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The glass transition temperature investigation of polymers
by molecular dynamic simulations

In this paper, the process of glass transition is studied, the theory of which is not fully developed. Co
modeling can be used to understand the theory of this phenomenon. The glass transition temperature is
enced by a large number of polymer parameters: cooling rate, pressure, presence of diluent,pstr
tures, etc. We are considering a number of different polymers to test the ability of the pff+ ce
determine the glass transition temperature. The effect of tactility, composition, pressure an p

diluent on the glass transition temperature of polymers will be shown using molecular N

pcff+ force-field modeling. The effect of tact was studied using the use of atactic, isotéctic diotactic
poly(methyl methacrylate) and atactic, isotactic and syndiotactic polypropylen MPS code
integrated into the MedeA computing environment was used to simulate the molectlar dyn of polymers.
The calculation of the glass transition temperature at different cooling rates i | ated to the balanced
initial systems. Due to the inability of current atomistic simulations to achiev iréd cooling rates, as in

w that the pcf+ force field
rature for different types

experiments, the gap was not sharp and quite obvious. The data obtai
describes tactics quite effectively and gives differences in the glass transi
of tact. For polymers diluted with COz2, the glass transition temp€ratu ses almost linearly, which is in
good agreement with the experiment. As expected, the pressure IRgkeases the glass transition temperature.
However, at high pressure, the slope fracture disappears, al d ination of Tg becomes extremely
difficult. The simulated annealing process will be app et ofPelymers to obtain graphs of the specific
erature.

pcff+, molecular dynamics simulations.

ntroduction

of the most important parameters in amorphous polymer
s essential in the selection of materials for various applications.
perature define elastomers, and polymers with T4 above room

The glass transition temperature
manufacturing [1]. Moreover, thig,par
In general, polymers with T bel 0

temperature define rigid, struc ers [2].

Unfortunately, the glas sition phenomenon is not completely understood [3]. There is no theory
which can fully explaig obSer avior of polymers [4]. The computer simulations could help to show the
link between the bul ies-and intermolecular forces [5] and bring us closer to understanding this phe-
nomenon.

It is wi thab T is affected by a wide range of polymer parameters. External variables include
cooling rate ssurempresence of diluent; structural features include molecular weight, composition, crystal-
linity, cop ion, branching, cross-linking, stiffness, geometric factors etc.

work we investigate a set of different polymers in order to test the ability of pcff+ force-
field for the glass transition temperature determination. The tacticity effect was investigated using atactic,
isotactic and syndiotactic poly(methyl methacrylate) (a-PMMA, i-PMMA and s-PMMA) and atactic, isotac-
tic and syndiotactic polypropylene (a-PP, i-PP and s-PP). The pressure was applied for two polymer sys-
tems: polyvinyl chloride (PVVC) and polystyrene (PS). In order to get the composition effect on T4 polyam-
ide 6 and polyamide 66 (PA6 and PA66), poly(methyl methacrylate), poly(methyl acrylate) and poly(ethyl
methacrylate) (PMMA, PMA and PEMA), poly(p-phenylene ox-ide) and polyethylene terephthalate (PPO
and PET) have been investigated. The last one is the CO; effect on PPO’s glass transition temperature.

Methods and materials

The LAMMPS code [6] integrated into MedeA computational environment [7] was used to simulate
molecular dynamics of polymers. The major advantage of this software is the time spent for the calculation.
At first a single repeat unit was built and relaxed. In order to construct polymer chain and amorphous cell the
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Polymer Builder and Amorphous Materials Builder of MedeA environment respectively were used. Each
polymer chain in this study was possessed by 100 repeat units. The head-tail orientation was used. The
amorphous cell was represented by one polymer chain at 298.2 K. In Figure 1 a single repeat unit, polymer
chain and amorphous cell of PPO as example are presented. For all simulations the pcff+ force-field was
used, which is based on the pcff+ force-field [8]. The pcff+ force-field was constructed to work with wide
range of polymers [5]. Ten randomly built amorphous cells were used to represent the phase space for each
polymer.

