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Competition of the connectivity with the local and the global order in

polymer melts and crystals
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(Received 3 June 2013; accepted 18 October 2013; published online 12 November 2013)

The competition between the connectivity and the local or global order in model fully flexible chain
molecules is investigated by molecular-dynamics simulations. States with both missing (melts) and
high (crystal) global order are considered. Local order is characterized within the first coordination
shell (FCS) of a tagged monomer and found to be lower than in atomic systems in both melt and
crystal. The role played by the bonds linking the tagged monomer to FCS monomers (radial bonds),
and the bonds linking two FCS monomers (shell bonds) is investigated. The detailed analysis in
terms of Steinhardt’s orientation order parameters Q; (/ = 2 — 10) reveals that increasing the number
of shell bonds decreases the FCS order in both melt and crystal. Differently, the FCS arrangements
organize the radial bonds. Even if the molecular chains are fully flexible, the distribution of the
angle formed by adjacent radial bonds exhibits sharp contributions at the characteristic angles 6
~ 70°, 122°, 180°. The fractions of adjacent radial bonds with 6§ ~ 122°, 180° are enhanced by
the global order of the crystal, whereas the fraction with 70° < 6 < 110° is nearly unaffected by
the crystallization. Kink defects, i.e., large lateral displacements of the chains, are evidenced in the

crystalline state. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828725]

. INTRODUCTION

Understanding the progressive solidification of
systems—such as polymers, colloids, metallic glasses,
and liquids—to get to the amorphous glassy state by
avoiding the possible crystallization is a major scientific
challenge.' The huge slowing down of the dynamics, the
non-exponential relaxation, and the broad distribution of
relaxation times, the spatial distribution of mobility leading
to dynamic heterogeneity are distinctive phenomena of the
glass transition which are lively debated. A crucial aspect
of the solidification leading to a glass is that it is associated
only to subtle structure changes. This led to develop theories
disregarding the microscopic organization and interpreting
the structural arrest in terms of an order-disorder dynamical
phase transition between active fluid states and inactive states
where structural relaxation may be completely arrested.®
A different line of thought suggests that structural aspects
matter in the dynamical behaviour of glass forming systems.
This includes the Adam-Gibbs derivation of the structural
relaxation’ — built on the thermodynamic notion of the
configurational entropy?® — and developments reviewed
in Ref. 9, the mode-coupling theory!® and extensions,'!
the random first-order transition theory (RFOT),'? the
frustration-based approach,'® as well as the so-called elastic
models.'*!> The search of a link between structural ordering
and slow dynamics motivated several studies in liquids,'®'®
colloids,'?" and polymeric systems.?!~2

While global order is virtually absent in macroscopically
disordered systems such as glasses and liquids, local order
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is present in both disordered and ordered phases®® with dif-
ferences well-known in atomic systems.?’>° Here, we re-
port on the local order in polymers and oligomers where the
chain connectivity creates constraints and then is expected to
compete with ordering phenomena. States with both miss-
ing (melts) and high (crystal) global order are considered
and compared. Our study is motivated by the fact that the
differences in local order between atomic systems and con-
nected systems are still not well characterized. It is known
by a molecular-dynamics (MD) study of freely jointed chains
of tangent hard spheres (HS) that, as in atomic systems,?
there is no evidence of hexagonal close packed and face-
centered cubic local order.?* Signs of icosahedral order have
been revealed in a model polymeric system?' and polymer-
tethered nanospheres.?? Locally bundled bonds exhibiting ori-
entational order have been also reported.”

The paper presents a thorough MD study of model poly-
mer and oligomer melts with fully flexible linear chains. Both
the instantaneous and the inherent dynamics, localizing the
system in mechanically equilibrated configurations deprived
of thermal vibrations, are considered.>3° To assess the local
order, we consider the volume bounded by the first coordina-
tion shell (FCS) of a tagged monomer, i.e., the region includ-
ing FCS and the tagged monomer (see Fig. 1). From now on,
this region of interest will be denoted by FCSR. Two kind of
bonds are present in FCSR (see Fig. 1): (i) the bonds link-
ing the tagged monomer to FCS monomers, henceforth to be
referred to as radial bonds (RB), and (ii) the bonds linking
each other two FCS monomers, henceforth to be referred to
as shell bonds (SB). One or two RBs are present per FCSR,
depending if the tagged monomer is located in either a chain-
end or the inner part of the chain, respectively. More SBs than
RBs per FCSR are expected and, in fact, up to seven SBs per

