PHYSICAL REVIEW E 70, 011804(2004

Anomalous pressure dependence of the structure factor in 1,4-polybutadiene melts: A molecular
dynamics simulation study

Dmitry Bedrov and Grant D. Smith
Department of Materials Science and Engineering, Room 304, University of Utah, 122 S. Central Campus Drive,
Salt Lake City, Utah 84112, USA

Wolfgang Paul
Institut fiir Physik, Johannes Gutenberg-Universitat, 55099 Mainz, Germany
(Received 9 February 2004; published 30 July 2004

Neutron scattering has shown the first diffraction peak in the structure factor of a 1,4-polybutadiene melt
under compression to move to largevalues as expected but to decrease significantly in intensity. Simulations
reveal that this behavior does not result from loss of structure in the polymer melt upon compression but rather
from the generic effects of differences in the pressure dependence of the intermolecular and intramolecular
contributions to the melt structure factor and differences in the pressure dependence of the partial structure
factors for carbon—carbon and carbon—deuterium intermolecular correlations. This anomalous pressure depen-
dence is not seen for protonated melts.
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Complex liquids such as polymer melts exhibit a rich va-Although, in this paper, we focus on understanding the
riety of relaxation processes]. Improved understanding of anomalous features in the structure factor of a PBD melt, the
these phenomena can only come about through detailegbnclusions will turn out not to be specific to this system but

analyses of the correlations between the underlying structurgs general relevance to the understanding of polymer melt
of the polymer melt and the fundamental chain dynamics cture.

(torsional transitions, segmental relaxation, normal mode re- We have undertaken MD simulations of PBD with a mi-

laxation, etc). that lead to these processes. This is particularl . . .
true for the) glass transition gf polymer melig] pwhere Yerostructure of 40%is, 50%trans and 10% vinyl, agreeing

mode-coupling theory3], which predicts the glass transition With typical experimental samplegl3], using a carefully

to be solely a consequence of packing, has been used yglidated chemically realistic united atom mod&#]. This
interpret experimentg4] as well as simulationgs]. Another ~ model has been shown to quantitatively reproduce experi-
area where local structural correlations are thought to play &ental measurements of relaxation processes in PBD melts
central role in determining the dynamics are miscible poly-as probed by*C nuclear magnetic resonance spin-lattice re-
mer blendg6,7]. While significant effort has been dedicated laxation,[15] dielectric spectroscopy16] and dynamic neu-

to understanding the temperature dependence of structurépn scattering17]. In this work, we have performed MD
dynamic correlations in polymer melts and blends-7],  simulations of the PBD melt along the 293 K isotherm that
only recently has a series of investigations focused on undewas also studied experimental[®]. (Note that the exact
standing the influence of pressure on structure/dynamic cotemperature in the experiments was 29% Khe melt con-

relations in polymer melt§8—11]. tained 40 PBD chains each consisting of 30 repeat units.
One of the most striking results of these measurements i§imulations were performed in thBlpT ensemble atp
the behavior of the static structure fact&q) of 1,4- =0.001, 0.25, and 2.72 GPa. The melt was equilibrated for

polybutadieng(PBD) melts under pressur®]. In these in- 3 ns at each pressure, with production runs of 10 ns ensuring
vestigations, it was found that the first sharp diffraction peaksufficient sampling of the static structure. After the trajecto-
(amorphous halp which is generally believed to originate fies were generated, the hydrog@feuterium atoms were
primarily from intermolecular positional correlations, shifts reinserted for each saved snapstesery 1 p$ in their me-

to larger momentum transfers and reduces in intensity wittthanical equilibrium positions that are uniquely determined
increasing pressure. While the shift in position is expectedy the positions of the backbone carbon atousited at-
due to the increase in density upon melt compression and h&ns [18]. This allowed us to calculate an atomistic structure
been similarly found upon reducing the temperature at fixedactor S(g) as well as to analyze its various partial contribu-
pressurg12], the reduction in intensity was completely un- tions. While we anticipate that bond lengths and bend angles
expected and could not be explained on the basis of the exavolving inserted hydrogegdeuterium atoms can slightly
perimental data alone. In this situation, molecular dynamicghange upon compression, we believe that this will only
(MD) simulations of chemically realistic models provide a slightly influence all structural properties discussed below.
unique tool for a detailed investigation of the atomistic struc- In Fig. 1, we show the behavior of the PBD melt total
ture in the polymer melt and allow us to determine the originstructure factorS(q) obtained from simulations at various
of the surprising pressure dependence of the structure factgressures and defined as
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FIG. 1. Static structure factor of the deuterated 1,4- 0.2 ;
polybutadiene melt in the vicinity of the first sharp diffraction peak 0.0 1
at 293 K from MD simulations. The inset shows the behavior of a ’
bead-springchain length 2p polymer melt afT* =kgT/e=1.0 for 02 |
p*=Npeagg/V=0.8 (low pressurg and p"=1.0 (high pressure )
Polymer bead-bead interactions were described by standard ,

Lennard-Jones potential with and o parameters defining energy 0 1 2 3 4
and length scales, respectively. Bond lengths between neighboring (A-l)
beads in the chains were constrainedrat 1