The MD simulations were carried out firstly in the NVT ensemble at initial T=298 K and final T=300 K
with a t=1 fs integration time step and in the Berendsen [9] thermostat. A relaxation annealing was carried
out in the following way: the system was firstly heated to high temperature and then slowly cooled down.
This process has been carried out using NPT ensemble with t=1 fs integration time step. Also, the Berendsen
thermostat and barostat were considered to keep the system at prescribed temperatures and pressures. The
non-bonded interactions have been computed using Ewald summation method [10] and nohbond cut-off
equal to 9.5 Angstrom. The simulated dilatometry [11] was used with the heating rate equakto 3x10*% K/min,
i.e., the system was firstly heated up by 50 K step with 100 ps duration time; and wigh the co rate equal
to 7.5 102 K/min, i.e., the system was cooled down then by 25 K step with 200 ps duat ime) For each
temperature the specific volume i.e., the inverse density, was reported. Then, av; m/er all configura-
tions was performed. The linear averaging was applied for beginning and %obtained sequence
(without the central part) and the break of the slope yielded the Ty The lindak fitti as performed using
analysis of coefficient of determination (lines with minimum coefficient@Q ). To compare the results

for various polymers we used the same procedure for T extraction for al

.-)i Repeat unit
Do SRR
MedeA Polymer Builder
J T 3

% STh S
materials I TRARIOT A
Builder l

cell

] 10 cells
Simulated

5 annealing i 'N‘RJ ti

s Wand Niedak minimization

g nginthe LAMMPS

’ T ensemble

s of amorphous cell construction and T4 determination used in the present study.

’ Results and discussion

Tacticity effect

In the present work, three types of PMMA tacticities were considered: isotactic (i-PMMA), atactic (a-
PMMA) and syndiotactic (s-PMMA). Results are presented in Figure 2. The specific volume versus tempera-
ture of PP in atactic, isotactic and syndiotacticities have been calculated as well. Results are presented in the
Figure 2. The glass transition temperatures of all tacticities were obtained close to each other and a little bit
higher than experimental temperatures extracted numbers are listed in Table 1. Pcff+ force-field describes
tacticity quite well. However, Tq values determined for PMMA and PP are higher than the experimental val-
ues by 20-35% and 1-3%, respectively. That can be explained by the fact that LAMMPS program uses clas-
sical principles to simulate molecular dynamics. For some polymers this is important (as for PMMA), but for
some it is not (as for PP).
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Table 1

Experimental [12-14] and calculated using pcff+ force-field glass transition temperatures in Kelvin for atactic (a-
PP), isotactic (i-PP) and syndiotactic (s-PP) polypropylene as well as isotactic, atactic and syndiotactic
poly(methyl methacrylate) (i-PMMA, a-PMMA, s-PMMA).

Calc, K Exp, K
a-PP 275 260-266
i-PP 280 265-272
s-PP 275 266-268
L 2
i-PMMA 527 388 \\
a-PMMA 470 378 %
s-PMMA 503 323
1,1 ’
! _9::;‘
. PMMA '.,:;:‘
- & sofachic .., &
;’ 4 syndiotactic 00.75“
%_ 00 x atactic .,-..:;‘-‘
:f ..0"......_‘“;;"
Temperature, K .
Figureg2. Calc d specific volume vs. temperature of PMMA in different tacticities
Compo ct
The th ic expansion coefficient indicates how the polymers volume will evolve when fac-

perature. For this study, coefficients were calculated for both glassy and liquid states of
rs using obtained specific volume versus temperature graphs and following formula:
a=t(L) -1

Vip\ 0T Jp p’
where Vg, is a specific volume at given temperature, is a density of a polymer at a given temperature.

Simulated thermal expansion coefficients are reported versus experimental expansion coefficients for all
considered polymers in Figure 3. Generally, the experimental coefficient of thermal expansion should be
higher. One may notice that for PP there is better agreement than for the rest of the polymers. This can be
explained by the fact that the PP has a simpler structure and, therefore, the calculations for it are more accu-
rate.

