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$r & TSR T BEMA R B R 25 R R 1 Y
LT B, 8 0 BE A R Y S s R 3 5 4
PR3, Af LLRAE A BHE & e B i gty 28 46, 4R
M, 5 R &84 & Ge A4 R (i TATB) B A BGR Y
w6, NIMTE B2 S . Shig it
ANV EAR N S R R R € b i S Y LI P (EPSN
ZOCIR NG E AR B BR &, H AT, 5 HLLAMBOE
WA D T R T SRR A R A 5 . AR
K, Bl 25 [F) 20 5 SO TR SOMH S H AR 1 kg, R
P20k $2 (A9 21 A IR T e & e d RHIE 52 1 Ry ]
fie. BN, Ciezak"™, Pravica 55" Fi| F 3¢ [ A 4 e
T S 52 S 00 2 [A) 20 4R S IR Y A5 SR AN IR IR T
B L SN EIR, BF5E T TATB. DMATNT % 4 41
BHE = AR T 2L MR s6E . % s 2R

: ‘ BIHIE. % EE 1 o i HN IR I G ST, 21 63y
FH T 25 48 5 21 A0 Dl 1 e 1) %0 2 il 0 H 3 AL GUET T R EUE T bt 357 40 T Sl

BF, oA T BETE H R 27 S 06 2 (o R 55 Kbk 25 Fig. 1 Crystal cell structure of a-HN™ (The gray balls
B o B A 2T AN G g, v B TR Y BRAF 9T B i A represent H atoms, the red balls represent O atoms, the blue
W ERRF S T4 Zhu 2506 ] F 2L T CRMEOE UG 3% balls represent N atoms, and the green dashed lines

represent intermolecular hydrogen bonds.)

523 R B R AR BLAE TP A 21 A0 8 3% 22 L
i, 5 TR T A AR AR R R SE S | R 55 30~ 1700 em ! YE I RYLLAMDGIE R S .

YT HN TE 2550 F0 Tl v %) F AR T A A 5%, S0 2 5 i 25 ME B8 1801 43— [a) AR B4 FH I
ARG HARMERE X, ik, AHESE 1 58 HN (14 /55 He 4546 14 I i 52 56 I Be i oy . R B 35
F) H I 2T A0 YE TS G R R A, W HN AR 5 R A 1A s R, JE T B v R B A A — Pk
B EE 5 v, THE HN @R 0 S A% 2 BOM AR 3l v T, SR HAH B/E H IX 3846 7R (interaction region indicator,
IRD) PR BF5E HN SR A 9 {2z g 0B L Y B 2R B0/ DA R s TR S BHAR N ; e i, 456 R R
TCLLAMIRSIETE, 43 AT HN SR 25 #4408 350 43 LA .

1 RIS ESER

1.1 HNHSmE&

FEAR IR 38 2 T K k55 s R 1 b RSO A HNG ELRERAE A B0 R < B I /K (1.0 mol, 32 mL)
BT 100 mL H EEH, ¥R HIZE-20 °C, 212 N W5ER H 2 0 °C 19 66 mL ¥ fil R ¥4 W (I & 534K 68% ) FF:
ORI RE, 2 0 B2 VR B S A 5 0 °C; N SE HE R, Ak b 1 hy XY TR G el T RS, Tk, BEDE
FHH B 25 5, A4S 76 g Jo68 AR HIN @b, 5 5 A0 45 20 R, RE SR I 05k 70 °C, 5 3Tk [1]
—3.

