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1. Average radius of gyration of studied polyimides. 

 

Figure S1. Radius of gyration of polymer chains of different polyimides: a) BPDA-P3, 
b) R-BAPB, and c) ULTEMTM as a function of time when partial charges were calculated 
using the AM1-BCC and HF/6-31G* (RESP) partial charge calculation methods. The 
dashed horizontal lines correspond to the radius of gyration predicted analytically for the 
free joint model. 
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2. Mean squared displacement of the center of mass of the studied polyimides. 

 

Figure S2. Mean squared displacement of the center-of-mass of the polyimide chain of 
BPDA-P3, R-BAPB, and ULTEMTM when partial charges were calculated using the 
partial charge calculation methods (a, c) AM1-BCC and (b, d) HF/6-31G* (RESP). The 
temperature is (a, b) 700 K and (c, d) 800 K. The dashed lines indicate that the mean 
square displacement is equal to the square of the average radius of gyration of the 
considered PIs.   
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3. Temperature dependence of the nematic order parameter of the studied 
polyimides. The deformed samples.  

 

 

Figure S3. Time dependence of the nematic order parameter SN for (a) BPDA-P3, 

(b) R-BAPB, and (c) ULTEMTM polyimides. The change in the time dependence of the 

nematic order parameter during deformation is shown by the black curve, and the change 

in the time dependence of the nematic order parameter during the additional simulation 

after deformation is shown by the red curve. The temperature is 600 K.  
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4. Procedure for changing the polyimide models based on the Gromos53a5 force 
field on models based on the GAFF force field. 

In the beginning, the parameters describing the intramolecular and intermolecular 

interactions of the samples in the polyimide model based on the Gromos53a5 force field 

were changed to the functions and parameter values used in the GAFF force field, saving 

all the coordinates of the atoms. Then, a minimum energy search was carried out using 

the steepest descent algorithm for 50000 simulation steps until the maximum force Fmax 

was less than 10 kJ/(mol·nm).  

Subsequently, we ran two rather short simulations (during 1 ns): (i) in the NVT 

ensemble with a simulation step equal to 1 fs and (ii) in the NPT ensemble with the same 

parameters. For the relaxation of the samples in the NVT and NPT ensembles, the 

Berendsen thermostat and barostat were used with time relaxation constants equal to 0.1 

and 1 ps, respectively. After, the simulation step was doubled from 1 to 2 fs and a 

simulation of 1 ns was performed. The force field change procedure was repeated for the 

two PIs BPDA-P3 and R-BAPB.  
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5. Temperature dependence of density of the studied polyimides. Calculation of 
glass transition temperature and coefficient of thermal expansion.  

 

To determine the glass transition temperature, the density-temperature relationship 

for the three PIs was analyzed. Calculations were performed for the samples for which 

electrostatic interactions were parameterized using the AM1-BCC and HF/6-31G* 

(RESP) methods. The temperature dependence of the density has two parts that are close 

to linear dependence in the high- and low-temperature domains. The glass transition 

temperature was calculated as the temperature corresponding to the intersection of the 

fitting functions of these parts (Figure S4).  

 

  

Figure S4. Mass density of the BPDA-P3, R-BAPB, and ULTEMTM polyimides as a 
function of temperature for the samples when the partial charges were calculated using 
the (a) AM1-BCC and (b) HF/6-31G* (RESP) methods. The glass transition temperature 
was computed using two temperature intervals: T = 300 K to T = 400 K and T = 700 K to 
T = 790 K.   

 

Although there was a significant difference in the cooling rate between the 

experimental and computer simulation procedures, it was possible to qualitatively predict 

the experimental ratio between the Tg values of the PIs in Table S1 through the simulation. 

 

Table S1. The glass transition temperatures (Tg) of the studied PIs when electrostatic 

interactions were parameterized using two different partial charge calculation methods, 
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AM1-BCC and HF/6-31G* (RESP), as well as the experimentally measured Tg values. 

The standard deviation of Tg did not exceed 5 K.   

Systems 
Polyimide 

BPDA-P3 R-BAPB ULTEMTM 

AM1-BCC 577 K 571 K 550 K 

HF/6-31G* (RESP) 568 K 553 K 589 K 

Experiment 487 K [1] 478 [2] 490 K [3] 

 

The calculated Tg values were significantly dependent on the methodology of the 

partial charge calculations. The results of the cooling procedure led to the following 

conclusions. The ab initio partial charge calculation method HF/6-31G*(RESP) is much 

better than the semi-empirical method AM1-BCC. First, only the HF/6-31G*(RESP) 

method allows reproducing the experimental ratio between the Tg values of three 

considered PIs: 𝑇௚
௎௅்ாெ೅ಾ

> 𝑇௚
஻௉஽஺ି > 𝑇௚

ோି஻஺௉஻. Unlike the experimental findings, 

when AM1-BCC partial charges were considered, the Tg value of ULTEMTM was lower 

than that of BPDA-P3 and R-BAPB. 

