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ABSTRACT: We have performed pulsed-gradient NMR diffusi@) (neasurements of five-alkanes (24, 28,

36, 44, and 60 carbons) in a polyethylene (PE) host (molecular wigighB3 kDa) as a function of concentration

¢ (2—10 wt %) at 180°C. Monte Carlo simulations on the second-nearest-neighbor diamond lattice (38, 46, 62,
and 78 carbons) atbetween 2% and 15% in a host of P& € 4.5 kDa) explored static and dynamic properties.

The bridging method uses beads combining neighboring moieties and incorporates two-bead moves; it permits
detailed reconstruction of the PE chain at any stage. It uses short-range rotational isomeric state and long-range
intra- and interchain discretized Lennard-Jones potentials. For both experiment and simulati@hwesoebtained

by extrapolatingd(c) to ¢ = 0 using the FujitarDoolittle model with known chain-end free-volume parameters.

A single ratio of 330 Monte Carlo steps per picosecond brings simulation into excellent congruence with experiment;
this factor is identical to that required for PE melts. The applicability of the Rouse model is approached only for
the largest alkanes, but the resulting alkdhelependence of trade is seen to be in transition from the Rouse-

like M~ dependence to a steeper value characteristic of reptation with constraint release. Sihdepeadence

of D for alkane melts adheres to a nearly lin&r!-83 power law at this temperature, simulation and experiment
confirm earlier theoretical considerations that the excessMvéarises entirely from the effects of thé-dependent

host viscosity, or free volume, in the melts.

I. Introduction to theM~2 proportionality expected on the basis of the reptation/
tube models in the high asymptotic limit, above the constraint
release regime in the transitioridlrange near the entanglement
onset molecular weight. Both thedfand simulation’' have
now successfully dealt with this transition. Two-component self-

iffusion in binary blends of-alkanes, and ofi-alkanes with

E, has been measutedand simulatetf as a function of
concentration. These and binary blends of fully entangled PE

The study of the diffusion afi-alkanes and polyethylene (PE)
in the melt has consumed much experimental and theoretical
effort.? Of particular interest in explaining the features of the
observed molecular weightX) and temperaturel] dependences
has been the consequence of the strong dependence of alkan
and PE densifyon M andT. These density variations indicate
a substantial free-volume fraction associated with chain &nds, ; . . o ;
known to have a sizable effect on the viscosity and the self- of widely d|fferentM_ yield to analysis’ based on extensions
diffusion coefficient D. In fact, the expected Rouse-lfke of the same theoretical model. ) _
dependence d proportional oV~ in alkanes is overwhelmed S_lmulatlons of the motions _of chain molecule_s in a dense
by free-volume effects, substantially steepened, so that the€nvironment become increasingly arduous Nsincreases.
transition to entangled behavior expected in PE is obscured.Dynamic Monte Carlo (MC) methods offer the opportunity of
Earlier investigatosfound thatD over a range of elevated ~€xtending theM range attainable without incurring massive
temperatures was approximately consistent withVer? pro- qomputatlonal effort. To be sure, MC method; lack an intrinsic
portionality over the entire alkaré®E range; initial doubts about ~ time scale and must rely on comparison with experiment to
the applicability of the reptation-tube concefits PE were only establish th|s_ conversion, but given a fixed computational
slowly dispelled. More recently, precision measurentenfs procedure a single conversion factor (e.g., number of MC steps
D(M,T) in the liquid alkanes have guided the detailed theoretical P€r picosecond) will serve for a series of simulations over
modeling based on contemporary concepts of polymer dynamics;arbitrary ranges oM, concentration, and likelyT as well.
the model’s success was based on the assumed undevlyihg ~ Representation of polymer chams_ln terms of connected begds
dependence ofD. Molecular dynamics simulatiohshave  deployed on a second-nearest-neighbor diamond (2nnd) lattice
reproduced the observations in considerable detail and furtheriS @ particularly felicitous choice for linear PE and its variants;
confirmed the theoretical interpretation. It should be pointed this bridging method soon began to produce a body of results
out that over most of the-alkane series the conditions for the ~for both static and dynamic properties in monodisperse and

full applicability of the Rouse model are not yet satisfietuijt polydisperse melts*9The recent inclusion of two-bead moYes
the intrinsic proportionality oD to M~! appears to hold under ~ has removed some minor remaining representational artificiality
more relaxed conditions. and has greatly reduced computational effort.

