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Slow modes in local polymer dynamics
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Molecular dynamics simulations of united atom nonentangled linear polyethylene models were
utilized in order to systematically examine local orientational dynamics. In agreement with recent
experiments and theoretical predictions, slow relaxation processes associated with motions of length
scale of the order of chain dimensions are identified and analyzed with a method that allowed a
model-free determination of their relative contribution to local orientational relaxation. Factors of
intra- and intermolecular nature affecting their characteristics are discussed as well00®
American Institute of Physic§S0021-9606)0)52119-9

I. INTRODUCTION wavelength modes. It was found that low frequency contri-
butions associated with terminal relaxation appeared in the
Polymer dynamics covers a broad range of time scalekcal (segmentalspectra.
associated with length scales extending from lo@dl the In order to address the issue of the emergence and the
order of a bongto global chain dimensions. The well-known relative contribution of slower relaxation processes in local
Rouse modeélin its original or in generalized forms is com- orientational dynamics, we performed a series of computer
monly employed to account for dynamics in the melt state insimulations of linear PE models. For a complete picture, this
chain lengths below the entanglement regime. Although istudy covered dynamics in a broad range of length scales
was shown to successfully describe global chain motion, iextending up to global chain dimensions.
has been proved inadequate to account for shorter scale
dynamics>® In this length scale, the Gaussian assumption
ceases to be valid while details on local structure start playl-I SIMULATION AND ANALYSIS METHOD
ing a significant rolé~® Attempts for a more accurate de-
scription of local dynamics incorporated the effects of local ~ Molecular dynamic§MD) simulations of linear united
chain stiffness as shorter length scales were approached. #tom (CH, grouping$ polyethelene models were performed
the rotational states modethe characteristic ratic€.. be-  for chain lengths below=20) and clos¥ (N=100) to the
comes mode dependent, while in another apprésed Refs.  entanglement length. Comparison between different lengths
8 and 9 local stiffness is modeled in terms of bending elas-aimed to elucidate intramolecular effects, while modifica-
ticity. From the experimental point of view, recent investiga-tions of intermolecular origin were investigated through sys-
tions revealed composite local dynamic spectra best deematic density changes. Table | summarizes the characteris-
scribed as the superposition of distinct relaxation processegics of the simulated systems. Starting configurations were
In Ref. 6, the model invoked for an improved description ofgenerated and equilibrated initially following the cooperative
neutron scattering data resulted in a two-mode relaxatiomotion Monte Carlo algorithnt> Details on the simulation
spectra for the dynamic structure factor in nonentangled linparameters as well as the static and conformational proper-
ear chains. In nuclear magnetic resonan¢BMR)  ties of these systems are discussed elsewfiefubse-
measurements, a satisfactory fit forTy, T;,, and NOE  quently, after an additional 4 ns equilibration in theyT
(Nuclear Overhauser Effgotlata assumed a two-process re-ensemble af =400 K (well above the glass transition tem-
laxation mechanism for the reorientation of the C—H vectorperatureT,), trajectories of 18 ns were obtained from MD
in linear nonentangled polyethylene melts. These additionaluns under theNVE ensemble. Configurations were stored
processes observed in local dynamics appear to reflect coavery 1 ps.
tributions from longer length-scalslowel) motional mecha- Chain segment reorientational dynamics were investi-
nisms. Comparison between molecular dynamics simulationgated by means oP, (second Legendre polynomjahuto-
in nonentangled alkanes and calculations based on a codgorrelation function§ACFs) of the unit vectors in the direc-
pling scheme of the generalized Rouse eigenmddé®wed  tions of the chords,, connectingk successive bonds along
that the slowest first-order mode is significant for the correcthe chain contour. According to this coarse-graining scheme,
tion of local relaxation times. Another approa@®ef. 12 is ¢, lies on the direction of a single bond, whitg_ is on the
based on the dynamically disordered Rouse m&tiahere direction of the end-to-end vector of a chain Isfunited
correlation functions corresponding to local motions are apatoms.

proximately described through the high ordee., shortest- For a model-independent approach on the analysis of
dynamic spectra, the corresponding correlation functions,
aE|ectronic mail: kkaratas@ulb.ac.be C(t), were described as a continuous distribution of exponen-
PElectronic mail: D.B.Adolf@leeds.ac.uk tial processée¥ according to the expression
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TABLE |. Characteristics of the simulated systefns.