1.2 SEHRZOAIMXIERS

SR FH B 32 252 Hh 378 21 A1 51633 5 A I R i 114 75 T v A £ AR, R B 40 T 7 SCRR [18-19] A
TEARHE IR . fAT B idd, B 1 Ky 800 nm., ik % A 100 fs F) KEDILG Ik 23 B o . — ol &8 ok A3 0t )i 15 ik
B AE 2 A BRI A B R, A AL TP IO M 1 5 s AR A T R A 7 A v B 4T A
S, Wt 2T AN 2263 1o i 4 WA 5 TG (diamond anvil cell, DAC) Al 2% B FE & G oE A G RESRE I &
Bt 5y — WG SE R 8RR RS ik v, P A 21 A SO DY i R AR RT UL S, 3T AT DL S S R A B I SR,
X B30 Sk B AT T LA i AR AR A I A A6 . N s O AR R A R, XL AN B
AW R, T A% T 1R T LASE BT A A pE R
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T FESE B H, BT 100 pm JE AR SN R 5 AE 2 B R B U 2 50 um 2247, A L KAE ST
FUHLFTAL, B i A2 R 300 pm, 4 WA RE T AR 0 600 pm. 38 1 27 5 A4 R1 BEOG IR R 1 202, 1
&, BN RS M AREMIREGY ARG, 5a5 A —REANEWBR R BEN . X FHashbig
FRM, 1T HN 78 2040 X ] ) W S AR 3, Sk T 3k B L WS A, T S SR AL TR A T, % JE B KBr 7
LIANE A W, A ST HN P 20863, UL, 2 KBr /R 44 A B, X T 204G ER,
F HN FEIE 2T A X (1 WG /N F 78 TP 2040 X R W, ELAE ol AR AR B ] VR AL A T, Bk, JC 7 &4
WO FAMMAG TR AT . B REHT, ZEOFER AfF S HN @A 2 AR X T IR &40, il i, % KBr 5 HN 9
R4 8 RS 30 min, BEADF S S BRAE I KT F 58 B, DAORIIE KBr Al HN B0 R . SRR G R 6,
KBr A1 HN i & e 10 = 1, Al LAFS B0 A4 (1 v 21 Sh i

B E T A AL AN GRS S EG Ay AL 2L AP R 20 4h 2 4520 . AR S2ERELL 1 GPa AY ] B HEAT N IE,
afi HN K 5 20 /) 55 5 R 129 12 GPa, KBr Fil HN TR G4 S 41 A9 B 55 R 1 290 15 GPa. BRIRINE S, iR
10 min, #&J5 REEIZE ST T LML .

2 BE—HREHE

K 3T 9% 72 o5 38198 (density of functional theory, DFT) fi4 45 — 1 J5 B 454 CP2K 22! 52 i J L] 45 44
oAb KR s Gk 154 . WIaE 454 R A S 30 (™, 7 Mk 2x2x2(352 AN 5 ), #4740 45 K R e
Bk o FFH w5 30 28 i ~F- 1 9% 725 (Gaussian and augmented plane wave method, GAPW) #4174 Hi, F i1 5,
XF T AL 4L, R pob-TZVP-rev2 K414, 3 T Wi ik, # KT REHK 800 Ry A SLHKBER ] PBE
(Perdew-Burke-Ernzerhof) {7 R 1 i 34, €8 H{0AH B4 H R ] Grimme 557527 45 1 i) DFT-D3 B8R I, R
JH Becke-Johnson FHJE, 1T 2R AH B4R R 00 = B ot . A2 B A AR e SSobm o v, e KAi B8 1% Eh 1x107* Bohr,
R AIRE I N 1x107* Bohr, 5 K57 714 1x107° Hartree/Bohr, HR 3477 52 }11% & 1x10~* Hartree/Bohr, 1F
SERR AL B A I, A BR 22 40 vE 1 Hessian [, 15 21 45 3k sh 85X 00 15 I A A, 4 BL A9 210 % R T
HI PR SRR B it o 25 M AL S IR B i i+ 53 #E B R P R b e . PR BN T
B AT WAL 3 MFakeG 2 28 6 CP2K 74 1 molden SCF#5 45 B VMD® 528, 437 [l A T4
14 TRT 3R 4553 BT 012K Y Multiwtn™ 3158, I i1 VMD 58 T # 4k

