainty in this procedure is10% in 7, except for thex
Jw)= EJ e'“'G(t)dt. (2)  carbons where the error may be somewhat larger.
- When NOE® is near its maximum value of 2.99, ex-
The correlation timer, is defined as the time integral of treme narrowing conditions apply and the correlation time
G(t), can be calculated directly frof,
% 1
Te= fo G(t)dt. (3) o= TknToD" (8)
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TABLE I. NERD potential parameters.

Bond stretching potential
V() K,
T 20

K,=96 500 K/&, bgy=1.54 A

Bond bending potential
V(o) K,
To 20t

K,=62500 K/rad, 0oq=114.0°

Torsion potential

V(¢)

—— =V +V;(1+cosd)+V,(1—cos 2h)+V;(1+cos 3p)

ke
Vo=0K, V;=355.04 K
V,=—68.19K, V5=701.32 K

Nonbonded potential

-l

ocn,=3.93A, ¢y, =45.8K
ocn,=3.91A €cy,=104.0K

Segmental dynamics in a blend of alkanes 8211

Lennard-Jones interactions, and tail corrections were ap-
plied. System sizes were set so that there were 2400 to 5000
interaction sites in the simulation box.

The simulated quantity of interest to this work is the
orientation autocorrelation functiog(t), defined in Eq(1)
for the C—H bond vector. Given that the UA model used here
does not consider hydrogen atoms explicitly, it is necessary
to develop alternative methods of interpreting our data in
terms of implicit C—H bonds. The position of the interaction
site is taken as that of the carbon. The hydrogens are as-
sumed to be located in the plane formed by the bisector
vector and the out-of-plane vector of the three backbone car-
bons(the carbon of interest and its two nearest neighlkors
with a H-C—Hangle of 109.52% The motion of the hydro-
gens in the terminal methyl grougg 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 sys-
tems, it was practical to consider multiple time-step sizes to
averageG(t) and then splice the results. For the shortest

times, multipleG(t)’s were calculated using 100 time-step
increments and averaged together; 1000 time-step incre-
ments were used to calcula®(t)’s over the entire simula-

Here the constari is taken to be 2.2810°s 2,2 andn . i . .
. ! tion time. The finer grid was used at short timgenerally
is the number of bonded protons. Outside the extreme nar- . . L
) ) DD D ess than 10 psuntil noise or deviations from the coarser
rowing regime,T7° and NOE® depend upon the spectral

density functi foll ) grid were evident.
ensity function as Toflows. To simplify the calculations ofr; [from Eg. (3)], the

1 G(t) function is fit to a modified Kohlrasch—Williams—Watts
?=Kn[J(wH—wc)+3J(wC)+6J(wH+ wc)], (9) (mwa) equatioﬁfi
~(t e B s
NOEPP=1 TH 6J(wy+ wc) — I wy—wc) G(t)=Ae Vw4 (1—A)e V70, (11)
St 'y_c J(wy— wc) +3I(we) +6J(wy+ we) |’ where A, B, Tvww. and 7o are adjustable parameters. The

(100 form of this equation is empirical, and has been used in

wherey,, and y. are the gyromagnetic ratios for carbon andPrevious studies o3(t).?/"* The parameters must satisfy
hydrogen, andoy, andw are their respective resonance fre- the constraints <1, 0<A=<1, 7yw=>0, and7o>0. The
quencies. Based on previous experiments on oligomeri€orrelation time is then calculated by integrating Efjl)
polyethylene melts, we have estimated the shapH @} for ~ OVer time:
C,4Hs50 and used this to estimate the correlation time when ATeww [ 1
extreme narrowing conditions do not apply. This procedure  7c= B r E) +(1-A)7o, (12
is described in the Appendix. We estimate that this calcula-

tion of correlation times introduces a systematic error of novherel” is the gamma function.

more than 10%.

