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Tennoma czopanusn hocghopcoodeprtcaniux coedunenuil Ovla UCC1€006AHA C UCNOIb308A-
HUeM 08yX WIUPOKO NPUMEHAEMbBIX BbIMUCTIUMEIbHBIX MEMOO008: CAMOCO2IACOBAHHO20 MEMO0a
keanmoeoui xumuu (GFN2-xTB) u meopuu gynxkyuonana naommnocmu (DFT) na yposne
B3LYP/6-311G(d,p). O6a memooa Oviiu ucnonv3oeamnvt Oa1 ORMUMUSAUUU MOJIEKYIAPHBIX
CMPYKMYp U pacuema Koj1edameibHblX YdChom 0714 pA0d CIAHO0apMHbIX 00pa3y 08, 6KA0UaAs ajl-
KaHbl, aip0ezuovl, CRUPHIbL U APEHbl, YN0 NO380J1U0 RPOGECIU UX OUEHKY U CDAGHeHUe IPpek-
muenocmu. Pesynomamot nokazanu, umo memoo DFT/B3LYP, kak u oxcuoanocs, oaem bonee
mouHble NPeOCKA3AHUA Menombl C20panus no cpasuenuro ¢ memooom GFN2-xTB. Oonaxo 00-
Hum u3 karouvesvix npeumyuiecme GFN2-xTB saenaemca 3nauumenvno 6ojiee Kopomkoe epems
GbIYUCTIEHUTl, YMO OCOOEHHO ANCHO 0151 pADOMbL C DOALULUMU CUCIEMAMU, 20€ GbIYUCIUNETb-
Haa Ippexmugnocmo umeem pewrarouiee 3nauenue. Kpome mozo, ovina 3ameuena ycmoiiuugas
3AKOHOMEPHOCHb OMKIOHEHU MeXHCOY 08YMA MEMOOamMu, 0CO0eHHO 013 hocpopcodeprcauyux
coedunenuil. Ima 3aKOHOMEPHOCMb NO3607IUNA GbIEECMU KOPPEKMuUpyloujue Gakmopul, Komo-
Ppble Ovlau ucnov3oeanst 011 Kaaruodpoexu pesyavmamos GEN2-xTB ona peaxuuii czopanus ghoc-
opnbix oznezaumumnbix eeuecme, maxkux Kaxk ouc(ougpenungocham) u o6ucghenon A ouc(ougpe-
Hungocham). Ilpumenan smu Koppekmupyroujue haxmopbul, yoanoco COXPAHUMb 6bIHUCTUMETb-
Hy10 Ippexmusnocmo GFEN2-xTB, npu 3mom coxpansasn 6b1COKy10 mouHOCHb, XapaKmepHyo 01
memooa DFT/B3LYP. 9mom nooxo0 npedcmasgnsaem codoii coanancuposannoe peuienue 01 usy-
YEHUA CTLONHCHBIX NPOUECCO8 C2OPAHUA, OCODEHHO 8 meX CIYyUanx, K020a peusb uoem o 6oabumux u
CN10ICHBIX MoSieKynax. OH no36011em nPoeoOUmMb OLICIPYIO AHATUMUKY 0717 6071ee KPYRHBIX CU-
cmem, He mepAs MOUHOCMU, HEOOXO0OUMOUL ONA 2/IYOOKO20 NOHUMAHUA XUMUYECKUX PeaKyuil.
Memoo umeem 0601bUL01l NOMEHYUAT ONA ORMUMUZAUUN UCCE008AHUTL 8 00ACMU C2OPAHUS, Ma-
mepuanosedenus, IKON0UUEeCKOU XUmMuu U pazpadomku nepedosslx 02He3AuUMHbBIX MAMEPUaIos.