Diffusion measurements in PE méksand in the related The removal of the free-volume host effect on self-diffusion

hydrogenated polybutadieriéfave demonstrated an approach in a series of homologous polymers is customarily performed
in terms of a constant-free-volume correction based on the
* Corresponding author. E-mail: evonmee@uakron.edu. change of the glass transition temperature WthA more direct
t Maurice Morton Institute of Polymer Science. procedure calls for measurements of trace amounts of each of
* Physics Department. a series of diffusants in a common host. Such measurements
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have been performed, e.g., for thealkane series in rubbery C. Diffusion Experiment. For comparison with the simulation
host materials, with results consistent with a Rolvseepen- results and the calibration of the Monte Carlo time scale, experi-
dencel® but the more easily interpreted measurements of trace _menta_l re;ults for alkanes and me_Its were available fror_n our fearlier
D of n-alkanes in a PE host have to our knowledge never beennvestigations of then-alkane seri¢sand for narrow-dispersity

reported. The present work was undertaken to remedy thisPOlyethyleneS and hydrogenated butadienésfor the present
S : .~ work, new pulsed-gradient spin-echo diffusion measurerflentse
omission, in order to examine the correctness of the underlying

. lari h o made at 180.8C of five alkanes (carbons 24, 28, 36, 44, and 60),
Rouse-likeM dependence ob and to clarify the transition  o50p gissolved at five concentrations between 2 and 10 wt % in a

between unentangled and entangled diffusion. Both pulsed-holyethylene ofl = 33 kDa. Our methods of making nonspec-
gradient spin-echo diffusion experiments and dynamic MC troscopic spin-echo diffusion measurements and interpreting the

simulations were employed. resulting data have been described in detail elsewlieBeiefly,
Preliminary oral reports of this work have been givén. the three-pulse stimulated echo radio-frequency sequence was
coordinated with a matched pair of pulsed magnetic field gradients

Il. Methods of magnitudeG and durationd, separated by time\. Radio-

A. Simulation. Dynamic NVT Monte Carlo simulations of the frequency phase-sensitive detection of the echo signal recorded 3
trajectories oh-alkane and PE chains were performed as described kHz off-resonance was followed by Hamming-windowed magnitude
in detail elsewheré Briefly, chain molecules were represented as Fourier transformation, integrating the peak area, and performing
connected beads, each combining pairs of adjacent backbone carboiMS baseline correction. As a consequence of the gradient pulses,
atoms with their linked hydrogens, and deployed in a high- the spin echo in a diffusing subs;ance is attenuateq; here the
occupancy second-nearest-neighbor diamond lattice in a waya@mplitude was recorded as a function of pulse durafidncor-
permitting unambiguous reconstruction of the real chain at any time. Porated in a gradient parameté(see eq 1). In this investigation,
The size of the box with periodic boundary conditions varied with  the parameter settings used were fixed values ef 150 ms G =
the system simulated: it always reproduced the experimental density216 G/cm, and a small steady gradiéby = 0.3 G/cm, withd
of the system. Short-range potentials were rotational isomeric stateVaried in 15-30 steps until the echo signal was attenuated to the
model results, and long-range interactions assumed the LennardPackground noise level or until 10 ms was reached. Echo height
Jones form discretized for either two or three shells of neighbors. Méasurements were signal-averaged ovetBpasses.