EXPERIMENTAL RESULTS

THEORY AND SIMULATION METHODS Tables 11-VI present the NMR measurements on

Both NVT and NPT molecular dynamics simulations C,,Hqq/CgD14 mixtures, and the correlation times which we
were performed in this work. The NVT simulations used ahave calculated from these measurements. Figures 1 and 2
Nose-Hoover thermostat?® with a temperature coupling show the temperature dependence of the correlation times for
parameter of 0.2 ps. The NPT simulations were performed—H and C-D vectors in neat tetracosane and in neat hex-
using the method of Berendsan al?* with a temperature ane, respectivelythe simulation results shown in these fig-
coupling parameter of 8 ps and a pressure coupling paramies will be discussed belowin Fig. 1, correlation times are
eter of 16 ps. The time step was 0.814 fs. A velocity Verletshown for the five different types of C—H vectors resolvable
algorithm was used to integrate the equations of motion foin these experiments. Over the temperature range from 328
both types of simulations. For all the systems, at least 40 pt® 337 K, all C—H vectors show the same change in correla-
of equilibration time were allowed before data collection be-tion times(21-28% within experimental error. Based on the
gan. Debye—Stokes—Einstein equation, one might expect the cor-

The NERD potentiaf used in this work is shown in relation time changes to have the same temperature depen-
Table I. The torsion potential was systematically changed adence as the viscosity divided by the absolute temperature.
described below. A cutoff radius of 13 A was used for theln agreement with this expectation/T for pure tetracosane
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TABLE II. CpHso T1(s) (TP values shown in parentheses if different

Budzien et al.

CoHso T (K) a Ty BT, vy T, 6Ty CenterT,
100% 337 6.5+0.3 4.3+0.2 3.0:0.1 2.2:0.1 1.22+0.05
329 5.56+0.06 3.48-0.03 2.45-0.02 1.79:0.02 1.02:0.01
337 6.5+0.1 4.3+0.1 3.1+0.1 2.3+0.1 1.32:0.02
(7.0 (4.5 (3.2
327 5.7+0.2 3.79:0.06 2.74-0.06 2.04:0.05 1.21-0.04
50% 33? 7.5+0.4 6.3+0.3 4.8+0.3 3.7+0.2 2.06+0.08
(8.0 (6.6) 4.9 (3.8
327 6.8+0.2 5.5+0.2 4.2+0.1 3.2¢0.1 1.84-0.07
(7.3 (5.6)
317 6.00.1 4.970.1 3.7£0.1 2.9+0.2 1.7+0.2
10% 337 9.1+2.0 9.1+1.2 8.5+0.8 6.7£1.3 3.2£0.1
(14.3 (10.8 9.2 (7.3 (3.7
307 6.8+0.2 6.7+0.2 5.5+0.3 4.2-0.2 2.48+0.02
(7.9 (7.9
&75.5 MHz.
°125.8 MHz.
TABLE ll. C »Hso NOE valuestNOEPP shown in parentheses if differénErrors are+0.05.
CasHso T (K) @ B ¥ 5 Center
100% 337 2.93(2.995 2.93 2.89 291 2.80
329 2.94 291 2.86 2.84 2.72
337 2.79(2.99 2.83(2.92 2.78(2.86 2.76 2.60
327 2.96 2.79 2.80 2.70 2,51
50% 337 2.85(2.989 2.85(2.95 2.85(2.90 2.86(2.89 2.84
327 2.85(2.98 2.90(2.93 291 2.85 2.81
317 2.95 2.93 2.90 2.88 2.79
10% 337 2.27(2.99 2.67(2.99 2.85(2.99 2.77(2.92 2.63(2.89
307 2.80(2.99 2.87(2.99 2.96(2.99 2.94 2.77
475.5 MHz.
P125.8 MHz.
TABLE IV. C,Hs, correlation timegps).
CyHso T (K) @ B y 6 Center
100% 337 2.20.2 5.3£0.3 7.50.4 11+1 21+2
328 2704 6.6-0.2 9.4-0.4 13.3:0.6 272
50% 337 1.80.1 3.3t0.2 4.8+0.3 6.2:0.3 11.7£0.5
327 2.0:0.1 3.9£0.2 5.5£0.2 7.4£0.3 13.4:0.5
317 2.4:0.1 4.5:0.1 6.3t0.2 8.2£0.5 15+2
10% 337 1.60.3 2.0:0.3 2.4:0.3 3.1+x0.6 6.4:0.3
307 1.90.1 3.1+0.3 4.1+0.4 5.5:0.3 10.2:0.2
TABLE V. Cg¢Dy, T, values and correlation times.
CeD14 T(K) By Ti(s) aTy(s) By 7 (ps) a 7¢ (ps)
100% 337 2.41+0.01 2.66£0.02 0.95-0.01 0.90:0.01
327 2.21+0.03 2.38:0.01 1.03:0.01 1.010.01
317 2.02+0.02 2.18-0.04 1.13-0.01 1.16-0.02
307 1.80+0.05 1.93:0.06 1.270.03 1.24:0.04
50% 337 1.31+0.02 1.770.01 1.74-0.02 1.35-0.01
327 1.20+£0.01 1.60:0.01 1.96:0.02 1.49-0.01
317 1.05+0.01 1.43-0.01 2.17-0.02 1.68:0.02
14% 337 0.91+0.03 1.44-0.03 2501 1.66:0.05
327 0.76-0.03 1.26-0.10 3.0*x0.1 1.90-0.14

