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RENARSFTES FIREMERIFE

KEAE K A
(MR KA 130012)
ORI KB 130023)

WE B 7 MK R, 7 A EZ KBS (DFT) 75 20 ANH FIFE4L 66 MK, 25, B BTUR. JE
MEAT Y AR EIR 5 RIUAT 10 A0 7o R IR, 1 B3 1365 ANk 3t g, H+ 7 4 DFT
J7i%, HE J73EF0 MP2 77325 R BRI R A 7 %% B S o S 7 VR AR B Lu 9 430k 7.01%, 7.34%R1 36.38%. B&
mPW2PLYPD LA I A vk 5 AR AR BAR A 1) 16 A0 T I 45 AT AN AT 52, {H DFT Al HF J5 kX BRIt 5>
CAAME e 05 B 43 1 VIS BT H RS A0 LA ] LA 220068 1) 7 B K B B S ASAH 4 T 5. 2 45 AR5 LA A 3L
RIS TS0, DFT 773, HF J53581 MP2 77325 tH I KA L A8 430 R 2.11%, 2.78%FI1 27.44%. AMEH 2K
SIS SR IEAT VRS BRI R R AT, 1T ELF 0 R 00 1 T sl A TG S5 40 U SR AN e T R R AT, IR — 1 24
THER— T 2 A KAV H 2R F 2RI, I A0 A9 B8 ik 18.18%. X L6d8y Ui W Sk T+ /5 128 DFT J5 ikt AT 2R
BTSN IE FI -y, e FASRR A BRI e 05 48 ok JEF T 45 44 IROW i 2 /DN B U2 504 IE A 11,

KB MR MOKTTHEL B2 MELS(DFT); BURTS e, A5 B G, B, Foe bk, wEErk

Vibrational Frequencies and Determination of Stability of Aro-
matic Molecules

Zhang, Yiliang™“ Zhang, Gang’
(“ College of Chemistry, Jilin University, Changchun 130012)
(* State Key Laboratory of Theoretical and Computational Chemistry, Institute of Theoretical Chemistry,
Jilin University, Changchun 130023)

Abstract After the vibrational frequencies of 66 benzene, naphthalene, anthracene, biphenylene, acenaphthylene molecules
and their derivatives are computed by 7 ab initio methods [i.e., HF, MP2, MP2(Full), MP3, CISD, QCISD and CCSD], 7 den-
sity functional theory (DFT) methods (i.e., B3SLYP, B3P86, LSDA, HCTH, M06, B97D and mPW2PLYPD) and 20 popular
basis sets (i.e., 18 k-n/mG type basis sets, cc-pVDZ and aug-cc-pVDZ), it is found that no imaginary frequency appears only
for 10 molecules and imaginary frequencies appear for 1365 method/basis sets. The percentages of the numbers of imaginary
frequencies relative to their total computed method/basis sets for the 7 DFT methods, HF method and MP2 method are 7.01%,
7.34%, and 36.38%, respectively. The results of the 16 substituted arenes containing methyl or ammonium group computed by
all the methods except mPW2PLYPD are very unreliable, but the results of the other molecules computed by the DFT and HF
methods are very reliable when determined from the criterion that the percentage of imaginary frequency which will exclude
the stability of a computed molecule is negligible. When 45 heterocyclic aromatic compounds and their derivatives are simi-
larly computed, the percentages of imaginary frequencies of the DFT methods, HF method, and MP2 method are 2.11%,
2.78%, and 27.44%, respectively. Imaginary frequencies do not disappear when the experimental structure of benzene is used
to compute or when the planar or nonplanar optimized structures of benzene and toluene are used to compute. Moreover, when
benzene and toluene are computed by more than one hundred methods and more than one hundred basis sets, their percentage
of imaginary frequencies is also as high as 18.18%. Then the ab initio and DFT methods are not always reliable or suitable for
computing frequencies, and the viewpoint that benzene and other arenes are nonplanar is at least not completely correct.
Keywords computational chemistry; ab initio computation; density functional theory (DFT); substituted arene; heterocyclic
aromatic compound; imaginary frequency; stability; reliability
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BUAEG RN, VAR OO b2 15 Tl AR Y Sz
B RFEE L 1) R L RRE 2 —, FrBl2 1998 411
Nobel 142 32#Z T Kohn F1 Pople 7] PAME A iZ G IEFAT
PGSR AT ) SRR, TR A R B A R R AR
Y. JEILPAT HREE QRN DR A Bt B R A B S
2% 4y TRl (molecular modeling)%51; FAT TS 55
25 AR BB AL 25 IR 51 B H 1R B 4 2 5l T 1k
A R, KRNI R E T LA
(1) ST R AR B BRI TSR 2 I ) 7 T, AR T
T RAF (1) — LERIF AR R I I AFAE 0] BAN IS 2 Ak

