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ABSTRACT. The cationic polymerization of energetic substituted oxetanes which have pendant ener-
getic group such as azido and nitrato are investigated theoretically, using semiempirical HF/3-21G, MI-
NDOQ/3, MNDO and AM1 method. The stereo- and electronic structure of binary molecular complex compo-
sed of energetic substituted oxetane and boron trifluoride can be explain by molecular orbital theory.
The reactivity of propagation in the copolymerization of oxetanes can be presented by the positive charge
on carbon(C,) atom of oxtane and energy level of the lowest unoccupied molecular orbital(LUMO) of propa-
gating species of oxetanes. The reactivity ratios for copolymerization of oxetanes are a random copolymer-
zation which is agree with MO calculated and experimental results. The relative equlibrium concentration
of cyclic oxonium and open carbenium ions is found to be a major determinant of mechanism, owing
to the rapid equilibrium of these cation forms and the expectation based on calculation that in the prepoly-
mer propagation step, Syl mechanism witl be at least as fast as that for Sy2 mechanism.
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Fig. 1. A model for transition state in the coordinate
cationic polymerization of oxetane. An sp’-like coordi-
nation is assumed for both O, and BF.
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Table 1. Formal charge of sabstituted oxetanes by
MINDO/3, MNDO, AM1 methods

Oxetane 0 C2 C3 C4
o—4 % —0448 0385 —0031 0385
] % —0327 0134 —0084 0134
&3 & —0284 —0038 —0218 —0038
0— % —0427 039 -0115 0423

| hang, 7 —0305 0157 —0178  0.62
CHa & ~0275 —0029 —0.118 —0025
0— ¥ -0431 0398 —0095 0431
L | in, % 0306 0154 —0188 0154
S & —0275 —0.031 —0.137 —0.038
0— ¥ —0451 0315 —0101 0.451
| cuono, % 0320 0166 —0194 0166
GizN0; & ~0282 —0.009 —0.139 —0.017
0 % —0433 0397 —0097 0428
L | qne % -0307 0153 —0190 0160
CHNe & —0274 —0028 —0.162 —0029

¥*; MINDO/3, s¥; MNDO, &: AM1.
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$5 Bapzke] FA7) A4 Q1H Aaabgo] Ao W
4% u|AEd F7igke}

AR B3 el Y ARk AL A A
A sk F 3HEel 28y oxonium ©]X3h
a7 carbenium ©)22) YAHWAH)E AM1 ¥
22 AArsted Table 20 aokstgch Alsiel 2
218 oxonium ©]&3} 9@ carbenium ¢]-& A}¢] 2]
By oA 7)(-CH,ONO,, -CHN,)E Eggt
cheka o]l NMMO% AMMO 58 ¥#® carbenium
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Table 2. Heat of formation (AH) for normal forms,
propagated oxonium ions, and opening carbenium ions
of oxetanes by AM1 method

BF3 .

0 4 BFs—*0
—_— |~ N/ \
2 — 0 /\ Qho
3Ry Ry Ri3 R

AH,
(AH.— AH))
keal/mole

Heat of formation {kcal/mol)

Monomers

]

Ek:&oln —53.195 129406 121.507 —79
L s 51814 224317 215567 -838

normal oxonium carbenium
(AH) (AH) (AH)

—25545 84301 95473

11.1
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Table 32 ¥ SA=tFe 7+ G 43
gl Foll i8ked 7tz MINDO/3, MNDO, AM1
Hog AR gtelvh 7 shEe A3 oA
#7)(-CH,0ONOQ,, -CH,N,)2 213 gkae] <f4sl
7} 313 viebdon 43Rk € 2] oxenium
o]23 %l carbenium ©o]&F2) A3} whiLe]x
223 oxonium ©] X} & carbenium ©]-&ol| A
W34l whie) A A LeEHe Qoo
aejdd Alefoll v Syl w7 E 7HgAde) &
Bogh ol Helgae) F ATy HHANHY
Q)% 2] W2-A L carbenium ©]2) A4 Ao
t] 53 ghrsle MNDOY AM1 W Bcoh=
MINDO/3 Wioll A o] 2o} 938 Hojgr)

AR §Hf- SAler cdsfalolf Ab3o)she] Fgub3-
AAdA e 3HgFQ 288 oxonium o] 7 43
catbenium °] &9 FEol gte} W vFgFo)
gebalch ool A KAIRke) T2 kA5 o
5% ab initio®) HF/3-21G2 3313t 23} heavy
atome] A2 Hwas0)eldrt o) geometryE °|
£-3}o] AbZEojale] oFAdxl2Kprotonated acid)2} A

