% F F R oo

ACTA CHIMICA SINICA DOI: 10.6023/A13060634

KEMAESKRAREERITHNEFUERAR
KA FEC O RKERT O KFE AREY Pz

(RN K AE A SARR 2B 8% 271018)
CURBMIT ARSI 2 IHUT 276025)

WE ARG ORI K B 52 Bk MR 22 (1 2 i:, (RIS 20, L Hp (975 G o) S BB 32 B . A TR T
ST ARy AlgSigOsHy H7E B3LYP/6-31G(d,p), MP2/6-31G(d,p)//B3LYP/6-31G(d,p)F! MP2/6-31++G(d,p)//
B3LYP/6-31G(d,p)/KF N 7K G LA B — oK G R S 4 2 () R4 S P T DA, @5 S8, a5ahe. g
S IRBGEE . FEBEE AT, R, U KEPRENENE, KA FRPE T M A BAE R AT 2
AZ. KSR 70 I DL TE 230 2 T sl 2 18], B i 2 1) (K AH AR P 2200 T kS 7K 2 8] A AR,
I o 4 257 5 22 7 e O e DY T A 2 R\ THI AR 2 B T A DX B P, IR S 2 7K A Bk 5 10 N v 0 A 2 I o vl LA I 25 ) o 2
. M KEMENZR)G, BEEZRERARRY K, P75 @i a8 U2 2 A G E R8T W7 5K 5
TRVER. B2 )RR 1.05 nm I8, /K78 75 10k 1 2 18] 10 1E F SR T-lF 20 1 5 i A (AR, X BIIE 7 4 32
VEIFIEBE, 70 J2 (R P3G X LA E o0 755 b A AR VE L, P R 300 L B ) T 474

KB KO m s 12, A

Quantum Chemical Study of Intercalation of Hydrazine Hydrate in
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Abstract Hydrazine hydrate is now drawn more attention with its alkalinity, adsorption and pollution in clay. In this paper,
the cluster model of kaolinite AlsSisO4Hy, was constructed, and the B3LYP/6-31G(d,p), MP2/6-31G(d,p)//B3LYP/
6-31G(d,p) and MP2/6-31+ +G(d,p)//B3LYP/6-31G(d,p) levels were used to explore the intercalation properties (such as
optimal structures, structural parameters, binding energies, charge distributions, vibration spectrum, electrostatic potential,
and so on) of hydrazine monohydrate and hydrazine dihydrate in kaolinite. During the optimization, geometries of hydrazine
and water molecules and only the innermost part representative of the interaction sites of kaolinite cluster model, including
the oxygen atoms on the tetrahedral layer and the hydroxyls on the octahedral layer, have been fully optimized, and the “dan-
gling” valences of the border oxygen atoms were saturated with hydrogen atoms. Results show that the interaction between
hydrazine and water molecules after intercalation is different from that before intercalation, when hydrazine monohydrate is
intercalated into kaolinite. That is to say, water and hydrazine interact respectively with kaolinite by forming hydrogen bonds,
and the interaction between hydrazine molecule and kaolinite is stronger than that between hydrazine and water molecules,
and the intercalation points are almost in the active parts of kaolinite. These are the important factors that hydrazine hydrate is
easily into the kaolinite layers and difficult to take off. When hydrazine dihydrate is intercalated into kaolinite, the cluster
model with different layer spacing was optimized. And the interaction between hydrazine molecule and kaolinite is stronger
than that between hydrazine and water molecules with the increase of the layer spacing. When the layer spacing is greater
than 1.05 nm, the interaction between hydrazine and water molecules is stronger than that between hydrazine and kaolinite,
which also further confirms the feasibility of hydrazine desorption. Specifically, the layer spacing could be increased to
weaken the interaction of hydrazine and kaolinite, then the solvent is used to achieve hydrazine desorption.
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Figure 1 Kaolinite cluster model and the optimal structures of hydrazine hydrate
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Table 1 The bond distance of Kaolinite
Bond distance/nm
Bond
This work Other’s work” Exp.’ Exp.”