FIG. 2. (8 Inter- and intramolecular contributions to the total
* ) structure factorS(q) for the deuterated 1,4-polyb§lagiene melt
_ n _\smnar -, shown and(b) intermolecular partial structure factoB(q) and
S@ =1+ <|ba|2>a2ﬁ X“baxﬁbﬁf (Gap() = 1) qr Amredr. S522(q). Structure factors correspond pe=0.001 GPa(bthrd lineg
0 andp=2.72 GPathin lines.
(1)
packing distance between noodles should decrease and be-
In Eq. (1) g,,(r) is the radial distribution function between come better defined upon compression. This structural infor-
atoms of typea and S, n is the total number density of mation, buried in the totgs(q) (determined either experi-
scattering centerdy, is the coherent scattering length for mentally or from simulations can be extracted from the
atoms of typea, X, is the fraction of atoms of type in the analysis of various partial cont_r|but|o_ns to the total structure
system, and|b,|>)=3,x,|b,/% In complete agreement with factor gasﬂy obta!nable from S|mulat|pns..
the experiment, we find a shift of the first sharp diffraction 1 he inter- and intramolecular contributions$) can be
peak to larger momentum transfgand a strong reduction in  calculated as
intensity with increasing pressure. Intuitively, one would ex- o
pect the local structure in the compressed system to become n . singr
better defined, i.e., interatomic correlations to become stron-Snia(Q) =1 + WE Xabaxﬁbﬁf (gag(r)—4arZdr,
ger, which should lead to an increase in the intensity of the (b >“B 0 ar
first peak. This intuition is confirmed by the behavior of 2
hard-sphere liquids, colloids and coarse-grained polymer
models such as melts of bead-spring chains, shown in the
inset of Fig. 1. In this model, the first sharp diffraction peak Sited @) = () ~ Siira D), 3
e I o etore raryhersdif0) deotes te ntamoecua el dbuton
have a very different local structure from all of these sys- unction normahzed the same way as the tgig)(r) used in
tems. The local packing of linear polymers can be betteFd: (1) In Fig. 2@), we showSye(q) and Syya() for two
visualized as a packing of spaghetti than the packing of bilPréssuresSy+(q) decreases monotonically in treg range
liard balls. In real polymers, the chemical bond lengths arglefining the first peak i(q), i.e., between 1.0 and 2.074
much smaller than the size of the atoms as manifested by ttd is nearly independent of pressusg (), as expected,
nonbonded Lennard-Jones interactions. It has been shown §fiows a well defined peak in thisrange. The peak position
simulations of a coarse-grained bead-spring model that th#r Sne(Q) coincides closely with the position of the peak in
ratio of bond length to atomic radius strongly influences theS(q) and shifts to largeq values with increasing pressure.
melt structurg19]. Pursuing the picture of the local packing The reduction in peak intensity fd8,/(Q) is significantly
of spaghetti, we can anticipate that the nearest-neighbdess than that observed for the corresponding pea®in

intr
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upon compression. Figurg¢d clearly illustrates that the ma-

jority of the reduction in the intensity of the first peak$(m) S(q)
with increasing pressure is due to shifting of tBge/(q) Sinvel)
peak to largelq where it is summed up with a nearly pres- 151 Siner@)

sure independen§,,»(q) that drops sharply in this range
with increasingqg. Hence, the first sharp diffraction peak in
S(g) cannot be interpreted in terms of intermolecular corre-
lations only: The pressure ampgdependence of the intramo-
lecular contributions can play a key role in determining the
behavior ofS(q) in the range of the first diffraction peak.
While Fig. 2a) reveals that the majority of the reduction 0.0 1
in the total S(q) is not due to the loss of intermolecular P st
structure upon compression, there is still some reduction in ~ -0.5 +—< : : :
the intensity of the first peak i8,/(q) that can be inter- 0 1 2 3 4
preted as “anomalous” reduction in the intermolecular struc- Al
ture as pressure increases. In order to better understand this q (A7)
behavior, we have analyzed contributions of the partial struc-

—C
ture factors due to carbon—carboﬁ‘,:ner(q), and carbon-— ture factorS(q) for the protonated 1,4-polybutadiene melt shown at

. _D .
deuterium,S;2(q), correlations to the totaye(d). These -0 001 GPabold lineg andp=2.72 GPathin lines.
are shown in Fig. @). The partial structure factors due to