Simulated T are reported versus experimental values for all considered polymers in Figure 4. It should be
noted that P\VC and PP have the best accordance with experimental values; PS, PPO and PMA have moder-
ate agreement, and PET, PA6 and PA66 have the worse agreement. PVC and PP have the simplest and simi-
lar structure. PS and PPO have benzene ring and structure that is more complex. PET and both polyamides,
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have the most complex structure and long repeat units. Talking about polyamides in should be mentioned
that PEMA has the biggest Ty among considered polyacrylates due to the longest sidechain. On the contrary,
PMA has the smallest Tg. The PMMA polymer has the middle Ty The big discrepancy from experimental
value for the PEMA could be due to complex structure in comparison with PMMA and PMA.
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Figure 3. The simulated thermal expansion coefficients for liquid t 3QOK versus experimental data from Ref. [15].
The experimental equivalénce dine is displayed.
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Figure 4. The simulated glass transition temperature versus experimental data from Ref. [15]. The experimental equiva-
lence (dashed) line is also displayed.

Pressure effect

To investigate the pressure effect on T the calculations for PVC, PPO and PS were performed under 0,
60 and 100 MPa. Specific volume versus temperature graph for PVS is presented in Figure 5. Experimental
values have been taken from [16, 17].

When the pressure goes up it becomes very difficult to determine Ty With the high pressure, the curve
corresponding to glassy state and experimental curve in the glassy state become closer. Extracted Ty at each
pressure are presented in the Table 2 and linear relationship between experimental and simulated T, can be
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identified. It could be assumed, that adding more configurations could improve the representation of curves
and make determination of T4 more accurate.

Calculations under pressure were done for PS and PVC as well. Extracted values are collected in Table 2.
As shown in the table the difference of T4 between 0-60 MPa and 60-100 MPa for both polymers are good
predicted despite the low molecular dynamic duration time during calculations.
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Figure 5. Calculated specific volume vs. temperature for PVC at the ifidic

Experimental data fr
Table 2
Experimental [16, 17] and calculated using pcff+4#@rcefield@glasS'transition temperatures in Kelvin for atactic
rin

essures. Solid lines are linear fitting.

PVC, PPO and ted pressures.

0 MPa | 60 MPa | 100 MPa
PVC 345 360 370
47 368 377
525 550 570
Exp. 475 505 525
Calc. | 370 395 415
Exp. 420 440 460

rs, the carbon dioxide (CO,) can significantly change the mobility of the polymer melt
and cause a n of T4 by tens of degrees [18, 19]. In the present study CO, molecules were added into
the Poly (2, 6-dimethyl-1, 4-phenylene oxide) (PPO) in different concentration.

Considering the fact that molecular weight of PPO with degree of polymerization of 100 equal to
1916.7 g/mole, the concentration of CO, was evaluated using formula:

N+M(CO,)
M(PPO) '’

where N is number of CO, molecules in the amorphous cell of polymer, M(CO>) is molecular weight of
CO,, M(PPO) is molecular weight of PPO.

In Figure 6 the glass transition temperature has been plotted versus concentration of carbon dioxide. We
can conclude that the glass transition temperature almost linearly decreases with the amount of carbon diox-
ide. From the qualitative point of view obtained results agree well with experimental data taken from
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Ref. [20], from the qualitative point of view there is upward shift of calculated curve for around 80 K,
which could be understood in terms of fast cooling during MD simulations.

0 MPa | 60 MPa | 100 MPa

Calc.| 345 360 370
PVC

Exp.| 347 368 377

Calc.| 525 550 570
PPO

Exp.| 475 505 525

Calc.| 370 395 415

PS
Exp.| 420 440 460
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Figure 6. The calculated and experimental [2 as§jtransition temperature of PPO with CO; at various concentration

Conclusion

The computation of Ty at dim ng rates must be intimately associated with equilibrated initial
systems. The break was not s ndstifficiently obvious because of inability of present atomistic simula-
tions achieve necessary cogli e§)as in the experiments.

According to the e can conclude that the pcff+ force-field describes tacticity quite effec-
lass transition temperature for different types of tacticities.
s also successfully applied for polymers diluted by CO.. In this case, adding
er system decreases the glass transition temperature almost linearly and this be-
experiment. As was expected we have shown that the pressure increases T4. How-
sure is high the break of the slope vanishes and determination of T4 becomes extremely
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IT. Cannaxmeros, U. ITus I'. baiiman, O. Henonexun, /I. Taropckuii
MouexyJjaJ aMMKAJIBIK MOJeJIbJey diciMeH
NoJIMMepJIepdi HBLJIAHY TEMIIEPATYPACBHIH 3epTTey

