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25K W, 75% HNO5-(CH3CO),0 WAL FEEA, AHILAE @&, H& B85 THEABI R H LBl 7 2R B 54— L I A
e, AR AR AL AT T 2047, fERIRAEER . HNOs-H,SO,4+ KNO;-H,S0, 1, NO, ARE b iEALF,
1hfe 19, 2258 CL-PPSQ 7 5%, 1T HNO;-(CH;3CO),0 14 %, CH;COONO, A £ E stk id b7, ftkfe f1idE
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Nitration Study of Cyclic Ladder Polyphenylsilsesquioxane

Wu, Yiwei Fan, Haibo Yang, Rongjie*
(School of Materials Science & Engineering, National Engineering Technology Research Center of
Flame Retardant Materials, Beijing Institute of Technology, Beijing 100081)

Abstract How to promote polyhedral oligomeric silsesquioxanes (POSS) compatibility with polymers is always the key
point of the research on POSS. Introduction of nitro groups into the POSS by nitration is an important method for improving
the compatibility between POSS and other polymers. GPC, TGA, 'H NMR, FTIR and element analysis were used to charac-
terize the structures of the products nitrated from cyclic ladder polyphenylsilsesquioxane (CL-PPSQ) by several kinds of nitra-
tion agents, including fuming nitric acid, HNO;-H,SO,, KNO;-H,SO, and HNO;-(CH;CO),0. The results showed that
NO,-CL- PPSQ was prepared using 75% HNO;-(CH;CO),O through a moderate nitration process, meanwhile the cyclic
structure of PPSQ was remained, and NO,-CL-PPSQ of one nitryl group on every phenyl could be prepared. At the same time,
the nitration mechanisms using different nitration reagents were analyzed. NO,", which broke the chemical structure of
CL-PPSQ, could be found in the fuming nitric acid and H,SO4-HNO; (KNO3) systems. With regard to the HNO;-(CH3CO),0
system, the main activator was CH;COONO, which had appropriate nitration ability. In brief, cyclic ladder polynitro-
phenylsilsesquioxanes have good solubility in organic solvent, good dispersion in the resin matrix and nitro groups with reac-
tion activity at the same time. The successful synthesis of this polymer provides a precursor for subsequent amination, alkynyl,
azide reaction.

Keywords inorganic-organic hybrid materials; cyclic ladder polyphenylsilsesquioxane; nitration mechanism
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AT — 2 = PPSQ 5 A ML S A MR Ty
%, BT HEE AR v, AT R H R
M. PPSQ i B[ —MIT A A 2 e R X AR BR 3
ITHEA SO, FEAR = P AE B8 DA i A v 1 23 B 1
F e S [F, KRR TGS T POSS fTAEM
% MR, ik POSS mfLUE R Ak
IS RIS R S 153 5T AR B g1 POSSE Y, R
TSR SRR SRR SR A 5 Bt i
EREWT, EREMEAEIFHRERE . YU RER
e AR, Kim S EES RS BRI T T ER
1% 2.5X 10" () PPSQ, F-M IR LN 90 wt% [ K IR AN R
XPIHEAT TR, RIS 1B SR R R 1800, £
SrHEUE RELPDD AN 2.49 [EF] 1.34. JFERAET A MHAHER
MR AL TS PRI 3R, R T PPSQ M4: T-4544).
ASREZEAE PPSQ W& U FU Rl b, IR RGiH
X} PPSQ W& VA EE Mg AT T IE, 4% Y
5 K0 1) 5% % 1 A% °F % B (eyclic ladder polyphenyl-
silsesquioxane, CL-PPSQ)!"*"*] #i#ysRunfEd 1 foR, wf
DA H P& K] PPSQ 2 P FH LA IR 4k 22 25 4 TR
W, WP g5 R Ak aE 5K 2 A ((Ph),Sip05),
((Ph),S1,05),0(Ph)SiOH, H.A n HIHUEIERIZE 4 L L.

