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Abstract: Tacticity is the spatial orientation of the substituent groups along a polymeric chain.
Its study is a matter of undeniable importance due to its effect on relevant physicochemical prop-
erties. In this thesis, it has been implemented Rotational Isomeric State (RIS) model and build
up a methodology for studying polypropylene. The first and second neighbours interactions has
been deeply studied to be able to acquire the parameters of the transfer matrices for polypropylene.
It also has been necessary to perform ab initio calculations of models to obtain the parameters of
the tranfer matrices. Monte Carlo simulations has been produced for isotactic and syndiotactic
polypropylene to include excluded volume effects and overcome the limitations of RIS model. In
conclusion, the results show that tacticity effect changes the structural properties of polypropylene.

I. INTRODUCTION

The study of the microscopic properties of polymers
by means of statistical mechanics has been developed by
Flory [1]. He proposed the Rotational Isomeric State
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FIG. 1: An illustrative representation of the adjacent chiral
centers along polypropylen chain is shown for isotactic, syn-
diotactic and atactic tacticities. The first one only presents
the chiral center d which is repeated along the chain. The
second one, presents a racemical dyad (dl), periodically re-
peated along the chain. Whereas, atactic polypropylene is
characterised by a disorganized distribution of chiral centers
within the macromolecule.
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(RIS) model that uses the method of transfer matrices
aiming to compute the conformational properties of lin-
ear neutral polymers such as polyethylene, polyoximethy-
lene, polyoxiethylene, etc. This methodology has also
been used for calculating the microscopic properties of
polypropylene and among other polymers in [2-4],

Tacticity is the relative stereochemistry of adjacent chi-
ral centers within a macromolecule[6] .As it is shown in
Fig (1a), an isotactic polymer presents one type of stere-
ochemical center along the chain. In this case the relative
position of the methyl is orientated towards the reader
which is denoted by d, whereas the opposite direction
is represented by 1. In contrast, a syndiotactic polymer
presents two chiral centers with opposite stereochemistry
repeated periodically along the chain. For instance, a
syndiotactic polypropylene is shown in Fig(1b). As ob-
served in Fig(lc) the spatial orientation of the stereo-
chemical centers in an atactic chain does not follow any
specific order. The stereoregularity of a chain cannot
be interconverted by means of conformational changes
as stretching, bending, rotating or torsion motions of
bonds in the polymeric chain and it only depends on
its polymerization processes[7]. In the case of polypropy-
lene, tacticity plays a fundamental role in its macroscopic
properties[7]. As a case in point, isotactic polypropylene
presents a crystalline structure and it is expected to have
mechanical strength and chemical resistance. While syn-
diotactic presents a semicrystalline and flexible structure
an atactic polypropylene has a gum-like form and it is
a tacky material [5, 6]. Focusing on the study of poly-
mer properties regarding its tacticity, polypropylene has
been widely studied by[2][3][5][8] using techniques based
in RIS model applying slightly changes. Asakura [2] and
Nakajima[3] used RIS model to calculate the ratio charac-
teristic for polypropylene and polyethylene. Blogmvist[4]
and Madkour[5] have used Monte Carlo technique ap-
plying RIS model to study the microscopic properties of
polyesters and polypropylene respectively. Monte Carlo
methods has been a fundamental tool to develop models
for studying polymer properties such as SB (Site Bind-
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ing) [9] in this group. Furthermore, it also has been cou-
pled with RIS to study the effect of protonation on the
structural properties of polymers (Site Binding and Ro-
tational Isomeric State, SBRIS model)[10, 11].

In consonance with the preceding works, the aim of
this thesis is to develop a model to study the tacticity of
polypropylene and to build up a methodology to model
polymers with tacticity. In this thesis, the structural
properties of polypropylene are analyzed. It is a neu-
tral macromolecule which is described by the presence of
methyl groups on its monomeric structure. These prop-
erties arise from the intramolecular interactions signif-
icantly modified by the presence of these side groups.
The knowledge of nearest and second neighbours inter-
actions is crucial, in order to implement the RIS model
to predict the structural properties of polypropylene. As
a matter of fact, the study of these interactions is real-
ized on the rotational states of minimum energy (trans,
gauche+, gauche-)(see Fig.(2)) which are the ones sig-
nificantly populated. Furthermore, it has been done a
classification of these interactions in terms of the dis-
tance between groups and the type of group. After that,
a quantification of the interactions of nearest neighbours
and second neighbours for the states of minimum energy
given two consecutives dihedral angles has been quanti-
fied. It have been done performing ab initio calculations
of model molecules. Finally, in order to compute the
structural properties of polypropylene, Monte Carlo sim-
ulations in the canonical ensemble (N,V,T) based on RIS
model are performed. Its main objective is to overcome
the limitations of RIS model and to include the effect of
excluded volume to the intramolecular interactions of the
polymer.