LU G e B8 5 T, sk B A P 2 M R T
) Ey K BR T A1 B-TA Y BR) ¥ Fukui R 28 A I — 28555 1%
WRAVPIREE 5 B SR W AT 2R P 3R I A s A0
FHBA, 2k 5 Dewar gl i 12 FE 1S 3 H g P i) S ot
B, AR —A 2007 AEHIRIG L R G R
A DRI AR 80% 26 A7 I Fifl b IEAAIS. 53 4h, @it
HRS . HASFE I8 = 8 e A AR I A B2 5 SR AR
PEREAT LU S A, S Al B S 3 9 AN 3 FH 5L T8
FATSL eS0T, VB EAS RS IR 22 1AR SR 1A
() A R sz MUY, ) fn R MP2/6-31G**, MP2/6-
31G*(Freq) ("Freq" Fnil S T IFIAT 7% rifers
1F), MP2/6-31G(3d,3p), MP2/6-31G(3d2f,3p2d), MP2/6-
3114 +G**, MP2/6-311+ +G(3d2f,3p2d), MP2/aug-cc-
pVDZ, HE/6-311 + + G**(Freq), B3LYP/6-31 + G*,
B3LYP/6-311+ +G**, B3LYP/6-311+ + G(3d2f,3p2d),
HCTH/6-31+G*, HCTH/6-31+G*(Freq), HCTH/6-31+
G(3d2f), M06/6-31+G*, LSDA/6-31+G*, B3P86/6-31+
G*, B97D/6-31+G*, mPW2PLYPD/6-31+G*, G4MP2,
PDDG F1 PM6 % 146 Xfuk 317 AN H AR S AR TS 1) A
T RT 5 HP i BT 5 () AR 2R AR e PR /NAS [FH]
R B A 17, 27, 24, 27, 20, 27, 25, 28, 24, 26, 30,
18, 19, 25, 22, 34, 28, 23, 19, 22, 32 A1 36 X} ({EiX 146 %}
)11 XA 23 %43 K % MP2/aug-cc-pVDZ Fil
GAMP2 V1-5%), REIXLEANGE FH V155 8 5 /N R Rl oy 4l
FHT RS Pk PRI LA S Ik 1%, PRI A2 AN e 22
ML, T, SR BT A, 28, BRI e 4555 & 4> 1
M MP2/6-311 + G, MP2/6-31G*, MP3/6-31 + + G*,
CISD/6-311 + + G** &5 1 5 it I8 K 1 1 i 3 At
100 DU AZ SR A R IR IRy I 2 4y 1 HoA R
PR, MASCEGE— PRI EH = E. WA b
FE A RE A IR O e AR T AR HH I 2 AR B
FEEAF L (), I HOl Rt R G0 LR S S U X 2
) I Tk (ab initio) T 5T RN T oA BEAG
(DFT) TS AN 56 4% 3 115 13X 28 43 1 IR 4 26 P ids J 11,
SV HF FDFT J5i B SR ANIE TV 55 RS sl e L 1

Chin. J. Org. Chem. 2014, 34, 178~189

© 2014 Chinese Chemical Society & SIOC, CAS

BT
1 SRNBIHEDT

PeA 53 1 JLAR 45 0 Lk B s IR A Re e H 50 7
PSR SE—20, RV A it ml DA FH 2 56 00 522 ) 435 44
EFEOAL T3 20 1K) 2 A8 A R sl 3E fi(stationary point), Hf
PR TRABRR I — I SO 2, (Hh T X o0 b s 1
J, kT ERAT R AT, BV M S R R
1) Bl A0 %6 B B S 5OHR R 0, A SR (local ) B /s
R Al 2L AR B AR HE A (global) B /N £, IXFEXS
N FRERGERI S, WIS PR ER N ) A4 A
WA — A H I — A (R —AN ), Wz 454 0
— 45 5 (first-order saddle point)& i A2 By
TSR ARG LS AR E, BIT B S A HUE R
— AN PR S PG T R AN E R R ER AN X
B, THRRRS: 2 3R B A st B R v AL A 1
SRR P SR S5 P (1 ok g e e e 1k — R

BERESCHRTO, 1013 & B IR R A3 1) RN 2 H 10 A,
ALY RVH T —L55708 07, RN T2 05 8T
A4y DL SRR, 50 L T A 5 1 sl 3 FH Y L R LA
SO SRR R B, A IS ) U 3 A A AR T A
XAV AT SRR 5 — N B AR
S8 NARHZK AT AEMI DX ALFE 27 AS—HURK, R PhX 8%
CeHsX, H X=F, Cl, OH, OCHs;, SH, SCH,, CHO,
COCH;, COOH, COOCH;, NH,, NO, NO,, CN, SO;H,
CHs, CH,F, CH,Cl, CFs;, CH,OH, CH,OCH;, CH,CHs,
CH=CH,, C=CH, NHj , 0 I COO"; [qli£LF 24 4>
IR 6 A =HUCE, Bl p-CeHa(X)Y, m-CeHa(X)Y,
0-CeHu(X)Y, 1,2,3-CeH3X;, 1,2,4-CeH3 X5 F1 1,3,5-CeH3 X,
Hrp X M Y=F, OH, CH; 1 NHy; {EAICHH] CoHs,
CeHy Al CeHy —HRRARIE]. 5 MNEMZEMATAEYI(RI
1-C1oH;X F1 2-C1oH,X, Hth X=H, F 1 CH;). 3 MHE
FSREEVE L B RAE. BT Y HE, MP2,
MP2(Full), MP3, CISD, QCISD, CCSD, B3LYP, B3P36,
LSDA(2k SVWN), HCTH, M06, B97D A1 mPW2PLYPD
14 Ay, Hgy 7 AN MR DTS J5 7 N DFT
T TR G W 7T i “D” Fon s T AR a B
(dispersion)f&1E, 534 MO6 7% 18 T L E1E T, BT A2
A Jy BLAE SCHR T B AT B Pople [ k-nimG FE 21 FI
Dunning [¥j(aug-)cc-pVxZ K40, Hrpi# A 6-31G
55 6-311G 835 H B AT 15 — AN AS + GRZR B IR LR
HO) A/ (RN AR R B 4 3L 18 MR 5 #
H cc-pVDZ Fl aug-cc-pVDZ 3 2 NIEA, XFEFEAL 4L
5 20 A, Al AN TR SRS B T ISR ),
SR e F RIRE 10 D5 i 2 20 T S e sh A (R A A 15 31
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RS s TN AR R A B 1) 7 15 W6 Z0UAH [R) A
AT 515 2T = SRR DAY, RS 7 A G R AT B
P LAk ok B 2, S8 05 3R 0 R i A ) 4y 1
MP2/6-31G* WP AT BT AR 5 HE 43 31 (1) 25 A6 4
KA TR EAAZ S T HIVIGR 40, TR %
FHARKEM 518 w07 8 SR R AR (R ) &5
H & VT S5 R ARG S R, 48R, HELE Rk [N 2 AR
FEXTT5 FR O] AANKI R, XA A3 3 1) 05 B — A S 58
AP B, A LR G0k R S AR %, T
L SR 11 45 R AN T 5 R A AR [R) 5 LT A0 R PR e
DR S T 25 8 I ATAR S5 0. VH ST SN R 8
¥ CPU Filid 70GB A7 Dell T5500 ARl #:A4F
# 4% % Linux (Red Hat Enterprise 5). BT 4Kk A

