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Tém tit: T rzphenylphosphzne oxide (TPPO) da dwoc ghi nhdn co tac dung chéng chay chil yéu & pha
khi trong mot so  hé polyester va trong cdc thi nghiém ngon lira pha tap TPPO. Nghién ciru nay sir dung GFN2-
xTB dé khdo sdt giai doan chuyén TPPO thanh cdc cdu tur phosphorus nho thong qua ba lan phan cat dong
ly P-C: TPPO — P(O)Phz» — P(O)Ph* — PO-. Cac cau tr degre toi wu trong pha khi; bién doi hinh hoc,
dien tich rieng phan va néng lwong phan ly dwege phén tich, dong thoi dwong phan ing dirgc tham do bang
NEB. TPPO t6i uu c6 r(P-0) = 1,469 A va r(P—C) trung binh = 1,822 A. Khi cdc nhém phenyl lan ot tach
ra, lién két P—C con lai kéo dai dén 1,848 A, con P-O chi bién déi trong khoang 1,455-1,472 A. Néing lwong
phan ly cua RI, R2 va R3 lan lwot la 107,35, 61,04 va 92,21 kcal/mol; bucc dau doi héi nang lwong lon nhat.
Cdc hé so NEB tang g(fn don diéu va khong co cuc dai ngi tai ro, nén cdc gia tri trén dwoc dung nhw nang
liwong phan ly dau—cudi, khéng phdi nang lwong hoat héa. Chudi tinh todn giir lai khung P—O va dan dén su
phét sink géc POs, mét goc da dwoc chitng minh ¢é vai tro ikc ché ngon lira tai pha khi. Két qua ndy phit hop
Voi cdc quan st thue nghiém vé ngon lira dd phadt hién PO, dong thoi ghi nhdn He va OHs giam khi cé6 TPPO,
qua d6 noi qud trinh phéan hity TPPO véi co ché irc ché goc ¢ pha khi.

Tir khod: TPPO, GFN2-xTB, goc tir do, co ché chong chay pha khi, PO, phdn hity nhiét, polymer chong chay.

Abstract: Triphenylphosphine oxide (TPPO) has been reported to exert its flame-retardant effect
predominantly in the gas phase in several polyester systems and in TPPO-doped flame experiments. In this
study, GFN2-xTB was used to investigate the conversion of TPPO into small phosphorus-containing species
through three consecutive homolytic P—C bond cleavages: TPPO — P(O)Phz+ — P(O)Ph* — PO-. The gas-
phase structures were optimized, and changes in molecular geometry, partial charges, and dissociation energies
were analyzed. The corresponding reaction pathways were also explored using the nudged elastic band (NEB)
method. Optimized TPPO has a P-O bond length of 1.469 A and an average P-C bond length of 1.822 A. As
the phenyl groups are successively removed, the remaining P—C bond elongates to 1.848 A, whereas the P-O
bond varies only within the range of 1.455-1.472 A. The dissociation energies of R1, R2, and R3 are 107.35,
61.04, and 92.21 kcal/mol, respectively, with the first cleavage requiring the largest amount of energy. The NEB
profiles increase nearly monotonically and show no distinct internal maximum; therefore, these values are
interpreted as endpoint dissociation energies rather than activation energies. Throughout the calculated
sequence, the P—O unit is retained, and the pathway ultimately produces the PO« radical, which is known to
participate in gas-phase flame inhibition. This result is consistent with flame experiments in which PO has been
detected, and the concentrations of H* and OH* have been found to decrease in the presence of TPPO, thereby
linking TPPO decomposition to radical-inhibition chemistry in the gas phase.

Keywords: TPPO, GFN2-xTB, Free radicals, Gas-phase flame-retardant mechanism, PO, Thermal
decomposition, Flame-retarded polymers.
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1. Pat van dé

Trong qué trinh chay cta polymer, nhiét tur
ngon lua truyén tré lai bé mat vat liéu, duy tri qua
trinh nhiét phan va tao cac san phim bay hoi d& chay.
Khi di vao ving phan tmg, cac san pham ndy bi oxy
hoa qua mang phan tmg gdc, trong d6 He, O va OHe
gilr vai tro quan trong; phan ing phan nhanh He + O
— O+ + OHe* gop phan duy tri mat d6 gbc hoat dong.
Chat chdng chay chira phosphorus c6 thé can thiép
vao vong phan hdi nay ¢ pha ngung tu, pha khi hodc
ddng thoi ¢ ca hai pha. O pha khi, co ché thuong gin
v6i su hinh thanh cac céu tir phosphorus kich thudc
nho c6 kha nang lam suy giam nong do gdc hoat dong.
Céc tong quan gan day cho thay muc dong gop ciia
ting co ché phu thudc manh vao cdu triic chat chong
chay, trang thai oxi hoa cua P va nén polymer [1-3].