Code Density(g/cnT) Number of chains Chain length
S, 0.29 50 20
S, 0.59 50 20
S; 0.70 50 20
L, 0.29 10 100
L, 0.59 10 100
Lg 0.79 10 100

2All the systems were simulated using the Ste@ef. 24 torsional poten-
tial.
PAccounts for bulk polyethylene density @t= 400 K (Ref. 25.

C(t)zJ? F[In(r)]e Y"d In 7, (1)

where F[In(7)] symbolizes the normalized distribution of
relaxation timegDRTS). Information regarding the existence

of distinct relaxation processes and the dispersion of expo-
nential decays describing each process is extracted from the
number and the width of the peaks appearing in the DRTSs,

respectively. A characteristic timgCT) for the ith process
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FIG. 1. P, autocorrelation function for unit chord vectors of systeBaga)

andL, (b). ¢, vectors for highk values are not shown for clarity. The solid
lines through the points denote the fit resulted when utilizing (.
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FIG. 2. DRTs for system&) S;, (b) S,, and(c) S;. ¢, (O), ¢, (A) c3 (0),

¢, (O), c5 (V), cg (®), c; (©),e-e vector ). DRTs for intermediate
vectorsc, (20>k>7) are not shown for clarity. The estimated error on each
point does not exceed the symbol size.

appearing in the spectra can be calculated by the most prob-
able relaxation time, denoted by the location of the maxima
of the corresponding peak in the DRT.

lll. RESULTS AND DISCUSSION

Figure 1 presents thB, ACFs produced by following
the coarse-graining procedure described before for systems
of both lengthdFig. 1(a) for S, and Fig. 1b) for L,] at the
same density 0fp=0.59 g/cni. The longest chord corre-
sponds to the end-to-end vector. As depicted in Figa) 1
and Xb), starting from thec; ACF which describes the re-
orientation of a single bond, the longer chords’ ACFs ap-
proach the end-to-end vector behavior in a rather continuous
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FIG. 4. Relative amplitudes of the two processes for syst8nisiow (H),
fast(0J)], andS; [slow (A), fast(A)]. Inset: Relative amplitudes of the three
processes describing the system[slow (@), intermediatg(O), fast(®)].

The estimated errors are of the size of the symbols. Lines connecting the
points are guides to the eyes.

F(In(t))

tra of the denser system and tbeof the intermediate den-
sity [Figs. 2b) and Zc)]. Figure 3 illustrates the DRTs cor-
responding to the ¢, vectors ACFs for systems
L;, Ly, Ls. At the lowest densityfFig. 3] the DRTs
describing reorientation of the short-length chords show a
single but progressively broader peak which is shifted to
longer times as the chord length increases. A long time tail

=4 develops when increasing the chord index of the examined
0.41 D\% | vectors and a two-peaked end-to-end vector spectra is ob-

