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DFT Studies on the Protonation of Bicapped-Keggin-type Hetero-
polyanion [HsAs3sM0:,040] and Keggin-type Heteropoly Acids
H3PM12040 (M:MO, W)
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(*Key Laboratory of Green Chemistry and Technology of Ministry of Education, College of Chemistry, Schuan University,
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Abstract DFT (density functional theory) calculations on the structure and the protonation sites of the bi-
capped-Keggin-type heteropoly anion [HsAS$sM01,04]  were performed using B3LYP method with
LanL2MB basis sets. The calculation showed that, the formation of the two caps on the opposite M0,O,
faces greatly influenced the electronic structure, thereafter the properties of this anion. The NBO analysis
indicated that the negative charge density of the triply bridged oxygen atoms, participating in the formation
of the caps, was greater than the density of the doubly bridged ones, thus protons might be preferably located
on the triply bridged oxygen atoms as speculated by considering simply the electronic density. But detailed
investigations through comparison of the stabilization energy after the cluster protonation predicted that, the
most energetically favorable sites for the protonation of [H4ASsM0;,04]” were located on four of eight
edge-sharing doubly bridged oxygen atoms, rather than the triply bridged ones as indicated in the literature.
The protonation of the Keggin-type heteropoly acids HzPM 1,040 (M =Mo and W) was a so investigated and
compared with the results reported in literature. The acidic protons of H3PM 1,04 are bound to the bridged
oxygen atoms for HzPM 01,049, while for HzPW 1,04, they may be located on bridged oxygen atoms pref-
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erably, though they can also be located on terminal ones, and this conclusion is consistent with the literature.
Keywords heteropoly compound; bicapped a-Keggin structure; protonation; DFT; [HiASsM015040];

H3PM010.0; HsPW 12049
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BT Y=V, As, Ni %)™ 2 h— a-Keggin #1Y]
B F{ XM 12040} ZEP N AT BI[MLO4) T E 4% “3h |7 —
ANYO} “UF” e, & AP UL M—O—M
HROR AR DU TE I S 1T, {Y O} A T IY J5 HEAA{ Y Os},
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14 a-Keggin FUUIE a-Keggin 451 ) 2 A .
AN TR BB U IS, 7F o-Keggin 45Ky h3tH 14 4“4
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CLZEAN VL TIOAE, TR R SR Ak 2 St R
SO AR B o 9 S RO G AR T R XU
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Figure 1 Polyhedra representation of a-Keggin and the bi-
capped one

TEXUNE Keggin Z#e b, ARk BT b Ao B AR5 1 100
BIANTR], A7 1T 3 S an S LR to YA O (in-
ternal tetrahedral oxygen), XUHF4 Op, (doubly-bridged
oxygen) il = #r2 Oz (triply-bridged oxygen), e O
(terminal oxygen) LA &I 45 O, (capped oxygen). XUHF4E
O A M FT, 7E[A]—{M3Ous} % WAHIKHE I KR A Op
(inner), AN[AI{M3Oua} 15 2 [HAH L Opap (between)
oo, A, =3 Ops 1193 4 Opgi il Opgo. Hiir 8l Op 7EXX
B Keggin 45t XAT T On (BAEXUEVYJE terminal
oxygen around the caps)fll Op (f7 T 7RIEAN7 termina
oxygen on equator).Z 7); [FII}, 12 NMEM & JE R T M 1
KBS AT T MR Me 2 5. i Js 7 Y bl
B X AHEINA Y InBAX 4. 7EEiE Keggin 254,
WA =M% Ops FIIEA O, PHFIRUM A Op 7EA L1
15 FH§ Opgi A1 Opap 2 7 (3L AR B H Ok O, A1 O R 7R),
LA O Rk O, 8k Op %7R), Ui H O %
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IRCCHR T O, fHA H Og /R IY). XAl R ikt
BOTE RS T WU Keggin 454 M2 Keggin 4546 h AN [FH]
Tl B P Ak ) A S5 AN B 1 0L (A 61 1 0 2 JITOR).