Table 3. Formal charges of propagating species for oxetanes by MINDO/3, MNDO and AM1 methods

BF»

0 ‘ BF2—*0 2 4
ZAYAN
2 0 /N Okt
'Ry 1 R ? Re
Oxetane 0 C2 C3 C4 0 Cc2 C3 C4 O C2 C3 C4
] . ¥* —0448 0.385-0.031 0385 % —0380 0348 —0076 0343 # —0.357 0330 0133 0250
i l % —0327 01340084 0134+ —0230 0.126 —0.074 0126  —0.128 0247 0058 039
2 3 & —0.284 —0038 - 0213 —0.038 & —0.040 0019 —0.201 0022 & —-0.123 0902 —0250 0.216
0 * —0427 0399 —-0.115 0403 ¥ —0.371 0338 —0.034 0389 * —039% 03220058 0257
| | CbHoy ¥ —0305 0.157-0178 0.162 % —0.263 0262 —0.233 0251 + —0.152 0241—0.167 0449
CHs & —0.275 —0.029 —0.118 —0.025 & —0.24¢ 0074 —0.174 0073 & —0.149 0063 —0153 0.253
»* —0431 0398 —0.095 0431 ¥ —0401 0336 —-0.087 0353 ¥ —0.547 0437 -0024 0.19
~CHaia # —0306 0154 —0.188 0.154 ¥r —0274 0276 —0.315 0.231 « —0.127 0201 -0279 0471
Cia & —0275-0031 —0.137 —0.038 & — 0265 0088 —0254 0.045 & —0.167 0.040-0218 0230
’ * —0451 0315—-0.101 0451 % —0.382 0.325 —0.067 0398 % —0414 —0.315—0,015 ~0.306
som0, T —0.329 0166 —-0.194 0.166 ¥ —0.272 0264 —0243 0252 ¥ —0150 —0245-0.174 —0493
QlzoNre: & —0.282 —0.009 —0.139 —0.017 & —0.257 0078 —0.197 0082 & —0.148 0071 —-0.169 0305
0— * —0433 0397 -0.097 0428 ¥ —0439 0323 —0.067 0343 ¥ —0582—0420—-0,036-0219
HoN, P —0.307 01530190 0.160 % —0.283 0257 —0.181 0.238 % —0286 0227 -0.174 —0.541
(HoNa & —0274 - 0028 -0.162 —0.029 & —0276 0072 —0.135 0058 & —0162 0036 —-0.197 0.245

¥; MINDO/3, v; MNDOG, &; AM1.
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Table 4. Formal charges with hydrogens summed into
heavy atoms and energy levels (HOMO and LUMO)

Oxetanes

)
2 3

035

AP
"—6 / \
0% g
v

of oxetane forms by HF/3-21G method 8;13 i J
Atomic charges Energy levels BN //_@ 5 o ek
C2 €3 HOMO LUMO " o? ,'a/";_.{"{ / \ A?”'
! LAY -0.61
—0615 035 —0.100—04038 0.2560 B a NI
oo .t
—0721 0471 —0.028 —0.5076 0.1859 o v /7

Fab— D‘
2 3

Protonaled Grelone
(AR elecirophile }

»

Oxetone
{A rwcleophitet

BFy - Dueture
LAn eleclropinle )

",
2 2

—0.183 0.556 —0.183 —0.6940 —0.0338
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Table 4% 29 SASS 2SR H3Fd A
#3718 oxonium o] &8 WEFA W)
FAE7t Fale) FriEH e, BF, &o)3}2] oxo-
nium ione] C, €29} FHs= <7t Frlsigich
ol ZAtel NG wHgol A 7F4rel FAI=LstEl
Fojstoll A S AL 4Pl i, ol&
W A35}7) $1gt Lewis acidq! BF,(OC,H;s),7t $§H4
9| Fae 2HGF frelde] A=At

Table 49| #A3"Ez W$54 wtio] QP
Az 2] LUMOSIV R A% 5-& 2ei§ Fig. 22
A7 AR A A WSS A 4RE 4 gl
kA o] Ao} AN AL F ¥
HOMOs=t A7k 2] LUMO &lvzt £$)2] #}7}
HE 45 WAl Z71€. o) HSAB® aie]
213} #3hukg-Ad(chemical reactivity, AE)2 AR 7|
7 <lass} RS wegt 4] (D2 vishiid