© 2013 AIP Publishing LLC
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FIG. 1. Schematic view of the region of interest to assess the local order.
The region, denoted by FCSR, includes a tagged monomer (red dot), and
its first coordination shell (FCS), sketched as a spherical surface. The actual
monomer diameter, roughly the FCS radius, is comparable to the bond length
in our model. Depending if the tagged monomer is a chain-end or an inner
monomer (as pictured), it is linked by one or two radial bonds (RB, red lines),
respectively, to monomers located in FCS (black dots). Bonds linking two
FCS monomers are referred to as shell bonds (SB, black lines). Dotted lines
are possible additional bonds.

FCSR are found (see below). On this basis, different strengths
in the SBs and RBs competition with the FCS ordering are
expected. The FCS order is investigated by Steinhardt’s order
parameters,31 a measure of the orientational order from global
to local scales.?6-28:31-33

The paper is organized as follows. In Sec. II the polymer
model and the MD algorithms are presented. The results are
discussed in Sec. III. Finally, the main conclusions are sum-
marized in Sec. IV.

Il. METHODS

A coarse-grained model of a melt of linear fully flexi-
ble unentangled polymer chains with fixed bond length and
M monomers each is used. Oligomers (M = 3) and short
polymers (M = 10) are considered. The system has N = 501
(M = 3) or N =500 (M = 10) monomers. All the quanti-
ties evaluated by the instantaneous configurations, apart from
0, sloval (see Eq. (4)), are found to be unaffected by increas-
ing the number of monomers up to N = 2000. Nonbonded
monomers at a distance r belonging to the same or different
chains interact via a truncated Lennard-Jones (LJ) potential:

o\ 12 N
Ury(ry=¢ (—) —2<—> + Ucur, (1
r r

where o* = 2185 is the position of the potential minimum
with depth €, and the value of the constant U, is chosen
to ensure Uy (r) = 0 at r > r. = 2.5 0. Bonded monomers
are constrained to a distance b = 0.97 o by using the RAT-
TLE algorithm.** All quantities are in reduced units: length
in units of o, temperature in units of €/kg and time in units of
o+/iu/€ where u is the monomer mass. We set u = kg = 1.
The range of the investigated temperatures of the melt is 0.5
< T <1,i.e., above the MCT critical temperature T, ~ 0.45%
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(T. ~ 1.15T,). The number density of the monomers is p
= 0.984. The crystalline state of the decamer (M = 10) has
temperature 7 = 0.75 and density p = 1.086. NPT and NTV
ensembles have been used for equilibration runs, while NV E
ensemble has been used for production runs for a given state
point (NVT: constant number of particles, volume, and tem-
perature; NVE: constant number of particles, volume, and en-
ergy; NPT constant number of particles, pressure, and temper-
ature). NPT and NT'V ensembles are studied by the extended
system method introduced by Andersen®® and Nosé.’” The
numerical integration of the augmented Hamiltonian is per-
formed through the multiple time steps algorithm, reversible
Reference System Propagator Algotithm (r-RESPA).*® For
further details, see, e.g., Ref. 39.

At non-zero temperature monomers vibrate around their
equilibrium positions; such fast movements make it difficult
to characterize the arrangement of monomers. In order to re-
move vibrations one resorts to the so-called inherent struc-
tures (IS) by mapping the configurations of the simulated tra-
jectory into the corresponding local minimum of the potential
energy.’ The conjugate-gradient method is used to minimize
the configurational energy as a function of the 3N particles
coordinates.*” Henceforth, a physical quantity X will be de-
noted as X if evaluated in terms of IS configurations.

lll. RESULTS AND DISCUSSION

Sections III A-III C present and discuss the results con-
cerning the melt state. Sec. III A illustrates the intrachain ra-
dial distribution function, evidencing characteristic arrange-
ments of monomers linked by adjacent bonds of the chains,
i.e., RBs (see Fig. 1). The related RB angular ordering is pre-
sented and discussed in Sec. III B. The previous results are
compared with the ones drawn by the analysis of the FCS ori-
entational order in terms of the Steinhardt’s order parameters
in Sec. III C where the role of the SBs is also analysed.

Finally, in Sec. III D the results concerning the melt and
the crystalline states are compared.

