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Fig. 1 Reaction of DKP during high temperature pyrolysis

DKP £ i 19 ) |2 I B% 42 53 & R1-1 1 R2-1
X 2 5%, 4y Wk C—C Y T 24 A C—N B Y I
24 Ho c—C W25 Az B R = S IM T
FIM12, IM11 2830 B B B 45 R W0
pl1, B HCN;IM12 28 2 ¥k CO W43 A4 R IM 14,
RUH e o 5 IMLT A B &0 s b — 3, Y e 1 2 i
A A S J AR pll. X T AR R2-1,
C—N Wi M5 f 2 45 0] 68 5 42 R2-2 F1 R2-7.
B A% R2-2 N SE 25 2 R C—N B 24 i h
[B] {4 IM22, Fifi Ji7 IM22 B C—N 8 W 24 78 i ts2c,
R 2 B 5 2 B o W B — > HY AR B p21NHs. 8%
& R2-7 W& 28 ad i P8 2 ts2a 42 i HNCO A H (]
A& TM23,IM23 42 C—N . C—C 8 (1) W7 24 i i A= i
79 p22, Bl HNCO
1.3 HEER5iTE

F1ARMY R, HEE IMI2.IM21, 724
P22 FGE VRS tsla ts2a LA AL T B JLAR] 45 4 A2
WSE AL 1 NP e A | TRl A A
Pk AT R M0 B AT 45 B R T R
S, LA AL S RS A B, A S E HRA 14
FEAT (UL 2) , I XF 45 2 VA 4T IRC BiE . AR
P 2 12 e i 0 JEEE R A AR S B R N L i U
A L) R P AT R B A5 B A A AE
1500 K 358 42 AR IE S5 (1 ) RE i (A8 3) .
T AT 2 5N AR ) SN AR I A A
A5

XFEG 2 Z500 RN BE AR B KR AR AH R I, R2-1 [
2B 85 28 R 396.71 kJ/mol, R2-1 %42 048 78 Ky
401.16 kJ/mol , i MHZE RN, WA M H &,
W I/ D | R RS 5 A o PR T T 7E DKP 4
ik B B NE AR L 2 R0 S B AR 3 A K T g
K Horp R2-1 4%, B C—N B 0% W7 24 5 1
B, RS HHTIA R EEAEA, b e
15 R 4 B AR R1-1 7P G RS tsla 2
i Je B T B P TR IMLT AT IM2, 3% — 45 5 7 (9 4%
A5 H-726.99 kl/mol . TERAT Z =W, R1-2 B
ZLr= ) HON K b 3 —3R 4y Lol ZE 40 s g o o5 418
PN R2-1 ARSI 20M R2-2 Fl R2-7 3% 2 4k 4%
Hih R2-7 4 ts2a FPl) C—C B4R S 2L, X — 4



41 FETACAF: H 2RI = i AR 35 0™ A OB e SE B o 1109

F1 FARUEBENILASEFISEH

Table 1 Part of optimized configuration and geometric structure parameters

JUfn 548 uilkk e
##K:/0.1 nm /() TIEAIC°)
R(1,2) 1.464 A(1,2,5) 113512 D(7,5,2,3) -143.154
R(2,5) 1.522 A(2,5,7) 116.040 D(7,5,2,4) 101.798
R(1,12) 1.364 A(5,7,9) 125.686 D(14,1,2,5) —157.446
R(7,8) 1.012 A(3,2,4) 107.213 D(14,1,2,4) 80.437
R(2,3) 1.092 A(2,5,6) 120.713 D(3,2,5,6) 38.174
R(1,11) 1.102 A(11,1,3) 113.195 D(1,2,3,5) 0.005
R(1,3) 1.365 A(1,3,4) 118832 D(1,3,5,7) 59.821
R(3,4) 1.015 A(3,5,8) 110.400 D(4,3,5,8) 0.015
R(3,5) 1.449 A(5,8,10) 115.451 D(6,5,8,9) —-122.962
R(5.8) 1510 A(6,5,7) 106.158 D(3,5,8,10) -179.997
R(1,2) 1.096 A(2,1,3) 107.651 D(3,1,4,6) 141.629
R(1,4) 1514 A(1,4,5) 121.857 D(9,1,4,6) 19.897
R(6,7) 1.009 A(5,4,6) 121.919 D(2,1,4,6) -100.807
R(4,5) 1.259 A(4,6,7) 119.487 D(5,4,6,7) -0.611
R(4.6) 1.360 A(8,6,7) 118.056 D(1,4,6,8) -1.307
R(1,2) 1.003 A(1,2,3) 140.786 D(1,2,3,4) 179.998
R(2,3) 1.204 A(2,3,4) 172.642 D(2,1,3,4) -179.999
R(3,4) 1.203 A(1,2,4) 144.464 D(3,2,1,4) 0.000
R(1,3) 1.361 A(2,1,3) 128958 D(2,1,3,4) 2970
R(3,5) 1.454 A(1,3,4) 124367 D(1,3,5,7) -109.211
R(5,8) 1.541 A(1,3,5) 111.468 D(3,5,8,9) -132.184
R(8,10) 1.468 A(5,8,10) 114.189 D(9,8,10,11) —-49.177
R(10,12) 1.329 A(8,10,12) 124.522 D(11,12,13,14) 148.235
R(1,2) 1467 A(1,2,5) 106.665 D(4,2,5,7) 116.556
R(2,5) 1.529 A(2,5,7) 107.361 D(2,5,7,8) 170.766
R(5,7) 1378 A(5,7,8) 121.776 D(5,2,1,14) -124.973
R(1,12) 1.448 A(2,1,12) 115.189 D(2,1,12,9) 86.307
R(9.12) 1.457 A(1,12,9) 117.407 D(1,12,9,11) 16.664