3 ZFR5UHE

3.1 HN Bl s FEEE/ERMR

PALIE 1 @-HN 1Y fh kg S 8505 5 5250 5808 1 A X% 22 (6(Expt.™) #1 6(Expt.”)) WL3& 1, Horfr: a,
b.c.BRHMSEL, V AMMBAER, BE&LE, IS ITRSERSLRMELSE KT &, HESHEMY
Robinson 2517 JU 15 4 & I 2 B0k 22 8K, #5554 5 2 (Robinson 45 A 1hd B & 75 FH R R SF B dl ) |
AR PERE (X L IR R AR E M)« X AT SRS 18 (R IBIR & i ) o8 B B A 18 ik ) R A 6. 18
S OLAE A FE A, 38 5 IR 48 75 RECHT 58 HIN @ AR rb 56 AT P A Ak 2 B D S 6 A 22 () (9 AR B,
Bl 2 fros o B IR eREBUE O A4 12 BERR RN, 7ETHE IRT pR AR 1Y L6 |, 4 sign(A,)p(r) PRETAR Y
FI| IRT S5 (R 1A L, 30 25 A [) 20 600K 55 40 B AR H B9 67 & L a B  RRRR ok, Hirb: p(r) RFRHL T,
A, R T FE Hessian HFFE S — KAMEAE, T sign(x) FAF5 A%, o, st X FE R FEEBET
%, A EAE ISR B S5 , A YA B R B DX i 60 XS 3 s W 5 A BAE L 78 HIN R R PR B o &
AL A 21 RN HE R AR, RIS 7B . AT LA B, HN S AR b B JE 1A [NGHE ] RIS 2 2 ]
[NO3 ] Ji Bl &0 780 Y 4% FL /R W AH BAE ), iR AR A3 g . Horh, &5+ 5 900w iR B A1 i+ 2
B A7 T2 BE A sign(A,)o(r) BRECA T 1 5 €6 X 5k, 2R B B T i i S AE FH . S5 4, il IR 2k 1A
5 &5 A M A A — o B BEAEH (IR X 8 .
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#1 HNERSHENTEERSIRERER

Table 1 Calculated crystal lattice parameters of HN compared with experimental data

Method alA b/A c/A BI°) N
Expt.” 11.23 11.73 5.17 90.00 681.03
Expt.® 7.9649 5.6569 8.1221 91.34 365.85
Expt.” 8.0150 5.7250 8.1560 92.30 374.00
Calc. (this work) 7.9041 5.7271 8.1447 89.17 368.65
S(Expt.™y/% -0.8 1.2 0.3 2.4 0.8
S(Expt.)/% -1.4 0.04 0.1 -3.4 -1.4

Van der Waals interaction

O---H-N H-bond

550 sign(d2)o(r) sign(A)p(r)
decreases p=0 increases

p>0

,<0 < — >0

- - o
N J\ J
<70 v N —~—
Chemical bond  Notable attraction: ~ Van der Waals Notable repulsion:

H-bond, halogen-bond... interaction steric effect in ring
and cage...

K2 a-HN 2x2x2 HEAEE5H s A E AR Y IR R OR (RO SURT, 20O ERT, 1 OO EUET)

Fig. 2 IRI representation of weak interactions of a-HN 2x2x2 supercell (The gray balls represent H atoms,
the red balls represent O atoms, and the blue balls represent N atoms.)

32 HNBAEMSEPZIIMREALIE

Pl 3 2 ) o R B i o £ A I 2R 0 ) HIN 1) g TR 20 A W e 3%, He b S 20 A1 e i
P HR I 3 BB A 30~ 800 em ™!, Sy 4fi HN AF & i 48 Hob i, anl&l 3(a) Froms i 204 615 i B DU i L ol 50~
1700 cm™', Jy HN Fl KBr {4 H 7 #E i (9728 HO6 3%, anl&l 3(b) fras o AT LUK I: BfE F 77 0 s, K
ST ELAM S W TE RS, 22 A WSO A DA BRI B B4 5h Z2 e ka5, O HLAR #K R R0 38 i R 0 0 e B,
53 WU iR R 5 o X 4l HIN RE SR, TR S T R K ZE S sE ), L, 7F 150~500 em™ {iE
FEl N 25 65 7K B £E AR ISR WA A b 45 55 % IR G F i S50, KBr £E 100~300 em ™ 3 [l PN A 5858 A IR AL,
WL FE AL 55, [RIBTAE 1200~ 1500 cm™" i B PURE S A5 5t BUARRT . TR, X6 3K 28 X3 19 4755 AN A
SERMT . TESZI P IN (  RE FE , AT RUOWEE R HN 255 T 2 KR T s/ 284k

5 AN 25 H9 2500, HN i 2 Bl s TR 1, B %5 R 0 i, 40 180 B AH AR FH AN 43 9 19 Ak 2 i
W, LT ARG T RS o X T T AR AR, R 6 43 (B AR AR FH B 5 i X 3 P Ak Y 5
WA BB PR, ASBIFSE 2 B SR [NLHE | A AR L [NO; | Y ZT AP i s 2
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28 - (a) (b)
16 L KBr
I |
24 I 12.3 GPa
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20 J 0.1 GPa b w}v #14.7 GPa
2 'V GPa o B *133 GPa
0 S ' *12.0 GPa
% 16 % 1014 92 GP
_g _;g ; ( \ . a
2 2 ' ; 8.1 (GPal
= pAd
j‘% 12 § 8 1 f 7.3 (GPa|
5 3] M ; *New. Pe
= = 6 L4 j 6.3 GPa
o 8F o ' 52 GP.
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/ 4 b ) 4.0 GPal
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Saturated Water 5 I : 2.0 GP:
0 —— ¥ :- 1.3 GP:
1 1 1 1 1 I‘ 1 0 1 1 0.5 GP: 1
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Wavenumber/cm™ Wavenumber/cm™