A. Intrachain radial distribution function

Fig. 2 shows the intrachain part of the radial distribution
function g!%(r) for trimers and decamers at different tempera-
tures. The less-resolved distribution g;.(r) drawn from the in-
stantaneous dynamics is also plotted. Bonded monomers give
a §-like contribution at » = b = 0.97. For larger distances,
three peaks at ry, rp, and r3 are apparent. Fig. 3 shows the
arrangements of the three bonded monomers resulting in the
distances ry, r,, and r3 for M = 3, 10. Notice that the adja-
cent bonds in each chain fragment shown in Fig. 3 are the
RBs of the central monomer (see Fig. 1). The first and high-
est peak of gfcs(r) at r; &~ 1.12 corresponds to folded poly-
mers in which two non-consecutive monomers are at a dis-
tance r; = 2~ 1.12, the position of the minimum of the
Lennard-Jones potential. The central peak at r, ~ 1.69 corre-
sponds to the partially folded conformation with two consec-
utive bonds forming an angle 6 ~ 122°. The third peak at
r3 &~ 2b ~ 1.94 is due to the linear arrangement of three
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FIG. 2. Intrachain part of the inherent radial distribution function 8,'] Cs(r) for
trimers (top) and decamers (bottom) at the indicated temperatures. (Inset)
Corresponding instantaneous distribution g;.(r). The delta-like peak is due to
the bonded monomer at r = b = 0.97. The maximum occurs at r = r; with
r1 close to the equilibrium distance of two non-bonded monomers o * = 21/
~ 1.12. Note that the distribution vanishes at r ~ 2 for trimers but it extends
farther for decamers.

monomers. The peaks of the intrachain radial distribution
function exhibit weak temperature dependence, more appar-
ent in the peak at r;. The latter is higher for decamers in that
the first-neighbor shell is enriched in monomers belonging to
the same chain of the tagged monomer. Reminding that our
model exhibit finite repulsive forces, it is expected — and ac-
tually found — that the peaks at r, and r3 are broader than
the corresponding ones of hard-sphere monomers.>* Fig. 2
shows that the broadening increases with the chain length.
The increased dispersion is a manifestation of the fact that the
number of chain configurations leading to two non-bonded
monomers at r distance increases with the chain length and
approaches a three-dimensional featureless gaussian form.*!
A similar effect is found for the end-to-end distance.”® An-
other effect contributing to broaden the peaks at r, and r3 is
discussed in Sec. III B. It is worth noting that the weak depen-
dence of structure on temperature in the inherent structures

J. Chem. Phys. 139, 184501 (2013)
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FIG. 3. Monomer arrangements corresponding to the three peaks of the in-
trachain part of the radial distribution function in Fig. 2. For clarity reasons,
the chain fragments with the relevant monomers and bonds are only plotted.
The bonds in each fragment are the RBs of the central monomer (see Fig. 1).
r and 6 denote the distance between the two non-bonded monomers and the
bond-bond angle, respectively. (a) Folded conformation (r; ~ o* = 1.12, 6
~ 70°); (b) partially folded conformation (r, &~ 1.69, 6, ~ 122°); (c) linear
conformation (r3 ~ 1.94, 63 ~ 180°).

has been also noted in simple (like binary atomic mixtures*?)
and complex (like water*?) glass formers.

B. Radial bond orientational order

Let us consider the distribution P(cosf) of the angle
between adjacent bonds in a chain, i.e., the RBs of a cer-
tain tagged monomer (see Fig. 1). In Fig. 4 the distribution
P'S(cos 0) for trimers and decamers is shown together with
P(cos 0). Again, IS configurations yield better resolution with
respect to the instantaneous ones (Fig. 4, inset). The distri-
bution vanishes above cos 6§ ~ 0.5 due to monomer-monomer
repulsion. The peaks of P’5(cos9) at §; &~ 70°, 6, ~ 122°, and
03 ~ 180° originate from the (a), (b), and (c) conformations,
respectively, evidenced by the intrachain part of the radial dis-
tribution function (Fig. 3).4

It must be stressed that the chains under study are fully
flexible, i.e., there is no torsional potential depending on the
6 angle. Then, the peaks of P'5(cos @) have to be ascribed to
local packing effects in FCSR.