Triphenylphosphine oxide (TPPO) la truong
hop phu hop dé khao sat riéng nhanh pha khi. Trén
poly(ethylene terephthalate) (PET), TPPO lam giam
kha ning duy tri chay nhung chi gay thay d6i nho dbi
vo1 dong hoc nhiét phan cua polymer [4,5]. Bostic
ciing cho thiy hiéu tmg chéng chay biéu hién chu yéu
sau khi cac san pham chtra phosphorus di vao pha hoi
[6]. Vi vay, trong nghién ctru nay PET/TPPO dugc
dung nhu h¢ thyc nghiém tham chiéu cho hoat tinh
pha khi ctia TPPO, chtr khong phai 1a d6i tugng mé
phong. Phan tinh toan chi khao sat TPPO c6 lap sau
khi d3 di vao pha khi; twong tac truc tiép gitta TPPO
va PET khong dugc dua vao mo hinh.

O cép do ngon Itra, Shmakov va cong su ghi
nhan sy suy giam nong d6 He va OHe khi mot lugng
nhé TPPO dugc dua vao ngon Itra CHa/khong khi/Nz;
vung phan tng dong thdi mé rong va nhiét do sau
ngon ltra giam [7,8]. Trong cac h¢ organophosphorus
khéc, PO, PO2, HOPO va HOPO: ciing da dugc phat
hién trong ving chay va duoc dua vao cic co ché
dong hoc trc ché gbc [9-11]. Gan day, Tomasik va
cong su cho théy 0 mot hé phosphoramidate trén
cotton, sy hinh thanh PO+ phy thu¢c manh vao tuong
tac voi nén va khong xuat hién tir cac cdu tir P(V) ¢o
1ap theo duong don phén tir [12]. Két qua nay khong
thé chuyén truc tiép sang TPPO, nhung cho thiy
duong tao POe can duoc xem xét cung diéu kién vat

liéu va moéi truong phan ung. Voi TPPO, khoang
tréng can 1am 13 van 1a budc chuyén tir mot phén tir
mang ba nhém phenyl sang cic cdu tr phosphorus
nhé trude khi mang phan mg e ché gbe dién ra.

Pé khao sat riéng giai doan phan manh noi tai
nay, nghién ctru sir dung GFN2-xTB, mot m6 hinh
hoéa hoc lugng tir lién Kkét chdt m¢ rdng ban thuc
nghiém, tu nhét quén, duogc phat trién cho tinh nhanh
cAu trGic va ning luong cua cac hé phan tir [13,14].
Chudi phéan cit ddng ly P-C duoc khao sat nhim theo
ddi bién ddi cau trac quanh P va xac dinh ning lugng
can cho timg 1an tach phenyl. Két qua duoc ddi chiéu
v6i cac quan sat thuc nghiém vé TPPO trong PET va
trong ngon lra; khong st dung mét phuong phap hoa
hoc lugng tur khac lam chuin so sanh. Muc tiéu cua
bai bao 1a xac dinh liéu c6 mot nhanh phén ly kha di
tir TPPO téi POe trong pha khi va budc nao doi hoéi
nang luong 16n nhét trén nhanh phan tng di chon.