II. THEORETICAL BACKGROUND

A given conformation of a polymer chain is defined by
a set of dihedral angles {¢}. The conformation which
acquires a fragment of that chain depends on its rota-
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FIG. 2: Rotational profile of butane molecule. It allows to
study the nearest neighbours steric factors for a polyethylene
chain, given the rotational states of minimum energy (trans,
gauche+, gauche-).
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tional energy profile. This potential energy profile, as
shown in Fig.(2), is given by the set of interactions that
presents each conformation in the given interval of angles.
Moreover, it is shown the rotational profile of a butane
molecule where the states of minimum energy are rep-
resented by the conformations trans (t), gauche+(g+)
and gauche-(g-). The representation of this energy pro-
file in terms of probability, sets a significant statistical
weight on those conformations which are in the states
trans, gauche+ and gauche-. The average of butane con-
formations in thermal equilibrium outside of the energy
minima can be considered neglegible. Based on this ob-
servation, the RIS model [1], describes the rotational pro-
file as three discrete states that significantly represent the
conformation that can adopt a given chain. Moreover, it
is considered that the conformation of a fragment given
by a dihedral is correlated with the precedent dihedral
angle.

This loss of correlation allows to define the energy of
a polymer as the sum of the rotational energy of each of
the N bonds

N-1
{¢} Z Ez ¢z la¢z (1)

Where the conformational energy of each bond is function
of the preceding and its dihedral angle. Therefore, the
partition function of a polymeric chain is given by

v=Y e U _Shoep

(6} fnl {6}
N-1 N-1
o) = [[w= [[eo(—"57") ®

Where the statistical weight (2) of a conformation is
defined by the product of the Boltzmann factors of the
rotational state of each bond(w;). The probability of a
conformation is given by

(4)
The problem of calculating the partition function using
the equation (2) is that one has to sample all the configu-
rations. In order to solve this problem, it is employed the
transfer matrix technique [1]. A well-known technique
used in statistical mechanics for 1-dimensional systems
allows to define in a recursive way the partition function
of N bonds with the partition function of N-1.

In =T7Nn- (5)

Using Eq.(5) it is possible to calculate the partition
function of N bonds as the product of transfer matrices
that define each bond using as a starting row vector ¢ =
(1,0,0) and an ending vector p = (1,1,1)7
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Eq.(6) is useful to calculate the properties of a poly-
meric chain but its limitation is that it does not account
for long range interactions. Fig.(3) shows a transfer ma-
trix where each of the elements are the Boltzmann factors
defining a rotational state of bond ¢ involving two consec-
utive dihedral angles. These Boltzmann factors depend,
on the main interactions given a rotational state.

For example, the transfer matrix regarding polyethy-
lene (PE) interactions is given by [1]:

1 ¢ o
Trrg = (1 o O’Ld) (7)
1 ow oy

Where o is the Boltzmann factor that comes from the
difference of energy between gauche and trans states,
where all the chain in trans position is the reference state.
w is the Boltzmann factor that describes the interaction
when two consecutive dihedral angles are in gauche+ and
gauche-. 1 is the Boltzmann factor that describes the
interaction occurring when both dihedral angles are in
gauche- position. In the case of polyethylene, as the same
type of bond is periodically repeated along the polymeric
chain, its partition function only depends on the product
of N-2 transfer matrices given a polyethylene of N bonds
and two terminal

Zn = qTN5%p (8)

III. COMPUTATIONAL METHODOLOGY
A. Classification of interactions of polypropylene

As shown in Fig.(1), polypropylene is a macromolecule
that presents methyl side groups in its monomeric struc-
ture. Within RIS model, two different kinds of bonds can
be differentiated in a polypropylene chain. As shown in
Fig.(4), each bond presents an important difference re-
garding the neighbours interactions. The rotation around

Py = t g 9
Ti =
P =t (utt Urgr  Upg- )
a* Ugry Ugrgr Ugig-
9 Yo Uggr Ygg

FIG. 3: An example of transfer matrix for RIS model. It con-
tains the Boltzmann factors involving the rotational states of
two consecutives dihedral angles(¢;—1 ¢;). These Boltzmann
factors are considered the most populated statistical weights
in the rotational energy profile.