Obzp Ot

As, /

Bl 2 il o-Keggin [AssM0y,050]% T & 1]
Figure 2 Perspective plot of the atomic coordination of the
bicapped a-Keggin type [AssM0;,040]>
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KH DFT R B3LYP ik, fié LanL2MB 5§
LanL2DZ JE4H, AT EA Do M FRIECHE KA S)
WU a-Keggin 45iFI[AssM012040]> (LI 2)iE4T T 44k
h, g Rk 1.

HE 1 PR SR T W, it
LanL2MB if & 7F LanL2DZ 341 ~, DFT K45 R AL
PRI S, BRI T bR vE R 22 A 1.97%F1 2.40%
(Il £F HF/LanL2MB Al HF/LanL2DZ J7%:/KF I ()it 5
TR T 3.00%). 1 15 WIAERIF SRS 18 5 A 1 I 4
JE ST IR R, B3LYP R4S HH Lt HF B2 SE 504
P 4R 2829 FERIRER 5 R, FEAL Rk 0 S R I
RN K O, {HAE A Lanl2DZ ik 4 R L Al A
LanL2MB HE4H 143 21 1) 45 6 R 1l 2 72 26, AL ()T FE
HESEINMRZ . ZRGUE SRS O PRI 9 #6471 B8
#, LUR B BRATECR A B3LYPILanL2MB J5 727K -

R 1 DFT J57% F[AssM01040) > 1 45 Fh K (nm) (1 T 57 2L
SLEHE I LR

Table 1 The experimental and calculated bond lengths (nm)
under the DFT level of theory for [As;M 012040]5’

B Exp.? LanL2MB  LanL2DZ
Mo;—O 0.168 0.1719 0.1740
M0;—Op 0.184 0.1878 0.1887
M0o;—Ohan 0.183 0.1871 0.1883
M0o;—Ohap 0.210 0.2102 0.2126
Mo;—Oy 0.206 0.2118 0.2117

Mo—O, 0.239 0.2460 0.2473
M0ogs—Op 0.169 0.1719 0.1736
M0g—Opzi 0.198 0.1951 0.1975
M0g—Opzs 0.194 0.1938 0.1968

Mog—O; 0.243 0.2492 0.2502
As—Opap 0.183 0.1831 0.1865
As—Ops 0.206 0.1914 0.1974

As—O, 0.168 0.1678 0.1700

SERIFRIE R ZE 1% — 1.97 2.40
I [A) Y #E/n — 39.7 135.1

& SCHR[6] 7] — b S I - 2R

2.2 JEME a-Keggin 522 % B HzPM01,04 (A)FR
HaPW1,040 (B) R FRITE L

iz H] b1 B ade (4 7 V27K 00 51 BAE - a-Keggin
£580 HaPM 12040 (M =Mo, W) 48 Oy il 4 OpiX
PTG BLHEAT T B LRGSR, oA R A
T Cs (O AEHH) AN Cay, (O 5 1) IS FRAE BRI, FFRAEAL
JRHIEERIAE T NBO Z0#r, LA B i i A Ae e fh g
AE (BT 74k )5 5 57 iR B A 2R g B A0 BRI A
VYA R TT PO, T LA 41 T35 2 1.
H2 o-Keggin i1 HaPM01,040(A) F HaPW1,0.0(B) 15 115
SEALTEAE FITH DY RIS TC PO, fA ¥4 FLAT
Table2 Charge of the central tetrohedra PO, unit and the stabi-

lization energy AE of the a-Keggin clusters HsPM 01,0, (A) and
H3PW 15,04 (B).

AE/(kJ»mol 1) PO, 1)1 L4
PMo01,050 0.00 —1.45
A? —1381.14 —1.43
AP —1244.76 —1.42
PW;,03% 0.00 —1.35
B? —1302.48 —134
B® —1276.12 —133