2. Phwong phap tinh toan

2.1. M6 hinh phan tir va téi wu céu triic

Trong nghién clru nay, GFN2-xTB dugc dung
dé t6i vu hinh hoc, tinh ning luong dién tir va xac
dinh dién tich riéng phan. Theo md ta gbc cia
Bannwarth va cong sy, GFN2-XTB la md hinh héa
hoc lugng tur lién két chiat mo rong ban thuc nghi¢m,
tu nhat quan; phuong phap bao gdm mé ta dién tinh
da cuc va dong gop phan tan phy thudc mat do
[13,14]. Vi vay, bai bao st dung thuat ngir “lién két
chit mé rong GFN2-xTB” va khong ddng nhat
phuong phép nay voi DFTB. Céac hé dugc khao sat
trong pha khi, dién tich tong bang 0, khong dung mo
hinh dung méi. Tham sé nhiét d6 dién tir (etemp)
duoc dat bang 300K dé xtr Iy phan bd chiém mirc dién
tur; day khong phai nhiét do nhiét dong cua hé. TPPO
va cac cdu tir chtra phosphorus sau timg budc phan
cit duogce t6i vu dén ngudng luc 0,02 eV/A, t6i da 200
bude. Do dai va goc lién két dugc 1ay tir toa do t6i vu;
dién tich riéng phan duoc 14y tir dau ra GEN2-xTB va
chi dung dé theo ddi xu hudng trong cling mé hinh.

2.2. Pwong phén hiiy goc tw do

Puong phan huy dugc xdy dung theo ba lan
phan cét dong ly lién tiép cua lién két P—C. Ky hiéu
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Phe chi gbc phenyl; sau mdi lan phén cit, manh chira
phosphorus duoc biéu dién bang gdc twong Gng:

(R1) TPPO — P(O)Phze + Phe

(R2) P(O)Phze — P(O)Ph + Phe

(R3) P(O)Ph — POe + Phe

Nang lugng phan ly cia tirng budc dugc xéc
dinh theo biéu thic AE; = ZE(san phim) — E(chat
phan Ung), trong do E 1a nang lugng di¢n tir cua ting
ciu trac sau toi vu. Ba chiang duoc tinh riéng; ning
lwong tich liy tai mdi trang thai duoc ldy bang tong
cac AE tir TPPO dén trang thai d6. Cac gia tri trong
Bang 2 vi thé 1a chénh léch ning luong ddu—cudi cia
nhanh phén cat P-C di chon, khong bao gdom entropy
¢ nhiét do ngon ltra, va cham véi Oz hay céac géc

H+/O+/OH-, hoic twong tac v&i nén polymer.
2.3. Thim do dwong phén g bang NEB

TPPO P(0)Ph:
¢
P(O)Ph PO

Hinh 1: Cdu triic t6i wu ciia TPPO va cdc cdu tir chira
phosphorus doc theo dwong phan cat P-C.

Mdi ching P-C dugc thim do bing phuong
phéap dai dan hoéi dinh huéng (nudged elastic band,
NEB) v6i 7 anh, ké ca hai dau mut. Cac ciu truc trung
gian dugc tao bang ndi suy theo thé ning cip phu
thudc anh (IDPP); bién thé CI-NEB duoc dung dé dua
anh c6 nang lugng cao nhét vé phia diém yén ngua,
sau d6 tdi uu bang thuat toan MDMin. Ngudng luc
dat & 0,05 eV/A, tdi da 400 bude. Thu vién ASE duge
dung dé quan 1y cdu trac va thuc hién NEB [15,16].
Phép tham do nham kiém tra liéu doc theo toa do kéo
gidn P—C c6 xuat hién mot cuc dai ndi tai tach biét véi
trang thai san pham hay khong. Khi khong xac dinh
dugc cuc dai nhu vay, nghién ctru chi bédo cdo chénh

léch nang lwong dau—cudi va khong gan ning luong
hoat hoa.

3. Két qua va thao luan

3.1. Bién doi ciu tric quanh nguyén tir
phosphorus

Céc thong sb hinh hoc trong Bang 1 dugc trich
truc tiép tir cac céu trac di toi uvu bang GEN2-xTB,
con dién tich riéng phan duoc 13y tir dau ra cta cing
phép tinh. CAu trac TPPO sau t6i vu c¢6 r(P-O) =
1,469 A; ba lién két P—C gan tuong duong, voi gia tri
trung binh 1,822 A. Goc O—P—C trung binh 1a 113,2°,
con goc C—P-C trung binh la 105,4°. Sau khi tach
nhoém phenyl thir nhat, r(P-O) hau nhu khong thay
ddi, dat 1,472 A, trong khi r(P—C) trung binh tang nhe
1én 1,826 A. Su bién ddi r6 hon xuét hién & P(O)Phe:
lién két P—C con lai dai 1,848 A, 16én hon 0,026 A so
vai gia tri trung binh trong TPPO, trong khi P-O rut
Xuéng 1,459 A. Khi chi con POe, r(P-O) gidm nhe
thém xubng 1,455 A.
Bang 1: Théng s6 cau triic va dién tich riéng phan tir GFN2-XTB.