Fig. 4 shows that the temperature effects on the distri-
bution are minor and more visible in the narrower peak corre-
sponding to 6, &~ 70°. The widths of the three peaks increase a
little with the chain length reflecting competition between the
efficient local packing and the constraints due to the connec-
tivity. The increase of the breadth of the peaks of P"(cos6)
at 0, ~ 122° and 03 =~ 180° with the molecular weight con-
tributes to the analogous increase of the breadth of the peaks
at r, and r3 of the intrachain inherent radial distribution func-
tion gilcs(r) (see Fig. 2). Differently, the peak of gilcs(r) atry is
dominated by other effects discussed in Sec. IIT A.

C. Steinhardt’s bond orientational order

This section presents the results on the FCS orientational
order. Sec. IIl C 1 defines the quantities of interest. Then,
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FIG. 4. Inherent distribution of the angle between adjacent bonds P'S(cos 8)
for trimers (top) and decamers (bottom) at the indicated temperatures
(see Fig. 1). (Inset) Corresponding instantaneous distribution. 61 =~ 70°,
6, ~ 122°, and 63 =~ 180° originate from the conformations presented in
Figs. 3(a)-3(c), respectively.

Sec. III C 2 illustrates the results concerning the order param-
eters averaged over the whole ensemble of monomers. It will
be shown that FCS order is much lower than the one of the
atomic liquids. To gain insight into this disordering effect, the
next two sections, Secs. III C 3 and III C 4, concentrate on the
order parameters averaged over specific fractions of interest.
Section III C 3 considers the fractions of monomers with RBs
forming the characteristic bond-bond angles 6 =~ 70°, 122°,
180° (see Fig. 3). Section III C 4 considers the fractions of
monomers with FCS having different number of SBs.

1. Generalities

To gain insight into the FCS orientational order, we re-
sort to global and local measures of the orientational order
Oy, giobar ANd O 1ocals respectively.31 To this aim, one consid-
ers in a given coordinate system the polar and azimuthal an-
gles 6(r;) and ¢(r;) of the vector r;; joining the i-th central
monomer with the jth one belonging to the neighbors within a
preset cutoff distance 7 = 1.2 0 * ~ 1.35.3! * is a convenient
definition of the FCS size.’> Within the cutoff distance the av-
erage number of monomers in FCS is twelve. The vector r;;
is usually referred to as a “bond” and has not to be confused
with the actual chemical bonds of the polymeric chain!

J. Chem. Phys. 139, 184501 (2013)

To define a global measure of the order in the system, one
calculates the quantity:’!

N np(i)

2 2 YOG, o(xip)]. ?)

i=1 j=I

leobal 1

where n,(i) is the number of bonds of ith particle, N is the
total number of particles in the system, Y;,, denotes a spherical
harmonic and N,, is the total number of bonds i.e,

N
i=1

The global orientational order parameter Oy gopa is defined
by the rotationally invariant combination:

12
obal |2
Q1. global = |:(21 ) - Z |Qglobat| :| . )

It is interesting to consider the limit case of disordered sys-
tems where the bonds are not spatially correlated but they are
distributed uniformly around a unit sphere. In that case one
finds:*

uncor 1 1 1
Oltont = 785 = T2 VN, ®
where the rightmost term on the right hand side of Eq. (5) is
the expected width of the fluctuations.
A local measure of the orientational order is obtained by
considering the bonds between the ith monomer and its 7 (i)
neighbors. To this aim, one calculates the quantity:

(i)

Qlocal( ) = Z

=1

ml0(rij), ¢(rij)]. (6)

The local order parameters Ql, local 18 defined as’!

1,2
| 4 veal von 12
Ot.1ocal = Z|:(21+1) Z |Ql l( )| j| . @)

It has been noted that the choice r* &~ 1.2 o'*, originally pro-
posed in Ref. 31, overestimates Q; ;.o With respect to other
alternative neighborhood definitions.*?

Twelve hard spheres may be put in simultaneous contact
with a centre sphere in three different ways, two of them are
characteristic of the face-centered cubic (fcc) and hexagonally
close-packed (hcp) crystals, whereas the third one (icos) is
characteristic of the icosahedral arrangement and is unable to
fill the space by replication.*® In Fig. 5 the order parameters
of ensembles of thirteen particles where the neighbors are ar-
ranged with fcc, hep, and icos order are shown. Non-zero val-
ues appear for / > 4 in the fcc and hcp arrangements while
in the icosahedral system non-zero values occur for / = 6 and
[ = 10 only. It must be pointed out that for systems where all
the particles have the same neighborhood configuration the

equality Oy, giobal = Q1 iocat = @y holds.