KiroueBble ciioBa: pesopuus ouc(aupenundocdar), ouchenon A ouc(andenundocdar), GFN2-xTB,
B3LYP, oruesammrHoe cpecTBO
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The heat of combustion for phosphorus-containing compounds was investigated using two

widely employed computational methods: the self-consistent tight-binding quantum chemical
method (GFN2-xTB) and density functional theory (DFT) at the B3LYP/6-311G(d,p) level. Both
methods were applied to optimize the molecular structures and calculate the vibrational frequencies
of a series of standard samples, including alkanes, aldehydes, alcohols, and arenes, to benchmark
their performance. The results indicated that DFT/B3LYP, as expected, provided more accurate
predictions of the combustion heat compared to GFN2-xTB. However, one of the key advantages
of GFN2-xTB is its significantly shorter computational time, which is especially useful for large
systems where computational efficiency is critical. In addition, a consistent pattern of deviation
ratios between the two methods was observed specifically for phosphorus-containing compounds.
This consistency allowed for the derivation of adjustment factors, which were used to calibrate the
GFN2-xTB results for the combustion reactions of specific phosphorus-based flame retardants,
such as bis(diphenyl phosphate) and bisphenol A bis(diphenyl phosphate). By applying these ad-
justment factors, the computational efficiency of GFN2-xTB could be preserved, while still bene-
fiting from the high accuracy of DFT/B3LYP. This approach offers a balanced solution for study-
ing complex combustion processes, particularly those involving large and intricate molecules. It
enables rapid analysis of larger systems without sacrificing the precision required for understand-
ing detailed chemical reactions. The method has the potential to streamline the study of combustion
in materials science, environmental chemistry, and the development of advanced flame retardants.

Keywords: resorcinol bis (diphenyl phosphate), bisphenol A bis (diphenyl phosphate), GFN2-xTB,

B3LYP, flame retardant

INTRODUCTION

Phosphorus-containing flame retardants
(PCFRs) are increasingly replacing halogen-contain-
ing counterparts due to their more environmentally be-
nign properties [1]. These PCFRs are now extensively
employed in various engineering plastics, such as
polycarbonate/acrylonitrile-butadiene-styrene com-
posites. Among the wide array of PCFRs, aryl phos-
phorus additives are particularly prominent in applica-
tions involving plastics, wood, and paper materials. Res-
orcinol bis(diphenyl phosphate) (RDP — CzoH240gP>)
and bisphenol A bis(diphenyl phosphate) (BDP —
CagH340gP2) are the most commonly utilized within
this category, prized for their superior thermal stability,
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low volatility, and effective flame retardancy [2]. De-
spite their widespread use as flame retardants, RDP
and BDP are themselves susceptible to combustion un-
der high-temperature conditions [3]. The heat released
during their combustion can pose significant safety
hazards, making it imperative to understand and quan-
tify this heat release. Such knowledge would contrib-
ute to a more comprehensive understanding of the
safety and effectiveness of PCFRs.

Currently, no experimental studies have been
conducted to determine the heat released during the
combustion of BDP and RDP. This gap in the literature
underscores the necessity of conducting such research.
Experimental approaches to measure the heat of com-
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bustion, such as the use of calorimetric bombs, are of-
ten complex and costly [4]. Consequently, theoretical
methods based on quantum mechanics offer a valuable
alternative. These computational approaches can pro-
vide estimates of combustion heat and other thermody-
namic properties with a high degree of accuracy, often
closely aligning with experimental values, while also
offering significant savings in both time and cost [5].
Computing the combustion heat of RDP, BDP,
and other PCFRs requires extensive calculations and
efficient computational techniques to assess a broad
range of substances. Density Functional Theory (DFT)
is the standard method for calculating electronic struc-
tures and material properties. However, the DFT method
is constrained by high computational demands and
struggles with large-scale systems. To address these
challenges, alternative approaches such as Density
Functional Tight-Binding (DFTB) and Self-Con-
sistent Tight-Binding Quantum Chemical Methods
(SC-TBQC), including GFN2-xTB, have been devel-
oped. GFN2-xTB is designed for large-scale systems,
encompassing thousands of atoms, while balancing ac-
curacy and computational efficiency. It accounts for
anisotropic second-order density fluctuations through
short-range interactions of atomic multipole moments
and eliminates the requirement for classical halogen or
hydrogen bonding corrections, relying instead on global
and element-specific parameters up to radon (Z = 86).
Additionally, it incorporates the D4 London dispersion
model, which depends on atomic partial charges and is
naturally derived from second-order density fluctua-
tions within a tight-binding framework. The method
provides fully analytical and numerically accurate gra-
dients. GFN2-xTB's accuracy has been validated
across various systems and compared with other sem-
iempirical computational methods, demonstrating its
capability to handle large-scale simulations effectively
while maintaining computational efficiency [6-8].
The primary objective of this study is to eval-
uate and compare the effectiveness of two computa-
tional techniques — GFN2-xTB and DFT/B3LYP —in
predicting the heat of combustion for phosphorus-con-
taining compounds, specifically focusing on BDP and
RDP. This research aims to determine the relative ac-
curacy of these methods by validating their predictions
against experimental data and assessing their computa-
tional efficiency. Given that DFT/B3LYP is known for
its high accuracy but also its substantial computational
cost, and GFN2-xTB is recognized for its speed but
with potentially less precision, this study seeks to bal-
ance these aspects. It is important to note that certain
functionals, such as M06-2X, are specifically parame-
terized for thermochemical accuracy [9]. Nevertheless,
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B3LYP generally provides more accurate results than
GFN2-xTB. By deriving adjustment factors between
the two methods, this research aims to enhance the re-
liability of GFN2-xTB results while leveraging its
computational efficiency. The choice of DFT/B3LYP
for comparison with GFN2-xTB is based on its well-
established reliability in calculating optimized molecu-
lar geometries, bond vibrational frequencies, and thermo-
dynamic functions for organic compounds without re-
quiring extensive parameterization, as demonstrated in
several previous studies [10-11].