Master Thesis

— BondA  No second neigbour interaction between methyl groups

—  BondB Second neigbourinteraction between methyl groups

FIG. 4: Polypropylene fragment showing which bonds are
object of study. The bond A does not present second neigh-
bour methyl-methyl interactions whereas the bond B presents
them.

bond B presents methyl-methyl second neighbours inter-
actions that does not present the bond A. Moreover, re-
garding Fig.(4), the transfer matrices of bond A depend
on the stereochemistry of one group whereas for bond
B they depend on the stereochemistry of both methyls
in a dyad. Then, bond A is described by matrices
T, and T;. Whereas bond B is described by matrices
Tgq, Ty, T3, T

In order to obtain these transfer matrices it is nec-
essary to classify polypropylene interactions.To perform
this task, a program has been developed, its scheme is
shown in Fig.(6). It deduces which substituents are in
contact in the rotational states of minimum energy within

)

4) H

FIG. 5: A Fischer representation of the dyad dd in tt confor-
mation Fig.(1). The classification of the interactions is done
by means of the distance between groups. di and d2 helps to
classify the nearest neighbours interactions whereas ds and d4
helps to distinguish the second neighbours interactions.
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two consecutive dihedral angles for each conformation.

The substituents are separated in groups depending on
the distance between them (see Fig.(5)). These distances
are previously chosen and the whole process helps to bet-
ter understand the main contributions to the energy of
each rotational state in the RIS Model. The distances d;
and do help to differentiate among interactions of near-
est neighbours. In contrast, dz and ds make a distinction
among second neighbours interactions. d; represents the
groups in gauche positions but ds represents de groups
in trans position. While d3 represents ” cis” interactions
and d4 " trans” interactions.

Therefore, depending on the tacticity of polypropylene,
its partition function is defined using the transfer ma-
trix that comes from the local interactions present in the
dyads of Fig.(1). From Eq.(6), it is possible to define the
partition function of each tacticity. For isotactic, syndio-
tactic polypropylene, the partition function is calculated
as follows:

N—-2
2

ZPPisotactic = q |:Tded:| p (9)

N-—2
4

ZPP.ynaioractic = 4 {TdelTlTld} D (10)

The periodicity that presents both types of tactici-
ties allows to define both partition functions (Eq.(9) and

-
—

4" Definition of neglectible interactions (H-X)

Definition of dyad stereochemistry

|
Definition of position vector |
|

* To study characteristic interactions of
each conformation at distances : dl’
dz, d3 and d 4

+ Definition of the interactions which
define each transfer matrix element

Step 1: set starting conformation:
All polymer chain in trans

Step 2: analyse which groups interact
at defined distances
Until all 1

conformations of
minimum energy Step 3: Generate a new conformation by a
are sampled dihedral angle rotation.
Characteristic interactions of each t
sment for a given dyad stereochem

Objective
Program

FIG. 6: Scheme of the program used for classifying the inter-
actions regarding a stereochemical dyad (Fig.(1)). The clas-
sification of the interactions is done by means of the distance
between groups. di and dz helps to classify the nearest neigh-
bours interactions whereas ds and d4 helps to distinguish the
second neighbours interactions.
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Eq.(10)). But as atactic polypropylene presents ran-
domly distributed adjacent chiral centers its partition
function has to be computed by the whole matrix prod-
uct (Eq.(6)) taking into account which chiral center is
described in each value of the index. The transfer ma-
trices are deduced and defined in further sections of this
thesis.

Finally, this study leads to better understand the
Boltzmann factors given in the rotational states of Fig.(3)
for each of the dyads. Necessary to compute Eq.(6).

B. Calculations of Boltzmann factors for
polypropylene

Once the previous analysis has been done, it is neces-
sary to calculate the interactions of the rotational states
(trans,gauche+ and gauche-). In order to compute them,
the molecules 2,5-methylheptane and 4-methylheptane
have been prepared using Avogadro [12]. The molecules
have been chosen because they can reproduce the local
interactions. The chain is represented by an ethyl group,
in order to differentiate from the methyl side group .
The preparation of this structures have been done by
constructing one of the stereochemical dyads in Fig(1).
After that, the energy of each of the structures coming
from each of the rotational states of minimum energy
within two consecutive dihedral angles have been mini-
mized. This process of minimization of energy have been
done using a molecular dynamics algorithm that uses the
General Amber Force Field (GAFF). It is necessary to
minimize the energy in order to converge faster to the
stationary state of minimum energy.