Gaussian 091,

2 ZR5WE

B TR, F MP2 THE B AT 10 AN SE41HAR
i Pople Z$A1IF H 5 SCHR[9TH (1 —FE (R SCRER M1
FRASCER AR S FH 1 3-21G R AIFEA T 3-21+ 4G
A 3214 +GH**AESCHR[9]H ] MP2 T HY Bk A
] CISD WANH R, AidixX 2 NEHAE Gaussian 09 A4
AR, HO2 RANREA A, I MP2/6-311+
G L AR SCRN SRR (9] 7 v 55248 B Hh UL g A 53l oA —
427.79 F1—399 cm™ . MP2(Full) 5 MP3 H Bl K47 1) L 41
HBFN MP2 —FE, 1 CISD, QCISD A1 CCSD 43 % e MP2
b2, TR T ANEEALH LRI WA 15 EAT 1T H B A
fil IE 4R BN X (normal mode)#B L byg]. 7E 160 /> DFT
FHF J7 ik A b HA —AN(mPW2PLYPD/6-311+ +G)
LR AB(—604.61 cm ™), X1 5 mPW2PLYPD /& —
ANE DFT 5. h 455 HF 48 #(exchange) #1128 MP2 A 2%
(correlation) ] X ¢4k (double hybrid) 77 iEH K. —N2Z
Jii IR 2R 3R WX 6 K A0 11 H IR nT g 5 40 R 4 &

15 2% (superposition error) % W A3 S0 IRk I — AN
TEBCIR ZE IR 7 V20T LAV BR IR B, ANz Sk L5 %2
T =K 6-314G*, 6-311G 1 6-311++G), F A
WEIESH LR TG 24, RO —AN LA 1% %
SR AT A R SO RN B, T LU AR
ANATHRIAAT B I U IR . el T 3 2 B R 22 A
A BRERAN 58 A A fy 5 U7 B LA SO KA MP2
D7 AT R (AL FL A T 6-3114+GBdh) 5%,
S5 RRIRZ AR I BLESI(LZR 2); e ARE s 11
df WAL I35 LA, 1o FLAESS T 500 42 AR
AT 12 AT IR 28.57%) H B HE A,
Pople ZREAUILL 15 KK 6-311+ +G(3d2f,3p2d) /5 HiHL
R A [0 H. mPW2PLYPD, MP2(Full), CISD, CCSD,
QCISD Al MP3 FH s KFLLH 15 2K [ AR 2 R B AT,
oo b TT H ) R AIAS e 0 el R A S iR 22 5]
AL WS X H LR A MP2 7 VAN 10 NS4 T
PAAS BN B — AN S5 A WILRE5 K4, 5 i1 DFT 1 HF J7
TRV ST RN H R BRI AR (BT A3 3K 2 T VA AN
PR A R E BT MP2/6-311+G*fil MP2/6-311+
G** AL 15 B I W 4h &5 0, 54 8 AN AR
mPW2PLYPD/6-311++G HELEEAR, HAR G HE M —
509.66 £ —603.09 cm "), Rl DFT J5 41 HE J53%:
XS R R S . DRI TR A H AN A D A
MP2 Jj ik X Se R A LA A3 B R 45 A AN B P 8. R i
Va2, TR S50 85 0 T B0 BL T —FE 1 )
i

U TR —BURATEEY), SeH AT 14 BTk
T CqHsF F1 CsHsOH, B LI As T3 3 FI5K 4
W X EE gL IR T LA B, LA VA 5L
H K 2 FEAH R MM ST T T MP2, S HH IR
BRI FEA LE IR 2D 2 AN6-311+G*AT 6-3114+G**), JK
Wy EE 2022 1 /N(6-31+G). FTfS HE A1 DFET J5 i 590