Si—O 0.1635 0.1627 0.1610 0.1615

Al—0O 0.1937 0.1917 0.1905 0.1907

O—H 0.0963 0.0970 0.0790 0.0977

“[26]; ® X-ray single crystal diffraction experiments®”; ¢ low temperature (1.5

K) neutron powder diffraction experiments!®®),

K2 K TRRIAEREEIE (kTemol '-H0 ')
Table 2 The binding energies of kaolinite interacted with water, (n=
1~3) (kJsmol 'H,0 ")

K-W K-2W K-3W

Our work” —36.69 —61.78 —64.68
Other’s work”

DFT (castep code) —43.44 —63.70
Exchange- PBE — —62.74
correlation PWO1 — —64.68
functionals PBE-WC — —70.47

“[251;" [26].

23 —IKEMESIKAREER
23.1 HMAMBEREE. BT

HA M S, e EUPIRENT, BATR
IR W A — AN AR N g 0 A J 22 ). AR B [ 5256
KR, BRAA) T AR THT P e A P i R Ak 4, DU T A T 179
R T HAIAA, B LI PR KA IE S e A 2
(BT VE T s AR AR I3 T 243K, BIUR /K
2T e S AL LT A B s T 2 v, g
e SiMZHN NBO HLfar 404 73 il 51 3% 3~6 .
AUOL, AT PRRE R, — R S kS K 2 )
AR E SRR KHWI1, KHW3, KHW4,
KHWS, KHW9, KHW10), 5 —28NE46 )2 5 iF 57K 5
T SRAEAE SR (1 S AR & (W1: KHW2, KHW6,
KHW7, KHWS).

Table 3 Structural parameters of various low energy structures for kaolinite-hydrazine monohydrate calculated at the B3LYP/6-31G(d,p) level

Average angle of hydrogen bonds

Structure  Number of hydrogen bonds (#)

Average length of hydrogen bonds H--Y/nm

ZX—H-Y/(°)

code H-K(0)* H-K(t)" H-Water* H-K(o) H-K(t) H-Water H-K(o) H-K(t) H-Water
KHWIY 2 3 0 0.1887 0.2229 — 155.96 139.45 —
KHW2 2 3 1 0.2105 0.2392 0.1922 151.49 163.27 173.43
KHWS3 3 1 0 0.1949 0.2125 — 156.99 155.89 —
KHW4 3 1 0 0.2014 0.2617 — 146.83 113.58 —
KHWS5 2 3 0 0.2094 0.2229 — 154.92 137.61 —
KHW6 2 2 1 0.1720 0.2140 0.2379 162.07 114.34 174.25
KHW7 2 2 1 0.1782 0.2125 0.1852 166.37 133.36 157.40
KHW8 2 1 1 0.1755 0.1952 0.2022 162.22 131.10 163.91
KHW9 3 2 0 0.1832 0.2077 — 158.72 155.00 —
KHWI10 2 1 0 0.2399 0.2522 — 162.72 147.53 —

B RS R AUR P S I AR, S BES T K T Y KEWL H, K KR FilE A4 (Kaolinite), H %R S T-(Hydrazine), W %75 /K 43 T-(Water), KHW £
RIKE ) T w4 2 R 458, BT R n a7 5.
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Figure 2 The whole optimized structures of kaolinite-hydrazine monohydrate
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Table 4 Binding energies (BE, kJemol ') of various low energy structures for kaolinite-hydrazine monohydrate calculated at the B3LYP/6-31G (d,p),
MP2/6-31G(d,p)//B3LYP/6-31G(d,p) and MP2/6-31++G(d,p)//B3LYP/6-31G(d,p) levels