For quantum calculations the Gaussian 09 [13] package
has been used to perform calculations of a perturbational
method of second order (MP2) with a basis 6-31G(d,p).
Its objective is to compute the state of minimum energy
which has been achieved by calculating the frequencies at
temperature 418.15 K using as a solvent diphenyl ether
using a SMD method. For this solvent and temperature
polypropylene is known to be at its Flory temperature
where the polymer is close to an ideal behaviour within
the Flory-Huggins theory of polymer solutions. [3] [? ].
The equations used for calculating the parameters from
the set of energies coming from the set of Boltzmann
rotational states are given in the appendix section.

C. Monte Carlo simulations

The use of RIS model to calculate the polymer struc-
tural properties presents the counterpart of not consider-
ing excluded volume intramolecular interactions. There-
fore, in order to overcome the limitations of RIS model,
Monte Carlo simulations considering excluded volume are
produced[11][10]. In Fig.(7) there is a representation of
excluded volume interactions that exhibits a polymer dis-
tinguishing them from short range interactions. These
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long range interactions are modeled by means of a hard-
sphere potential.

ifr;; > R; #
) ={ % i S w0
Its purpose is to reject a conformation when the distance
between two chain atoms ¢ and j is lesser than the sum
of their atomic radius (R; + R;). It is not considered a
long range interaction when two atoms are separated for
a distance smaller than six bonds.

As shown in the scheme of Fig.(8), the starting con-
formation of a Monte Carlo simulation of polypropylene
is characterized by all the bonds in the chain in trans
conformation.

Then, in each Monte Carlo step, the conformation of
one randomly chosen bond is changed applying a rota-
tion of +60 °. Which corresponds to the three rotational
states of minimum energy shown in Fig(2). As RIS model
is being applied, only these significantly populated rota-
tional states are considered. The free energy computed
in Monte Carlo simulations is divided in two parts, the
part coming from the short range interactions (Fsg) and
the part coming from the long range interactions(FLg).

F=Fsp+ FrLgr (12)

But, when the atomic radius is set to zero, the modeled
polymer only presents accurately described short range
interactions. As explained in Fig(8), the conformational
change is accepted when it minimize the free energy of the
system. Nevertheless, if the new conformation does not
minimize the free energy, it is accepted with a probability
given by one of the Boltzmann factors in a transfer matrix
Fig(3). Therefore, the probability of acceptance not only
depends on the actual dihedral angle but also depends
on the preceding dihedral angle. The transfer matrices
that are used for calculating conformational changes de-
pend on the dyads used of the tacticity of polypropylene
Fig(1). For isotactic polypropylene, the transfer matri-
ces Tyq, Ty have been used. Whereas, for syndiotac-
tic polypropylene, the transfer matrices Ty, T4, T g, T}
have been used. For atactic polypropylene both types of
transfer matrices are necessary to calculate its structural
properties.

AV ;
short-range \

interaction
long-range
interaction

FIG. 7: Representation of a polymeric chain presenting ex-
cluded volume interactions (long range interactions). It is
also shown the difference between the short-ranged interac-
tions and the long range interactions.
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Input I Polymer structural characteristics |

Transfer Matrices

Simulation conditions

| 1.Starting chain conformation: all dihedrals in trans |

Programa

| 2.Free Energy calculation |

3.Change of rotational state H| 3.1Free Energy calculation |
—> (Conformation)

l

I 4.1fAE<O H 4.1Conformation accepted

4.3 Conformation accepted if rand_num < exp(- AE/KBT)

Nsteps 5.Measurement of observables:
P End-to-end distance, Characteristic ratio,etc.

FIG. 8: A scheme explaining the Monte Carlo program used
for calculating the structural properties of polypropylene for
each tacticity.

Regarding the computation step of Fig(8), once a con-
formation is accepted, it is calculated the end-to-end
distance, characteristic ratio. The end-to-end distance
(< r? >) of a polymeric chains is computed as the ther-
mal average of as the distance between the first atom and
the last atom of the chain.

<r?>=<(rg—rs)?*> (13)

Where g and 7 are the spatial positions of the first and
the last atom of the chain. The characteristic ratio of the
chain is also computed.