Ultimately, the goal is to provide a robust
framework for rapid and accurate analysis of combus-
tion reactions in larger systems, thus supporting im-
proved safety measures for handling and storing flame
retardant chemicals.

COMPUTATINONAL DETAILS

To conduct a comparative study of the GFN2-
XTB and DFT computational technigues, we first opti-
mized the geometric structures of several “standard
samples”, including small molecules such as alkanes,
aldehydes/alcohols, and arenes/phenols. We then cal-
culated their vibrational frequencies using both ap-
proaches.

Additionally, we performed calculations for
oxygen and the combustion products associated with
these samples. From these vibrational frequency calcu-
lations, the standard enthalpy changes in combustion at
temperature T (K) were determined using Equation 1
[9]. This approach allowed us to systematically assess
and compare the performance of the two computational
techniques in predicting combustion properties.

n m
Ar H'I(') = Z (Etot +H corr )i’?'T'OdUCt _Z (Etot +H corr )I}(-“:_?Clam (1)
i=1 j=1

where Eq is total electronic energy at OK of each mol-
ecule, Heorr is enthalpy correction at temperature T.

Subsequently, the results for the "standard
samples™ were compared with experimental data to
evaluate the accuracy of both the DFT and GFN2-xTB
methods. Following this, calculations for the "test sam-
ples" of phosphorus-containing compounds were per-
formed using both GFN2-xTB and DFT methods. In
the absence of experimental data for most of these
compounds, the results were interpreted by referencing
the more accurate DFT method. Finally, the combus-
tion reactions of RDP and BDP were computed exclu-
sively using the GFN2-xTB method, with adjustment
factors (faqj) derived from the results obtained for the
test samples. This approach allowed for the utilization
of GFN2-xTB's computational efficiency while refin-
ing the results through calibration based on the DFT
method.
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The DFT calculations were performed using
the hybrid B3LYP functional and the 6-311G(d,p) ba-
sis set. DFT calculations were carried out using the
Gaussian 09 software [12]. The B3LYP exchange-cor-
relation functional is used because it has been proven
sufficiently accurate for various systems, including
those containing phosphorus [13,14]. The GFN2-xTB
calculations were conducted using the open-source
XTB software at an electron temperature of 300K, with
energy convergence criteria set at 0.1x10° Hartree,
and wavefunction convergence at 0.1x103 e.
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RESULTS AND DISCUSSIONS

Heat of combustion of “standard samples”