Structure  BEgssg/(kJemol ') BEgsse/(kJsmol ") BEgsse/(kJsmol ")
code MP2/6-31G(d,p)//B3LYP/6-31G(d,p) B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) MP2/6-31++G(d,p)//B3LYP/6-31G(d,p)
KHW1 —110.01 —96.49 —113.48

KHW2 —109.05 —92.05 —112.02

KHW3 —99.96 —88.20 —

KHW4 —82.13 —65.89 —

KHW5 —80.54 —71.50 —

KHW6 —69.03 —59.06 —

KHW?7 —66.18 —51.91 —

KHWS8 —63.38 —49.86 —

KHW9 —57.81 —50.15 —

KHW10 —56.13 —47.13 —

MNTHE—REEWMER, BRRERYK KHWL H,
WS 5 S A al, o 2 SIS B2 B U,
3 KM SEEAZ RN, B ERAZ 2 B R
BB A3 0 0.1887 nm F10.2229 nm. /K53 T IHI4
S R i S 2 LT AT, HaxddiE 15
SRR, MR IR, AR T SRR
J2 B AR ELAE F i T2 . KHWS 458 5 KHW (1)
FYTRIALL, E e R &, KHWI b KHWS (18R
TE 30 kJemol ™. X+ KHW4 5 KHW3 ki, 5w
U&7 (R AH B VR F 2R AL, (A S5 RE BN AH 2% 17.83
kJ/mol, IX = FEIE f T IK A 5w A T I A S
FZE—AHR N, KHW10 BAREEEA S S KHW3
—F, /KRG S 2 R A AR AR AT S 28 T S P X
1, bAEReE B T Rk, N NBO Hifif(EE 5)
KT, MR ER)Z NI, 83505 #02x A ok SV
FE R & A A I B 7% . nfe 402 B I 4U5 1 (OY), £E
Monomer—KHWI1—-KHWS5 [t & #2 o, H H# fir A\
—1.3530——1.3584——1.3566. [AI}, 4285 EK
AT FL A N — 1.2485— — 1.2729— — 1.2667, )5

T AT 0.5266—0.5436—0.5394; /K43 T H 11480 )5
T HL M L —0.9706— — 1.0636— — 1.0610, K4 T4
JE T HAT A 0.4853—0.5255—0.5247; JIF b &5 1 1)
L 1 A — 0.7390— — 0.7773— — 0.7677, & [ B 1 A
0.3695—0.3991—0.3955. ItAk, & 6 4 T /KA HHE)Z
TR A R G AT RS, R —RE AW, B
Hfuf AL 0 2 AT R, AL S K07
Z TR, e KHW1 H, JIE4F b s e
1104224 0.0418, 7KH 0424 —0.0124, BIJIFS iy
Z 0] Y AT B B KT 7K 43 7 5 W A 2 T 1) H A 6 5,
BREAYT AT EX— N XKW, KEPHE
HENJZ G, WS S0 A 2 (8] AR AR 3G 5, 9 1
K Z AR, 25, R KT aWkRTD,
IKE Wy I A e T, B Az e e
R, BRI T AU TE A A6 BN 1 5
AT Z R, ABAE AL E 2 AL T R R I ) E S
DXk P, BRI P U A PR 3 T DX 3 A B - 7K 2 ) AH E A
SONEPNIIE S

£S5 1E MP2/6-31G(d,p)//B3LYP/6-31G(d,p)7K~F F Wh—7K A4 K -4 B AH ELAE A 5500 NBO FiL A 43 A1

Table 5 The Natural Bond Orbital average Charges of the interaction sites before and after the adsorption of hydrazine monohydrate in all structures