FEASCH, BATTRFBONEAT HNO;-(CH;CO),0 it
& &, XF CL-PPSQ HIAH A R B 34T THEFL, 4% T
IR A R RE AT T NO,-PPSQ, FEXT A AL AL HE
HAT T 2.
1 HEREWR
1.1 WHEFEZEREE

B Y O Uy 3 R B R 432 S B2 (ONPS)
HIHI4% 7325, Wit 7 — 2% PPSQ MIRMAL 7 tnE 1 i
7N
1, FERAME =R %S5 S g S
P AR ORI (5 2 S e () 7 VR IR T /MR . 1t
g, BT ERAE TEORFEERIBK. Emihs
56 v AR FH 5 PR RS B TR R R R 6T PPSQ HEAT T R AL S
W, Wk 4775 5 Fow, R AR AR o 1 B PR
. AT SEBURE A R A RN BRI B ), R
KH T BCNEA HNOs-(CH5CO),0 flfk 1A R BEAT il
HARES, Uik 64 5V T R 8 Fita, #FSEBL T PPSQ
By AR IR, By T EAR R AR, (B =R 771
MU ERETRAE—EEZR. TXHFH—LL NO,-

B 1 CL-PPSQ k%4 #0
Figure 1 Chemical structure of CL-PPSQ
(a) Complete cycle, (b) cycle with only one SiOH group

F 1 NO,-PPSQ & F7iknt Lt
Table 1 Comparison of synthesis methods for NO,-PPSQ

Method  7/C Nitrating reagent (mL or g)* th M, PDI Nwt% Reference
1 20 90 wt% HNO; (6) 20 1634 1.067 7.96
2 20 86 wt% HNO; (6) 20 1849 1.115 742 [13,9,16~19]
3 20 84.5 wt% HNO; (6) 20 1864 1.119 6.83
4 0 65 wt% HNOj3 (6)+98 wt% H,SO, (6) 1 1866 1.116 7.93 [18,19,21~24]
5 0 KNO; (2.5)+98 wt% H,SO, (10) 11649 1.057 721  [I8,19]
6 25 65 wt% HNO; (3)+99 wt% (CH;CO),0 (10) 1.5 3088 1364  3.30
7 25 65 wt% HNO; (3)+99 wt% (CH;CO),0 (10)° 1.5 3102 1375 421
8 25 65 wt% HNO; (3)+99 wt% (CH;CO),0 (10)° 33278 1.655 481  [I8,19,23,24]
9 25 70 wt%HNO; (3)+99 wt% (CH;CO),0 (10)° 33876 1430 6.0l
10 25 75 wt% HNO; (3)+(CH;C0),0 (10’ 34110 1462  7.89

“mL: HNOs, H,804, CH;COOH, (CH;C0),0; g: KNO3. * M,(CL-PPSQ)=3053. “ PDI(CL-PPSQ)=1.362. ‘HNO3: mix HNO; with (CH;CO),O first; * INO3: mix

HNO; with PPSQ first.
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PPSQ-x R RHFE 1 Hhal b 777k x g Ias L r=4.
1.2 HNO;-(CH3CO),0 FELik BRHIESL

55 RS B AN A W H,S0, RS AL K A EE
HNO;-(CH;CO),0 bR R 5 NEA, 1% H Ttk =
R, J5ik 6 % 2 TR RIS 5, e RR S
LIREHE A, BN PPSQ H, i 25 'C, &M 1.5 h.
TEWRRSIR AN L BRBHR A TSR, RIMA AR NO, S
AR, HREF] NO, B W RE/ENTEE 05 5 RN, )
TEJTE 7 J7i8 8 R T IRA THER A PPSQ, 74k
SJa, R ORI ST N R M AR R ikl =X, o
WM 1.5. 3 h.

2 & =TI RS AT UL B S T B R B R
e 5 R CL-PPSQ [ FT-IR i Xt H, MBI TTE
i, FIELE: CL-PPSQ HIZLAMER, AT KRB 1524
1346 cm ' Kb HREESE L] NO, FOWRIScié B, FIALE
I B 454 R CL-PPSQ Rl #i i 4k, 1H5 ONPS 7EH R fr
B SE R U A A S A W R B 22 S, AT LA SR
AR e A — AL

7

CL-PPSQ
« | NosPPsas
8
2 | NO/PPsSQ-7
]
& | noPPsas
c 2
o
'_

ONPS

' 35|00 ' 30|00 ' 2/(;00 ' 15|00 ' 10|00 ' 5(IJO
Wavenumber/cm””