F 1 PRSP i em )

Table 1 Ab initio computed imaginary frequencies (cm ') of benzene

Method MP2 MP2(Full) MP3 CISD QCISD CCSD
6-311G 723.36i 724.04i 658.38i 191.71i 529.23i 536.76i
6-3111+G 1100.52i 1104.62i 1033.46i 709.36i 912.90i 919.58i
6-31++G 963.24i 951.37i 890.20i 435.12i 739.24i 747.33i

1851.63i 1849.80i 1762.41i 1607.59i 1615.15i
6-311++G 467.44i 459.00¢ 383.50i 1385.71i 224.41i 232.89i
467.38i 458.92i 383.36i 224.28i 232.82i
6-311+G* 465.80i 459.30i 337.30i None 101.01: 135.17i
6-31++G* 980.75i 957.69i 884.08i 294.91i 745.32i 758.59i
6-311++G* 1278.84i 1269.96i 1186.28i 606.861 1040.92{ 1052.70i
6-311+G** 427.79i 411.71i 282.21i None None None
6-31+ +G** 956.06i 938.33i 862.25i 246.97i 730.17i 741.36i
6-311++G** 1190.09i 1184.66i 1082.75i 511.27i 938.59i 948.11i
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Table 2 Imaginary frequencies (cm ') of benzene computed by MP2 with larger polarization basis sets

6-311+G(3d) 526.34i 6-311+G(df) 513.08i 6-31++G(df) 1028.28i
6-311++G(3d) 759.71i 6-311++G(df) 1313.18i 6-311++G(3df) 336.14i
6-311+G(df,pd) 495.65i 6-311+G(3d2f,3p2d) 1001.74i 6-31+ +G(df,pd) 1130.38i
1648.89i

6-31++G(3d2f,3p2d) 1020.88i 6-311++G(df,pd) 1246.24i 6-311++G(3d2f,3p2d) 241.08i
241.03i

“ The imaginary frequency of MP2(Full)/6-311+G(3d) is 513.21i cm '. When benzene is computed by the other 13 methods using 6-311+ +G(3d2f,3p2d), the
appeared imaginary frequencies are: MP2(Full) (1641.62, 220.56i and 220.49; cm '), MP3 (1569.78i, 148.64i and 148.61i cm "), CISD (1160.13; cm™ "), QCISD
(1437.73i em™ '), CCSD (1441.93i cm ') and mPW2PLYPD (511.12i cm ).
R3RARHI S (em ™)
Table 3 Imaginary frequencies (cm ') of C¢HsF

Method MP2 MP2(Full) MP3“ CISD* QCISD* CCSD*
6-311G 582.75i 580.87i 507.70i None 386.21i 392.65i
6-311+G 877.85i 878.49i 810.81: 446.55i 709.42i 713.91i
6-31++G 428.27i 416.88i 329.71i None 50.20i 81.27i

1183.54i 1175.37i . . . .
6-311++G 93,25 39.76i 1110.86i 753.87i 998.74i 1003.15:
6-31+ +G* 407.14i 325.53i 268.82i None None None
6-311++G* 572.26i 547.11i 460.50i None 320.67i 329.70i
6-31+ +G** 398.09; 322.61i 262.45i None None None
6-311+ +G** 505.29i 480.51i 373.12i None 213.91i 221.12i

“ The frequencies of CgHsF have not been computed by MP3/aug-cc-pVDZ, CISD/aug-cc-pVDZ, QCISD/6-31G**, QCISD/6-311G**, QCISD/6-31+ G**,
QCISD/6-311 + G**, QCISD/cc-pVDZ, QCISD/aug-cc-pVDZ, CCSD/6-31G*, CCSD/6-311G*, CCSD/6-31 + G*, CCSD/6-311 + G*, CCSD/6-31G**,
CCSD/6-311G**, CCSD/6-31+G**, CCSD/6-3114G**, CCSD/cc-pVDZ and CCSD/aug-cc-pVDZ.
F 4 ISR L S (em ")
Table 4 Ab initio computed imaginary frequencies (cm ') of C¢H;OH

Method MP2 MP2(Full) MP3“ CISD* QCISD" CCSD*
6-311G 671.29i 669.37i 594.89; None 484.76i 490.44i
6-31+G 136.10{ 134.14i None None None None
6-311+G 93‘5?’. 973.92i 897.49i 556.64i 804.75i 807.39i

. l
6-31++G 667.43i 660.19i 577.13i None 46521 466.93i
1372.17i 1366.60i
1287.45i 1183.67i 1186.16i
6-311++G 304.60i 291.11i 19; 12; 940.26i o 7771 o 83,’
212.76i 198.56i : S at
6-311+G* 270.60i 252.44i None None None None
6-31++G* 625.66i 580.83i 511.29i None 397.15i 405.22i
6-311++G* 784.12i 767.21i 679.28i None 575.43i 580.83i
6-311+G** 269.80i 241.83i None None None None
6-31++G** 619.79i 579.62i 507.38i None 401.40 406.92i
6-311++G** 726.39i 710.61 607.05i None 503.85i 506.85

“ The frequencies of C¢HsOH have not been computed by MP3/aug-cc-pVDZ, CISD/aug-cc-pVDZ, QCISD/6-31G**, QCISD/6-311G**, QCISD/6-31+G**,
QCISD/cc-pVDZ, QCISD/aug-cc-pVDZ, CCSD/6-31G*, CCSD/6-311G*, CCSD/6-31 + G*, CCSD/6-31G**, CCSD/6-311G**, CCSD/6-31 + G**,
CCSD/cc-pVDZ and CCSD/aug-cc-pVDZ.