2. Global and local order in the polymer melt

Fig. 6 shows the global (top panels) and the FCS local
(bottom panels) order parameters of a melt of trimers and
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fce

FIG. 5. Orientational order parameters Q; for systems with face-centered
cubic (fcc), hexagonally close-packed (hep), and icosahedral (icos) order.

decamers at 7 = 0.5, 1 due to both their instantaneous (left
panels) and inherent (right panels) configurations. The values
are averaged over all the monomers. For comparison, the or-
der parameters, Ql’i,'fggg’l and Q;f};‘fl;’lm, of a random neighbor-
hood configuration around a centre particle are also plotted.
The random configuration has been built by considering the
np(i) neighbors of the ith particle and replacing the actual
bond orientation {6(r;), ¢(r;)} of the jth neighbor with a

fictitious random one. This yields Q;é?gg;”, ~ 1.0 x 1072 and

Q’“”d”m ~22x 107" According to Eq. (5) and our sample

1,local
size, one expects Q;";’}ﬁg;”l > Qiobar ~ 1/+/12 % 500

~13x 107 and Qi = Qffcen ~ 1/v/12~ 2.9
x 107!, It is seen in Fig. 6 that the global order of the sample
is small, but not completely negligible due to the finite sample
size. It is comparable to the one observed for an atomic liquid
with Lennard-Jones potential at T = 0.719.3! It is apparent

that, on cooling, the temperature dependence is very weak,

Instantaneous Inherent
003k v+ [T T qoo03
| 3 05
0,025F ® 31 40,025
| 10 05
= 10 1 =
E 0,02F -~ Random 40,02 §
0,015k 100156
(O Y| S— B | E— W foor O
0,005 | 10,005
025F 10,25
E 0,2 - 102 =
8 3
=015} 015 ~
O oif lo1 @
0,05 40,05

FIG. 6. Orientational order parameters Oy, giobai (top panels) and QO jocal
(bottom panels) for instantaneous (left column) and inherent (right column)
configurations of trimers and decamers at temperatures 7 = 0.5, 1. The
dashed lines con.nect the corresponding values Q;‘;Zédé’lm Q;‘jg’;l‘fga"; for random
bond configuration.
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FIG. 7. Qéiaml Vvs. Qﬁow, of the inherent configurations of decamers
at T =05 (red dots). Q15,.,, =0.12, Q¢3,.,; = 0.27. The pair Q74dom

4,local
~ Qg"l'l’fzz;” =0.22 of random bond configurations is also plotted (green

dots). The blue dots and related error bars denote the regions spanned by
the most recurrent values of the {Qf lSacal’ Qg lsacal} pairs in hard-spheres

packings (0.10 < Qf5 ., <0.30and 0.35 < Qff% , < 0.45).%2 The tri-
angles denote the points for fcc (Qy “=0.191, Q6“' = 0.574), hep (QZUP

=0.097, Qng = 0.485), and icos (Q* = 0, Qi = 0.663) ideal clusters
of thirteen particles (see Fig. 5).

thus differing from the behaviour of an atomic liquid.?! The
global order is also found to be negligibly dependent on the
chain length. Fig. 6 shows that the instantaneous and the
mechanically equilibrated inherent configurations yield very
similar order parameters, thus suggesting minor role by the
vibrational motion.

Fig. 6 evidences that the FCS local order is quite low with
respect to the ideal cases (Fig. 5) even at the lowest temper-
ature under study and the order parameters are very close to
the random values Ql’“lZf’;’lm, especially for / = 6, 8, 10. This
aspect is better seen by plotting the ( Qiiocal, Qéfloml) pairs
in Fig. 7. This evidences that the connectivity tends to reduce
the local order which not only departs markedly by the icos,
hep, and fcc ordering, but it also exhibits significant devia-
tions from the HS disordered packing.

Insight into the disordering effect due to the connectivity
is provided in Secs. III C 3 and III C 4. Owing to the small
dependence of the local order on both the temperature and the
chain length, henceforth, only the decamer melt at 7 = 0.5
will be considered.

