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Density functional theory based study of the heat of polymerization of olefins
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Density functional theory (DFT) at the B3LYP/6-31G level was used to compute the heat of polymerization of six
olefins, namely, polypropylene (PP), 1,2-polybutadiene (1,2-LPB), poly-2-chloro-butadiene (CR), polyisoprene (IR),
poly(isoprene-3,4) and poly(isoprene-1,2), by taking into account the previously determined system error. By comparing
the calculated results to experimental data available in the literature for the first four polymers, the relative errors were
found to be 0%, 1.66%, 2.04% and 1.20%, respectively, demonstrating that the method employed is able to calculate the
heat of polymerization of olefins with reasonable accuracy and reliability. Based on the findings, the heats of
polymerization for the other two polymers poly(isoprene-3,4) and poly(isoprene-1,2) were predicted to be -44.71 kJ-mol

Land -50.67 kJ-mol%, respectively.
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INTRODUCTION

Heat of a polymerization reaction represents the
enthalpy change during the formation of the polymer
from its monomer.

Such thermodynamic data are a fundamental
property in chemistry, e.g., allowing feasibility
studies of polymerization reactions before
performing an experiment and also optimization of
the polymerization processes in terms of heat
transfer and other operational parameters [1].
Therefore, there has been continuous effort in
determining, either experimentally or theoretically,
the heat of polymerization for different
polymerization reactions. Experimentally, it can be
measured with a range of methods through, e.g.,
direct reaction calorimetry, combustion method, and
thermodynamic  equilibrium  techniques [2].
Although there has been increasing number of
reports about experimental data, there are still
numerous substances for which no thermodynamic
data are available, and one of the key causes is
associated with the complexity of experimental
setups required to obtain thermodynamic data [3]. In
that respect, theoretical and computational
approaches provide valuable tools as complementary
or alternative methods. For example, the density
functional theory (DFT), associated with Gaussian
software package, has proven to be an effective
approach to compute and estimate thermodynamic
characteristics of a wide range of reactions [4-9],
including polymerizations [10-19].

To predict the heats of formation, Keshavarz et al.
used recently developed density functionals such as
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®B97X-D and M06-2X in comparison with B3LYP
for estimating the gas phase heats of formation,
4:H°(g), and the condensed phase heat of formation,
4:H°(c) of polycyclic saturated hydrocarbons [20].
Chi et al. studied the heats of formation, specific
enthalpies of combustion, detonation performances,
and electronic structure at B3LYP/6-311 G** level
for a series of polydinitroaminocubanes [21]. Based
on the computations for a series of
polyisocyanoadamantanes also at the DFT-B3LYP
level, Zhao et al. estimated the heats of formation
and strengths of group interactions for 19
polyisocyanoadamantanes [22]. Lee et al. used DFT
to calculate the thermodynamic properties of
polychlorinated  dibenzo-p-dioxins and  also
investigated the intramolecular CI-Cl repulsion
effects and their thermochemical implications [23].
In our previous work, we computed the heat of
polymerization of polyethylene with DFT at the
B3LYP/6-31G level and, by comparing to the
experimental results, estimated the system error
which was further taken into account for the
calculation of the heat of polymerization of 1,3-
polybutadiene [24]. Based on that, the aim of the
present studies was to further study the heats of
polymerization of a series of polyolefins in order to
develop a reliable and efficient method for the
calculation of heats of polymerization for other
polymers of interest. The heats of polymerization of
four polyolefins were computed and compared with
published experimental data. The heats of
polymerization of further two polyolefins were then
predicted with the method validated.
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COMPUTATIONAL DETAILS

The computations were performed using DFT at
the B3LYP/6-31G level with a Gaussian 3 program
package [25]. The geometry of each molecule was
optimized first, and the standard enthalpies of
formation of all molecules were calculated in order
to obtain the heat of polymerization. The chemical
reactions of the polymerization of olefins are
generally represented by equations (1) and (2).
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Six polymers were examined and the

corresponding side chains or groups are presented in
Table 1.

The heat of polymerization of olefins is expressed
as
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n n
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RESULTS AND DISCUSSION

With the Gaussian 03 program the H values of PP,
1,2-LPB, CR, IR, poly(isoprene-1,2) and
poly(isoprene-3,4) with different degree of
polymerization were calculated. a, (in hartree)
represents the mean of H with a degree of
polymerization n. The values of a, for different
olefins polymerization are summarized in Table 2.