FLINE B & 78 R =275.39 kJ/mol , B &I i 77 W
[] & IM23 Fi1 P22, Bl HCNO . R2-2 N J2& ts2a W
2 A HIE B A IM21, 53X — 5 2 7 1) 4 28
7 -984.89 kl/mol, H1 Tk S i H, i e B AT DUk
faE , G Z M B R2-2  EER N . %
BEARAE B e A E R Y O P21, BV NHs, AT
U, 78 DKP 5 il $i 2B B e 28 & 207 W, NH;
FHCN B 5 388K el

*x2 WESHIE(i/cm)

Table 2 Imaginary frequency of transition states (i/cm)

tsla -490.34 ts2a -142.82
tslb -1105.79 ts2b -420.48
tsle -1009.12 ts2c -1458.13
tsld -1818.28 ts2d -580.61
tsle -1566.65 — —
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Table 3 Total energy of species under the environment of 1500 K(kJ/mol)

Al Eq gt E gt E Fay Ey

R -1091592.34 tsla -1091192.37 tslb -246497.13 ts1bmin -246536.45
tsle —246452.51 ts1d -845921.50 tsle -548485.65 ts2a -1091196.35
ts2b —545466.44 ts2c —-146478.23 ts2d -648618.15 IM11 —-248253.15
IM12 —-846260.57 IM13 —-548830.26 IM14 -251421.36 IM21 -1094788.14
IM22 —-548965.83 IM23 —648828.52 P11 —-245158.89 P21 -148335.04
P22 —-442638.90 — — — — — —

?_:E : Eo_ig,\i\“\ ﬁg o
R4 VRBBEEHAHZFSE (kI/mol)
Table 4 Thermodynamic parameters of first

stage reaction (kJ/mol)

B R1-1 R2-1
AE, 399.97 395.99
AE 401.16 396.71
AH 401.16 396.71
AG 379.29 393.81

T AE—F R ; AE—NREE s AH—H57% s AG— 5 Al A
M AEE
RS IRRBLHIKEE (kI/mol)
Table 5 Enthalpy change of second stage reaction (kJ/mol)

it o AH it AH %1z AH

R1-2  -726.99 | R1-8 -262.08 | R2-5  530.20
R1-3 45470 | R1-9  344.64 | R2-6 -552.95
R1-4  -31.58 | R1-10 -291.59 | R2-7 -275.39
R1-5 84.77 | R2-2 -984.89 | R2-8  209.89
R1-6 -530 | R2-3 32057 | R29 -176.77
R1-7 34072 | R2-4 -875.42 — —
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Fig. 2 The curves of TG and DTG absorbance intensity
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Fig.3 FTIR spectra of evolved gases from DKP
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Fig.4 IR absorbance vs. temperature curves of identified

evolved gaseous species evolved from DKP pyrolysis
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THEORETIC AND EXPERIMENT STUDY ON NITROGEN-CONTAINING
PRODUCTS OF DKP DURING HIGH TEMPERATURE PYROLYSIS

Gong Qiandai, Liu Liang, Tian Hong, Liu Cheng, Ai Jinjin
(School of Energy & Power Engineering , Changsha University of Science & Technology , Changsha 410114, China)

Abstract: 2, 5-diketopiperazines (DKPs) are investigated as a research object by using DFT B3LYP/6-31G. All the
reactants, transition states, intermediates and products during the pyrolysis are optimized and their frequencies are
calculated. The experiment is conducted using a thermogravimetric analyzer coupled with a Fourier transform infrared
spectrometer (TG -FTIR). The results show that at the beginning of the reaction, the main pathway is R2-1, R1-1 also
occupies a small proportion. R2-1 includes 2 secondary pathways: R2-2 and R2-7, in which the first one lose more
energy, hence it is the dominant reaction, NH; accounts for the largest percentage in the final nitrogen- containing
products. HNCO and HCN, the final production of R2-7 and R1-1 will also being produced a little. Then the results of
experiment are compared with the results of calculation, and the matching degree is relatively high.

Keywords: pyrolysis; density functional theory; thermogravimetric analysis; FTIR; nitrogen-containing products