<r?>

N (14)

Co = limy_oso

Where [ is the bond length. It measures the deviation
of the end-to-end distance from the Freely Jointed Chain
model. Finally, the simulations have been performed for
temperature of 418,15 K. It reproduces the conditions of
a theta solvent for diphenyl ether [3]. The length of the
simulations have been 10” Monte Carlo steps, the bond
length is 1.557 A. The bond angle is given by 112.85°.
The atomic Radius for the carbon atoms with methyl
chains have a length of 2.195 A. The atomic radius for the
methylene groups have a length of 1.095 A. Both radius
have been measured using Avogadro [12] as the distance
from the carbon atom to the distance of a hydrogen atom
of methylene or methyl groups.
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IV. DISCUSSION AND RESULTS

A. Deduction of transfer matrices for
polypropylene

The procedure that has been described in Fig.(5) and
its results given in the appendix has been fundamen-
tal to deduct the parameters of the transfer matrices of
polypropylene. The output of this program provides the
interacting groups in the rotational states of minimum
energy. After that, it classifies them in the previously
defined distances d1, ds, ds, ds. Therefore, this analy-
sis gives a qualitative description of which groups pro-
duce the steric interactions of each of the transfer matri-
ces. Before explaining the meaning of each parameter,
the reference state is set when at distance d; there is a
steric interaction between two chains and at distance d»
there is a steric interaction between a chain and a methyl
group. As there are 6 types of adjacent chiral centers,
the previous described interactions are found in different
positions of the transfer matrices defining bond A and
bond B. The Boltzmann parameter 7 represents the first
neighbours interactions when there are both chains at
distance dz (trans position), and there are a chain and a
methyl group at dy (gauche position)(see rotational state
ust Appendix A Fig.(a) , Fig.5). The Boltzmann param-
eter T represents the first neighbours interactions when
there are both chains at distance d; (gauche position)
and there are a chain and a methyl group at distance
dy (gauche position)(see rotational state usg+ Appendix
A Fig.(a) . The Boltzmann parameter ws.. is given by
sterical interactions of the chain substituents at distance
d3. The Boltzmann parameter ws., is given by sterical
interactions of the chain and the side group at distance
d3. The Boltzamnn parameter ws,, is given by the steri-
cal interaction of both substituents at distance ds.As the
interactions given by the distance 4 (d4) almost do not
contribute to the sterical interaction of each of the pa-
rameters, they have been neglected. Because at (d4) the
groups are pointing in opposite directions, therefore their
sterical interaction is minimal. (see Fig.(4)). As a result,
the transfer matrices that are used for calculating the
partition functions of isotactic polypropylene, syndiotac-
tic polypropylene and atactic polypropylene are given by

n 1 T
T,;= ( n 1 Tw3e > (15)

N W3ace T

n T 1
Tl—<17 T w3cc) (16)

1 TW3ice 1

NW3rr TW3cr 1
Tdd ( n TW3er W3ce > (17)

NW3er TW3ccW3er W3er

Master Thesis

nwb’rr 1 TW3cr
Tll = NW3er Waer TW3ccW3rr (18)

n W3ce TW3cr

n TW3rr W3rce
le = NwW3yrr Tw%rc W3ce (19)

NW3re TW3cce 1

n TW3ryr W3rc
Ty = | nwsrr Tw. Wsee (20)

nwb’rc TW3ce 1

The qualitative analysis given by Flory [1] in the case
of polypropylene chains is consonant with the results ob-
tained in our analysis. However, the fact that the second
neighbours have been clearly identified (see groups at dis-
tances ds appendix A ) permits to classify the w factors
by the name of the interacting substituents.

B. Calculation of Boltzmann factors for
Polypropylene

In order to compute the values for the interacting pa-
rameters defined in the previous section, two different
model molecules has been chosen. The free energy of
each rotational state of the model molecules has been
substracted from the free energy of the reference state,
previously defined. Then, setting the difference of en-
ergy equal to the quantum calculations obtained using
the RIS model it possible to calculate the value of the
parameters. The Equations system that calculate these
parameters are in Appendix (B) and the Table 1 gives
the values of the parameters that have been obtained re-
garding each of the transfer matrices Eq.(15)-Eq.(20).

Parameters| n T W3ce | Waer | Warr
d 1.33]0.558|0.0957| - -
1 1.33]0.558|0.0957| - -
dd 1.33]0.558| 0.284 |0.0403|0.0558
1l 1.33]0.558| 0.284 |0.0403|0.0558
1d 1.33]0.558|0.0783| 0.171 (0.0377
dl 1.33]0.558(0.0783| 0.171 [0.0377

TABLE I: The value of the parameters obtained given in the
transfer matrices for Eq.(15)-Eq.(20)

The first neighbours parameters are the same for all
the transfer matrices. The second neighbours parameters
obtained in table 1, present different values depending on
the adjacent stereochemical centers. One reason could be
that they are involving in an effective way different types
of interactions. Furthermore, the sterical interaction wsc,
and ws,.,. from the transfer matrices d and 1 do not exist.
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FIG. 9: the free energy computed by means of the parameters
of interaction(crosses) and the energy computed by means of
quantum calculations is done(circles). In the plot from the
top, green circles and magenta circles respectively represent
d and 1 stereochemistry. In the plot from the middle, green
and magenta circles respectively represent dd and 1l stereo-
chemistry . The bottom plot, the green and magenta circles
respectively represent dl and 1d stereochemistry .