3 HN @ RLLAMIOERE: (a) 46 HN (UZELI4ME, (b) HN 5 KBr A1 LLAME
Fig. 3 High pressure infrared absorption spectra of HN: (a) far-infrared spectra of pure HN;
(b) mid-infrared spectra of HN mixed with KBr

Bl 4 7R T fiF 2 5 A7 3l (libration) L(NO3 ) X N fr) I Wi e Bl e ) o v 1 6 B (R A . 7 26, 7
3 GPa B 3L W Wi 0 DA BLIGE 53 2458 WU (] 3) , TR 4 4 #0 &k A= 28 Ak 5 3~9 GPa i 1 [l 9 L(NO3 ) X i
BYAL T 101.1 1 105.0 em™ Ak B W AL 4 31 23 o e 1 19 k2 T B R A8 165 DA 9 GPa -ty B8 Hh B 58 7%, Tl
TN SR AR 2 AR AL . IS — M SRR AR DA, 3K 2 AT A I e 0 o R A R A A
gy, [ i s B 1A B RRE 3 (L(NO;)/101.1 em™) rfv 2 Fh Kk A [ 4 o7 %% 20, &5 45098 )
(L(NO3)/105.0 cm™) pi & S A 54 3. 7E 3 GPa LU b, L(NO3)/105.0 e 4 5 B It 25 15 g 4 7 i ke
SRR N, 350 B 2 Tl 5 1T (0 R 1) e 2 i g 0 72 Ak I R e 2 B BURR o 5 i IR 4 T 55 A AR
IRT 3 #T, 76 BLE 395 BN, 437 [R)AH B A B8 45 2 b 56 PR ME Bk (0 < ) JE 08 K, 3T AL 37 10 ) il T
VAT 0T AR W64 %) ik 5 1A o 255 3 A 1o 3 sl T o7

(2) (b) 6%/

i
» ~N & LA
2001 = L(NO;)/105.0 cm’! e r@ ‘ &
® L(NO;)/101.1 cm™ AN ‘ Fd Ay \
; | ' | ‘
\ .
180 | o AN // y 7 9 /
; L R L A
E 4 / I
51601 L(NO;)/105.0 cm™
e - e |
5 & 4
g 140 : -
= 54 /‘w& ' _Aq
120 / ’:?f ‘Wi‘i o 45
I . = .
e - T T
0 2 4 6 8 10 12 14 y

Pressure/GPa L(NO,)/101.1 cm™

4 BHRREE - Sh iR SR e i e bt s g f) 22 FR AL

Fig. 4 Effect of pressure on infrared absorption spectra shifts of nitrate libration modes
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B S o T kL A7 3l LONLHE ) X0 fry I S0 e 401 238 I 1 T A A8 AL B . k35 121 30 5 i 1 i 1A
-3l & R EE D) A I 35 DOi: B TR0 T, LR s X AR R T 42 2, O HL7E BE 88 1% 0 R 4 4k
S A AL B G . AR YA S — PR R PR A 48 25 R, L(NLH:)/499.8 em ™' il L(N,H!)/545.0 cm™ ¥
SlORE 0 U 17 3, A A oAb AR sh X, PR UL, #8 A PR B L(NLHE) - i 7= A5 14 8 1§ L'(N,H2)
2 I A SE SR 3, W 3(b) R 5 s . 7EZ 3 GPa I, 2 Rl s 2 i it b7 B 40 5 Bl 1 F7 60 71 v
INPLEAS, TR B 4528 0. 7E 6 GPa [T, 7= A= 8T06, ULIE] 3(b) H1“New peak”, H:H1, L(N,H?)/545.0 cm™
B BRAAE B 4 . L(NLH!)/545.0 om ™ A5 H NH, 56 F 9 5% 3 05 [ R 1) a Sl A ¢ i, Ul B 76 24 A S 56
AW EAER KRR T, B 1 T8, a Sl ¢ b7 ) 8 23 Tl AR B AR R 55 , A 2 A= B 4 1) 5 1)
X2 AT I PR X Rl R S AR I T T R AP A B G e AN A R SO AR B B T 4k
LTt , 7E 12 GPa MR HH LSS 3 B R A%, TR & HN SR A T —IRE5 284k

(a) ® “po/ //}'..\,// o/
580 = L(N,H:)/499.8 cm™ i°

® L(N,H})/545.0 cm™! i /)ﬁ*-
AT’ + A (¥4 y =
sl A LONHY) A/“/. ,_< /

5 VS £ Son WiRAS LN

8 sl L(N,H:)/499.8 cm'!