Further analysis on data shown in Table 2
revealed that for each polymer a can be represented
by

n-1
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whenn > 1, (4)

where aq is the enthalpy of monomer, and b is a

constant (in hartree). The best fitting values of b for
each polymer are summarized in Table 3.

It can be seen from Table 3 that for PP the value
of by has insignificant variation when n varies from
1 to 14, thus their mean value may be used. That also
applies to the other five polymers. It indicates that n
is negligible for computing their heats of
polymerization if nis low (n < 22). When n increases
(n >>22) the heat of polymerization can be
determined to be the convergence value of
an( N — oo)taking into account the system error of
SE = -0.0004 hartree which was obtained for
computing the heat of polymerization of ethylene
using the same method [24].

Thus,
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By inserting data from Tables 2 & 3 into equation
(5), heats of polymerization for the six polymers
were calculated. The results are summarized in Table
4. For comparison, experimental data for the first
four polymers, obtained from the literature, are also
shown.

By comparing the calculated results and
experimental data available for the four polymers,
absolute errors were found to be 0.00 kJ-mol-?%, 1.44
kJ-mol~, 1.62 kJ-mol*and 0.87 kJ-mol, and relative
errors - 0%, 2.10%, 2.04%, and 1.20%, respectively.
It was demonstrated that the use of the DFT
B3LYP/6-31G method can provide good agreement
between computed and experimental results with a
low computational cost, which can be further applied
for more complex molecular systems. Based on that,
it was employed to predict the heats of
polymerization  for  other two  polymers
poly(isoprene-3,4) and poly(isoprene-1,2) which
were found to be -44.71 kJ-mol* and -50.67kJ-mol-
! respectively. The prediction may be compared and
validated by further experimental work.

Table 1. Six polymers with various side chain groups (R1, Rz and R3).

Polymer R1 R2 Rs3
Polypropylene (PP) CHs H
1,2-polybutadiene (1,2-LPB) CH=CHz H
Poly-2-chloro-butadiene (CR) Cl
Polyisoprene (IR) CHs
Poly(isoprene-3,4) CH2=C-CHs H
Poly(isoprene-1,2) CH=CHz CHs
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Table 2. Values of a with different degree of polymerization

PP 1,2-LPB CR IR 3,4-polyisoprene 1,2-polyisoprene

a -117.794734 -155.866934 -615.452433 -195.145478 -195.145478 -195.145478
a -119.006746 -157.071514 -616.662688 -196.353608 -196.34544 -196.347412
a -236.830172 -312.960675 -1232.185366 -391.522469 -391.508378 -391.512622
a3 -354.653582 -468.849173 -1847.666046 -586.691365 -586.671314 -586.677827
VA -472.476986 -624.737217 -2463.145597 -781.860233 -781.834251 -781.843037
as -590.300398 -780.625639 -3078.623159 -977.029127 -976.997186 -977.008238
as -708.123816 -936.514442 -3694.101793  -1172.198001 -1172.160122 -1172.173446
az -825.947223 -1092.402896  -4309.624445  -1367.366872 -1367.323056 -1367.338652
as -943.776214 -1248.291347  -4925.147118  -1562.535728 — -1562.503856
as  -1061.594052  -1404.179761  -5540.669762 — — -1757.669061

a0 -1179.417458  -1560.068178  -6156.192427 — — —

an  -1297.24087 -1715.956593  -6771.715036 — — —

a2 -1415.064287  -1871.845091 — — — —

ais  -1532.887702 — — — — —

ais  -1650.711114 — — — — —

ais  -1768.534528 — — — — —

Note: The heat of formation of hydrogen a;=-1.162033 hartree.
Table 3. Best fitting of b values for different olefins
PP 1,2-LPB CR IR 3,4-polyisoprene 1,2-polyisoprene

b1 0.021287 0.020320 0.022023 0.022714 0.020469 0.020169
b2 0.021303 0.020983 0.022021 0.022679 0.020471 0.020174
bs 0.021309 0.021437 0.022026 0.022707 0.020470 0.020169
b4 0.021300 0.021058 0.022019 0.022681 0.020472 0.020178
bs 0.021295 0.020678 0.022017 0.022701 0.020471 0.020171
be 0.021306 0.021028 0.021997 0.022704 0.020473 0.020173
b7 0.021300 0.021030 0.022018 0.022719 — 0.020175
bs 0.021297 0.021066 0.021989 — — 0.020174
be 0.021307 0.021064 0.02201 — — —

b1o 0.021301 0.021066 0.021954 — — —

b1 0.021295 0.020983 — — — —

b12 0.021298 — — — — —

b1s 0.021301 — — — — —

b1a 0.021299 — — — — —

AV 0.021300 0.020974 0.022007 0.022701 0.020471 0.020172

Table 4. Comparison of calculated results with experimental data of heats of polymerization