For static properties the contributions from the third shell could be ~ The diffusional echo attenuation was analyzed off-line by the
safely neglected; their effect on cohesive energy was irrelevant ascurrent version of the Fortran co8®IFUS5K. The echo amplitude
density was enforced to comply with experiment. However, there A Was adequately reproduced by a two-component model of the
was a modest decrease in the simulated diffusion rate when theform

third shell was included. This effect is attributed to an increase in A2eX)

stickiness afforded by the extra attraction; thus, the results presented LA _ 2 _ 2

here include all three shells. The standard Metropolis algorithm at ~ A(27,0) fiast @XPEY DraseX] + (1~ fras) €XPE7 "Dt

180 °C governed the jumps of beads; a recently introduced 1)
repertoire of two-bead moves substantially increased computational . ) )

efficiency and eliminated the need for postulating pivot moves. Wherey is the proton gyromagnetic ratio and

Following extended equilibration judged as attained after success- i ) ]

fully passing three independent statistical tests, trajectory files were X=0°G" (A — 4/3) +- small correction terms i G,
accumulated and later analyzed to obtain static and dynamic

properties of the chains. Diffusion coefficients, including the This model has three adjustable parameters: the two diffusion
laboratory-frame center-of-mass values desired for comparison with coefficientsD.s; and Dsjo, @and the relative echo amplitudgs. A
experiment, were extracted after testing for adherence to Fickian slight improvement of the quality of the fit was possible. Because
behavior and absence of artifacts. For the entire set of simulation the polyethylene host material was modestly polydisperse, the single
conditions reported here, a single conversion factor relating the slow component was replaced by a disperse ensemble of rate
number of Monte Carlo steps to real-time units may be insisted components mapped onto the knoMndistributior?* using repta-
upon and was determined by direct comparison with experiment tional scaling, andDgw Was supplanted bip(M,), the reference

(see below). diffusion coefficient of molecules of number-average mass. (A
B. Samples.Then-alkanes used in the experimental part of this separate measurement in the neat PE sample confirmed this analysis

study were G4Hso (n-tetracosane), £Hsg (n-octacosane), $gHz4 of the slow component in the blends.) This improvement became

(n-hexatriacontane), Hqo (n-tetratetracontane), andsdEli2, (n- increasingly important at the lowest concentrations, where the

hexacontane). These were used as supplied by ICN Pharmaceuticalgptimal extraction of the desireli,g from the data at smaftas
K&K Lab (New York) (carbons 24, 28, and 36) or from Fluka most benefited from the accurate modeling of the slow component’s
Chemical Corp. (US) (carbons 44 and 60). In each case, the nominalecho attenuation. A sample echo attenuation plot with the fit of
purity of specimens was characterized as eifhaum (98%) or the modified eq 1 is shown in Figure 1a; particular attention was
puriss.(99%). The polyethylene host material was obtained from expended on the initial attenuation arising mainly from the fast-
Polymer Source, Inc. The supplier's characterization indicated a diffusing alkane (Figure 1b). The concentration dependence of
number-average molecular weight of 33 kDa and a dispersity index D(M,) was, as expected, somewhat less than thabgf, and
Mw/Mp of 1.05. In our diffusion experiments the neat alkanes contributed no significant additional information, closely resembling
showed no evidence of a diffusivity distribution, and the neat PE the value recorded for the neat melt.
sample’s modedD distribution was consistent with a legnormal D. Theory for Melts and Blends. In unentangledh-alkane/
M profile having the known polydispersity. polyethylene melts and blends; of species = 1, 2 was found to
Low-concentration binary blends were made by weighing adhere to an expression depending on temperaturaolecular
requisite aliquots of an alkane and PE, mixing these in powdered weightsM;, and volume fraction;, as follows?
form where possible, inserting into 7 mm o.d. NMR sample tubes

in amounts totaling between 200 and 300 mg and compacting D,(TM,M,,0,) = A exp—E/RTM, * exp[-By/f (T,My,M,,2,)]

mechanically. Sample tubes were flushed and filled with dry )
nitrogen and hermetically sealed. Concentration equilibration and
elimination of bubbles required overnight heating to 13D. in terms of a constar, an intrinsic thermal activation enerdy,