After optimizing the structures and calculating
the vibrational frequencies for several compounds:
CH., CH;CHO, C;HsOH, CsHs, and CsHsOH using
both the GFN2-xTB and DFT-B3LYP/6-311G(d,p)
methods, the heat of combustion of the standard sam-
ples at various temperatures ranging from 298.15 K to
2000 K is summarized in Table 1. The comparison of
discrepancies between the two methods and the devia-
tions from experimental data are presented in Fig. 1.
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Fig. 1. Comparison of the calculated heat of combustion re-
sults for the standard samples using the GFN2-xTB and
DFT/B3LYP methods with experimental data: (a) — CHa;
(b) — CHsCHO,; (c) — C2HsOH; (d) — CeHs; (e) — CeHsOH
(1) - GFN2 — xTB; (2) — DFT/B3LYP; (3) - Experimental

Puc. 1. CpaBHeHHE pacdeTHBIX PE3YIBTATOB TEILIOTHI CTOPAHUS

JUTs1 CTAaHAAPTHBIX 06pa311013, IMOJIYy4Y€HHBIX C UCHOJIb30BaAHUEM

MetonoB GFN2-xTB u DFT/B3LYP, ¢ skcneprMeHTaIbHBIMU

nauHbIME: () — CHa; (b) — CH3CHO; (c) — C2HsOH; (d) — CeHe;

(e) — CsHsOH (1) — GFN2 — xTB; (2) — DFT/B3LYP; (3) - Okc-

MEPUMEHTAJIbHBIN

W3B. By30B. XumMus u xuM. TexHoiorus. 2025. T. 68. Beim. 7



Nguyen Huu Hieu, Nguyen Ngoc Ha, Nguyen Thi Thu Ha

Table 1

Heat of combustion (kJ/mol) of standard compounds at temperatures ranging from 298.15 K to 2000 K
Tabnuya 1. Tenyora cropanus (k/x/Mo0/1b) CTAaHIAPTHBIX cOeIMHEHUIT pu TemmnepaTtypax ot 298,15 K 10 2000 K

T/K CH4 CH3CHO C2Hs0H CeHs CsHsOH
B3LYP |GFN2-xTB| B3LYP |GFN2-xTB| B3LYP |GFN2-xTB| B3LYP |GFN2-xTB| B3LYP |GFN2-xTB
298.15| -841.888 | -1221.943 |-1063.170| -1678.807 |-1284.536| -1905.554 |-3079.349| -4969.003 | -2875.356 | -4671.094
400 [-975.478 | -1220.771 |-1330.458] -1676.704 |-1551.949| -1903.543 |-3885.114| -4966.766 | -3681.069 | -4668.791
500 [-974.617 | -1219.776 |-1328.949| -1675.124 |-1550.956| -1902.441 |-3884.165| -4965.717 | -3680.127 | -4667.721
750 [-973.659 | -1218.525 |-1327.113| -1673.308 |-1551.686| -1903.108 |-3885.560| -4967.422 | -3681.416 | -4669.309
1000 | -974.200 | -1218.771 |-1327.277| -1673.556 |-1555.512| -1906.947 |-3890.161| -4972.589 | -3685.682 | -4674.147
1500 | -977.400 | -1221.308 |-1330.019| -1676.309 |-1566.964| -1918.284 |-3902.119| -4985.462 | -3696.515 | -4685.977
2000 | -981.241 | -1224.501 |-1333.333| -1679.454 |-1579.606] -1930.647 |-3914.039| -4997.812 | -3707.117 | -4697.128
Exp.[® -802.53 -1099.94 -1277.65 -3169.42 -2990.13

Note: a The experimental data on the heat of combustion of the compounds were calculated using the experimental standard enthalpy
of formation values of the reactants and products at 298.15K from the database: https://ccchdb.nist.gov/explx.asp

HpI/IMe‘{aHI/IeZ a 3KCHepI/IMeHTaHBHHe JaHHBIC IO TEIJIOTE CropaHus COGZ[I/IHGHI/Iﬁ pacCuUUuTaHbl C UCIIOJIB30BAHUEM JKCIIEpH-
MEHTAJIbHBIX CTAaHAAPTHBIX 3HAUYCHUU SHTAJIBIHH OOpa30BaHUS PearcHTOB M NpoaykToB mpu 298,15 K u3 6a3el HaHHBIX:

https://ccchdb.nist.gov/explx.asp

Table 2

Calculation duration (s) for each standard molecule using the GFN2-xTB and DFT/B3LYP Methods
Tabnuya 2. InuTebHOCTHb BbIYMCIeHMI () A KAXKI0# CTAHAAPTHONH MOJIEKYJIBI ¢ UCNOJIL30BAHUEM METO/10B
GFN2-xTB u DFT/B3LYP