calculated at the MP2/6-31G(d,p)//B3LYP/6-31G(d,p) level

Ok’ Ok’ Hkwo' 0.’ Hy Ny Hy®
Monomer —1.3530 —1.2485 0.5266 —0.9706 0.4853 —0.7390 0.3695
KHWI —1.3584 —1.2729 0.5436 —1.0636 0.5255 —0.7773 0.3991
KHW2 —1.3584 —1.2648 0.5368 —1.0636 0.5284 —0.7929 0.4061
KHW3 —1.3577 —1.2683 0.5431 —1.0426 0.5252 —0.7729 0.3895
KHW4 —1.3574 —1.2649 0.5382 —1.0547 0.5330 —0.7775 0.3897
KHWS5 —1.3566 —1.2667 0.5394 —1.0610 0.5247 —0.7677 0.3955
KHW6 —1.3575 —1.2747 0.5420 —1.0652 0.5251 —0.7619 0.4014
KHW7 —1.3554 —1.2697 0.5392 —1.0711 0.5322 —0.7843 0.4054
KHWS8 —1.3603 —1.2663 0.5340 —1.0392 0.5301 —0.7793 0.3990
KHW9 —1.3552 —1.2751 0.5398 —1.0397 0.5210 —0.7739 0.4056
KHWI10 —1.3559 —1.2640 0.5365 —1.0410 0.5305 —0.7599 0.3800

CRESUZ I AUR T PR R IR P K UR T CRUR R IR P AR 7 KO AR T KA P AR T R I US  # E Toh

SN/
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Table 6 The charge transfer of each part after hydrazine monohydrate is intercalated into the kaolinite at the MP2/6-31G(d,p)//B3LYP/6-31G(d,p) level

H-K“ H-W? W-K¢ K()* K(o)*
Monomer 0 — 0 —0.0002 0.0002
KHW1 0.0417 0 —0.0126 0.0304 —0.0594
KHW3 0.0123 0 0.0079 0.0252 —0.0454
. KHW4 0.0040 0 0.0114 0.0169 —0.0323
AR KHWS5 0.0467 0 —0.0117 0.0247 —0.0597
KHW9 0.0748 0 0.0023 0.0190 —0.0961
KHW10 0.0002 0 0.0201 —0.0289 0.0086
H-K and W W-K and H? K(t) K(o)
KE W 0.0160 —0.0160 — —
KHW2 0.0386 —0.0068 0.0314 —0.0632
) KHW6 0.0816 —0.0150 0.0229 —0.0896
BoREEY) KHW?7 0.0531 —0.0068 0.0281 —0.0744
KHWS 0.0375 0.0210 0.0270 —0.0855

W A 2 I LA R K 2 DI AR 5 K A A 2 DB AT s ¢ pe I TR SR PR B © T SR 0 R R v -

IR Z IR HBAF RS 5 € 7K B e A= 2 ) PR L e B

T REAWIRR, BARKS B AR
SV, (HAE KHW2 Il KHW7 1, Hf O—H---N R &
K24 0.1922 nm 1 0.1852 nm; 1 £F KHW6 Fll
KHWS I 147 N—H---0 B[ E s, HEK 5N
0.2379 nm F10.2022 nm, LKW O—H---N BIE{
. KHW2 AR =T KHW1, 5 —109.05 kJemol ',
HA 8 £EBAELP LS HBEERN, =445
AR ), A — AT K G F FFZ 18], 7K-
JHE 2 T R AU B KA 0.1922 nm, BRI 2R [ A
AR, HEmm BT 1800, KRUIL/K-FZ A
Hom T e A, I E R ERIE S T KHWI, X
ot KHW2 bt KHW1 b— 4 S0 % 1 Kemol ' fE
SR, NGk EE, ERRKE AR b T2
AEAET AR AR ngs e, HPF & A K o 0 7E 1 1 T S
A R IGAEAT B B KHW L IS 2247, KHW6 1 BUSR Jifk-
IKIEE R — 4 &0, HAEKh 0.2398 nm. {H/K4FH
—ANRE T HERAE LA S — N RS AR R
BT AR, AR A B A R AT AR
F B I 52 % R 5 T A s AR L, s T B R i)
B RBIAERE R 225 . KHW7 5 KHWG6 (¥ BE F A
I, ¥IERT 8 &AM, RATERUL s EA AT, H
KHW?7 HoKA E2 R A B 2 B 1. KHWS i H
H 6 &A%, B KHW6 I KHWT 1fi 5, fefe W BTt
w AR RE AT, B T R AR T K
ST AT RS A, X FREUE B T /K & ke 3N 2 1)
S, WES e A R AR A B SR OK T IFE S K AR AR
M. gf b, R REEWRFRT, K5 7RI
BEACORAFAE. BUARGUHE R AR A T AR 4k, (HUK A K IH
YEAN— ARG E T me A 2 R, BIVERA SRR 2
AT IR PEK S