Makanazia ImsIHBUIAY, IT 1 3@pTTenTeH, cebedi OHBIH TEOPHACH TOJBIK JaMmbiMaraH. bepinren kKyOpuibIC-
OMITBIOTEPIIIK MOJENbey i Koinanyra Oonaznpl. LIIbHBI TeMneparypacbiHa

MOJMMEPIIEePIiH apameTpJiepi ocep eTeli: CANKbIHAATY JKbIIIAMIIBIFBI, KBICHIM, EPITKIIITIH OOIYHI,

SpPTYpITi HONUMeEpIIepAl KapacTeipambI3. [loauMmepiepiH MIBIHBUIAaHY TeMIlepaTypa-
aMBbl, KBICBIMBI XOHE EpITKIIITiH OOMyBIHBIH dcepi MOJEKynanslK JuHamuka (MD)
-fleld OpICiHIH MojenbIeyIepi apKbUIbI KOPCeTINreH. TaKTHKAIbIK ocepi aTaKTHKAJbIK,
QIBIK JKOHE CHHIMOTAKTHKANBIK ITOMHi(METHIMETaKpHUIAT), COHBIMEH KaTap AaTaKTHKAaJbIK,
G@ITBIK JKOHE CHHIMOTAKTHKANIBIK IOJUIPONMICHl KOJIAaHy apKeUIsl 3eprrensi. [lommmepaepain

KOJIIQHBUIbI. OPTYPJIi CANKbIHAATY JKbUIAAM/IBIFBIHAAFBI IIBIHBIHBIH TEMIIEPATypachlH ecenTey TeHASCTIpii-
reH OacTarKpl JKyHelepMeH THIFbI3 OalIaHBICTBI. AFBIMIAFBI aTOMJIBIK MOJIENBACYNIEPIiH KCIEPUMEHTTEp-
Jerinei KaXeTTi CaJKbIHIATY KbUIIAaMIbIFbIHA KOJI JKeTKi3yre Kabinerci3airine OaiaHbICTBI y3iJIic JKeTKi-
JIKTI TYpZE OTKip HeMece alKbIH OonmMajpl. ANbIHFaH nepekTep peff+ Kymn epici TaKTHKaHBI KETKUIIKTI TH-
IMJIi CHTIATTAHTHIHBIH JKOHE TaKTUKAHBIH OPTYPJIi TYPJIepi YIIiH IIBIHEI aybICy TEMIEpaTypachIHbIH aiibipMa-
IIBUIBIFBIH OepeTiniH kepcereni. CO2 cyHBUITBUFAH HOJMMEpIIep YIIiH IIBHEI aybICy TEMIIepaTypackl AEPIiK
CBI3BIKTHI TYPJE TOMEHACH I, Oy ToKiprHOeMeH KaKchl colikec keneni. KyTinreHnei, KbICBIM HIBIHEI aybICy
TeMIepaTypachiH apTThipabl. bipak orapsl KbICHIMIA KOI0ey KHUCalobl )KOWBUIBIM, Tg aHBIKTay ©Te¢ KUBIHFA
coranpl. Temmeparypara Kapchbl HaKThl KOJEMHIH CbhI30aapblH aly jKoHE IIBIHBI aybICy TeMIepaTypachlH
aHBIKTAy YILIiH HOJMMEpIIep KUBIHTHIFbIHA IMUTALMSUIIBIK JKAChITY TPOLECi KONAaHbUIa b

Kinm coe30ep: cankplHAATY *KbUIIAMIBIFBI, KbICHIM, LIBIHBI TeMIlepaTypachl, pcff+, MonekynanbiK JuHaMHKa-
JIBIK MOJIETIBIIEY .