3. Influence of the radial bonds on the local order

Section III C 2 refers to the order parameters averaged
over all the monomers. We now consider the order parameters
distinctly averaged over the three fractions of monomers with
RBs forming the characteristic bond-bond angles 8 ~ 70°,
122°, 180° (see Fig. 3). Fig. 8 shows the FCS order param-
eters of their IS configurations for a melt of decamers at
T = 0.5. It is shown that the FCS order of the fractions lit-
tle differ from the ones of the bulk, in particular if £ # 6. This
is understood in that each RBs involve only one of the about
12 monomers that, on average, form one FCS. Then, they are
unable to compete against the cooperative effort setting the
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FIG. 8. Local order parameters of the fractions of tagged monomers with
RBs forming the angle 6 = 70°, 122°, 180° within 5% in the melt of decamers
at 7 = 0.5 (see Figs. 1 and 4). The results are compared with the average
values of all the monomers. The virtually £-independent order parameters of
the totally random FCS are also indicated.

FCS arrangements. Instead, as discussed in Sec. III B, the RB
orientational order is set by the FCS orientational order.

It is seen that the differences with respect to the random
configuration increase with the bond-bond angle. This effect
may be rationalized in that, on decreasing the bond-bond an-
gle, the increasing localization of the two RBs reduces their
perturbing effects. The conclusion is consistent with the find-
ing that the fraction of the monomers located in the chain end,
which have only one RB, exhibits FCS order parameters vir-
tually identical to the ones of the fraction with two RBs form-
ing the bond-bond angle 6 >~ 70° (data not shown in Fig. 8 for
clarity reasons).

4. Influence of the shell bonds on the local order

Fig. 9 (top panel) shows the dependence of the local or-
der on the number of shell bonds Ngg in FCS of the tagged
monomer. It is seen that, on decreasing Ngg, the order param-
eters of the IS configurations deviate more and more from the
ones of a totally disordered FCS, i.e., the local order increases.
By comparison with Fig. 8, it is seen that the effect of chang-
ing the SB number in the FCS is stronger than changing the
RBs angular configurations. In particular, changes are quite
apparent for all the order parameters, whereas RBs mostly af-
fect Qf5, .- see Fig. 8.

The inset of the top panel of Fig. 9 plots the Qé’Sloml—
043 peq Pairs of the main panel. If compared with the same
plot of the bulk system, Fig. 7, it suggests that removing SBs
from FCS increases the FCS orientational order with features
of the HCP and ICOS atomic ordering more than the FCC
one.

To quantify the ordering we define the measure:

Q __ random
£, local

2
1 £, local
n= g Z Qrandom : (8)

Y] £, local

If the above quantity is evaluated in terms of the IS configura-
tions is referred to as n’S. Figure 9 (bottom panel) shows the
decrease of both 7’5 and n’S by increasing the SB number in
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FIG. 9. (Top) Local order parameters of the fractions of tagged monomers
with different number Ngp of shell bonds in their FCSs (see Fig. 1). The re-
sults refer to the melt of decamers at 7= 0.5. The virtually ¢-independent
order parameters of the totally random FCS are also indicated. (Inset)
Qé:glocal_QAIt:glocal plot of the different fractions (compare with the bulk be-

haviour in Fig. 7). (Bottom) Instantaneous 7 and inherent nS measures
(Eq. (8)) of the increasing FCS ordering by removing shell bonds.

FCS. In particular, it is seen that nS ~ 5 for FCS with high
Ngg. In fact, the high number of SBs stiffen FCS, making less
pronounced the differences between the instantaneous and the
IS configurations.

D. Influence of the global order on the local order

This section investigates how the global order affects
the local order. To this aim, the decamer melt at tempera-
ture T = 0.75 and density p = 1.086 is compared with the
crystalline state being occasionally formed during a few of
the equilibration runs at the same temperature and density.
Fig. 10 (top) shows the monomer arrangements of the de-
camer crystal. Monomers are packed in linear columns (defin-
ing the crystal ¢ axis) which are hexagonally packed in the ab
orthogonal plane. This kind of arrangement of the flexible and
the semi-flexible chains is seen in experiments (for reviews
see Refs. 48-50) and simulations of bulk assemblies,’'™>3 as
well as isolated single molecules.’*