X 4 VEHH T AE B3LYP/6-31G(d,p) b FEmd L,
BHAFE M LA B e =TT, &5 KRR,
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B3LYP/6-31G(d,p)F MP2/6-31G(d,p)/B3LYP/6-31G(d,p)
JPEMEE, KIZUFIEA 80, Brbd, ERmih
SR KA TR e 0 2 I P 4 2 I R, O T AL
iNF, FRATT EEER ] B3LYP/6-31G(d,p) 5 EREATPE 5 ()i
.
232 AEMERLEIMER KT

B3 45 T — /K G BIHE s A J2 114 2 BT 5 R 3l
W, EE 3 PR AA R KHWD & KHW2,
3750~4100 cm " JELFE P R 0 A RFRE DI AR A7 AE. 24
KA Bk (Water-Hydrazine) 4 J22 2] =108 47 2 M (KHW2) )5,
BRI T 5 Ko 2 38 A7 A0 S0k, (B ESr 9 11
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Figure 3 Comparison of vibrational spectrum among monomers, KHW1 and KHW2
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Figure 6 The whole optimized structures of kaolinite-hydrazine dihydrate with different layer distance
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Table 7 Binding energies with BSSE correction (BEgsg, kJemol ') of various low energy structures for the hydrazine dihydrate-kaolinite system

Structure BEggse/(kJemol ") BEggse/(kJemol ")

code B3LYP/6-31G(d,p) MP2/6-31G(d,p)/B3LYP/6-31G(d,p)
K0.94-H2W —112.98 —

K0.97-H2W —146.86 —

K1.00-H2W —165.41 —

K1.03-H2W —177.20 —187.07

K1.04-H2W —178.49 —187.37

K1.05-H2W —179.08 —188.20

K1.06-H2W —178.95 —187.62

K1.09-H2W —164.05 —

“Z LK 6.
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Table 8 Structural parameters of various low energy structures for kaolinite-hydrazine dihydrate calculated at the B3LYP/6-31G(d,p) level
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Average length of hydrogen bonds

Average angle of hydrogen bonds
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code ® H-Y/nm ZX—HY/(©)
H-K(0)" H-K(t)° H-Water? H-K(0) H-K(t) H-Water H-K(0) H-K(t) H-Water

K0.94-H2W 1 2 2 0.1774 0.2398 0.2125 165.49 123.01 167.42
K0.97-H2W 1 2 2 0.1892 0.2392 0.2087 162.47 137.61 158.68
K1.00-H2W 1 2 2 0.1896 0.2538 0.2032 161.40 142.99 163.84
K1.03-H2W 1 1 2 0.1967 0.2301 0.2047 162.45 143.98 165.94
K1.04-H2W 1 1 2 0.1995 0.2359 0.2041 162.56 14231 165.74
K1.05-H2W 1 1 2 0.2020 0.2403 0.2036 162.48 142.15 165.94
K1.06-H2W 1 1 2 0.2036 0.2487 0.2022 162.89 135.49 165.51
KI1.09-H2W 1 2 2 0.2571 0.2530 0.1988 161.57 148.34 158.80
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