Cepus «dunsukay. Ne 4(112)/2023 63


http://www.materialsdesign/
https://doi.org/10.1021/j100016a022
https://doi.org/10.1063/1.448118
https://doi.org/10.1016/0040-6031(93)80219-Z
https://doi.org/10.1002/polb.1994.090321512
https://doi.org/10.1016/S0378-3812(01)00687-2

P. Saidakhmetov, I. Piyanzina et al.

64

1. Canpgaxmeros, W. I1usn3una, I'. baiiman, O. Hegonekun, /1. Taropckuit

HccnenoBanue TeMnepaTypsbl CTEKJI0BAHUS MOJIMMEPOB METOI0M
MOJIEKYJISIPHO-TUHAMHYECKOTr0 MO/IeJTUPOBAHUSA

B crarbe H3y4eH MpoLEeCcC CTEKIOBaHMUS, TEOPHs KOTOPOW He paspaboTaHa MOIHOCTHIO. KoMmbroTepHOE MO-
JETMPOBaHUEe MOYKHO HCIOJIb30BaTh Ul TIOHUMAHHS TEOPHU JaHHOTO sBieHus. Ha temmeparypy crekioBa-
HUSI OKa3bIBACT BIMSHHE GONIBLIOE KONMYECTBO IMApaMETPOB MONHMEPOB: CKOPOCTH OXJIAKICHHUS, IaBICHHE,
HPUCYTCTBHE pa30aBUTEIsI, CTPYKTYPHbIE OCOOCHHOCTH M T.A. MBI paccMaTpHBaeM Psii Pa3IMYHbIX HOIHMeE-
POB I IPOBEPKHU CIIOCOOHOCTH cuitoBoro mois peff+ mo ompenenennio temmeparyps! creknoBaHus. Birus-
HHE TaKTHJIBHOCTH, COCTaBa, JABJICHHS U MPUCYTCTBHS pa30aBUTENsI HA TEMIICPATYpPy CTCKIOBAHHUS MOJUME-
poB OyZeT Moka3aHO ¢ HOMOIIBI0 MOJCITUPOBAaHUS MONeKy IsspHO#t nuHamuku (MD) u pcff+ force-field. Dd¢-
(eKT TaKTHYHOCTH OBUT H3YYEH C MTOMOIBIO IIPUMEHEHHUSI aTAKTHYECKOT0, H30TAKTHYECKOTO U CHHIHOTAKTH-
YECKOT0 MOJH(METHIMETaKpPHIIaTa) U aTaKTHYECKOT0, H30TAKTHYECKOTO M CHHIMOTAKTHIECCKOTO HOIUIPOTIH-

POBaHHEII B BBIYMCINTENbHYIO cpeny MedeA. Pacuer TemmepaTyphl CTEKIOBAHHS TIPU PA3IHIHEL
OXJIO)K/IEHUS TECHO CBSA3aH C YPaBHOBELIEHHBIMH MCXOMHBIMH CUCcTeMamu. M3-3a Hecrioco@yoc
ATOMUCTHYECKUX CHMYJIALMHA TOCTHYh HEOOXOAMUMBIX CKOPOCTEH OXNaKHEHMs, KaK B SKCIIEPKM
PBIB HE OBIT PE3KUM U AOCTAaTOYHO OYEBUAHBIM. [loydeHHbIC JTaHHBIE TOKA3BIBAIOT, YTO GHIIOB
JOCTATOYHO 3((EKTHBHO OIMCHIBACT TAKTHKY U JIa€T Pa3iIM4Ms B TEMIIEPAType CTEKIOBaH HBIX TH-
HOB TaKTHYHOCTH. [[y1s1 monmMepoB, pa3baeneHHbIx CO2, TeMneparypa CTCKJIOBAaHHSP CHPPKACTOs OUTH JIH-
HEHHO, 4TO XOPOLIO coriacyercs ¢ 3kcrnepumMeHToM. Kak u oxxuaanocs, gaBieHue TeMIIepaTypy
crexnoBaHus. OJHAKO IPU BBHICOKOM JIaBJICHMU M3JIOM HAaKJIOHA HCYE3aerT, Hue Tg cTaHOBUTCS
KpaiiHe 3aTpyJHUTENbHBIM. VIMUTHPOBaHHBIN IIpoLecc OTXKUTA OyAET IPHM( A00py TOJIIMMEPOB, YTO-
ObI MOTYIUTH TPA(UKH 3aBUCUMOCTH YASIBHOTO 00beMa OT TEMIIEpaTyp Th TEMIIEPATYpPy CTEK-
JIOBaHUSL.
L 4

Kniouesvie cnosa: cKOpOCTh OXJIAXKICHUS, NABICHHE, TEMIIEpa c BaHus, PCff+, MonexymspHo-
JTMHAMUYECKOE MOJIETUPOBAHHUE.
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