Structure Optimization Total calcu_lation time of vibratiqnal Total time
Molecules Methods Calculation Time (s) frequenuesfand 'ghermodynamlc (s)"
unctions

CH GFN2-xTB N/I N/I 0.071

4 DFT/B3LYP 8 62 70
GFN2-xTB N/I N/I 0.239

CHsCHO DFT/B3LYP 101 634 735
GFN2-xTB N/I N/I 0.278

C2HsOH DFT/B3LYP 164 930 1094
CH GFN2-xTB N/I N/I 0.270
erie DFT/B3LYP 916 6312 7228
GFN2-xTB N/I N/I 0.534
CoHsOH DFT/B3LYP 4094 8693 12787

Note: * All calculations were performed on a computer system with 4 processing cores and 8GB of RAM
ITpumeuanue: * Bee pacdeTs MPOBOAMIMCH HAa KOMITBIOTEPHOIT cucTeMe ¢ 4 siapamu nporeccopa u 8 I'b onepatiBHON namsTu

Based on the calculated combustion enthalpies
for phosphorus-free compounds using both the GFN2-
XTB and DFT/B3LYP methods, it is clear that the
DFT/B3LYP method vyields results that are signifi-
cantly closer to experimental values compared to those
obtained with GFN2-xTB. This is not unexpected, as
DFT/B3LYP is a well-established method known for
its reliability in calculating properties of small to mod-
erately sized molecules [15]. Although GFN2-xTB
lacks high accuracy in thermodynamic calculations, its
computational speed offers a significant advantage
over traditional DFT methods, including DFT/B3LYP.
The computation times for structure optimization and
vibrational frequency calculations for each molecule
using both methods are summarized in Table 2.

The GFN2-xTB method offers extremely rapid
computation, with total time for structure optimization,
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vibrational frequency calculations, and thermody-
namic functions calculations at temperatures ranging
from 298.15 K to 2000 K being under 1 second. More-
over, as the molecular size increases, the computation
time for GFN2-xTB remains relatively stable, with a
factor of approximately 7.5 between CH, and CsHsOH.
In contrast, the DFT/B3LYP method requires signifi-
cantly more time, with a factor of about 182.7 between
CH; and CeHsOH.

These results illustrate that GFN2-xTB is con-
siderably faster than DFT/B3LYP, with speed improve-
ments ranging from about 1000 to about 24000 times.
This disparity is expected to grow with increasing molec-
ular size, making the computational cost of DFT/B3LYP
increasingly prohibitive. Consequently, using GFN2-
XTB for rapid calculations, combined with adjusting
results for accuracy using DFT/B3LYP, appears to be
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an effective approach for studying the combustion re-
actions of PCFRs with large molecules.

Heat of combustion of “test samples”

The standard phosphorus-containing com-
pounds selected for this study include formyl phos-
phinate (CH3sO04P), phenyl phosphate (CsH-O4P), di-
phenyl phosphate ((CéHs)2HPO,), and triphenyl phos-
phate ((CsHs)sPQ.). These compounds were chosen to
represent both aromatic and non-aromatic phosphates,

with a particular emphasis on aromatic phosphates, as
the primary substances of interest — RDP and BDP —
are aromatic phosphates with multiple rings. The com-
bustion heats of these phosphorus-containing com-
pounds were calculated using the GFN2-xTB and
DFT/B3LYP methods across a range of temperatures,
as presented in Table 3. Furthermore, Fig. 2 illustrates
the discrepancies between the results obtained from the
two computational methods.