As demonstrated in a previous study [4], the CTE value in the glassy state is a 

thermophysical characteristic that remains almost unchanged despite the difference in the 

cooling rates between the experimental and simulated conditions. The value of the 

thermal expansion coefficient CTE was calculated using the temperature dependence of 

density as CTE = 1 V଴
ୢ୚

ୢ୘
ൗ  , where 

ୢ୚

ୢ୘
 is the temperature gradient and V଴ is the volume at 

T = 300 K. The mean CTE values were calculated by averaging the CTE values in the 

temperature range from T = 300 K to T = 400 K, Figure S5.  
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Figure S5. Coefficient of thermal expansion (CTE) of the BPDA-P3, R-BAPB, and 
ULTEMTM  polyimides as a function of temperature when electrostatic interactions were 
parameterized using two different partial charge calculation methods: (a) AM1-BCC or 
(b) HF/6-31G* (RESP).  

 

The average CTE values for the glassy state are listed in Table S2. 

 
Table S2. The CTE values of the PIs were calculated for the systems when partial 

charges were computed using two partial charge calculation methods, AM1-BCC or 

HF/6-31G* (RESP), and the CTE values were experimentally measured.  

Systems 
Polyimide 

BPDA-P3 R-BAPB ULTEMTM 

AM1-BCC 
1.7 ± 0.37 1.73 ± 0.36 2.38 ± 0.39 

HF/6-31G* (RESP) 1.95 ± 0.35 1.81 ± 0.32 1.92 ± 0.37 

Experiment - 1.60 K-1 [2] 1.65 K-1 [3] 

 

Table S2 shows that when comparing HF/6-31G* (RESP) with AM1-BCC, the 

results of system when partial charges were computed by the ab initio quantum chemistry 

technique agreed well with the experimental results. Within the margin of error, the CTEs 

of PI R-BAPB and ULTEMTM were substantially closer to the experimental CTE value 

when using the partial charge calculation method HF/6-31G*(RESP). 
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In essence, the AM1-BCC procedure increased the CTE value of polyimide 

ULTEMTM. The HF/6-31G* (RESP) approach provides the most accurate predictions of 

the thermal-physical characteristics, as shown by the comparison of Tg and CTE values.  
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6. Influence of the difference in the chemical structure of polyimides on their 
thermal conductivity coefficients. 

  

Increasing the temperature from 290 to 600 K led to a small increase in the thermal 

conductivity of all the studied PIs. A further rise in temperature beyond Tg to 800 K 

resulted in a more noticeable reduction in κ value. Figure S6 illustrates that an increase 

in temperature to T = 800 K decreases κ value relative to that at T = 600 K. In general, 

the thermal conductivity of the undeformed samples did not significantly depend on the 

temperature. 

 

 

Figure S6. Thermal conductivity coefficients κ of undeformed BPDA-P3, R-BAPB, 

and ULTEMTM at different temperatures (290, 600, and 800 K).  

 

For the considered EMD method for the thermal conductivity coefficient calculation, 

the κ values for the considered PIs are related as 𝜅஻௉஽஺ି > 𝜅ோି஻஺ > 𝜅௎௅்ா ೅ಾ
. The 

observed ratio of κ values may be attributed to variations in the flexibility of the repeating 

units of PI, resulting in differences in their spatial arrangement and consequent variations 

in the distribution of the free volume within the bulk. ULTEMTM exhibits a shorter phonon 

free-path length than semi-crystalline BPDA-P3 and R-BAPB because of the presence of 
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a CH3-C-CH3 (dimethyl) group in its dianhydride fragment, which leads to an increase in 

the free volume of the polymer chain.  

We determined the phonon vibrational density of states (VDOS) to understand the 

effect of differences in chemical structure on phonon transport in polymer materials. 

 

𝑉𝐷𝑂𝑆(𝜔) = ∫ 𝑉𝐴𝐶𝐹(𝑡) ∙ exp(−2𝜋𝑖𝜔𝑡) 𝑑𝑡
ஶ

ିஶ
,   (S1) 

 

𝑉𝐴𝐶𝐹(𝑡) =
∑ 〈௩೔(௧)∙௩೔(଴)〉ಿ

೔సభ

∑ 〈௩೔(଴)∙௩೔(଴)〉ಿ
೔సభ

,     (S2) 

 

where vi is the velocity of the atoms, N is the number of atoms, and VACF(t) is the 

normalized velocity autocorrelation function, as shown in Figure S7. 

 

 

 

Figure S7. Phonon vibrational density of states (VDOS) of an undeformed sample of 

BPDA-P3, R-BAPB, and ULTEMTM atoms, T = 290 K.  
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thermal conductivity coefficients 𝜅஻௉஽஺ି௉ଷ > 𝜅ோି஻஺௉ > 𝜅௎௅்ாெ೅ಾ
. The VDOS of 

BPDA-P3 exhibited the most prominent peaks at the selected frequencies, whereas 

ULTEMTM exhibited the least pronounced VDOS (Figure S7).  
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7. Temperature dependence of the density of semicrystalline polyimide BPDA-
P3. 

 

 

Figure S8. Mass density ρ of the unordered, deformed and self-ordered during a 

30μs-long simulation samples of polyimide BPDA-P3 during a 30µs-long simulation as 

a function of temperature when cooling is performed from T = 800 K to T = 290 K or 

from T = 600 K to T = 290 K.  
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