pay

k

served. The DRTs of the intermediate dengfig. 3(b)] are
more complex. In this case, a three-peak structure is the final
result of the modes’ evolution. A fast process on the time
] scale of the bond’s reorientation possess the smallest ampli-
tude, an intermediate process of moderately higher ampli-
d; o000 \ tude, and a slow dominant process describing the longer
0.0 2 : o? ' length-scale relaxation.
10° 10" Ups 10° 10° 10 At the higher density systeifFig. 3(c)] the triple-peak
structure already appears from tbespectra and persists to
FIG. 3. DRTs for systemsa) L, (b) L,, and(c) Ls. ¢, (O), ¢, (&), c5  the longer chords. The relaxation distribution for the end-to-
(0), ¢4 (0), €5 (V). €6 (&), €7 (O), e-evector(). DRTs forintermediate  and vector is not calculated since the correspon@nd\CF
‘e’:‘éthor;(;;t(éggz knitgxﬁfeé'i’ﬁim;f;E'ea.”ty' The estimated error on o rrelates only to a small extent in our time window. Nev-
ertheless, based on the behavior of the shorter chords’ ACFs,
it is expected that the DRT related to the end-to-end vector
manner in terms of shape variation. Distributions of relax-would exhibit similar characteristics. The most prominent
ation time$® F[In(7)] of P, ACFs for the short length sys- feature emerging from the longer systems’ spectra is the ap-
temsS;, S,, S; are shown in Figs. @), 2(b), and Zc), pearance of the intermediate process occurring on the same
respectively. At the lowest densiffFig. 2@)], a single pro- time scale for the., andL; systems.
cess is observed. The peak location is shifted to longer times The dual character of the DRTSs for the short chain sys-
as the chord length increases toward the end-to-end vectaems far above th&; temperature indicates that reorientation
At the intermediatgFig. 2(b)] and the highefFig. 2(c)]  on any length scale can actually be described by means of
density, a double-peaked distribution is clearly resolved. Attontributions associated with two characteristic time
constant density, the temporal separation between the fastales—one for the reorientation of the bot@mmonly
and the slow proces&s can be visualized by the time dif- identified as the segmental time sc¢afé) and one for the
ference of the two maximaemains approximately constant end-to-end vector. However, for longdbut still unen-
for all the chord vectors, while their peak locations practi-tangled chains, the proximity to the entanglement regime
cally coincide with the characteristic times for the reorienta-seems to affect local dynamics. Recent NMR experinténts
tion of the bond and the end-to-end vector, respectively. Thén a melt PE sample of 153 carbon atoms revealed that in-
splitting of the DRT is already apparent from the bond speciermediate time-scale dynamics between the (Bsgmental

F(In(7))
>
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{7 — 'o' " '?Mﬁ'ﬁﬁi—'d e bined effect of.inter(density compgrisoha_nd intra—(ghain
/o,o/.% ] length comparlsor)smqlecular origin. At h_|gh densities th(_a

/O A —0—S§ 1 slowest process contributes appreciably in the loss of orien-
1% / 3 tation at length scales down to the scale of a bond. Its CT is
: 3] of the order of the time scale for global chain reorientation.
| The corresponding amplitude shows the most significant in-
crease when advancing from a single bond toward vectors
describing reorientation in lengths below the statistical seg-
ment. Its behavior for longer length scales becomes virtually
i 1 independent of density and chain length. The intermediate
A 1 process in the local reorientational spectra solely for the long
- ———————y ——— chain models emphasizes the different configurational/

0.1 . 1 topological characteristics between the short and long chain
Segment index systems.

FIG. 5. Relative amplitudes for the slowest modes in systegn$) andS; Although the above-mentioned description refers to

(V). The vertical dotted line denotes the length of one statistical segment.pOIVethYIene _mOdeIS’ It1s _EXpECte_d to form_a cor_nmor_1 b_aS|5
for reorientational dynamics of linear chains with similar

flexibility.
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e

and the very slow global chain motion are important for
describing the C—H vector reorientation. This observation is
consistent with the appearance of the intermediate process
for the long chain/high density systerhs andLs. Its ab- :P- Rouse, J. Chem. Phyal, 1272(1953.
sence from the shorter chain spectra and the fact that its CT™: Mondello, G. Grest, E. Webb, and P. Peczak, J. Chem. RIgg.798
remains_ practically unaltered When_ two different dens_ities3w. Pa.ul, G. Smith, D. Yoon, B. Farago, S. Rathgeber, A. Zirkel, L. Will-
and various chord lengths are examined suggests that it mayner, and D. Richter, Phys. Rev. Le80, 2346(1998.
be related to a characteristic length/time scale in the pre-‘%h Rellnoe; Iisg?ilggg T. Kawaguchi, D. Richter, and K. Kaji, J. Chem.
- VyS. .
entangleme,nt r,eglme' . . °T.Kanaya, T. Kawaguchi, and K. Kaji, MacromolecuR® 1672(1999.
A quantitative account of the evolution and the relative ¢p_Richter, M. Monkenbusch, J. Allgeier, A. Arbe, J. Colmenero, B.
contributiorf? of the related processes in the DRT spectra is_Farago, Y. Bae, and R. Faust, J. Chem. Ptiyd, 6107 (1999.
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presented in Fig. 4. As evidenced by the dependence of thgf-:”egra ";z”‘iNF_- Sa”azcg“};’éqhez" P;yét,h13lop(;ggj)2.4eg(lgg7)