MR 2 Prgfdsrr L, MagsE LokE, AEE
H3PM 01,040 i /& HaPW12O4o, JiT1 & {7 T8 HS LL E AT
Eu R AR T, RE R EK, HMWE A IAR, T
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I (ADF FRIPAL T 58 ) vHE i 45 R — 3. Mréd s i b
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BT AL YR HL TG PO, HISEMAIAR /), AN NBO Z3#f
(R4s R T, POy HLIGIE HLGT LT B AT Ak
ANkt 0.03). HUE AT UL, iz A A ER R A AL A AR A
I HPAs, BT I08 2845 HAARek rkpe, JLr7 A
T I AT R RS B R A AE DY 48 75 M 3O} LA
LT A5 A I B K P P %8 {M120s6} .. Day FI
K lemperer K2 # JL ] 45 K AR SR RN 1, 524 Ak
[¥) Keggin 7 2 % B B T [PM 12040) > 1 LUF 1E /2 POS ™
FAE— DR FE{ M0z} W ETE WS Y, ATERIRA
[(PO3 )(M1,0z)] (M=Mo, W); AT 445 Rt —
AAF B P T S B L A HEL ).

2.3 WiE a-Keggin £5#[H4AS3M01,040] F R FRYE L

NBO 47 7R, [AssM012040]> 1A Al F 2444, L1
B AT 23 A B 2 2D R O (—0.627) > Opap
(—0.520)~Ops (—0.499)>Op,, (—0.405)=Opy;
(—0.391) >0 (—0.294)~0y, (—0.293). 1Y I\ 7 25 JiF
18 [HaASM 0100 H T T~ HE38 s 50 7E i 15
B K =M Opg b sl(d1 T O A TA 2 Bl RS 11
W, BT GVE B S IER), HUOEXH4 O, L.

WUIE o-Keggin 25K [Ha4ASsM 0150,0] i1 58 17
WRTC T 1, ALK Z, BAl1Z CHR[6] R [7] T R
TR, BT T A T R SOERE. HRA
AR U BB BT T U5, P 2 i o
TAREALBEAE F1ZE NBO 3 i b DU THI A FR T
ASO, [ HLfif 41 T35 3 .

& 3 TAEH, P T A Op FiARAER
BTG 2 LU i S5l =A% O 122, BEWIJIT 1o ] B ST AL
KMFAE Opy b e Sl SRJG A & =M% Ops. 1M Oy
AR R AR X LR AR P R BN, X SR, T

(10 5 A AN B R AR R o X AN IR B,
A e R i e 7, He A iR K 41 B
e, U E T, PO S IER As i As
2 A FRVRH ELAE FH LA e 23 i) o7 PR, 5+ PR 125 i e
KII =M Opgo F B Sl sisE, 75 Asc Z [RIFIREES Ay
0.254 nm, EILE O I, iTH As ZMIIIEEE N
0.257 nm; 1 JfF 2 SAE X4 Opop 1 Opy LB, Hi b
As. Z i) (IR 4K T 0.5 nm, 43 %124 0.545 nm A1 0.559
nm. LTI, S As R ) HUAH ELVE H RS
Vi) 7. BEL 280 S8 0f 4% 25 i 2 P9 52 M)A TR K. ) B A a3t
B, AN LT 2 52 SR ) W 2% 22 T b T P L R T R s
SRRV M SCHRI6) P T AL AR BURUN BT AT,
[HaASsM01,040] ™ B T € AL VT & F-PUAS Ops S8R T,
BI4J5 1 O(5), O(24), O(16), O(33) (B E Kl 2); HIkA
MR, A T )\ O L P PUAN SR 7,
B4 T O9), 0(28), O(14), O(35)E# 0O(2), O(25),
0O(18), O(32) L Inf, A& Z It ot 1 A& i€ 4k fig LU iy & 22 41%
90.79 kJmol %, #i[H4ASM01,040] H (I PUAN T 1 5E A AE
Oy DIHEFHA R B IRAR, i hFE.

SCHR [7] AR 3 R T s R TR R B R AT, 8 XL
o-Keggin [HaPV14045]> 1 P AN J3 1~ 0 52 47 V& T )\ A
Opzi "L PUAN S 7 I, (HIX PUAN SRS 7 A3 A T
a-Keggin G5 AR F A A-frrh, RIZE &I 1 T i Sk
PEEAE Oy I BATH S SR 7) B (e 7, %
[HaASM012040] 1 I PYAN 5T 142 3B 58 S8AE a-Keggin 4
FIRERT A A-RE IPUAS Opy IR BLREAT T 115,
RIPOAS T4 T 2 ) O(2), O(14), O(25)F1 O(35)
XPUAAE T B RLAT D6 FctE). 450 izl
R TR AL REAE= — 1411.68 kJemol !, LLIRATTHT
T8 1% L (Opz) 5 781 T 31.80 kdemol %, I Lb 5 £ T
Ops - 1% W % (% 5899 kdmol ~ % ix 5 it W],
[HaASM01,040] " FITPUAN 5T F-4E )\ Opgi H 1L H PUAS
AR T B R — @ 2 P ), AR RR AR
PREFIRAR, 1A A2 1 SR BT i AR /E DY S = O