ARHAAH IS, M E R )2 mPW2PLYPD/6-311
+ 4G HILREH(—335.20 cm ™).

N T AR AN 2K (AT AR T S 4 R v DU
MP2(Full) H B AR FE 4R MP2 524 —kE, HY 4
A2 FEAT S R Sk V1530 925 B0 A ) 2 21 28 R AN
i MP2 BT ELYE R . A St AR 2 [
MP2, MP2(Full), MP3, CISD, QCISD #11 CCSD /] 6-311
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+ + G2 VSR R AR BT A6 2 I [ 4 40 2.5,
3,44, 101,236 1347 h], TI&X3 155k AT ED)
JUFH HF A1 MP2 BN ST [BR T H 2R R it
JH MP2(Full)#t551 8 7 4~ DFT ikt 58, XFEARS A2
ML AR L TE . B MP2 SRR R ILE 5 %
JEAROC I MK T BTt A I T S k. i o, TR
TTEHRAS LA AT CeHsNH,, CeHsCH,OH, C¢Hs-
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CH,0CH;, C¢HsCH,Cl, C¢HsCH,CHs, p-CqH4(NH,)F,
m-CgHa(NH,)F, 0-CsHy(NH,)F, 0-CgHy(CH;)NH, Fil 2-H1
FZHIL 10 Mo T, TR 66 ST B
15.15%, B @&AE 1/6 A Rm L. ik, X+
CeHsSH, C¢HsSCH;, 1-H1%E2%, CoHsCH,F Al C(HsCH=
CH,, A —MHE/FEEA KR B97D/6-31+ +G,
B97D/6-311G*, MP2/6-311+ +G*, B3P86/aug-cc-pVDZ
A1 M06/6-311G*) tH BLHEH( 73 71 4 —3.60, —13.66, —
882.72, —315.33, —8.97 fil—26.15 cm™ ). HAR[FIHIE
PSSR It HAT IR AR T RE A, (H2 S R ZEA T
PR AT — AN Ty e/ e 2 B R A 55 1l K AN A [,
PR RS HH TR A0 %) 2 5 L 06 R0 4 L e 0 1 0 0 1 ™
& FrA 5k R e A A R BB AR S), 7E 180
ANTPEFER I 73 NI EHIR 40.56%, #57% &
MP2(Full)J5 1] 200 > J5i5/36 40 s 3T 75 AN B A
EE RS NS i o e e LG P B S TSl AN i
CeHsNHY BB S H L PR iR 2 %, 35wk
142 1~(78.89%), ‘&0 A& FT AT THEE K 207 v H 3R At
18 Gl ™ TR, AMEPTA 7V S A S 4 H R
A, 1 H LSDA, B3P86 Al BO7D TS 20 M HE4 4
DUREA. 25 BB A 5 00 L 2 7™ S 2 G MP2 FH Ty
18 /™ Pople S AU [FI KL ZH B HE LB A, 28 HI MP2 11551
IUREAR ) LA 5 25 10— 4 Rl R H MP2 Tk
T IS 1) Pople ZRAUILA A I AR, T — ¥
75 MP2 Fil Pople ZE R IEAL I AT 6-31+ G A H I A3
B 7RI RS LA LA, e DT R S 42
THE BT B AR AN TS i PUR e AT T
B TR AE A H B TR 6 B N g BT LA
B, EUAR R H R A ) AR b A L, HE I R —
AR TR IS SE A (A, B 2O BURS IR
FH 15 B 1 — IR ENAS H B A Bl U — AN v 2
2 IR A, DRI B S0 B T IO T X e v A
ANGE TSR OR PR TG (A A W SR mT g 5 oK
AT R BR A F (AN I 2550 0 R e e D, Lt
DAl ] BB A3 R 90) 15 S0A Gn ik 22 19 J v/ 25 A H B g
A RV A LG AR (B R ) A 3 s — AR AR
2 KA A B R AL, AR 2R D — A FE RN o) — AN 3L
S 1 A e e I e A B W L A AR € E A
B, Wk WA p-CeHy(CH3)F BRI HESE 7393 4
105 F1 75 A, TI4AB - F KA m-CgH4(CH3)F H B 2 A0
By RE 12 f6 A R b4 B
0-CeHy(CH3)NH, 3ERE A IS, etk frai
WA AU, W1 p-CeHyF,, m-CoHyF, Al 1,3,5-CoH,F; HI B0
(P REATEH UG 3 4y, DT CeHSF 11 8 AN XFE, X1
AT 66 AN IFRRIZFIRAT M) I RE A )7
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IR SR 1365 AN, dT BB E/AE A H | 12310
ANMEEEBIA 11.09% GX B S TG % 18 TR 2
MP2 SR FT B LA RN 26 5 R h ] MO6 S5
FH 2 BT 388 I L 201). (RN, Gt SR 25 A J7 725t IR R A )
FELAANECRN R SN B Lo s B g A T e v, AR K
2 HF (97 4, 7.34%), MP2 (494 1, 36.38%), MP2(Full)
(33 N, 32.04%), MP3 (27 />, 45.76%), CISD (13 4,
22.03%), QCISD (24 />, 48%), CCSD (24 4>, 55.81%),
B3LYP (79 1, 5.98%), B3P86 (86 1, 6.51%), LSDA (61
N, 4.62%), HCTH (90 1, 6.81%), M06 (179 /™, 12.85%),
B97D (75 4, 5.68%) A1 mPW2PLYPD (83 4, 6.29%); ]
WA T P 66 N5 1 1 9 AT I A b
5 A MP2 U7V BARI4 LSDA J7¥2; 7 /> DFT
THEZ A B ZERIANKR, BT K MO6 1 LAl azg /)y
T MP2 (; 1 HF (I LL%15 DFT Jik iR Bak, Jfm T
ik M06 LIAMTFIFTA DFT J5ik. Bik HF il MP2 Z 4P )
5 AWK IAERWHT 3 Ak 5 A7, (HXX L
AN eI IR L e 5 MP2 1—FE R, JF
ABeils MP2 — g T Ee vy, AT BRI AR
ok 6154, LB 36.78% (FEINA HF J528 4 712 4
1 23.79%); 7 A DFT Jiik BB AILE AR 653 1,
LE ok 7.01%, 1465 ARHE AN 2 IR L], AR
4 R34 HE A DFT J5 vk vh 5745 B8 ook e 57 LA
ATEE. B9 ANUFVES BB S > T ECH 5k HF
(10 4%, MP2 (50 4™), B3LYP (11 4%), B3P86 (12 1),
LSDA (10 /™), HCTH (11 ™), M06 (13 4~), B97D (13 )
F1 mPW2PLYPD (27 /™), 7 ). MP2 il mPW2PLYPD 1
FHARS 2w, e 7 AN THERILE 10 A3 13 N2 )
Horb g 20 N1 HOE MP2 HUELR AR, T2 0 BRI A1)
IR 24 DN FROE RN HE A INES I
REAL [FIB, BT 9 AN Jikas e BLES 2 7386 5
At CeHsCHs, CqHsNHj , p-CoHy(CHs)y, p-CeHy(CH;)F
H11,2,4- CH3(OH)y; HrPi PUAN 41 ARV 454, 5
Ja — AR TR E A i g5, a8 AT
BB T4 3 A m-CgHy(CHs), (BT MO06),
p-CeHy(CH3)NH, (K T mPW2PLYPD)A! m-CeH,(CH;)-
NHy(Fr T MP2). XHFrHEJLT-HrfA 9 NIiEAKk
G THE IR R E 8 AN KER A AT F B,
T L T 2 38 P R R g 2 s AR R H I £
A BRI, BRI 9 AN AT R
REH1 16 N T (3L E W C,Hs, CH,F Fl CF; % T R