Table 3

Heat of combustion (kJ/mol) of standard phosphorus-containing compounds at temperatures ranging from 298.15 K

to 2000 K

Tabnuya 3. Tensora cropanus (kIx/Mob) cTaHxapTHBIX (pochopcoaep:KalIuX coeAUHEHNI MPH TeMIepaTypax oT
298,15 K 10 2000 K

T/K CH;04P CsH704P (CsHs):HPO4 (CsHs)sPO4 |
B3LYP | GFN2-xTB B3LYP | GFN2-xTB | B3LYP |GFN2-xTB| B3LYP |GFN2-xTB
298.15 | -534.922 -878.147 -2878.262 | -4645.210 |-5755.059|-9285.416|-8630.499 |-13930.397
400 -669.959 -879.120 -3685.422 | -4645.006 |-7369.324|-9284.298 |-11051.914|-13928.413
500 -670.172 -879.969 -3685.645 | -4645.819 |-7369.739|-9285.180 |-11052.554|-13929.397
750 -670.542 -882.218 -3689.366 | -4651.737 |-7377.143|-9295.059 |-11063.705|-13943.287
1000 -671.036 -884.776 -3695.775 | -4660.712 |-7389.937|-9310.989 |-11082.926|-13966.188
1500 -672.181 -890.182 -3710.693 | -4680.705 |-7419.755|-9346.866 |-11127.683|-14017.933
2000 -673.178 -895.425 -3725.348 | -4700.020 |-7449.050|-9381.361 |-11171.639|-14067.577
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Fig. 2. Comparison of the results of calculating the heat of combustion of standard phosphorus-containing compounds using the GFN2-xTB and
DFT/B3LYP methods: (a) - CH3O4P; (b) - CeH7O4P; (c) - (CeHs)2HPO4; (d) - (CeHs)sPOs (1) - GFN2 — xTB; (2) - DFT/B3LYP
Puc. 2. CpaBHeHHE pe3yIbTaTOB PACIETOB TEIIIOTHI CTOPAHUS I CTAHAAPTHBIX (hocHOpCOeprKaIIiX COSIMHEHNH, TTOTyIeHHBIX C HCHOIB30-
Banuem MeTo10B GFN2-xTB n DFT/B3LYP: (a) - CH304P; (b) - CsH704P; (C) - (CsHs)2HPO4; (d) - (CeHs)sPO4 (1) — GFN2 — XTB;
(2) - DFT/B3LYP
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Table 4
Ratio of combustion heats of phosphorus-containing compounds calculated using GFN2-xTB and DFT/B3LYP

Tabnuua 4. CooTHONIEHUE TEMJIOT cropanus ¢ocopcoaepKaINX cOeTHNHEHUIT, BHIYUCIEHHBIX ¢ HCMO0Jb30BAaHIEM
metoa0B GFN2-xTB u DFT/B3LYP

T/IK Ratio between GFN2-xTB and DFT/B3LYP Average results
CH;04P CsH;04P (CeHs)3POg4 (C¢Hs)HPO4

298.15 1.641636 1.613894 1.614089 1.613435 1.6207636
400 1.312199 1.260373 1.260272 1.259857 1.2731754
500 1.31305 1.260517 1.260288 1.259906 1.2734403
750 1.315679 1.26085 1.260273 1.259981 1.2741957
1000 1.318522 1.261092 1.260154 1.259955 1.318522
1500 1.32432 1.26141 1.259735 1.259727 1.32432
2000 1.330146 1.261632 1.259222 1.259404 1.330146

Table 5

Heat of combustion (kJ/mol) of RDP and BDP at temperatures ranging from 298.15 K to 2000 K
Tabnuya 5. Tenaora cropanus (x/lx/Mons) RDP u BDP npn temnepatypax ot 298,15 K 10 2000 K

GFN2-xTB Refined values

T/K RDP BDP Sadi RDP BDP
298.15 -22878.547 -30353.051 1.6207636 -14115.906 -18727.624
400 -22876.763 -30349.800 1.2731754 -17968.273 -23837.878
500 -22879.743 -30353.137 1.2734403 -17966.875 -23835.540
750 -22905.765 -30387.146 1.2741957 -17976.646 -23848.100
1000 -22946.383 -30441.782 1.3185220 -17403.110 -23087.807
1500 -23036.996 -30565.689 1.3243200 -17395.339 -23080.290
2000 -23123.942 -30685.894 1.3301460 -17384.514 -23069.568