355.3 and 76.4 MHz.
b55.3 MHz.
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TABLE VI. T,, NOE, and correlation times for center carbons of neat 1.5 . T e
t
CyHso (T=341K). ]g neat hexane Hé/?fm
. bed ¥
T (K) T2 (s NOE? (+0.05 7 (PS) 1.2 ;g\m}
Y
371 2.26:0.05 2.98 9.80.5 1.1
365 2.08-0.04 201 11.80.6 1.0
360 1.90-0.04 2.88 12.40.6 2 0.9
354 1.69-0.03 2.95 13.30.7 et
347 1.53-0.03 2.91 15.+0.8 08
341 1.33:0.03 2.90 17.40.9 x
0.7 5 o
362.9 MHz. 5 ©
0.6 o x
o
[m]
0.5 - ‘ ‘ .
changes by 24% over this temperature raifg€igure 2 2.95 3.05 8.15 3.25 3.35

shows the temperature dependence of the two different types 1000/T (1/K)

of resolved C-D vectors in neat per-deuterated hexane. Thgg. 2. Correlation times for C-D vectors in neat hexane as a function of

«a and By C-D vectors both show about a 36% change intemperature. Note that NPT simulated points areyf@arbon C-D vectors

correlation times over the temperature range from 307 to 337"l

K. Over this temperature rangs/ T for undeuterated hexane

changes by 40%% again consistent with the changes in cor-

relation times within experimental error. and C-D vector correlation times are mainly sensitive to
Figures 1 and 2 show a strong similarity between mac<onformational relaxation times which are not as strongly

roscopic and microscopic measures of liquid dynamics fo@ffected by composition phanges. .

tetracosane and hexane as neat components. Interestingly, TWO further observations for these mixtures do not have

this correlation works for the central C—H vectors and thoséimple explanations. Close scrutiny of Fig. 3 shows that the

close to the chain ends, including the methyl groups. Thdnore central C—H vectors of tetracosaiwenter, s, and y)

former are partially influenced by the longest relaxationShow a stronger composition dependefdgnamics change

times of the alkane molecules, while the reorientation of thd?Y about a factor of 3)3than the other C—H or C-D vectors

methyl groups is a considerably more localized motion.  (dynamics change by about a factor of 2.For the 50/50
The connection between microscopic dynamics and vistixture, over the temperature range of 317 to 337 K, the

cosity is much more complicated in the mixtures of tetra-C—H vectors in tetracosane change shift dynamics by 28—

cosane and hexane. Figure 3 shows the dynamics of all type$%, while the C-D vectors change by 25%. While this

of C—H and C—D vectors as a function of composition at 337difference is just barely significant, given the error bars, it is

K. For all the C—H and C-D vectors, changes in Composi_consistent with a trend seen in some miscible polymer

tion cause changes in correlation times by factors of 1.8 t®lends, i.e., that each component retains its own temperature