B 2 NO,-PPSQ-6, NO,-PPSQ-7, NO,-PPSQ-8 Fl ONPS LA }%
CL-PPSQ ZL4M &
Figure 2 FTIR spectra of NO,-PPSQ-6, NO,-PPSQ-7, NO,-
PPSQ-8, ONPS and CL-PPSQ

[F, B3 AR 19 ) GPC 45 1 %K 1, NO,-PPSQ-6,
NO,-PPSQ-7, NO,-PPSQ-8 ) M, 5 CL-PPSQ Lk, ¥4
HihwE, PDI LA K, TIS5 775 1~5 FIRALF=YIAH L,
NO,-PPSQ-6, NO,-PPSQ-7, NO,-PPSQ-8 [] M, 1 PDI #F
EEHIRE, RFPAMFEH HNO;-(CH;CO),0 1k & X
CL-PPSQ #HT AL I BifF B T 4 T 45 M AR R AE A 1
Ht =9
1.3 HNO3-(CH3CO),0 {FRFHLIZE 47

HNO;-(CH;CO),0 & &g 528 % CL-PPSQ JE Al
fasE HOmSAL, (HHTAALR) HNO; IR R, "I RERIAH
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2
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E 3 NO,-PPSQ-1, NO,-PPSQ-6, NO,-PPSQ-7, NO,-PPSQ-8
F1 CL-PPSQ ] GPC &
Figure 3 GPC results for NO,-PPSQ-1, NO,-PPSQ-6, NO,-
PPSQ-7, NO,-PPSQ-8 and CL-PPSQ
b REE P CHCOONO, KR FF thm ik, £ 3 h
&, TCERAPERER, Y N FERELE 48%L 4,
— IR LN 59.8%. fE R Mt FEF ] LSRR, &
WRE I HNO; 5 (CH;CO),0 TR AT, 1R HRB R 4T
FREAE, B Al AR E BT 10 mL K. )k
M 10 min J&, KSR EERYE, HEW~4S 4N NO,.
NO, SR ERIR T HNO; WRIE, RNKRN NO,' .
CH;COONO, ¥ JEHEL HF HNO; iR (Eq. 1), JLFHA]
REZ 54k SN 3 M AR oI FE AR 22 B 2 HINO IR FE T
I Th R, HOE i 8 BRI, iR HNO IR, Mg
PR AT R 45 2R .

Bl 4 & =FAFEE TR HNO; R4k R 152
NO,-PPSQ-8.NO,-PPSQ-9 UL & NO,-PPSQ-10 fitk. ;=4
PRI A MR .

ya

MMMW

1 NoqPPsQ-8 W
< W
3 NO,-PPSQ-9 (ﬂ
[
E %
& NO,-PPSQ-10 \M} m
c
g
l_

4000 3500 " 1500 1000

Wavenumber/cm”'

Bl 4 NO,-PPSQ-8, NO,-PPSQ-9, NO,-PPSQ-10 4L #hii [
Figure 4 FTIR spectra of NO,-PPSQ-8, NO,-PPSQ-9, NO,-
PPSQ-10
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M 20 AR AT R IAE 1524 F1 1346 cm™' &b NO,
1 WS Ve i P o o HINO 94K P 16 N T 384 588, /732% 10 (1972
VIH IR 5 Si—O0—Si figsR ML, 5
ONPS FIZLAMEIRESAL, v W79 10 SEIL 1B 2 1 7 2
FEARIRM— . (UNE ARSI, R CL-PPSQ (1)
GPC R ERHEI T8 M,=3053, FEEEEE- T
)7 35 B BN 3053/258 ~ 11.83. 724 NO,-
PPSQ-10 ) GPC Z5 4L 7, HAE4 5y 84 4110, XY
FH ] #5124 R e s, O BT BN
4110/11.83~347.32, i R 558 A — AL 45 5 (348).
1.4 NO,-PPSQ WL Ry 53R

KA EGEE 1 RS, 9, 10)/) NO,-PPSQ & 1k
R, CRIH 2 RE T A=Y, TR T
R IR, NO,-PPSQ-8 1 — fid L 2 B 29N 59.8%;
NO,-PPSQ-9 ] —HLFEE 21 74.8%, NO,-PPSQ-10 ¥
— LR FEZ) N 98.1%, NO,-PPSQ-10 JEA b szl 7 2%
B — L.