Diffusion measurements involved a 45 min exposure of samples a free volume overlap factddy, and fractional free volumé In
to 180°C including preheating. There was no evidence of thermal blends of homologous ingredients, as hénaust account for the
degradation. chain-end free volum¥e in addition to a segmental contribution
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C44(3x) IN 33K PE, 180.5 DEGC, 18 OCT. 05, EVM/HL whereDgouse™~ M™%, Drgp ~ M™2, Dent = Dyep + Dcr, andDcr =
0Dyep (M/M)? with a &~ 0.5. The dilution of the entanglements of
the heavy species by the lighter one may be accounted for by setting
GPULS (G/cm) 2160 +/- 0178 Me = M¥(1 — »9)", 1 < n < 1.2; blends withM, > M, diffuse

DMN -8.748 essentially unentangled. (FBy this modification affects only the
interior of the concentration region and does not alter the results
in melts or trace concentrations.) A further, approximate, refinement
is, in general, necessary since:as— 1 the (unentangled) blend
0.002 approaches a dilute solution bf; in solventM;; in such caseB,
exhibits anM, exponent near-0.6 to —0.8. (This modification
also did not come into play in the present work with its main
attention toD;.) This theory was evaluated f&@; at v; = 1 for
comparison with PGSE experimental results in melts and guided
the assignment of an MC-step-to-time conversion factor for the melt
simulation results. It was again evaluated o at »; = 0 for
comparison with the results of the extrapolated trace diffusion
measurements and simulations, discussed below.

E. Trace Diffusion. The principal reason for measuring or
simulating trace diffusion coefficients is the elimination of any
molecular weight dependence of the host effect which complicates
the interpretation of diffusion in series of melts. Trace diffusion of
an homologous series of diffusants in an identical host provides
ps o py — — = - u.nam.biguous inf.ormation. about thd-dependent e_volution of
) ‘ ' X ©°2 5°3 cm*-2) - diffusion mechanisms of single molecules, e.g., during the change

from unentangled to entangled translational motion.
b C44(3x) IN 33K PE, 180.5 DEGC, 18 OCT. 05, EVM/HL init. ' Usi_ng the lowest concen'trations for which p_recise two-component
diffusion results are possible can already distort the results, e.g.,

DTIME (ms)  149.90 DIFF  -5.571 of the M dependence of “trace” diffusion. Thus, traBeis not
GPULS (G/cm) 216.0 +/- 0510 directly obtainable from either experiment or simulation but must
rely on an extrapolation to infinite dilution of determinations at
several low concentratio8.In order to reduce the scatter and
uncertainty in these extrapolations particularly at the lowest
concentrations, it was decided to guide the fits by supplying a
reliable constraint to each concentration dependence, leaving only
the intercept freely adjustable. The weight fraction)(dependence
of D, for species 1 diffusing in an homologous species 2 may be
expressed by combining the Fujit®oolittle expressiof? applicable
to binary blend¥ with chain-end free-volume considerations
according to Buechg&as follows:

0.00

DTIME (ms) 149.33 DSHT -5.594

~0,14

+/- 0.026
0.108

Ln ECHO HT. (rel.)
-0,44 -0,29

-0,59

-0,73

-o,u

CHISQUARE-NU 0.176
MODEL FUNCT. 11 NUCLIDE TYPE 1

-1.03

0.46

~1.31

HO 0.893
+/- 0.006

-4.87 -3.00

-6.64

Ln ECHO HT. (rel) «10*

log D,(w;,M;,T) = log D;(0,M, T) + (sw)/[2.303(1+ stw,) ]
®)

wheres = Af/f2 , fo(T,M2) = fa(T) + 2Ve(T)p(T,M2)/M,, Af (T)
= 2Ve(M[1/My — 1M; ], and p(T,M;) = [1/po(T) + 2Ve(T)/
Mz ]7L. In the limit of zero concentration, the (initial) slope of log
D; vsw; is §/2.303.
pra— " s y . py Pa——— From previous work on the alkar®E melt se_r_ie%a15the values

X 6°2 5°3 cn*-2) +10°" ’ ' of the highM free-volume fractions..(T), densitiesp(T,M), and
] o ] ) ) chain-end free volumeg:(T) were available at arbitrary andM.
Figure 1. (a) Diffusional spin-echo attenuation at 180Gin a blend Using these, trac®; = D;(0My,T) was obtained from a one-

of 3 wt % tetratetracontane in PE & = 33 kDa (symbols). Line " : — o
represents a successful three-parameter fit to the data of eq 1 modiﬁeoparameter fit to the data 109, vs wy at fixed T = 180 °C.