To make more quantitative the visual impression of
Fig. 10 (top), Table I lists the order parameters with [ = 4,
6 of the crystalline state and the melt together with the ones
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FIG. 10. View along the ¢ (chain) axis of the inherent structure of the de-
camer crystal at 7= 0.75, p = 1.086 by hiding (top) or not (bottom) the bonds
between the monomers. For clarity reasons, the monomer size is smaller than
the actual one. The top panel emphasizes the hexagonal order of the columns
of piled monomers, whereas the bottom panel evidences the transverse bonds
to the ¢ axis. The latter form localized defect, known as kinks,*”-#® which
put monomers of the same chain in different columns. The highlighted region
close to the right lower corner of the bottom panel shows a four-monomer
portion of a decamer traversing the top of three columnar fragments. The
chain portion has one bond-bond angle ~120° (the leftmost) and the other
one ~70° (the rightmost). Notice that, due to the periodic boundary condi-
tions of the simulation box, some monomers look like as isolated and some
chains fragmented.

of an ideal ensemble of hexagonally packed columns of piled
monomers not connected by bonds (HPC). It is seen that the
global order parameters Qisglohal, Qg’sglohal of the crystalline
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TABLE I. Local and global order parameters (/ = 4, 6) of the decamer melt
and crystalline states at 7= 0.75, p = 1.086. The HPC entry refers to an ideal
ensemble of hexagonally packed columns of piled monomers not connected
by bonds.

Qé]tiocal Qéiucal Qéll,sglobal Qé,sglobal
Melt 0.11 0.26 0.004 0.039
Crystal 0.083 0.31 0.031 0.25
HPC 0.031 0.27 0.031 0.27

state are larger of a factor of about 8 and 6, respectively, with
respect to the melt state and compare rather well with the
HPC model. The HPC estimate is satisfying for Q¢ but
poor for Q}5,.,- Allin all, given the high ideality of the HPC
model, which does not take into account the disturbing effect
of the connectivity, the overall agreement is encouraging. No-
tice that perfectly ordered states have Q; giopar = Oy, 1ocar- This
equality roughly holds for [ = 6 of the crystal state but fails
for [ = 4 pointing to the presence of some degree of disorder.

One feature of the crystal phase is the presence of in-
chain point-like (zero dimensional) defects. In fact, Fig. 10
(bottom) shows that some of the bonds are not aligned to the
column ¢ axis so that monomers of the same chain belong
to different monomer columns. This defect is well known in
polymer crystals and usually referred to as a “kink.””*% We
ascribe the presence of defects to the fully flexible character
of the model polymer under study. Notably, kinks are not ev-
idenced in simulations concerning the crystalline state of lin-
ear molecules with higher stiffness due to torsional and bond
angle-bending potentials.’'~>>

More insight about the chain conformations is gained by
comparing in Fig. 11 the crystal and the melt with respect
to their inherent distributions of the angle between adjacent
bonds. We remind that adjacent bonds are the RBs of the cen-
tral monomer from which both of them depart (see Fig. 1)
and then are involved in the FCS local order. Fig. 11 shows
that the crystallization alters the distribution P’S(cos @) virtu-
ally only in the region 120° < 6 < 180° by increasing the
fractions of bond-bond angles with 6 ~ 120° and 180° with
respect to the melt. Both 8 values are compatible with hexag-
onally packed columns of piled monomers and the presence
of bonds not aligned to the column axis, e.g., see the high-
lighted region close to the right lower corner of Fig. 10 (bot-
tom) where three columnar fragments are traversed by one
four-monomer portion of a decamer with one bond-bond an-
gle ~120°. Misaligned bonds with 70° < 6 < 110° also con-
tribute to P*(cos ). This fraction (about 60%) is nearly unaf-
fected by the crystallization. Even if more work, beyond the
purpose of the present paper, is needed to clarify the issue,
two tentative explanations are offered. First, one notice that
25% of the bond-bond angles involve chain ends which are
surrounded by disordered regions loosely coupled to the crys-
talline regions. Second, one guesses that folded arrangements
with 6 ~ 70° (Fig. 3(a)) are accommodated with limited strain
in the ordered structure, perhaps by a local distortion of the
hexagonal column packing, as suggested by the small shift
to smaller -values of the peak at & ~ 70° of P’S(cos6) of
the crystal and the highlighted region close to the right lower
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FIG. 11. Comparison between the inherent distribution of the angle between
adjacent bonds P'S(cos#) of decamers in the melt and the crystal both at
T=0.75, p = 1.086.

corner of Fig. 10 (bottom) where three columnar fragments
are traversed by one four-monomer portion of a decamer with
one bond-bond angle ~70°.