5 N7 10 R NO,-PPSQ-10 =95 JE Rk
CL-PPSQ ) '"H NMR i ExFEb. MR 4 da] DL g2,
T NO, 3 [ 15 1155 3 80N 5 SRR = A 1 2
B AR, A A A 72 AR (B & A2 # ab #2 3)), H
fiF 225 B AFAE RS RN AR r S A 2= L B sz A LE ) A7 &
2Rk, Bh 6 7.5~8.0 AIRBhIE N FEIR b Al H]
KR T HITRENE, 6 8.0~8.5 KRB NHIF ERYIE
AT RSN, W] USR], iR AR AL S TA]
WL ARG AR 2 ELZh 101, W LRSI T RN
MR —HEA, HAE R 2 RATERIE XA, [FIE,
KM LR F 2 T — A0 ) 2R IR S0 L) 0, R A Y i
SNV TR B, A BERE A 2 S b A i AR R
P — R 2 T — RS G, 7RIS TRATT 1 B 25
s

PN

NO,-PPSQ-10

CL-PPSQ

12 10 8 6
o

B 5 NO,-PPSQ-10 #1 CL-PPSQ [¥] '"H NMR &%} Lt
Figure 5 Comparison of the "H NMR spectra for NO,-PPSQ-10
and CL-PPSQ
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Kl 6 NJTVE 10 A E NO,-PPSQ-10 P41 °C
NMR . E 6 Faf LLWEER], HT-NO, 271158
W R TS O8N, DA R R e SR e I AZ O T AR I A
H, 6 147.7 W NFEFEATERE ) C BRI, 6 140.0 bR
THFEXT LI C WL, 6 133.8 A1 129.7 s A4 )
C IR ST, 6 128.0 A 125.5 JRHIEARAL K C Ui, ok
KA RIS S e S REAHIE R C BT BRI 6
145 RIS SE AVE 2k, RGBT =94 SR Ak
R, MRS R B, (AT DR BRI R A T BN IR 1 —
fisth.

128.0

1297 4
147.7 14(;'0133.8 " M 125.5

160 150 140 130 120 110
s

Bl 6 NO,-PPSQ-10 ] *C NMR K|
Figure 6 '">C NMR spectra of NO,-PPSQ-10

% NO,-PPSQ-10 5 CL-PPSQ #:47 X SHEATH 2347
LB N BB 514544, XRD 45 3(B 7) 27K, CL-PPSQ J&
TFEBr 45 R, BRI XRD 75 A A7 AE A
(AT ST 20 7.3°F1 19.3°. 7.3°4b HIAT 5 U6 2 B S5k (A e,
19.3° 40 FIAT S 06 A& R HR UG, KR IR BE 3790 12.2 0
4.6 A. M XRD FAF MR T LA B REY 0 FRERIHE
5fE K, ARYE Liang FIRFFEI), B S oA X R 0656t
MESTEREPIN 2 ZFRERMTEE12.2 A), 55— MK
PREL RIS BRI R SRR (4.6 A), X Ui T )7
kBl CL-PPSQ "MW MAE. ZMKERS
Materials Studio BT EI 1K1 7> T L5 FIAHKT RL. R 772
10 A AL =21 XRD 758 B 5 ORI IEH B2, B
TR KA. X AT A /7%, BRI =)
BTN I BRI SR A4 2 2% B W) 58 AR K.

K 8 N TIEA R NO,-PPSQ-10 74 5 JF ok}
CL-PPSQ ] *Si NMR ¥ Fxttl, Hr NO,-PPSQ-10
¥Si NMR i B 94 WS FrfE E 85, MR 7 T LA H, TR
KL= Si B B — A IAES Si, R, BT AR IE
PR &8, BT A Si 4220 ) mi3a # 3)).