: ot e °° Dadin D adis
4 Lo ’{/ﬂ /}_’;{

/ /
| B | 4 £

4
" }" /ZJ»’%- }" i
40 s . . . . . . . y "//'/A / W.%<7a’
0 2 4 6 8 10 12 14 16 A A ﬂ*‘/o\*‘{
Pressure/GPa L(N,H?)/545.0 cm™
S IS T T SR SR R R R VB FE ) 2 R
Fig. 5 Effect of pressure on infrared absorption spectra shifts of hydrazine libration modes
FRAE HN A e 2 o iR S A =X B e 0 22 4k, 400 HN FEAE§OK AR T & T 20 2 IR%h
AL . X RER SR AR ARTEAE 5 TR BO AR SCHRE 2, 28 1 IRGS A2 A R AETE 3 GPa BT, 2 Fh kA1 141
Sl IR SR AR Bl TR ) T B S A R IS, R R RE B9 s TR A AR I O y-HN; 5 2 IR M 728 Al ke A 7
6 GPa(fif R 5 A1 V- S 20) 22 9 GPa(JJk Ak M1V s A=K ), 2 Fof ik 14T 03 ] 722 A, K 7T RE 14 &5 T AH A3 ic
6-HN. HN &4 5 ) AL 59 9 — 201 5 3 5 T e I SE S B0 AT R SE R ARIBESE o 5 I BT 98 B R0RETI
TE WU R A Th i 2L AN G R e RNV B L 20 FE AR R L [ IR e O o S )
FE HN A 1 50 LR v it v TR Ak 2 P o

4 % ip

S TR R Tl W B SR, R B R 0 S RS R R 8 T RS A o 4T A TR
MR Ge, lIRAS T BEA R HN 76 5 K T MR shoe i, £S5 38100 F R 24518

(1) FE T 25 A5 B ORI 6 58 1% v 3 21 A 635 3R G A 7 e Rk i3 e M T A 5 40 Sl EL A ke 1

(2) T GAPW F:41 ., PBE {2 pfi LA % DFT-D3 {4 {0 1E ) DFT RENS & B 1153 HN &R 1 LA 25
P R 2 i

(3) 7£ 0~ 15 GPa ALK H 78 Bl Y, Bl 5 1R 7 /9 T, HN w2 RO 9 - sl iR s R 2 5 T 2 Ik
RAE, WoRBERAET 2 WIESAHA
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Mid- and Far-Infrared Spectroscopic and First-Principles Computational Study of
the Structural Evolution of Hydrazine Nitrate under High Pressure

ZENG Yangyang', ZHU Gangbei', WANG Wentao?, BAI Sha’, ZHENG Zhaoyang',
YU Guoyang', YANG Yangiang'

(1. Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
2. Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, Liaoning, China,
3. College of Chemistry and Materials Science, Northwest University, Xi ‘an 710127, Shaanxi, China)

Abstract: For energetic materials, the lattice vibration modes in the 6 THz (200 cm™') range are very
sensitive to structural changes caused by external temperature and pressure changes. Therefore, mid- and far-
infrared vibrational spectroscopy can be used as a powerful tool to study high-pressure phase transitions in
these materials. We have obtained high-pressure vibrational spectra of hydrazine nitrate, using mid- and far-
infrared ultra-broadband spectroscopy, whose broadband was generated by air plasma, combined with a
diamond anvil cell (DAC). The crystal structure of hydrazine nitrate, as well as the infrared spectrum, were
calculated by using the first principle method. Based on the calculation, the intermolecular interactions were
analyzed. Combined with the experimental results, it was revealed that the structural changes under pressure
alter the strength of intermolecular hydrogen bonds and van der Waals interactions, which in turn affects the
low-frequency vibrational modes. And by analyzing the vibrational spectra, we observed the phase transition
process of hydrazine nitrate.

Keywords: hydrazine nitrate; mid- and far- infrared spectra; first principle computation; high pressure;

phase transition
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