B 2C -C .8)°
AE= QHOMO QLUMU + ( HOMO _*~LUMO B)

(1)
ek Eyomo—Erumo

skZu] 3loll 4] cyclic ether X acetal®) <} 3% ub
25 47| Wil @& ring strain AIA(AEYS
FUY YA Z s, o2 FRARS
Astog AA7]H Axel 45A AxE aedy
oF ghr} A E ol A HES- L F Al 1] 2fel
AE7} €45, matrix elementt S5& w540
HAlch qhS-E A dale] Aol 23 Fubg-e A3}
Z Auk2(charge controlled reaction)o|d, 43532}
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Fig. 2. Frontier orbital interaction for an oxetane mo-
nomer and propagating species (protonating oxetane
and BF,-oxetane) by HF/3-21G method.
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39 ghol # A wrg-Ae) F7ld 7o Satgic
Table 52 gl 2 A8t FAAS §4-2) iz
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AN e LUMO oA 471 $&5F odidA
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(-CH,ONO, )2 2]3tEl 332t} HOMO o1=]7}
Fo} whHe-Ao] $A4 52, oxonium ©] LY car-
benium ©1&2] LUMO ¢llu{#]7} o} ¥lgAle] o
SAFE & 5 Uk

o2& S-Agke) NMMO, AMMO, BAMO,
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Table 5. Energy levels of HOMO and LUMO of propagating species for substituted

MNDQ, AM1 methods

FRIESR - BAARME - FHEREE - 2EX

oxetanes by MINDO/3,

Q 4 BF3 —*0 BFal 2 +
2 —t Rz 0 - CHz*
2 Ry Ri Rt 3 Re
Oxetane HOMO  LUMO HOMO  LUMO HOMO  LUMO
0—4 % —10440 1675 % 13922 -—7356 % —12446 —8699
| % -—10953 3093 & -—15853 ~5770 % —13778 —10.140
2 3 & —10479 2922 & 14639 -6318 & 13512 -9705
o— % —10461 —0802 % —12834 -5783 & —12231  —8589
| % -—11411 ~0683 v —15220 —6428 % —13782  —0197
C‘H§“=°"°2 & -12773 0024 & —14481 6453 & 13429 —9767
O % —10998 0265 % —11564 —5035 ¥ —11950  —7.797
] | i % —10045 —0063 ¢ —1388 -7.183 % ~—13565 —10.309
L & -9750 018 & -13276 -—6819 & —12962 -9781
00— # —10257 —0537 % —12818 5732 % —12424  —8800
| | cmovo, W 11994 —0610 % —14939 5703 # 14127  —104%
- CHAONs @ —11540 -0575 & 14266 —5960 & —13793 —10068
o= % —8664 0164 %X —9864 —4187 % —I1L184  —7.097
|_“CH2N3 % —9915 -0140 ¥ -I1L716 —5377 & —12632 -9.156
CHzNs & —9737 —0015 & —11364 -5108 & -1157%6 —9.366
%; MINDO/3, ¥r; MNDO, &; AML.
= A|819 carbenium ©]-3°] oxonium °|&¥ B}
o] 2lo)e) oix|29i7t devz wgAol & B J—
2Yge o F ok Fig.3& AMDgel oj@ :
NMMOS®) =hefalsh 24813 Alolel o« 29 N
B 2olth Il BE vk o) I “ p /_
Repileh F ARAAL Y oxonium o)L} SN N
4 carbenium e} Alo]¢] 43 24L& v)wdle] b ::H/
1?‘; -?-E'Iﬂé oxonium °]'€-5'-‘:l' cﬁ% carbenium * 3 ) u—(m ne 0/(}<KIDON0:
ol&3} QALY gl P WAl orr oo

g% fE g sy 5 ook geid AEepuks
o 4] XA LA GF I FHPu-e] WAL
Whg- FAR) shie] oFdEr) =2 vhebde hard-
hard® #&Ez8<) FA7|H Ay &7} soft-
softd F3Z 44t Q5P ovix EHAKAE) =
Auk-go] Aol 7|ods= HSABU#ol w2t )
<& RodFch Fig 4= NMMO2 4dEev 4z
F4Adel s $-212k 22A] 14-butanediole] ire]
% oxonium °| &Xt} 94 carbenum o]
$40] 1] HelE AMIYS 8 AE s ¥