In order to prove that these parameters properly re-
produce the free energy computed for the dyads shown
in Fig.(1), a comparison of the energy computed by the
parameters and the energy computed by quantum calcu-
lations (section (3b)) is done in Fig.(9).

It is observed that the energies with minor value com-
puted using the parameters agree with the energy com-
puted using quantum calculations. Whereas, the energies
with higher value are somehow underestimated. The pa-
rameters with higher energy represent statistical weights
close to zero, therefore, their contribution still have a sim-
ilar value. However, since the conformations with higher
energy have a small statistical weight this energetic dif-
ference can be considered negligible.

C. Monte Carlo simulations

In order to study the effect of the atomic radius in
the characteristic ratio(Eq.(14)). Monte Carlo simula-
tion have been performed varying the radii of methylene
and methyl groups and only varying the radius of the
methyl group. As it is observed in Fig.(10) syndiotactic
polypropylene (blue circles and triangles) shows greater
value of the ratio characteristic than isotactic polypropy-
lene (red circles and triangles). As it is expected, as
the atomic radius of methyl group increases, the num-
ber of folded states is reduced, therefore the end-to-end
distance of the polymer increases and consequently its
characteristic ratio. As a result, it is obtained that the
main contribution of the excluded volume effect to the
characteristic ratio is due to the methyl group (greatest
atomic radius).

Before, studying the characteristic ratio in function of
the number of bonds, the atomic radius of both methy-
lene and methyl groups has been measured using Avo-
gadro [12]. The distance between the carbon atom of the

Master Thesis

12 13 14 15 16 17 18 18 2 21 22
Atomic Radius methyl group

FIG. 10: This plot shows the variation of the characteristic
ratio in function of the atomic radius of the methyl group.
For Isotactic polypropylene, the red triangles and circles re-
spectively represent the contribution of only the atomic radius
of methyl group and the contribution of the atomic radii of
methylene and methyl group. For syndiotactic blue triangles
and circles respectively represent the contribution the atomic
radius of only the methyl group and the contribution of the
atomic radii of methylene and methyl group.

backbone of the polymer to the hydrogen atom has been
chosen as the atomic radius of methylene.The distance
between the carbon atom of the backbone of the polymer
and the hydrogen atom of the methyl group has been cho-
sen as its atomic radius. The values of atomic radii for
methylene and methyl groups are 2.195 A and 1.095 A
respectively. In Fig.(11) the representation of the char-
acteristic ratio in function of the number of bonds shows
syndiotactic polypropylene (blue squares) obtains higher
values than isotactic polypropylene (red squares) consid-
ering only short range interactions. Adding excluded vol-
ume effects to isotactic (red triangles) and syndiotactic

0 50 100 150 200

Number of Bonds

FIG. 11: This graphic shows the dependence of the charac-
teristic ratio in function of the number of atoms for isotactic
(red squares) polypropylene and syndiotactic (blue squares)
polypropylene. Moreover it compares the effect of the ex-
cluded volume on the characteristic ratio for isotactic (red
triangles) and syndiotactic (blue triangles) polypropylene. Fi-
nally it shows that Monte Carlo simulations give the same
results as analytic RIS model calculations for isotactic and
syndiotactic (solid black line).
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(blue triangles) the ratio characteristic for syndiotactic
also is higher than isotactic.

It is important to note that if we obtain the character-
istic ratio using the analytical expression of RIS model
without excluded volume, this agrees with the Monte
Carlo simulations made by isotactic (red squares) and
syndiotactic polypropylene (blue squares) Fig.(11). Fi-
nally, the solid black line denotes the analytical calcula-
tion of RIS model for isotactic polypropylene and syn-
diotactic polypropylene. Therefore it denotes that the
Monte Carlo simulations are perfectly suitable for repro-
ducing polypropylene properties using RIS model.

The results obtained from Monte Carlo simulations
show how the tacticity effect changes the structural prop-
erties of polypropylene. Furthermore, the results ob-
tained for isotactic polypropylene (red squares) can be
compared with the experimental results given by Naka-
jima .et.al [3] (see section 3B). From the experimental
for isotactic polypropylene the C,, = 5.93 while in Monte
Carlo simulations only considering short range interac-
tions it is obtained a C,, = 6.7(red squares). The exper-
imental value is close to the value of short range inter-
actions because in the Flory temperature in the limit of
an infinite polymeric chain the excluded volume effect is
negligible. But this effect is important when it is consid-
ered a dilute polymeric solution and the effect increases
as the concentration of polymer decreases[14]. Therefore,
the excluded volume effect using a hard sphere potential
overestimates the value of C), for isotactic polypropylene.
In [3] there are no results for syndiotactic polypropylene.
The same tendency is observed using experimental tech-
niques [5] but using a different solvent and temperature.