3.6. In contrast, the viscosity increases by a factor of 18 agependence in the blerid.

the composition is changed from pure hexane to pure tetra-

cosane. This difference bgtween macroscopic'and miF:rF’SIMULATION RESULTS

scopic measures of dynamics would be qualitatively antici-

pated for this case. The viscosity depends most strongly oh€tracosane

the longest relaxation times of the molecules, while the C—H  several simulations were run for pure tetracosane sys-

tems in the temperature range 324-371 K. Sample C—H vec-

100

neat tetracosane

14 ¢ 337 K ' ' I ' C24H507

i—’/”//{ o center

L —- : g
e’ °
P/”IA B PE
4 g
N o
(expt only)
1 L L .
2.95 3 3.05 3.1 02 ‘ ‘ . .
1000/T (1/K) 0 0.2 0.4 0.6 0.8 1

weight fraction tetracosane
FIG. 1. Correlation times for the different C—H vectors in neat tetracosane

as a function of temperature. Solid symbols are experimental points, opeRIG. 3. Experimental correlation times for mixtures of hexane and tetra-
symbols are simulated points using the 15% higher torsion potential. cosane as a function of composition at 337 K.
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1.0 100 30 . , ,
tetracosane (327 K) . neat tetracosane (center)
> center 0.75 g > ® experiment
0.8 ° 8 - S T O simulation standard NERD o
oy 8 0.50 = © simulation 15% higher NERD
- p
06 025 20 E
= 3 . i
I ! 0.00 e 215 o @ y
04 LA 0 02 04 06 08 W e & o
time (ps) 10 | . ) i
02+ o
5 L
00 0 5 10 — 15 0 ‘ ‘ ' ;
2.6 2.7 2.8 29 3 3.1

time (ps) 1000/T (1/K)

FIG. 4. Representative orientation autocorrelation functions for C—H vec-

tors in tetracosane at 327 K, obtained with standard NERD torsion. Lined!G. 5. Comparison of simulated and experimental correlation times for the
are MKWW fits center C—H vectors of tetracosane as a function of temperature. Solid sym-

bols are experimental points, open symbols are simulated points.

tor orientation autocorrelation functions for the four sets of

carbons accessible from simulatigf, y, 5, and centerare lated results are faster than the experimental results by ap-
shown in Fig. 4. A fast initial decay is seen in the first 0.3 psproximately 50%. Results by Smitt al 3 on polybutadiene

of the correlation function, followed by a much more gradualshow that changes in the torsional potential have a very sig-
process. Figure 5 shows an extended temperature range foificant effect on C—H vector reorientation in longer mol-
the center-carbons correlation times and compares two setsules. They report that raising the barrier between confor-
of simulated results with the corresponding experimental valmational states by only 0.4 kcal/mol, slowed C—H vector
ues. It can be seen that the standard NERD potential simuelaxation times by a factor of 2. As a rough means to im-

TABLE VII. Simulation results for neat tetracosane.

Temp NVT/ P p TRWW Ty Te
(K) NPT (ban (g/co Type A B (ps) (ps (ps)
371+6 NVT —-56 0.747 Center 0.80 0.34 1.91 2.56 9.0
1.15 NERD
354+6 NVT -71 0.759 Center 0.77 0.31 2.27 3.64 14.9
1.15 NERD
3373 NPT 2+128 0.768:-0.005 B 0.88 0.34 0.48 2.09 2.6
v 0.86 0.34 0.76 1.82 3.9
S 0.86 0.35 1.14 2.00 5.2
Center 0.734 0.295 1.629 3.213 12.8
3374 NVT -91 0.769 B 0.997 0.39 0.68 2.2 2.4
y 0.977 0.42 0.88 86.4 4.5
é 0.965 0.43 1.14 89.6 6.2
Center 0.939 0.47 1.75 138 12.1
337+6 NVT —-110 0.769 B 0.89 0.32 0.65 4.2 45
1.15 NERD v 0.87 0.31 0.91 4.5 6.9
8 0.82 0.29 1.11 5.2 10.8
Center 0.76 0.29 2.67 4.96 24
3374 NVT -50 0.769 B 0.49 0.19 0.62 357 240
V3=2000 K
y 0.45 0.22 0.59 351 208
5 0.43 0.24 0.96 386 233
Center 0.35 0.25 1.86 403 278
3275 NVT —88.9 0.775 B 0.82 0.29 0.52 4.71 55
1.15 NERD
y 0.84 0.30 0.96 5.16 8.3
8 0.86 0.32 1.62 6.19 10.7
Center 0.79 0.30 3.46 6.48 26.7
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1 . :

neat hexane (y carbon) neat tetracosane (center)
° 292 NPT
* 293 NVT 0.8 ]
~ 300 NPT O ~-~ NERD