5 T A VANSE ) FIr 43 2 1) 45 S S odh AT Ze vk i, T
2AS B ) R SECRI LG A9 43 3 9. HE (84 /N, 26.09%),
MP2 (53 4, 16.51%), B3LYP (68 4, 21.12%), B3P86 (76
A, 23.60%), LSDA (52 4, 16.15%), HCTH (83 4,
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#5 TAHRMIEES(em )
Table 5 Imaginary frequencies (cm ') of CgHsCH,

Method MP2“ HF B3LYP B3P86 LSDA HCTH MO06° B97D
6-311G None None None None None 13.34i 30.31i None
6-31+G None None 20.53i 24.47i 16.96i 24.49i 67.01¢ 20.38i
6-311+G None 22.80i 10.25i 23.16i None 27.30i 34.84i None
6-31++G None 17.91i 12.45i 25.88i 12.24i 30.70i 67.84i 13.26i
6-311++G None 37.13i 28.83i 37.51i 25.79i 39.32i 45.78i 19.28i
6-311G* None None None None None 15.77i 103.39i None
6-31+G* None None 6.851 3.651 None 24.61i 110.58i 17.13i
6-311+G* None 8.33i None 9.46i None 21.07i 103.25i None
6-31++G* None 10.69i None None None 14.91; 109.24i 9.90i
6-311++G* None 34.49i 19.16i 30.94i 9.96i 32.22i 108.50¢ 16.56i
cc-pVDZ None 12.85i 20.18i 23.45i 19.43i 20.62i 73.48i 24.18i
aug-cc-pVDZ 37.25i 48.37i 56.58i 56.91i 55.83i 42.39i 85.57i 54.69i