BT

M NBO Zr#Hrigh Bk, AN R A

SRS AR B, AR O DU TRIA G ASO, AR H 5

£ 3 W a-Keggin [HaASMO01,040] JUFIH L 1 5T Fe 2 AL REAE A1 HH Lo DY 1T 4 5. C ASO, HA ¥4 FEL AT
Table3 Stabilization energy (AE) of the calculated bicapped a-Keggin clusters [H4ASsM0:,0,40] ™ and the net charge of the central tetra-

hedral AsO, unit
H MO015040]”
[AssMOg0u]" [HaAS;M01,04]
O Opop Opyi
AE/(kJemol ’1) 0.00 —1174.03 —1352.69 —1372.35 —1443.48
ASO, 14+ FELArf —1.43 —1.45 —1.44 —1.46 —1.44
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L4 A% W Keggin A2 % B8 7 [HaAS:M01,040] 1 Keggin LA Z 1R HaPM 1,040 (M=Mo, W)-+-++-

Wi 52 /), HG o v ) 54 B K LA 0.03. i XU
a-Keggin 2% B B T [AssM01,040) > 7 2 5 AL IE R
BV, HL 5 B il A7 A RS S AE WU (As), B
{M01,0s6} L [F)JE 1) E{ AS;M 01,056} EREAT

3 4HiE

(1) XIWE a-Keggin 7% 115 1 [ASsM 01,040 7,
B3LYP/LanL2MB J5 1% /K-T-Refs 4 Hh 1y S it Aictls — 20
S5 HL, RWIZ VKT T R Ak B 5 3o 4 )8 1
ERIEJNFE ALY

(2 X a-Keggin & ¥ 2% £ B HiPM01,04 Hl
HaPW 1,040, AR W 5 45 KA R], AEOW TR0, 7K
EMAR P A TR, RS TR
L, B AT e AR eI, P AR A 22 DN,

(3) M o-Keggin 44 [AssM01.040]> 5 Al 11
o-Keggin S5HAH L, XU TE Sl 7 3 4051 (10 BR
B, AU AR R EON 2, T HATAS 23841 Keggin
B S L 1 XU R RS, S A T
J55 B S LSO AR K. (ETF SR, - T XL
MFAE G ILE )\ Opgy HHIR L rfr PUAN A F 22 b s 3 DY A
A Opg MR RBERPHRINTE 2, 15 IE As
J5 - 2 T f e e A D R 2 TR A B, I 45 B LI
o-Keggin 4514 [HaPV 14045] > H DUAN 3 1 1) 52 1l o 45 15
B, FATIN A XUE o-Keggin [HaASsM012040] H I PY A
JFe T2 R SRAE XU 4RL Opgy =, T AR 41 SCHR T 41 386 F) 4
MV Opg b Tk s

(4) NBO 73 #r I 45 R W, A58 42 A6 1
a-Keggin B4 2 [ B 1 [PM 12040 (M=Mo, W) 1] LL#
EAEE PO WALLE — D M0} W ETE LS
Y1, A1 A[(POS )(M120s6)] (M=Mo, W); iy HXUIE
a-Keggin 2% B B F[AssM012040) >t 1 AR 1 —
AN HIXUIE (AS)2 5{M01,Ose} JEFTE B BT WA ),
RN[(ASO,)* (ASM01,0z0) "], XK HIME R HF “ i 47
FE” 1) Keggin Lk XUIE Keggin B 24240 &4, (EVE N
PRI AL 7RI L e 23 5 5 A S s R, 51 IR AR s BT
7 AR RS 32 AR A B (AU Keggin 2845 42 (%8 133047
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