+ 303 NVT - V,=2000 K
s 312 NPT —— 16 % raised NERD
* 312NVT

o 319 NPT
01 ¢ Er * 323 NVT

G(t)

G(t)

0.01
0

time (ps)

time (ps)

FIG. 6. Comparison ofy carbon C—H vector orientation autocorrelation

functions from standard NERD force field NVT and NPT simulations of
neat hexane. Solid symbols correspond to NVT results, open symbols co
respond to NPT results. Lines are NVT mKWW fits.

FIG. 8. Simulated center carbon tetracosane C—H vector dynamics with
F_hanging torsion potential.

autocorrelation functior(t). It can be seen that the NPT
prove agreement between simulation and experiment, the toand NVT simulations give similar results.
sion potential in this work was modified by multiplying the Figure 2 compares the simulated and experimental cor-
NERD torsion potential parameters by 1.G&ising the bar- relation times. The simulated correlation times are about half
riers by about 15% for an increase of 0.45 kcal/mmhd as long as the corresponding experimental values, consistent
simulations were run using this potential. The inset in Fig. 7with observations for tetracosane. As with tetracosane, we
shows the modified torsion and the standard torsion. Alincreased the torsion energy barriers in an attempt to im-
though we have not verified this point, it is expected thatprove agreement with experiment. Ttians—gaucheandcis
since equilibrium properties depend on the minima in thebarriers were increased by roughly 5 kcal/mol. This was ac-
torsion potential, this change will not influence the thermo-complished by changiny; to 2000 K for hexane. The inset
dynamic properties to a significant extent. This modificationin Fig. 7 shows both the original and the modified torsion
resulted in good agreement between simulation and experpotentials. An NPT simulation of pure hexane at 322 K, 0.9
ment, as can be seen in Figs. 1 and 5. Table VII gives théar was run with this modified potential.
parameters for the fit to the simulation data for pure tetra- The resultingG(t) for the y carbon is compared to the
cosane using Eq(11), the modified torsion potential, and standard torsion potential results in Fig. 7, at both 322 K and
compares the results of the torsion modification at 337 K. 293 K. The change in correlation time from 0.60 ps to 0.69

ps corresponds to only a 15% increase at 322 K; this result is
Hexane still well below the experimental time of about 1.08 ps. In

contrast, using this greatly increased torsion potential for tet-

Hexane simulations were run at temperatures betweefycosane slows the dynamics by an enormous amount, as is
285 K and 322 K with both NPT and NVT dynamics. Figure shown in Fig. 8.

6 compares the NVT and NPT results for the C—H vector

25 - ; ; , :
1 =45 tetracosane dynamics in mixtures °
neat hexane £ —— initial NERD 337 K
3 v 20 |
9 L e 15 % raise:
0.8 = 10 ¢ , center
< \ -
=] \ / \
5 50, ) =157
_ 0.6 g- N -
5 ol TS To
04 0 90 180 270 360
¢ (degrees)
o 322 K (NERD) 5
0.2 r « 322 K (V,=2000)
—— 293 K (NERD)
0oooa05555555556556555&555“ 0 ' ‘ I I ‘
0 ‘ . R CREELLII. 0 0.2 0.4 0.6 0.8 1
0 1 2 3 4 5 weight fraction tetracosane
time (ps)

FIG. 9. Comparison of simulated and experimental correlation times for
FIG. 7. Effect of changing the torsional potential on the orientation auto-C—H vectors of tetracosane in mixtures with hexane. Solid symbols are used
correlation function for they carbon C—H vector of neat hexane. The ener- for experimental data, and open symbols are used for simulation results
gies of the torsional potentials are compared in the inset. using 15% higher torsion potential.
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TABLE VIII. Simulation results for 3 wt % hexane in tetracosdne.