“ Imaginary frequencies also appear for MP2(Full) and mPW2PLYPD with aug-cc-pVDZ, and their imaginary frequencies are 37.85i and 48.98i cm ', respectively.
Moreover, the imaginary frequency of MP2(Full)/6-31+ +G** is 336.28; cm . * Imaginary frequencies will appear when toluene is computed by M06 with all the
20 basis sets; The other imaginary frequencies that are not listed in the table are: M06/6-31G (52.57i cm ), M06/6-31G* (106.14i cm "), M06/6-31G** (82.22i
em™ ), M06/6-311G** (62.44i cm™ '), M06/6-31+G** (88.60i cm™ '), M06/6-311+G** (62.17i cm” "), M06/6-31 -+ +G** (86.29; cm ') and M06/6-311+ +G**
(67.73i cm ™ "). Moreover, when 74 larger polarization basis sets [i.e., besides cc-pVTZ and aug-cc-pVTZ, six larger basis sets are computed for every Pople’s polari-
zation basis set; e.g., for 6-31++G(d,p), 6-31+ +G(2df,2pd) has been computed, while other larger unsymmetrical polarization functions such as 6-31++
G(2df,pd) and 6-31+ +G(2d,2pd) will not be computed] with M06 method are used to compute toluene, imaginary frequencies appear for 69 basis sets [including
aug-cc-pVTZ and 6-311+ +G(3d2f,3p2d)] in which the values of 7 ones are smaller than 50; cm ', i.e. the values of the other 62 basis sets are between 50.01; and
135.34i cm . When toluene is computed by the other 6 methods [i.e., except MP2, MP2(Full), and mPW2PLYPD] with aug-cc-pVTZ, imaginary frequency appears
only for HCTH. When toluene is computed by the other 9 methods with 6-311+ +G(3d2f,3p2d), imaginary frequencies appear for HCTH and HF.

R 6 THIEABACTT R BLE B AEH

Table 6 Number of imaginary frequencies of arenes and substituted arenes

el Number of imaginary el Number of imaginary el Number of imaginary
frequency frequency frequency
C¢HsCl 12+0+1+4+0 C¢HsOCH; 10+0+0+0 C¢H;CF; 1+1+1+14
C¢HsSO,H? 2+0+0+5 C¢HsCHO 10+0-+0+0 C¢HsCOCH; 13+0+0+0
C¢HsCOOH 13+0+0+0 C¢HsCOOCH; 12+0+0+3 C¢HsNO 10+0+0+0
C¢HsNO, 164+0-+0+0 C¢HsCN 9+0+0+0 CeHsC=CH 13+0+0+0
CeHsO™ 134+0+4+1 C¢HsCOO™ 134+0+1+0 CsHsNH5 7+13+7+115
p-CsHy(CH3), 1+20+2+82 m-CgHy(CHs), 241941439 0-C¢Hy(CH;), 1240400
p-CeHLF, 3+0+0+0 m-CgH,F, 3+0+0+0 0-C¢H,F, 114+0+0+0
p-CeH4(OH), 13+0+1+0 m-CgHy(OH), 12-440+1+0 0-CgH,(OH), 14+0+6+0
p-CeHy(OH)F 10-+0+0+0 m-CgHy(OH)F 8+0+0+0 0-CgHy(OH)F 13+0+1+0
p-CeHy(CH3)F 1+12+1+61 m-CgHy(CH;)F 0+1+1+4 0-CgHy(CH;)F 114+0+0+0
p-CeH4(CH;)OH 24+0-+0+8 m-CHy(CH;)OH — 14+0+0+10 0-CgHy(CH;)OH 13+0+1+0
p-C¢H,(CH;)NH, 1+8+0+31 m-CéHy(CH;)NH,  0+2+1+26 1,3,5-C¢H;F3 3+04+0+0
1,2,4-C4H;F, 4+0+0+0 1,2,3-C4H;F; 114+0+1+0 1,3,5-C4H;(OH), 124+0+0+0
1,2,4-C4H;(OH), 15+1249+33 1,2,3-CHy(OH);  154+0+6+0 Naphthalene 18+0+5+0
L F (D

18+0+3-+0 18+0+4-+0 OO 17+0+340¢
OI]O 18+0+13+07 OOO 174+0+5+0°

“ The four numbers in the even row are the corresponding number of imaginary frequencies when this molecule is computed respectively by MP2, HF,
mPW2PLYPD, and the other 6 DFT methods. © C¢HsSO3H can not be successfully optimized by MP2/6-311++G.© Acenaphthylene can not be successfully opti-
mized by MP2/6-311+G and MP2/aug-cc-pVDZ. ¢ When biphenylene is optimized or its frequencies are computed by all the 9 methods except MP2 with
aug-cc-pVDZ, convergence failures occur, so the total number of method/basis sets computing this molecule is 172. ¢ Because of convergence failure, anthracene can
not be optimized by all the 9 methods with basis set aug-cc-pVDZ; At the same time, the frequencies of MP2/6-311+ +G** and mPW2PLYPD/6-311+ +G** can
not be computed because of the restriction of the maximum memory of the used workstation.

25.78%), M06 (168 4, 42.64%), BO7D (63 /4, 19.57%)#1  mPW2PLYPD (15 4, 4.67%), A WL T mPW2PLYPD
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CAAR ) 8 AN J7 i B L Ag) #5414 v (5 ) /& M06; 7 4~ DFT
TR Lk 22.58%, 1 BV AS % F& M06 J [ H e 6
A~ DFT J5iEtoh 18.49%; WIRAFEEHIELZE, Ay
fITr L g 25 5 ), B LA 21 28 2 1) P e 5 AH
o B IE Aiff 1 RS 1k ) 5 L, B A T I mPW2P-
LYPD J7v%. it H L sl e R vy B 16 0 1
A&, WIFEITR ) 50 A5+ H DFT o503 B A
ok 1284, LIk 1.83%, 1M HF J5ik4 13 488 1.30%,
MIX LI DFT 1 HF Jrikh b s il 5 75 #5i—0
A1 mPW2PLYPD, Hi4 & 6 4 DFT JiikHi It
FEAEL R 60 AR LAV T 999 AR, H I
(P REATEON HCTH 19 7 /N2 BO7D 15 12 ), LB
1.00%, HATEEME LT 0] LLZBS T . T2 MP2 J7is
AINEEE S/ S = AP s = B s N E ey P
XFE, BAR MP2 T BTH 66 5T 1l SEPE R K3
KHBES 32, {H 2 DFT F HF J77: 0 5005 A R R e
LSR5 48 53130 — LR AT 2 ] 5.