The calculated combustion heats indicate that
discrepancies between the two computational methods
persist and are comparable to those observed for stand-
ard non-phosphorus-containing compounds. The most
pronounced discrepancy occurs at 298.15 K, where the
ratio of values obtained using the GFN2-xTB method
to those from DFT/B3LYP is approximately 1.6. At
other temperatures, this ratio ranges from about 1.2 to
1.3 (see Table 4). Despite these variations, the ratios
are relatively close, which may be attributed to the in-
fluence of the phosphate group. Among the com-
pounds studied, CH3sO4P exhibits the largest discrep-
ancy, with a ratio of approximately 1.64 at 298.15 K,
while the discrepancies for the remaining compounds
are nearly identical, around 1.61. This variation may be
due to the opposing effects of different substituent
groups (carbon-containing frameworks) on the phos-
phate group, with CH3;04P containing a formyl group
and the other compounds containing phenyl groups.

The ratio of discrepancies in combustion heat
calculated using the GFN2-xTB and DFT/B3LYP
methods for phosphorus-containing compounds was
averaged, as these ratios are relatively similar. This av-
erage value is used as an adjustment factor (faqj) to ex-
trapolate results from GFN2-xTB to DFT/B3LYP.

Heat of combustion of RDP and BDP

The combustion heats of RDP and BDP were
calculated using the GFN2-xTB method. These values
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were then refined using the adjustment factor determined
in section 3.2, according to the following formula:

AHS =

A,H? (GFN2-xTB)

fT

adj

(2)

The resulting refined values of combustion
heats for RDP and BDP are presented in Table 5, and
the values, normalized to one mole of oxygen, are
shown in Table 6. The combustion reaction equations
of RDP and BDP are respectively:

CsoH2408P> + 34.50, —
— 30CO; + 9H,0 + 2H3PO, 3
C39H3408P, + 460, —
— 39CO; + 14H,0 + 2H3PO, 4)
Table 6

Heat of combustion (kJ/mol) of RDP and BDP at tem-
peratures ranging from 298.15 K to 2000 K
Tabnuya 6. Tennora cropanus (kdx/moab) RDP n
BDP npu temnepartypax ot 298,15 K 10 2000 K

T/K RDP BDP
298.15 -409.157 -407.122
400 -520.82 -518.215
500 -520.779 -518.164
750 -521.062 -518.437
1000 -504.438 -501.909
1500 -504.213 -501.745
2000 -503.899 -501.512
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The combustion heat values per mole of oxy-
gen for RDP and BDP at 298.15 K are -409.157 kJ/mol
and -407.122 kJ/mol, respectively. These values are
relatively close to the average combustion heat per
mole of oxygen for organic compounds in general,
which is approximately 418 kJ/mol oxygen [16],
demonstrating the validity of applying GFN2-xTB
with the adjustment factor. It should be noted that BDP
and RDP have combustion heat values per unit mass
comparable to highly flammable chemicals such as ac-
etone, butanol, and aniline [17-19]. This indicates that
BDP and RDP could significantly impact safety con-
siderations for their use, storage, and production, in ac-
cordance with the fire and explosive hazard classifica-
tion methods for warehouses and production facilities
as outlined in QCVNO06:2022 [20].

CONCLUSIONS

Theoretical studies utilizing GFN2-xTB and
DFT/B3LYP were conducted to investigate the heat of
combustion and to compare the performance of these
two computational techniques. The results indicate that
DFT/B3LYP provides more accurate predictions com-
pared to GFN2-xTB when validated against experi-
mental data. However, GFN2-xTB demonstrates Sig-
nificantly shorter computation times relative to
DFT/B3LYP. The deviation ratios between the results
obtained by two methods at the same temperatures are
consistent across phosphorus-containing compounds.
From these ratios, adjustment factors were derived to
calibrate the GFN2-xTB results for the combustion re-
actions of BDP and RDP. This approach capitalizes on
the computational efficiency of GFN2-xTB while ad-
justing the results based on DFT/B3LYP, thereby fa-
cilitating the rapid analysis of larger systems without
compromising accuracy. The calculated combustion
heats for RDP and BDP reveal that, despite their effi-
cacy as flame retardants in plastics, these substances
can still combust and release a significant amount of
heat. Consequently, it is imperative to implement
safety measures to ensure proper handling and storage
of these chemicals.

The authors declare the absence of a conflict
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