civa " o © | ©
TPPO | 1,469 | 1,822 +0506 0,353
P(OPhe | 1,472 | 1,826 +0%11 0,338
P(O)Phe | 1,459 | 1,848 +0£’322 0,298
PO- 1,455 | — —oéoo ~0,002

Bang 1 cho thdy phan PO it bién ddi vé hinh
hoc trong sudt qua trinh méat phenyl: d¢ dai lién két
chi dao dong 0,017 A. Nguoc lai, P-C con lai kéo
dai khi s6 nhom phenyl giam. Dién tich riéng phan
trén P dong thoi tang tir +0,065 e trong TPPO lén
+0,225 ¢ 6 P(O)Phe, con dién tich trén O tré nén kém
am hon. Du céc gié tri dién tich phu thugoc mé hinh
GFN2-xTB, xu huéng nay cho thiy méi truong dién
tir quanh P duoc tai to chirc sau mdi 1an tach phenyl.
Vi thé, ba budc phan cat P-C khong thé xem 1a ba
lan 1ap cta cing mot lién két trong mot khung phan
tir bt bién.
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Do dai P-C ciing khong quyét dinh truc tiép
nang lugng phan ly. O P(O)Phe, lién két P—C con lai
dai nhat nhung budc tach phenyl cudi khong phai
budc c6 ning lugng thip nhit. Nang luong phan tng
con phu thude do on dinh cua cidc manh sau phan ly
va su tai phan bd dién tir trén phan P-O. Do d¢, dir
liéu hinh hoc dugc dung dé giai thich xu hudng cu
truc, con muc thuan lgi cia ting budc phai dugc danh
gia tir nang luong phan ly.

3.2. Ning lwong ciia chuéi phin cit P-C

Bdng 2: Nang heong phan ly theo timg bude ciia chudi tao POs.

AE E tich
Buérc Phin Gn bude | iy
& | (kcal/m | (kcal/m
ol) ol)
TPPO —
R1 107,35 | 107,35
P(O)Phas + Phe
P(O)Phas —
R2 104 |1
P(O)Ph + Phe 61,04 | 168,39
.+
R3 P(O)Php; PO 92,21 | 260.60

Theo cach xac dinh AE ¢ Muc 2.2, R1 c6 nang
luong phan ly 107,35kcal/mol, 16n nhat trong ba
bude. Sau khi P(O)Phze hinh thanh, R2 chi cin 61,04
kcal/mol, thép hon R1 43,1%; R3 tang trd lai 92,21
kcal/mol. Nhu vay, tré ngai nang lugng tap trung chu
yéu & 1an tach phenyl dau tién. Viéc mat nhom phenyl
thir nhat 1am thay d6i moi truong lién két quanh P,
gitip bude tiép theo it tn ning lwong hon; tuy nhién,
R3 ting tro lai cho thay khong thé moé ta chudi nay
don gian bang gia thiét cac lién két P—C yéu dan theo
s6 phenyl con lai.

Miic 260,60kcal/mol & cudi chudi 1a tong chénh
léch nang lugng cua ba trang thai phan ly so véi
TPPO, khong phai mot hang rao duy nhit. Trong
ngon ltra, P(O)Phze hodc P(O)Phe ¢6 thé phan tng véi
02, He, O+ hay OHe trudc khi tiép tuc mat phenyl, 1am
thay d6i duong niang lugng so voi phan ly don phan
tr ¢0 1ap. Vi vay, R1-R3 dugc xem nhu dudng co so
dan TPPO vé POe. Ning luong cao cua R1 cho thiy
bude khéi tao 1a vi tri can chu y khi xét cac kénh cé
su hd trg ctia oxy hoic géc tu do, nhung céc kénh do
chua dugc mo hinh hoa trong nghién ctru nay.