TRWW Ty 7. (3%) 7. (nea)
Type A B (ps) (ps) (P9 (py % change
y hexane 0.993 0.46 0.56 0.45 1.32 0.59 —-124
B tetracosane 0.991 0.375 0.84 3.82 3.37 3.90 14
7y tetracosane 0.94 0.354 1.13 2.22 5.27 6.1 14
S tetracosane 0.89 0.343 1.62 1.98 8.00 8.4 4.8
Center tetracosane 0.78 0.296 2.55 3.78 20.4 20.0 -2

aSimulaltion performed with NVT dynamicsTE316+4 K; p=0.774 glcc,P = —54 bar).

Why can tetracosane results be made to match experi- It is known that mixing chains of different lengths
ment with a minor modification to the torsion potential while changes the dynamics of the chains from their behavior in
hexane results cannot? We believe that this occurs becaupere fluids. Short chains are slowed by mixing with longer
hexane, in contrast to long chain alkanes, rotates as a neartyains and the longer chains exhibit faster dynamics. Given
rigid object. It has long been appreciated that local relaxatiorthe discrepancies between the simulated pure hexane results
times in polymers are influenced both by conformational dy-and experimental data, it is not surprising that the simulated
namics and overall molecular reorientatidiThe longer the  correlation times for the mixtures are smaller than the experi-
molecule, the more conformational dynamics are the domimental valuegFig. 9. Even for relatively little hexane in the
nant influence. We believe from the evidence above thamixture, the tetracosane correlation times are noticeably
C—H vector reorientation in hexane is almost completely dechanged. A simulation with 3 wt % hexane in tetracosé@fe
termined by overall molecular reorientation and thus is conhexane chains, 197 tetracosane chaifts example, showed
trolled by interactions between sites on different moleculesthat the tetracosane correlation times decreased by up to 14%
This is precisely the aspect of the simulation which is treatedTable VIII). The largest change is for the carbons closest to
least realistically in a UA model. In contrast, for long chain the ends, while the center carbons were unchanged. For hex-
molecules, the effect of internal potentials.g., torsional ane in this same mixture, thgcarbon correlation time was
barrierg on segmental dynamics is known to be very strong.increased by 124% compared with the pure fluid. A similar,
Thus, for long chain molecules, any inadequacy in a UAncticeable effect on dynamic properties caused by the addi-
model is less apparent. tion of a small amount of a second component has also been

We have also compared self-diffusion coefficients fromseen when a single decane molecule was added to a methane
the simulations of hexane to data in the literature. Interestsystem:? For the majority component, methane in that case,
ingly, the self-diffusion coefficient of hexane calculated us-the viscosity, thermal conductivity, and diffusion were re-
ing the NERD force field is in good agreement with experi-duced by at least 20%. These results illustrate the sensitivity
mental resultgTable 1X). Included in that table, also, are of dynamic properties to impurities having different relax-
results from other thermodynamically optimized UA and ation characteristics.

AUA force fields. The differences between force fields ap-

pear to be more of a function of temperature dependence

rather than a superiority of any particular model. This com-CONCLUSION

parison suggests thay, and NOE measurements provide a
more stringent test of the ability of a force field to describe
fast dynamic processes than do diffusion measurements.

Multiple simulations for dynamic properties were per-
formed with a united-atom force field that is known to repro-
duce thermodynamic properties quantitatively. A minor
modification to the torsion potential gave simulated results
for tetracosane which are in good agreement with experimen-

Several mixtures were simulated at the experimentatal data for correlation times. For pure hexane and its mix-
concentrations of 10 wt%, 50 wt%, and 86 wt% tetra-tures with tetracosane, simulations exhibit deviations from
cosane. The densities employed for these simulations wemxperimental data. The simulated pure-hexane correlation
the ideal solution densities calculated from literature experitimes are about 45% shorter than experimental times; for the
mental values and equation of state interpolatiors. mixtures they are 20 to 60% shorter. Our results indicate that

Mixtures

TABLE IX. Self-diffusion coefficients of hexane.

Self-diffusion coefficient (10° m?/s)

TemperaturgK) Density (g/co Expt. NERD TraPPE AUA4
273 0.677 2.96 3.6
298 0.658 47 4.8 5.F
333 0.622 5.97 6.3

aReference 3.
PReference 37.
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