to account for the PE component’s measuvedistribution. (b) Details . .
of (a), displaying the initial echo attenuation due to the fast diffusion lll. Results and Discussion

of the alkane component. Line represents fit of eq 1 to these data points A Simulation. The simulations, among much other informa-
only, with Dsow safely approximated as zero. tion available from the trajectory files, provided center-of-mass
diffusion coefficients at concentrations at and below 15 wt %.
f(T) present at alM:3 For octatriacontane and hexatetracontane three concentrations
F(TMuMyoy) = .(T) + 2Ve(T) [T, M¥oJUM*(s)  (3) were simulated, the lowest being 5 vvt %: for doh_exacontane
B © el eLn 1 and octaheptacontane four concentrations were simulated, the

-B.42

-19.20

CHISQUARE-NU 0.113
MODEL FUNCT. 2 NUCLIDE TYPE 1

-11.97

where IM*(21) = /M1 + (1 — 1)/Ma. lowest gither 2 or 2.4.wt %.. . o
In n-alkanes and PE the densityis a pronounced function of Practical considerations dictated an effective lower limit near
M and T, an effect which had been accurately modeled the 38 carbons for the size of the trace alkane, in keeping with the

basis of same free-volume parameters. If the heavier species beginprecision required for the analysis at the lowest acceptable trace
to approach the entanglement (“ent”) onset molecular Weﬁg@]t concentrations. The desirable full overlap in molecular weight
in the melt, it was showfithat eq 2 was to be modifiétto account ranges of simulation and experiment was therefore not possible.
for reptation (“rep”) including constraint release (“CR”) Similar practical constraints, related to computing effort, also
confined the simulations to a box size smaller than necessary
Di(anyM) = [1/Dggyset 1/De] ™ 4) to accommodate the hos¥l of 33 kDa as used in the
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Table 1. Simulated and Measured Trace Diffusion of-Alkanes in

PE

slope parametes®

n-alkane simulation experiment Id(trace) (cni/s) 52

Ca4Hs0 2.19 —5.384+0.02

CogHss 1.87 —5.45+0.02 Co4

CaeH7a 1.45 —5.53+0.02 544

CagH1s 1.38 —5.584 0.03 c28

CaaHoo 1.19 —5.66+ 0.02 z c36

CaeHos 1.14 —5.68+ 0.0 ) :}
CeoH122 0.86 —5.83+ 0.02 §567 cu

Ce2H126 0.84 —5.83+ 0.0 e

CrgH1ss 0.66 —6.07+ 0.0 k4

aDerived fromn-alkane melt data analysis (ref 2) via eq®Rpplying

5.0

5.8 4
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Diffusion of Alkanes in PE (33k)

EXPERIMENT, 180.5 deg. C

slopes via chain-end free-volume (Fujita-Doolittle)

conversion factor of 330 MC steps/ps.

Diffusion of Alkanes in PE (4.5k)

5.0 6.0 1
SIMULATION, 180.5 deg. C
524 slopes via chain-end free-volume (Fujita-Doolittle) 6.2 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Wt. fraction alkane
54 Figure 3. Results of the pulsed-gradient spin-echo diffusion measure-

ments of Dy In five n-alkanes at several low concentrations in a
moderately disperse PE host of 33 kDa (symbols). Trace diffusion
C38 coefficients are the zero-concentration intercepts of the one-parameter
5.6 1 fits to the data (lines) of eq 5 based on literature values of free-volume
C46 parameters for the-alkane series.

log (D, cm*2/s)