NGUYEN HUU HIEU
GFN2-xTB 260.60
250 A /
/ PO+3Ph
+9221
/
3 g
g 200 y
= 168.39 /
g —
= P(O)Ph + 2Ph
S 150 +61,04
(=2}
§ 107.35
E‘ 100 1 i
5 /P(O)Ph; + Ph
o 1
g +107.35
o /
Z 50 /
/
/
/
0.00 /
0 P
TPPO

Tién trinh phan (mg
Hinh 2: Néng liwong twong doi ciia chuéi TPPO — P(O)Ph:e
— P(O)Ph* — PO- tinh bang GFN2-xTB.

3.3. H6 so' NEB va ban chit ciia budc phén ly

Két qua NEB khong cho thay cuc dai noi tai ro
giita trang thai con lién két va trang thai cac manh da
tach roi. R1 va R2 ding ¢ gidi han 400 bude voi luc
cuc dai 1an lugt khoang 0,066 va 0,055 eV/A; R3 dat
xap xi ngudng 0,050 eV/A sau 161 budc. O ca ba
ching, nang luong ting gan lién tuc vé phia san pham
phan ly. Vi vay, cac gia tri 107,35; 61,04 va 92,21
kcal/mol dugc dung nhu chénh léch ning lwong dau—
cudi, khong phai ning luong hoat hoa hay nang lugng
trang thai chuyén tiép.

Hb so gan don diéu phu hop véi mot toa do
trong d6 hai manh goc duogc kéo tach dan khoi nhau.
Két qua nay khong co nghia phan hity TPPO trong
ngon lira 13 khong ¢ hang rao; O2 va cac gbc He, Os,
OHe c6 thé mé nhitg dudng phan tng khac, ké ca
cac budc tAn cong gbe hodc oxy héa hd tro phan cat
P—C. NEB ¢ ddy cha yéu x4c dinh ban chat cua dudng
phan ly dugc mo hinh hoa va gi6i han cach dién gii
nang luong.

3.4. Tir phin hity TPPO dén chu trinh trc ché
goc ¢ pha khi

Chudi R1-R3 nbi tryc tiép qua trinh phan huy
TPPO véi hoa hoc tic ché gbc & pha khi: cac nhém
phenyl 1an luot roi khoi P trong khi khung P-O duoc
giit lai, va cdu tir cudi 1a POe=. PO cing HPO va céc
dang oxy hoa tiép theo ctia phosphorus di duoc phat
hién trong ngon Iira va xuét hién trong nhiéu co ché
dong hoc [4,9-11,17]. O mét chu trinh don gian, POs
bét He theo phan tmg He + PO* + M — HPO+ + M;
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HPO-« sau d6 phan ung véi He dé tao H. va hoan
nguyén POe. Két qua rong 13 hai gbc He dugc chuyén
thanh Hz, lam giam mat d6 gdc c6 kha nang tiép tuc
phan img phan nhanh.

Trong moi truong oxy hda hon, mang phan tng
mo rong sang PO., HOPO va HOPO.. Céc nghién ctru
thue nghiém va dong hoc cho thay nhimg chu trinh
nay co thé tiéu hao ca He va OHe, véi muc dong gop
thay d6i theo ty 1¢ twong duwong ctia ngon ltra [9-11].
Vi vay, PO+ khong nén dugc xem 1a san phdm chong
chay cudi cung, ma la mot diém nhdp vao mang phan
g phosphorus kich thuéc nho. Co ché tong thé gdm
hai giai doan: TPPO tao cAu tir P nho, sau d6 cac cau
tir nay tham gia mang phan tng gdc ctia ngon lira.

Phan chia hai giai doan cling lam rd pham vi
cua phép tinh. Viéc POe c6 kha nang tai hop He khong
ty chimg minh rang TPPO s& tao POs véi toc o déng
ké trong moi diéu kién chay; nguoc lai, xac dinh dugc
duong TPPO — PO- ciing chwa du dé khang dinh
ngon lura bi uc ché. GFN2-xTB chi md ta kha nang
hinh thanh cdu tir P nh6 tir TPPO ¢6 lap. Hiéu tng
rong d6i v6i ngon lira can dugce kiém tra bang di liéu
thuc nghiém vé néng do géc, nhiét do va thanh phﬁn
phosphorus trong vung chay.