Calculated results

Polymer Experimental data / k-mol! Relative error / %
hartree kJ-mol?
PP -0.032679 -85.80 -85.80 [26] 0
1,2-LPB -0.025686 -67.44 -68.58 [27] 2.10
CR -0.029606 -77.73 -79.35 [27] 2.04
IR -0.026397 -71.93 -72.80 [26] 1.20
poly(isoprene-3,4) -0.016029 -44.71
poly(isoprene-1,2) -0.018301 -50.67

NB. 1 hartree = 2625.5 kJ-mol [28]
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There is generally a range of factors which can
have effects on the accuracy of the results obtained
by this method, such as polarity of side chain groups,
where more accurate results may be computed for
determining the heat of polymerization of polymers
with straight chains or small groups. Approximation
is also necessary with DFT and algorithm (e.g.,
numerical limit analysis) in most cases. In addition,
the effect of reaction conditions such as temperature,
pressure and solvation can cause variation in the heat
of polymerization [29] which, in turn, can result in
further discrepancy between computational and
experimental data.

CONCLUSIONS

In the present study, the heat of polymerization of
six olefins was calculated using the DFT B3LYP/6-
31G method by taking into account the previously
estimated system error. The calculated heats of
polymerization for four polymers, namely,
polypropylene, 1,2-polybutadiene, poly-2-chloro-
butadiene and polyisoprene, were compared with
experimental results available in the literature,
showing relative errors of 0%, 2.10%, 2.04% and
1.20%, respectively. Based on the results presented,
it can be verified that the method employed was able
to calculate heat of polymerization of olefins with
reasonable accuracy and reliability. That method was
further used to predict the heats of polymerization
for the other two polymers poly(isoprene-3,4) and
poly(isoprene-1,2) to be -44.71 kJ-mol™* and -50.67
kJ-mol, respectively.
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N3CJIEIBAHE HA TOIUVIMHATA HA ITOJIMMEPU3ALIMA HA OJIEOUHU C IIOMOUITA
HA TEOPUATA HA TINITBTHOCTHHU A ®YHKIIMOHAJI (DFT)

Kyn-Xenr Xanr?, Jlxun-Jleit JIro 1,deii Sur?, Cu-Tlenr Xao !, Konr-IO Ke!, Cunr ITan?,
Kcyn-Jlu XKanr 2*

! Koneoic no xumus u xumuuno unsicenepcmeo, Yuueepcumem Kcuan u Lo, Kcuan, Kumaii
2 lenapmamenm no gpapmayus, Yuunuwe no meduyuna, Ynusepcumem Kcuan [Jocuaomonz, Kcuan, Kumaii

Ioctenmna Ha 15 despyapu, 2016 r.; kopurupana Ha 3 rouu, 2016 T.
(Pestome)

W3znomsBana e Teopusrta Ha urbTHOCTHUS QyHKIMoHaN (DFT) Ha nuBo B3LYP/6-31G 3a na ce n34ucnu ToruimHaTta
Ha MoJMMepu3anus Ha miecT oneduHa, a MeHHo: nonunponwieH (PP), 1,2-momuGyranuen (1,2-LPB), monu-2-xmopo-
oyranueH (CR), monu-uzonped (IR), nomu(usonpen-3,4) u nonu(u3onpeH-1,2), OTYMTaRKH NPEABAPUTEIHO HATPYyMAHATA
rpemka. [Ipu cpaBHEHMETO Ha M3UUCIIEHUTE PE3yNTaTH C JAOCTBIIHUTE €KCHEPUMEHTAJIHU JaHHU 3a IBbPBUTE YETHPU
MoJIMMepa ce OKa3Ba, 4e OTHOCUTENHATA rpemika € cboTBeTHO 0%, 1.66%, 2.04% u 1.20%, koeTo mokasBa ue METOIAbT
MI03BOJISIBA W3YMCIIIBAHETO Ha TOIUIMHATA HA MOJMMEpU3alysi Ha oe(MHU C pa3yMHa TOYHOCT M HajiexHocT. Ha Tasn
OCHOBa TOIUIMHMTE HA MOJMMEpHU3alus 3a OCTaHAIUTE JBa IMoJjMMepa nonu(uzonpes-3,4) u monum(usomnpeH-1,2) ca
onpeenenn choTBeTHO Ha -44.71 kJ-mol™t u -50.67 kJ-mol.
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