Fig. 3. Frontier orbital interaction between cationic
3-nitratomethyl-3-methy] oxetane species and 3-nit-
ratomethyl-3-methyl oxetane by AMI1 method.
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219+ 02009 WY 7, <ndE ¢ F UYth ol
£ 384 dkeA duz(AE)9] o2 Ay 4
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Fig. 4. Frontier orbital interaction between cationic
3-nitratomethyl-3-methyl oxetane species and buta-
nediol by AM1 method.

shaloo, WP A A4t FAale] 453 Fig.59)
S ke vlse vehygic. PINMMO/AMMO)
2} wbgAnl(r <r)e AN kA 2] NMMO(D),
AMMO(2)8] HOMO-°Iz] #¢)st BF, &34l
NMMO(1), AMMO(Q2) &433} $}etg2] LUMO o
yx F9178] ouixAHAE7 HE4E ukS-Ao]
A viebdoh r=kofkpol A kg <keoleh o714
k& NMMO 243 533 (LUMO)I a4
NMMO(HOMO)7} 34se 9-54%50)1, &,
NMMO 343t 3133(LUMO)el wbal AMMO
(HOMO)7} 3Ash= wtg&re]nz 4E3el4
AR F9 w2 kol whEAde]l F Ao} A4
ek n=kp/kyol M kp>k, o AAE o112 E4
2 A3 hyvy AMMO 3433} 313F(LUMO)e|
el AMMOHOMO)7E #33k= ulg&xol3,
k& AMMO 243 25 3(LUMO)o| ek
NMMOHOMO)?} F33hs wH-4xol2g 45
el A 2] EH ¥ DR &y, ) uEEAo] F Ao
o 4kglc), o]4ke) Hzkgz PINMMO/AMMO)2} w
A8 n<nd g dEE £ Qo olg} #e) 3%
arsA v Ee o) AN FRAHYE S
g AN a9l JEse s ukgAdg A
go] ebeidt ez Mzixlch e uo B Fig 6
o4 P(NMMO/BNMQ)9] €34, Fig.72 P
(AMMO/BAMO)2| wH3-43& A4 4 et

Fig. 82 NMMO#9] BF;oll 9% €439 3eld
oxonium o]-&2 ARl LA dakH) Alele] C-
073 84 alg AAdd =S AMI wpge s
B3l 7olrk, 223 oxonium o]ol Gzt 23
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Table 6. Reactivity ratios of energetic oxetane mono-
mers for copolymerization with boron trifluoride
etherate in dichloroethane at 20 C

Reactivity ratios

Monomer pair reference

n [#]
NMMO/AMMO 0361010 2.19+020 This work
035+ 0.10 273+ 024 15
NMMO/BNMO 3.34+041 0.1 £043 This work
1087+ 567 (.26 026 15
187+ 033 1021021 This work
219+ 038 031+0.15 15
1.09£0.23 1.25+018 This work
1.30+0.12 090+ 013 This work
1031009 0.37+008 This work

AMMO/BAMO

BNMO/BAMO
NMMO/BAMO
AMMO/BNMO

4
l 1 ek ki s 0,36
2 ckn/kn = 2,09 —01

NJ <1
2 N nqgn S0
N . /

0 ] ~ 0
l%"("l q_("l q—(“l lq‘("l

HIONO? (L] CHiONGr CHzNy
(4] {2 L {2)

Fig. 5. Frontier orbital interaction between boron tri-
fluoride oxetane propagating species and NMMO (1),
AMMO (2) in copolymerization by AM1 method.
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Fig. 6. Frontier orbital interaction between boron iri-
fluoride oxetane propagating species and NMMO (1),
BNMO (2) in copolymerization by AM1 method.
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Fig. 7. Frontier orbital interaction between boron tri-
fluoride oxetane propagating species and AMMO (1),
BAMO (2) in copolymerization by AM1 method.
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Fig. 8. Reaction coordinate for oxonium ion and mo-
nomer in Sy2 mechanism. The energy minimum asso-
ciation complex the distance between the BF;-NMMO
oxonium ion and butanediol (O), oxetan (@) is dona-
tes “complex” by AMI.
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Fig. 9. Reaction coordinate for carbenium ion and
monomer in Syl mechanism. The energy minimum
association complex the distance between the BF,-
NMMO carbenium ion and oxetan is donates “comp-
lex” by AM1 method.
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