Kl 9 J& 13774 NO,-PPSQ-10 ] MALDI-TOF MS
R, B M4+Na =1593.7 %t %1 N((NO,),Ph,-
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—=— NO2-PPSQ-10
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26/(°)
Bl 7 NO,-PPSQ-10 #1 CL-PPSQ 1) XRD X b

Figure 7 Comparison of the XRD spectra for NO,-PPSQ-10
and CL-PPSQ

NO,-PPSQ-10

CL-PPSQ

-60 -70 -80 -90
0

B8 NO,-PPSQ-10 1 CL-PPSQ [/ ’Si NMR i &% £
Figure 8 Comparison of the *’Si NMR spectra for NO,-PPSQ-
10 and CL-PPSQ
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B9 NO,-PPSQ-10 ffj MALDI-TOF MS i
Figure 9 MALDI-TOF MS spectra of NO,-PPSQ-10
Si,05);0-NO,PhSi-OH, M+Na' =1759.3 X} N4> F N
((NO,),Ph,Si,05)s, M+Na' =1942.7 %} 3% 53T H((NO,),-
Ph,Si,05)s0-NO,PhSi-OH, M+Na*=2108.3 X} N7 1N
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((NO,),Ph,Si,05)s, M+Na"=2291.5 XF B 73T H((NO,),-
Ph,Si,03)¢0-NO,PhSi-OH. H T fi§ 2L & %7 MALDI
BTRMER TS E R E, saTREYEER
M, B EORT 2300 #20 A 0. BBk AT BAE B FE
K7 7 B BT 1) 2 58 R — I AL IR 46
1.5 FHILHIIES

HNO; 2 5 EZ AR, B TR BT i A
A, HffEH HNO, 4 AN BET &2 75 22, T 75 2R A
HNO; A& TR (U1 HoSO4 KM HySO4 EFRIR ).
AR B LRI LA S 25 Rl &) B ER VR & 4. J8 0, M
1 BT FR HR SIS I, A 9 T B g i A A
T =) 5 I AR A R AR I S BOK R, A A R AT LA
KW WL R R AT, R, EFRATI SLLe a2
AN T &R CH,Cly ¥ 7.

IR A 5 A2 58 HL AR S B, i A Ok 2 B R
Jii & NO, . B NO-X B A WE a8
FHIF, JBI =4 NO, S 5tk [ M. Hmib g 1 ekig
PEVE T NO,-X HH X B X LT ISR A KD, — e
L P R 44790 1 1 4 6 70 KRB AT NO, T > NO,e
H,0 > NO,CI > NO,NO; > CH;COONO, > HONO, >
C,H;ONO,. %A [ B A Al m), st AE A i id 72
HAFELLE R HNO; H, AEFH 12 NO,', H NO, ik
JE5 HNO; B VISR, KM HNOs RS /e /1 b8
HNO; ¥ B 1) BT 55 (Egs. 1~2).

4HNO;—4NO,+2H,0+0, (1)

2HNO;—NO, +NO; +H,0 2)

TEINE1~3 AF R, AT RIILRE J1E08, Fifs
FEVIRI AL AE R JC R /B 45 A EIE T ik 418, 48
T 5 RS AL RE JIBEIR T CL-PPSQ 14> 145K, F3
TWrEE. M HNO, A1 A ER AL FIE A RS AR
TR AT HH L PERR I, ERERRR, UM, HNO; X 5%
JR T BR W BR AR VE A, T HNO; XJ7K. CH3COOH
SENGE BB IER. 24 HNO; RIII/ER N, b
IR, Rz, WHREREHER, 65K,
7% 4. 5 AT HNOs R A R 5 HSO, LA
BREOVE R, ARELEOT R 1~3 MRS 158, Frd HNO;
WA ST RESEIUAF AL, [FIFEE 80T 2 T L 1 in)
. HNO; AI(CH;CO),0 VRA RHALT IS 1 02 S M 55 2%
A, & T 5 AR B N R B VR R BT 4 R R B A A )
IR AL SR, T HNOs AlI(CH3CO),0 YR-& Ak, 4n
HHNO; IIAEALT 42 wt%, 7 F B A L BRI
IiE(CH;COONO)E AT IE T FI(Egs. 3~4). IXFHEN
BRI RS A R BEREDS SLELXT T CL-PPSQ 158 42K 3tk
— AL, R o W %% 2] W 1 O
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(CH,C0),0+HNO;—CH;COONO,+ CH;COOH (3)
CH;COONO,+ ArH—ArNO,+CH;COOH 4)