deuterium—deuterium correlations were featureless ingthe (2)]. We therefore have calculate{q) as well as its inter-
range of interest and therefore are not shown. The first peaénd intramolecular contributions for the same PBD melts but
in Siig(d) becomes sharper and increases in intensity wittprotonated chains. We used exactly the same trajectories and
increasing pressure, therefore indicating that the intermoreplaced deuterium atoms with hydrogen atoms. The result-
lecular correlation between backbone atoms becomes stroirg S(g) and its contributions are shown in Fig. 3. Unlike the
ger upon compression as expected. SQE(q), the pressure  deuterated meltS,4(q) for the protonated melt is very flat
dependence is much more dramatic and complex. In the vin the q range between 1.0 and 2.0Rand therefore does
cinity of the first diffraction peak, we find two humps at low not induce a decrease in peak intensity with shifting of the
pressure. As pressure increases, the first hump largely disajptermolecular peak to largeq values. In the deuterated
pears while the second hump increases in magnitude anghmple, where scattering lengths of carbon and deuterium
shifts to largerg. Analysis of the intermolecular carbon— atoms are positive, all partial contributiotsarbon—carbon,
deuterium radial distribution function@ot shown reveals carbon—deuterium, and deuterium—deutepiuto the in-
that the secondlarger g) hump corresponds to carbon- tramolecular structure factor steeply decrease ingti@nge
deuterium correlations between nearest-neighbor chainsetween 1.0 and 2.07A [see Fig. 4a)] resulting in the
where a deuterium of one chain is orientated toward th&trongq dependence of the tot&,,,(q) in this g range. In
nearest-neighbor chain. As a result, this hump occurs at ghe protonated melt, the negative value of the scattering
larger g value (shorter distanceshan that for the first peak |ength for protons results in a sharp increase ing‘h—g(q) in
in Sii(9). Theq value for the first hump in th&2(q) peak  the q range between 1.0 and 2.0 Awhile the contributions
corresponds closely to that for the first peakJi(d), in-  from carbon—carbon and hydrogen—hydrogen correlations
dicating that the deuterium atoms involved in these correladecrease sharply in the same range, as seen from (&y. 4
tions have no net orientation with respect to nearest-neighbor
chains. It is the dramatic decrease in the contribution from H
these “unoriented” deuterium atoms with increasing pres- K
sure, and the increase in the contribution due to “oriented” 151
deuterium atoms, that leads to the dramatic pressure deper ¥
dence ofscm‘e'?(q). The disappearance of scattering intensity 1.0 1 \\
due to carbon—deuterium correlations in the vicinity of the
first peak iNSpedQ), i.€., the first hump iS52(q), is also '
responsible for the decrease in peak intensit§,ef(q) with
increasingq despite the fact that the peak intensity for
Scm‘e?(q) increases with pressure. Clearly, even when it is pos-
sible to differentiate between intramolecular and intermo-
lecular contributions to the tot&(q), the knowledge of vari- 10 . '
ous partial contributions may still be necessary in order to "o 1 2 3 4 0 1
correctly interpret the dependence of the structure on ther-(a) g (AN (b)
modynamic conditions.

The relative importance of the different atom—atom corre- FIG. 4. Intramolecular partial structure factor contributions at
lations to the structure factor depends on the values of the=0.001 GPa for(@) deuterated 1,4-polybutadiene aig) proto-
scattering lengths of the atoms involvgsee Eqs(l) and nated 1,4-polybutadiene.
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FIG. 3. Inter- and intramolecular contributions to the total struc-
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yielding a relativelyq independentS,,(q) in the g range  tion peak with increasing pressure. Intermolecular correla-
corresponding to the amorphous halo. Additionally, the cotions between backbone atoms in the PBD melt were found
herent scattering length for hydrogen is quite different fromto become stronger and better defined with increasing pres-
that of deuterium and therefore the partial scattering due tgure. Our simulations also revealed that the structure factor
intermolecular carbon—hydrogen correlations is relatively infor protonated PBD shows the expected pressure dependence
significant in comparison to that from carbon—carbon corre-due to a largelyg-independent intramolecular structure factor
lations, while intermolecular carbon—deuterium correlationsS,,;4(q) in the relevant range as well as a dominance of the
contribute significantly to the scattering in thierange cor-  carbon—carbon correlations in the intermolecular structure
responding to the amorphous halo, as shown in Kig). 2s  factor. This work clearly illustrates that experimentally ob-
a result, the pressure dependenceSaj) in the protonated tained structure factors can be a quite complex combination
PBD melt is dominated by the pressure dependence of intef the various partial contributions and that additional infor-
molecular carbon—carbon correlations and consequentlgnation that allows for the determination of those contribu-
shows the expected behavior as pressure increases. tions is necessary for the correct interpretation of structural
In conclusion, we have shown that what appears to behanges.
anomalous pressure dependence of the static structure factor
obtained from neutron scattering measurements on a perdeu-
terated PBD melt is not indicative of any loss of intermo-
lecular structure. MD simulations of the PBD melt revealed Two of the author§G.D.S. and D.B.would like to ac-
that the observed decrease in the intensity of the first shagmowledge support from the Department of Energy through
diffraction peak inS(q) is due primarily to shifting of the Grant No. DEFG0301ER45914 and University of Utah Cen-
intermolecular contributiorg,(q) to largerq values where ter for the Simulation of Accidental Fires and Explosions
it is summed up with sharply decreasing and largely(C-SAFE), funded by the Department of Energy, Lawrence
pressure-independent intramolecular contribuBg,(q) as  Livermore National Laboratory, under Subcontract No.
well as decreasing contributions of intermolecular carbon-B341493. One of the autho(8V.P) would like to thank C.
deuterium correlations in the range of the first sharp diffrac-Alba-Simionesco for stimulating discussion.
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