Does the global order change the local order and the in-
fluence on it by the RBs and SBs ? These issues are addressed
below.

Fig. 12 compares the local order parameter of the melt
and the crystalline state of the decamer. One considers both
the average values and the ones pertaining to the fraction of
monomers with collinear RBs (8 = 180°). It is seen that the
FCS order of the crystal deviates from the one of the random
FCS more than the melt, i.e., the increased global order im-
proves the local order too. A shared feature of the crystal and
the melt is the fact the FCS order of the fraction with collinear
RBs little differs from the ones of the bulk. This suggests that,
since RBs of the crystalline state involve — as in the melt —
only a few FCS monomers, they are unable to affect the FCS
arrangements significantly. Instead, as Fig. 11 shows, the RBs

IS
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FIG. 12. Local order parameters of the fraction of tagged monomers with
RBs forming the angle 6 = 180° within 5% in the melt and the crystalline
states of decamers both at 7 = 0.75, p = 1.086 (see Fig. 1). The results
are compared with the average values of all the monomers. The virtually £-
independent order parameters of the totally random FCS are also indicated.
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FIG. 13. (Top) Local order parameters of the fractions of tagged monomers
with minimum (Ngg = 0) or maximum (Nsg = 7) number of SBs in FCS (see
Fig. 1). The results refer to the melt and the crystalline states of decamers

both at 7 = 0.75, p = 1.086. The virtually £-independent order parameters

of the totally random FCS are also indicated. (Inset) Qé_sloca,—Qflowl plot

of the fractions with 0 < Ngz < 7. (Bottom) 1’ measure (Eq. (8)) of the
decreasing FCS ordering in fractions with increasing number of SBs. The
effect is more marked in the crystalline state.

arrangements are, at least in part, set by the FCS arrangements
enforced by the global order.

Fig. 13 compares the local order of the melt and the crys-
tal for different numbers of SBs in FCS (see Fig. 1). As in
the melt, the presence of SBs in FCS decreases the local order
of the crystal. The inspection of the order parameters shows
that the effect is fairly larger in the crystal. This is empha-
sized in the inset of the top panel of Fig. 13 where one sees
that increasing the SB number in FCS of monomers in the
crystalline sample results in larger shifts of the representative
pointin the Q¢% .- Q4%,,.; Plane. Another way to appreciate
the larger influence of the SBs in the local order is to consider
the measure ™ (Eq. (8)). This is done in the bottom panel of
Fig. 13. It is seen that changing the number of SBs from the
minimum to the maximum values changes 1’5 of about 26%
in the melt and about 36% in the crystalline phase.

IV. CONCLUSIONS

The present paper investigates the competition between
the connectivity and the FCS local order by a MD study
of model fully flexible chain molecules (M = 3, 10). States
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with both missing (melts) and high (crystal) global order are
considered and compared. The crystalline state is character-
ized as an hexagonally packed assembly of columns of piled
monomers. In-chain point-like (zero dimensional) kink de-
fects are present in the ordered structure and force monomers
of the same chain to belong to different monomer columns.
The presence of defects is ascribed to the fully flexible char-
acter of the model polymer under study. The changes in FCS
ordering have been analysed in terms of Steinhardt’s orien-
tation order parameters. The latter, if averaged over all the
monomers, do not change appreciably with both the chain
length and the temperature. The FCS ordering of the con-
nected systems is significantly lower than the crystalline,
quasi-crystalline, and disordered arrangements of atomic
systems.

Insight into the decrease of the FCS order due to the con-
nectivity is reached by considering the perturbing effects of
the chains bonds, as divided in two families, RBs and SBs.
SBs have deep influence on the FCS ordering, especially in
the crystalline state. Indications suggest that their removal
favours FCS ordering with features of the HCP and ICOS
atomic ordering more than the FCC one. On the other hand,
FCS ordering weakly depends on both the number and the
mutual orientation of RBs. Even if the oligomer and the poly-
mer chains are fully flexible, the distribution of angles be-
tween adjacent radial bonds exhibits sharp contributions at
the characteristic angles ~70°, 122°, 180°. They are enhanced
by the global order of the crystal if 6§ &~ 122°, 180°, whereas
the distribution is nearly unaffected by the crystallization if
70° < 6 < 110°. It is suggested that, since RBs involve only
a few of the monomers that form one FCS, they are un-
able to compete against the cooperative effort setting the FCS
arrangements.
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