. . . . Rharnau, R. Inkler, an . Relneker, J. em. .
respective amplitudes Whe_n advancing from the bo_nd towar_d;l_. Harnau, R. Winkler, and P. Reineker, Europhys. L&g, 488 (1999.
the end-to-end vector, an interchange of the relative contri:ox. Qiu and M. Ediger, Macromoleculeds, 490 (2000.
bution between different processes takes place. Namely, théK. Kostov, K. Freed, E. Webb, M. Mondello, and G. Grest, J. Chem. Phys.
amplitude of the slower process is systematically enhancegloﬁailgﬁélgg?;brmg Macromoleculd2, 949 (1999
at the expense of the faster modes. The increase of density JaE_ Loring, J. Chem. bhygoa 2189(1995.

constant length promotes relaxation through the slower chan4The length ofN=100 of systems,, L,, Ls is below the entanglement

nels. The amplitude of the slow process in syst&gm(p length of N=138 reported for a similar system &t=509 K [see Richter
=0.70 g/crﬁ) increases at a higher rate than in syst8n et al, Macromolecule7, 7437(1994], however it is expected to be in
(p=0.59 g/crﬁ). The behavior in the Iong chain systdm the proximity of the correspondiny, at the examined temperature.

. . S 15T, Pakula, J. Chem. Phy85, 4685(1991).
(the inset of Fig. #is similar to the short length models. It 15, Karatasos, D. Adolf, and S. Hotston, J. Chem. P2 8695(2000,

must be noted, though, that the “amplitude transfer” toward this issue. The force field used is based on Brawml, ibid. 104, 2078

the slower process is realized via both the fast and the inter-(1996.

17 : “ FI
mediate modes. A point that should be emphasized for s S_Here we es;entlally adopt the so-called “heterogeneous” pi¢see, for
P P Yy instance, Richteet al, Phys. Rev. Lett82, 1335(1999, and references

temss, and S3 is that for both densmgs the relative ampll— therein, where local relaxation processes are expressed as a superposition
tudes of the slow modes assume similar values from vector of single exponentials weighted by a distribution of relaxation times

Cy and onwards. This vector describes reorientation in the F[In(7)].
Iength scale of a statistical segméf’m.n other words. the 18All the DRTs presented henceforth are chosen among almost identical,

lati litud f th | de b . itive t terms of spectral characteristi¢g@umber, location, and shape of the
relative amplitude o € slow mode becomes insensiuve 1o peaks, solutions forF[In(7)] [see Eqg.1)] possessing the minimum de-

density for longer length scales. To further elaborate on this gree of information(i.e., number of peaksabsolutely necessary to de-
concept, Fig. 5 shows a comparison of the amplitudes of the scribe the data.
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slowest modes in systenis;, S; when the length scale is , H- Takeuchi and R. Roe, J. Chem. Ph9é, 7446(1991.
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Figure 5 illustrates that the previously observed behavior2caiculated from the area under a peak, obtained as the zeroth moment of
is valid for both chain lengths. In addition, it is apparent that_ the solution referred to this peak.

there can be no single power law dependence of the amp||2_38egment lengths as estimated through the characteristic f@fio

tude on the segment index which describes both Iength-scale:<R2>/(”'2) (R is the end-to-end distance, the number of bonds per

. . chain, and the bond lengthfor each system, wherg ;=11 bonds and
regimes below and above a statistical segment. se,~7 bonds o Y s

In summary, it was found that th? appearance of 10N@4p  steele, J. Chem. Soc., Faraday Tran8121077(1985.
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n

Downloaded 27 Dec 2000 to 164.15.130.85. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