MGdi lan cit P-C dong thoi sinh mot gde phenyl.
Phe c6 thé tham gia oxy héa hydrocarbon hodc cac
phan g tao cau tir thom 1én hon, trong khi nhanh
chta phosphorus tiép tuc di theo hudng
PO/PO’HOPO/HOPOs.. Do d6, phan huy TPPO tao
hai dong phan tng c6 tac dong khac nhau dén chay.
Phép tinh c6 1ap khong xac dinh duoc can bang cudi
cung gitra hai dong gop nay; tuy nhién, thuc nghiém
cho thdy He, OH+ va nhiét d6 déu giam khi c6 TPPO
[7,8], cho thiy trong diéu kién da khao sat hiéu Gmg
trc ché ctiia nhanh phosphorus chiém wu thé ¢ mirc
quan sat duoc.

Thanh phéan céu tir phosphorus con phu thudc
diéu kién oxy héa. O vung gidu nhién liéu, PO va
HPO thuong rd6 hon; khi moi truong oxy hoda tang,
PO, HOPO va HOPO: tré nén quan trong hon [9—
11]. Vi vay, POe ctia chudi R1-R3 nén dugc xem la
tién chit phan g nhanh. Sau khi hinh thanh, s6 phan
cua né phu thudc vao O: va cac géc He, O, OH- tai

vi tri phan ung, nén cung mot duong phan huy ban
dau caa TPPO c6 thé di vao nhimg chu trinh trc ché
khac nhau trong ngon Itra.

Hé chira P trong ngon lira
PO/ HPO / PO; f HOPO;

chu trinh tai hop cac géc hoat tinh

|

Giam néng dd cac géc truyén mach
Giam phan tng phan nhanh H + O; - O + OH
— lam cham qua trinh chdy & pha khi

Hinh 3: Lién hé giita chudi tao PO« tir TPPO va co ché vrc ché
goc o pha khi.

3.5. Péi chiéu véi bang chirng thuwe nghiém

Dt liéu thuc nghiém cho phép kiém tra co ché
¢ hai mirc. Trén PET/TPPO, hiéu qua gidam chay
khong di kém véi bién d6i du 16n ciia dong hoc nhiét
phan dé giai thich hoan toan bang pha ngung ty; cac
nghién ctru ctia Bostic, Hastie va McBee déu chi vé
vai trd cia TPPO hoidc cdu tir chtra phosphorus sau
khi di vao pha hoi [4-6]. O cdp d6 ngon lira, Shmakov
va cong sy dung khoang 0,0190 + 0,001% thé tich
TPPO trong ngon ltra CHa/khong khi/N2 giau nhién
liéu va ghi nhan nhiét d¢ sau ngon lura gidm tir khodng
1970 xubng 1840 K, viing phan tmg rong hon khoang
1,6-1,7 lan, déng thoi cuc dai He va OHe giam [7,8].
Nhitng quan sat nay phit hop véi co ché trong d6 cac
céu tir phosphorus nhoé tir TPPO tac dong truc tiép 1én
mang gdc pha khi.

Viéc phat hién PO trong ngon ltra chira TPPO
1a diém dbi chiéu truc tiép nhit v6i duong phan huy
GFN2-xTB. Tinh toan cho thiy phan P-O duoc duy
tri qua ba 1an mat phenyl, nén vé mit cau tric c6 thé
di tor TPPO té1 PO+ ma khong phéai phd P-O ¢ giai
doan dau. Tuy nhién, thyc nghi¢m chua cho biét PO
duoc tao hoan toan qua ba lan phan cit dong ly tuan
tu hay qua céc kénh c6 He, O, OHe hodc O- tham gia.
Sy phu hop giita tinh toan va thuc nghiém vi thé nam
& san pham va chiéu bién d6i ciu triic, khong phai ¢
viéc xac nhan mot dudng dong hoc duy nhat.