584 C62 . . .
58 ation data particularly at the lowest concentrations depends

crucially on the correctness of the modeling of the initial
attenuation of the slow component echo. Close examination of
cr8 the echo attenuation in the neat 33 kDa melt showed no evidence
of a rapidly diffusing species or contaminant (e.g., solvent
residue; oligomers); the legnormalM distribution used in the
modeling* of the echo attenuation was in excellent agreement
with the data in the melt and, with the addition of a fast
Figure 2. Results of the dynamic MC simulations of center-of-mass Cpm.pon.ent,. in all the binary blends. The corresponding DC.)St.
diffusion of four n-alkanes at several low concentrations in a mono- distribution is barely detectable as a small upward concavity in
disperse PE host of 4.5 kDa (symbols). Ordinate scale is based on athe final slope in Figure 1a. The echo amplitude fraction arising
oo o o e o o g (e st compone is ot necessary  good checlcon e
gf eq 5 based on Iiteraturee values of frge-volume parameters for the correctness of the separation betvyeen e(;ho contributions: the
n-alkane series. fast component is usually preferentially-weighted, larger than
the corresponding mass fraction. This effect is substantial in

experiments. Thus, the host PE was given a molecular weightthe present work for all blend data. But whereas ol and
of 4.5 kDa, still much higher than the entanglement onset D(Mn) were precisely extractable, the latter proved uninformative
molecular weightM.. Inspection of eqs 24 shows that this ~ for our purposes, increasing slightly from I@fMn) = —8.75
difference in hostM has on|y minimal influence ODsast and + 0.02 at 2 wt % alkane (also the value measured in the neat
hence on trace diffusion as extrapolated by fitting the intercept PE) to —8.69 & 0.02 at 10%, independent of alkane species
in eq 5 to the data. The fixed slope parametir eq 5 and the within the attainable prECiSion. Figure 3 shows the measured
fitted traceD are given in Table 1; concentration-dependent diffusion coefficientsDyas: together with constrained fits of eq
data and fits are shown in Figure 2. Conversion of simulation 5 for direct comparison with the simulation results, included in
steps to real time was taken from earlier experinfemtsmelts; Table 1.
the ratio used was 330 MC steps/ps and was retained for the C. Trace and Melt: Comparison. The results for trace
trace simulations. This conversion had been performed itera- diffusion simulation and experiment from the present work have
tively using several trial values of this ratio, selecting the been collected together with those of earlier workiialkane?
interpolated value for which the agreement of the scaled PEP!! and hydrogenated polybutadiéhenelts and are pre-
simulations with PGSE melt experiments was visually optimal sented in the master plot of Figure 4. Also shown are evaluations
over the full range of overlap; no numerical fitting was of the theory of eqs24, with parameters determined in earlier
performed. studies. No further fitting was performed. Experimental PE melt

B. Experiment. Diffusion coefficients in the binary alkare diffusion measurements (earlier work) had been performed at
PE blends at each of four or five alkane concentrations betweenl75 °C; alkane diffusion was extrapolated from 170 to 275
2 and 10 wt % were obtained from the experimental diffusional using the accurately known activation energies; all melt and
echo attenuation data as described above and exemplified intrace simulations and trace experiments were performed at 180
Figure 1a,b. The host PE had a nomiig] = 33 kDa and a °C; and all theory was evaluated at 118 Several observations
dispersity ratio 1.05. The extraction Bk,s: from echo attenu- are in order.
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here. Of course, the trace theory smoothly joins the melt theory
nearM; = My, as required.

Equally significantly, it is evident from the combination of
experiment, simulation, and theory at trace concentrations in a
common host that the approach to laterally constrained motion,
and the transition to fully entangled diffusiéhjs far more
gradual and more subtle than suggested by the customary
invocation of limiting power-law slopes of1 and—2 meeting
at M = M. This subtlety greatly reinforces that evident from
the better known melt results. But whereas trace diffusion studies
remove the obscuring influence of the changing free volume in
melt studies, they do not entirely obviate the other main
disturbance in the transition to strict reptation. Inspection of
eqs 2-4 suggests that the diffusion-enhancing effects of
constraint release depend sensitively not onlyMinbut also
on M, well beyondM = M. The influence of contour length
fluctuations on diffusioff is still not clearly understod8 but

A Akanes exper. 175 deg C

is likely to be smalle¥ than its effect on the viscosity. This
mechanism has been ignored in the theory evaluated in the
present study.