V. CONCLUSIONS

The program developed to understand the sterical in-
teractions between groups, has settled a methodology to
classify and understand the main interactions for each
conformational state and stereochemistry.This allowed to
define the minimal needed parameters to construct the
transfer matrices necessary to use RIS model in PP. A
new methodology to estimate the value of the parame-
ters from quantum calculations have been prepared.The
agreement of the energies computed using the obtained
parameters and the energies calculated quantum mechan-
ically prove that these parameters can reproduce the lo-
cal interactions of polypropylene. The results obtained
regarding the Monte Carlo simulations show that tactic-
ity effect changes the characteristic ratio of polypropylene
and therefore it cannot be neglected. For the case of iso-
tactic (C,, = 6.77) polypropylene, the number of folded
conformations is greater than syndiotactic (C,, = 9.01)
polypropylene. As it is expected, Monte Carlo simula-
tions (blue and red squares) fulfill the calculations of the
theoretical RIS model (black solid line). Moreover, ex-
cluded volume interactions reduce the number of folded
conformations, incrementing the characteristic ratio of
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both isotactic and syndiotactic polypropylene. Focusing
on the excluded volume effect, it is observed from the
results of that the characteristic ratio mainly depends on
the methyl group (greatest value of atomic radius 2.195

A).

VI. APPENDIX

A. Classification of interactions

In this section it is shown the output of the program
that classifies the sterical interactions between groups
given the type of bond A and bond B in the Fig.(4).
The Model molecules that have been used for reproduc-
ing the different interactions of bonds A and B have been
drawn in the same output.

Starting Configuration ---> tt rotational state

a) d-d
R HR
C-]-]-1-C -------> Polypropylene (tt rotational state)
HHH
CR tt dil CR tg+ dl CC tg- dl
CC tt d2 CC tg+ dl CR tg- d2
RR tt d3 R C tg+ d3 R C tg- d4
R R tg+ d4
CR g+t dl C R g+g+ dl C C g+g- dl
C C g+t d2 C C g+g+ dl CR g+g- d2
CR g+t d3 C C g+g+ d3 R C g+g- d3
R R g+t d4 R R g+g+ d3 C C g+g- d4
R C g+g+ d4
C R g+g+ d4
CR g-tdl CR g-g+dl CC g-g- dl
CC g-td2 CC g-g+rdl CR g-g- d2
CR g-t d4 CR g-g+d3 CC g-g- d3
CC g-g+ d4
b) 1-1
HHH
C-]-]-1-C -------> Polypropylene ( tt rotational state)
R HR
CR tt dl CC tg+ dl CC tg- dl
cC tt d2 CR tg+ d2 CR tg- dl
RR tt d3 R C tg+ d4 R C tg- d3
RR tg- d4
CR g+t dl C C g+g+ dl C C g+g- dl
C C g+t d2 C R g+g+ d2 CR g+g- dl
CR g+t d4 C C g+g+ d3 CR g+g- d3
C C g+g- d4
CR g-tdl CC g-g+ dl CcC g-g- dl
CcC g-td2 CR g-g+ d2 CR g-g- dl
CR g-td3 R C g-g+ d3 RR g-g- d3
RR g-t d4 CC g-g+ d4 cC g-g- d3
CR g-g- d4
RC g-g- d4

Barcelona, July 2018



Computational study of tacticity effect in PP structural properties using RIS model