SO 15, 2026 - TAP CHI PC&CC DIEN TU[45



ONGCHAY., .
YACHUACHAY

JOUSMAL OF FIRE ONUNE __ o-155N 3093-3595 e 2 3 %

-
-

NGUYEN HUU HIEU

3.6. Y nghia déi véi nghién citu vit liéu
polymer chéng chdy

Déi voi vat liéu polymer chéng chdy, ¥ nghia
chinh cua két qua nam & viée xac dinh bude khéi tao
ctia nhanh tao cau tir phosphorus nhé. R1 doi hoi ning
luong 16n nhat; sau khi P(O)Phze hinh thanh, ning
lrong cho 1an mat phenyl tiép theo giam dang ké.
Diéu nay goi y rang téc do cung cip phosphorus cho
mang rc ché pha khi c6 thé nhay voi cac qua trinh
1am yéu hodc pha lién két P-C du tién sau khi TPPO
di vao viing néng. Gia thuyét nay cé thé kiém ching
bang cach theo ddi san phdm chira phosphorus theo
nhi¢t do va thoi gian luu, thay vi chi dua vao mdt chi
tiéu chay cudi cung.

Viéc kiém chung & cép vat liéu can két hop
nhiéu phép do theo dang trinh tu co ché. TGA/DTG
x4c dinh khoang nhiét do nén polymer va TPPO mét
khéi luwong; TGA-FTIR hoic Py-GC/MS theo ddi
dang hoa hoc ctia cac san pham chtra phosphorus roi
pha ngung tu. MBMS hoac quang ion hoa VUV phu
hop hon néu can quan st tryc tiép PO va cac ciu tir
POH, trong vung khi [9,17,18]. Cone calorimetry va
LOI van can dé d4nh gia hiéu qua chong chay tong
thé, nhung khong tu phan biét duge dong gop ciia pha
khi va pha ngung tu. V&i TPPO, dir liéu He, OHe va
thanh phan phosphorus trong ngon lira 12 16p bang
chung truc tiép hon cho co ché dang xét.

M0 hinh hién tai chi khdo sat nhanh phan cit P—
C tuan tu va chua bao quat cac kénh canh tranh. H¢
mo phong ciing khong chira Oz, cac gdc hoat dong cua
ngon lira hodc nén polymer, nén nhimg phan ung
duoc hd trg boi He, O+, OH+ hay tuong tac vé6i vat
liéu chua duge mo ta. Két qua gan ddy trén mot hé
phosphoramidate/cotton cho thdy nén vt liéu c6 thé
1am thay d6i r& duong hinh thanh PO- [12]; vi vay,
két qua ctia TPPO c6 1ap trong nghién ciru nay khong
dugc dung dé khai quat truc tiép cho moi polymer.
Céac mirc nang luong 13 nang luong dién tir ca ciu tir
co lap, khong phai ham tu do Gibbs ¢ nhiét do chay
va khong thé dung dé suy truc tiép nhiét d6 phan hay,
LOI, UL-94 hay pHRR. Gia tri cia mé hinh nim &
viéc xé4c dinh mot nhanh co ché cu thé dé kiém chung
tiép: phan P-O duoc bao toan trong khi P-C phan cit

tirng budc, tao PO trude khi cac chu trinh tai hop gbe
dién ra.

4. Két luén

GFN2-xTB cho thiy mot nhanh phan hiuy P-C
tuan ty cuia TPPO theo chudi TPPO — P(O)Phzs —
P(O)Phe — POe-. Trén nhanh nay, phan P-O it bién
ddi vé hinh hoc, trong khi ning lugng phan ly cia
R1, R2 va R3 lan lugt 1a 107,35; 61,04 va 92,21
kcal/mol; R1 1a budc doi hoi ning luong 16n nhét.
Cac phép NEB khong xuat hién cuc dai noi tai rd, vi
vay cac gia tri trén dugc hiéu 1a chénh léch nang
luong phan ly ddu—cudi, khong phai nang lugng hoat
héa. Diém cubi POe phu hop vé mat dinh tinh véi
cac thi nghiém ngon Itra da phat hién cau tir PO va
ghi nhan sy suy giam He, OHe khi c6 TPPO. Két qua
hd trg mot duong lién hé & cip phan tir gitra phan
hay TPPO va co ché trc ché gbc trong pha khi, nhung
khong xac 1ap mot duong dong hoc duy nhét va
khong dugc khai quat truc tiép cho moi nén polymer.
Viéc kiém chimg tiép can gin phan tich san phdm
nhiét phan voi phép do truc tiép cac ciu tur
phosphorus trong hé vat liéu cu thé.m
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