1.5

2.0 22 24 26 28 3.0 3.2 3.4 36 3.8
log (M, Da)

Figure 4. Molecular weight dependence of diffusion in alkane and
PE melts (literature) and of trace alkanes in PE (present work, Figures ) ) )
2 and 3). Experiment (solid symbols) and simulation (open symbols)  In the immediate predecessor work a dynamic Monte Carlo

are related through a single conversion factor. Thin lines represent algorithm had been constructed, incorporating random local two-
theory of eqs 24 evaluated for melD and for traceD in a PE host bead moves, and applied to the study of polyethylene chains in
of M, = 5 kDa. " -

the vicinity of the entanglement transition. It had efficiently

generated expected and plausible results, e.g., anomalous

In the melts, experiment and scaled simulati@hare a segment behavior for shorter chain lengths, Rouse dynamics of

commonM dependence over the entire domain of overlap. This Single chains, and anomalous diffusion of the center of mass at
M dependence is closely reproduced by the theory of egs 2 Short times. This algorithm was used here to investigate the
with parameters derived in earlier work. The power-law slope Self-diffusion of entangled linear PE molecules as well as of
of log D vs log M is near —1.8 for the alkanes at this Severaln-alkanes at small concentrations in the entangled PE
temperature, displays a small inflection in the transitional region host.
centered orM. ~ 1500, and then assumes a value near4 Extrapolation to infinite dilution was performed to obtain trace
up toM = 5000. These and other experimental stuifiéshave diffusion coefficients, with results compared to experiment using
shown that the slope then flattens, approaching a limiting value the pulsed-gradient spin-echo NMR method.

only slightly steeper than-2.0, in at least semiquantitative  The center-of-mass diffusion coefficients in melts and in trace
agreement with evaluations of the theory described here. alkanes are found to be in agreement with experiment, using a
In the present trace diffusion study, experiment and theory common scaling factor relating Monte Carlo steps to real time.
again share a commavl dependence over the small available The transition from unentangled to entangled diffusion is seen
domain, whose extent is limited on the experimental side by to be quite gradual, centered dvic near 1.5 kDa, where
the lack of alkanes with carbon numbers above 60, and in the relaxation time still shows intermediate behavior.
simulations by the lessened reliability of results for short chains  The theory developed in connection with our earlier diffusion
as well as by computational effort for long chains dilutely studies of alkane and PE melts and in binarglkane-PE
dissolved in blends. The agreement seen in the overlap domainplends somewhat underpredicts the extrapolated trace diffusion
is attained without altering the melt-derived conversion factor results in the present work. However, it adequately reproduces
between Monte Carlo steps and units of real time. the M-dependent trend in the observed and simulated results. It
The melt and trace data diverge increasingly at Mwin also clearly reveals the very gradual transition between unen-
fact, the slope in Figure 4 for the set of all experimental and tangled and fully entangled diffusion.
simulation trace data fdvl < 1000 is consistent with-1.0, in The present work will be augmented to improve our
excellent agreement with the underlying Rouse-like diffusion understanding of this transition by widening therange of
mechanism expected, and included in the theory. the trace alkane component in PE. Other concurrent $#ork
An evaluation of the full theory in its trad® mode ¢1 = w; investigates polydispersity effects on polymer dynamics using
= 0) is also shown. Its results lie somewhat below the data but bidisperse systems. Additional information may be obtained by
display arM-dependent trend in rough agreement with the data. studying diffusion of both components in bimodal blends across
Significantly, a slope of-1 is not approached by the theory the full concentration range.
until My is well below 20 carbons. Any disagreement between
theory and simulation/experiment is not due to the choice of Acknowledgment. The authors thank Dr. N. Waheed for
the hostM = M or their difference between experiment and assistance with the diffusion measurements, several helpful
simulation. The figure shows an evaluation fds = 5.0 kDa, suggestions, and his critical review of the manuscript. We
but the results over the data domain do not differ significantly gratefully acknowledge support of this work by NSF through
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