Jordi Sans

c) d-1
RHH
C-|-|-]-C ----v-- > Polypropylene (tt rotational state)
HHR
CR tt dl CC tg+ dl CC tg- dl
CC tt d2 CR tg+ d2 CR tg- dl
RR tt d4 R C tg+ d3 RR tg- d3
R C tg- d4
CR g+t dl C C g+g+ dl C C g+g- dl
C C g+t d2 C R g+g+ d2 CR g+g- dl
R R g+t d3 C C g+g+ d3 CR g+g- d3
CR g+t d4 R C g+g+ d4 R C g+g- d3
R R g+g- d4
CC g+g- d4
CR g-tdl C g-g+ dl cC g-g- dl
CC g-td2 CR g-g+ d2 CR g-g- dl
CR g-td3 CC g-g+ d4 cC g-g- d3
CR g-g- d4
d) 1-d
HHR
C-]-]-]-C ------- > Polypropylene (tt rotational state)
RHH
CR tt dl CR tg+ dl CC tg- dl
cC tt d2 CC tg+ dl CR tg- d2
RR tt d4 R R tg+ d3 R C tg- d3
R C tg+ d4
CR g+t dl C R g+g+ dl CC g+g- dl
C C g+t d2 C C g+g+ dl CR g+g- d2
CR g+t d3 C C g+g+ d3 CC g+g- d4
C R g+g+ d4
CR g-tdl CR g-g+ dl cC g-g- dl
CC g-td2 CC g-g+ dl CR g-g- d2
RR g-t d3 R C g-g+ d3 cC g-g- d3
CR g-t d4 CR g-g+ d3 RC g-g- d4
CC g-g+ d4
R R g-g+ d4
e) -d
HRH
C-|-]-]-C ------- > Polypropylene (tt rotational state)
HHH
RC tt dl CC tg+dl CC tg-dl
cC tt d2 R C tg+ dl R C tg- d2
R C g+t dl C C g+g+ dl CC g+g- dl
C C g+t d2 R C g+g+ dl R C g+g- d2
C C g+g+ d3 CC g+g- d4
RC g-tdl CC g-g+dl cC g-g- dl
C g-t d2 R C g-g+dl RC g-g- d2
CC g-g+ d4 cC g-g- d3
f) -1
HHH
C-|-]-]-C ------- > Polypropylene (tt rotational state)
HRH
RC tt dl CC tg+dl CC tg-dl
cC tt d2 R C tg+ d2 R C tg- dl
R C g+t dl C C g+g+ dl C C g+g- dl
C C g+t d2 R C g+g+ d2 R C g+g- dl
C C g+g+ d3 CC g+g- d4
RC g-tdl CC g-g+dl cC g-g- dl
CC g-td2 R C g-g+ d2 RC g-g- dl
CC g-g+ d4 cC g-g- d3

FIG. 12: The title of each subsection is referred to the stereo-
chemistry of the model molecule. Following the title there is a
fischer representation of the model molecule in the trans trans
rotational state. Each matrix element contains the steric in-
teractions between groups, the rotational state and the dis-
tance between groups. Where R and C are describing the
methyl group and chain respectively.
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B. Calculation of parameters

This subsection shows the set of equations that have
been used for calculating the parameters of all the trans-
fer matrices. Model structure: 4(d)-methylheptane

E(n) = AEn (21)
E(r) = AE12 + E(n) (22)
E(OJ3CC) = AEBQ — E(T]) (23)

The interactions ws., and ws,,. does not exist in the rota-
tional states of this structure as can be seen in appendix
la).

Model structure: 4(1)-methylheptane

E(n) = AEy (24)
E(T) = AElg (25)
E(wsee) = AFs3 + E(n) (26)

The interactions ws., and w3, does not exist in the rota-
tional states of this structure as can be seen in appendix
la).

Model structure: 2(d),5(d)-dimethylheptane

The nearest neighbours parameters FE(n) E(r) are
obtained and averaged from the structures 4(d)-
methylheptane, 4(1)-methylheptane.

E(w3ee) = AFEa3 + E(n) (27)
E(wser) = ALy — E(1) + E(n) (28)
E((/Jgrr) = AEll — E(’I]) (29)

The interactions ws., and ws,, does not exist in the rota-
tional states of this structure as can be seen in appendix
la).

Model structure: 2(1),5(1)-dimethylheptane

The nearest neighbours parameters F(n) E(7) are
obtained and averaged from the structures 4(d)-
methylheptane, 4(1)-methylheptane.

E(wsee) = AE32 + E(n) (30)
E(wser) = AE3 — E(7) (31)
E(UJng) = AEll — E(T]) (32)

Model structure: 2(d),5(1)-dimethylheptane

The nearest neighbours parameters FE(n) E(r) are
obtained and averaged from the structures 4(d)-
methylheptane, 4(1)-methylheptane.

E(CL)gCC) = AE23 — E(T) (33)
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E(UJ3CT) = AEQl — E(T]) (34)

E(wsr) = AE3s — E(n) — E(7) (35)
Model structure: 2(1),5(d)-dimethylheptane

The nearest neighbours parameters F(n) E(7) are
obtained and averaged from the structures 4(d)-
methylheptane, 4(1)-methylheptane.

E(W3cc) = AE23 — E(T) (36)
E(W3CT) = AEgl — E(T}) (37)
E(wsrr) = AEy — E(n) — E(7) (38)
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