2 #ig

%} PPSQ #EAT AL HI 4 NO,-PPSQ M Mtk &,
ARSI EL T . AR, H 2 Mok E
B EARFEY) NO,-PPSQ, 73 #T 1 & 7 1 FRAFAE [ £,
BUEIRN T PPSQ MIMBRIESE M, BUNLAIR, BESR
PSS BJEHE M RMARZRA: UL PPSQ AJEk, i
1b374 75 wt% HNO;~+(CH5COO0),, 1E 5 ke )
M3 h AT NO-PPSQ. MLk 6 & 7
%, Wk RIER S, & BOE R R B AR, R,
SN A%, 383t FT-IR. '"H NMR. GPC. TGA. XRD.
MS SFMHA T V20 P AT T 3RAE, UER T ORISR T
SEA i H PPSQ L5 I ARBEIR. R4 Bk RAS
[F AT S =N, 8 TSR SLIHLEE, AN
75 wt% HNO;+(CH;COO0), 75 &, AL SR i 1
0N CH;COONO,, fithfe 7, ReWs Sl BEASIIN
SERI AR PRI — A L.

3 SIS
31 KSR

LA HT(FTIR): 5 Nicolet 6700 FTIR f# 37 H-4F
PLLAMU, 3N 4 em™!, FIEIRECN 32, 6k RE
HE R 0.6329; JLE AT 8 E A=) Vario EL 111 JG 3
IIHHAX; BERGEIE (il (GPC) 2 Hr: Waters [RIEEI 1B 1E (4
i R4, 11 Waters 2414 RI #8143, Waters HT3, HT4,
HTS &l DLERIR O 1EARRE, VYA AR sl 4,
KRR 40 °C; BEHESEIREE 77 M. 2 E Bruker
DMX600 AZRGSIRIEAL; X ST HA Rigaku
MiniFlex 600 X A7 A5 9 2~90°;

B T T 2 5 £ 2 4t (CL-PPSQ): [ il 1,
(CH;CO0),0, 4l 99%, MNP AR, KM HNO;
(96 Wt%)~ ¥ HNO; (65 wt%)« ik H,SO4 (98 wt%)-KNO;-.
CH;COOH. Na,CO;. ZEE¥ N Hral, btk T
I
3.2 ZLWAHE

NO,-PPSQ HJ& B FE U Eq. 5 fiar, &% J\ I HE 2K
FEREAS - S BE(ONPS) [ il 8 7 ¥E O 1) 5 45 1l 7 9k
FERIRFETH 250 mL = B I 10 mL CH,Cl,.
FREE 4 g PPSQ, T CH.CL HY, 33iE5i1E I PPSQ
W, VKK TR Ikl R e, ¥k
LA R R 2R SR, REERIRE— e B E]. RV
&, B RBIEESIH 100 mL B /Kukd, 40 Clhigz
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Fr2: CHoCly, SEZIHIR B B yTUE. Tk, HE o4
N 5% NayCOs K IF R PRI IHE 2 v, B LB sk
=X, 50 CHEZTE, SRE AN, 124 NO-PPSQ,
HAJ75 10 YR E R 5313 g, FEEN 98%.

NO.-PPSQ

AR TV A 5 2R 1 A 22 BT (NO,-PPSQ-10): 2
98%, F{AE K. '"H NMR (600 MHz, Acetone-dg) 0: 8.5~
8.0 (m, 1H, ArH), 8.0~7.5 (m, 1H, ArH); *C NMR (150
MHz, Acetone-dg) J: 147.7, 140.0, 133.8, 129.7, 128.0,
125.5; IR (KBr) v: 1524 (NO,), 1346 (NO,), 1050
(Si-O-Si) cm™'; MALDI-TOF-MS m/z: 1593.7 (((NO,),-
Ph,Si,05),0-NO,PhSi-OH + Na "); 1759.3 ((NO,),Ph,-
Si,0;)s + Na 7 ); 1942.7 (((NO,),Ph,Si,05)sONO,PhSi-
OH+Na"); 2108.3 ((NO,),Ph,Si,05)¢+ Na™); 2291.5
((NO»),Ph,S8i1,05)40-NO,PhSi-OH+Na ™).

4 Bh#1 8l (Supporting Information) NO,-PPSQ-10
FT-IR. '"HNMR. XRD. C NMR A1 ¥Si NMR [&i. ix
L L AT BA Ao 3% AT X 35 (http://sioc-journal.cn/) b R
#.
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