B —ANJ7E SR IR SE IH el e T B B
FR IR T e — ARSI A R T, (HAEH
HUAL 2 b LB 22 AN 05 T IE W 95 e BLA 4 ik e e
(PR R 15 7. 9 WA R T o S (9 05 48 S AT
AR T DU H I H TR RAE 25 b il o) 8 m ) 4 1S
BN A4 ) (B 7 IR TE 1) 05 IR AT A A I Al (1) B — 25
T, B0 250N RE O 0) B BBH B — A %), e v A
SE SR FNPE IR, T R L & =46 S R e e A
. IXRFR AR T v] DAV R I b 05 A PR 2 2
P, RZFRIXESTFA 07 A S IR RS
PEMIE SG MR e Oy B R AR, BN F LG
SRR A AR R Ak 2 SO SR s, BIEEA T ERAR S
LU N 25 5, BRAE I SR HEFF— A5 IR MEFA
MR- Al 1 N R R R (R (BB R R S X e G
FAp 2 —UA 2 i RS T A Y S B0 T I
TR e LB R MR AR IR e ok, JF HORH
Y ITEAG TR 2R e PR 84~168 kI/mol 2
], B An ) 2R 5 2R O =0 i A BT DU H 2R ) g
SEAL R IRAE N 151 kI/mol®. i Hiickel 4> 41k
(HMO)E W LA 3 Hiickel FUN(RIR K Z KEH 4n+2
AN I R e R R 5 &), T2
VS A e P el e s AR T 05 Ak, O Be sk
SCHEAR N P AL, 53 A n] DUE S LR 5 1 [R] 43 5+
TR [ AR UE AL U A H L, T H B AT AT A T
IR, BN AE— AR, T bt A FSrs 3 3 ] LU A% if
R — AR Re R R PP, 5 SCER[7) T
(1) EH T4l 55 £ Bk Gibbs [ HH AE 2ZE (B = MO FFee i
AN—FE, PREE & 0 P ge e v X 1437 3R
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K CeHg WSTR i, BAERE A B2 A H IR/ F
45 (http://webbook.nist.gov), JL#xF] 5 ~(Scheme 1).
BT, 2RI ALH B/, B HE O A B R
141.1 kJ/mol, XA & —/MHY KIMEEH B biinde
SR 1 B e 1 /ML (e A 20 259.9 kI/mol B
6.6%); TrEAHlbZ PR EMZNREST. B,
IR RZ LT AR D], e —F o)
P 51200 CoHe SRS 21 AN, (HER TR
DA I 248 K30 4 e R A B3l A AR 5K 5 e 1
EY), B EmgI2EE 5 AN ARG = E A= N
B4, HH Bk M CH,=CHCH=CHC=CH #{n]
1BYE. B WA A B A& HC=CCH,CH,C=CH [
AcH i 3842 kImol®”, K T i & CH;C=C-
C=CCH; f 335.2 kJ/mol A3zt K T &A1 49.0 kJ/mol.
G A (T 5 4 8 P TH B, FLFTJE s Bl DY,
IR B i THD () BT A T3R5 U Dy 4584 S 00 46 45 K4 BT A
WA BN RSP g5, BARA S As 20 B AN
NILF 2 1200, 2448 IS8~ 45 B r(C—C)=1.3902
A Al r(C—H)=1.0862 AP* )4 45 ke o 540 % 1
MP2, MP2(Full)fl MP3 H IR KA B s TH(LE i
M2 6-31+G), 53 LA A Mot 55T R
ANE ARV = AN, A eI R4
5500 T AR LG Oh AH )8R 2 — AN 2L 4 (6-311 + G**), 1f]
DFT(f145 mPW2PLYPD/6-311-++G)Hl HE J7iE#5AN H!
WAL 7). BHZSLE0 4544t MP2, CCSD 457 18 AH
SIS TH 55 7 10 RIS 241 ) W 4 AN Fe e S5 p (o
P )M H DET J7 3281 HE J7 1534 W 4 2 e o 45 4.

O== At o

396 kJ/mol 336 kJ/mol 224 kJ/mol

82.9 kJ/imol  377.4 kJ/mol

Scheme 1

JLJ5 SRR UG B 2R BR by # 2 A T~ 1T 25 440 AL 2k
etk 12 M AT 3R Dl i e s A 5. R T
FHZRER EAHAR 4 AR S (1 A (BUR I T 3
Pt ) IRIEA(E R 60°8% 10°, 141 MP2/6-31G*{)
RAF B T AR EN T 0.05°; BrLL, Fi5 MP2,
MP2(Full), HF Al 7 /4~ DFT J5 &AL BT F 004 46 — T #
B3 10, PRARAS 22K 1) AR T 5 AL AR 6 17~ T 45 44 (R
AR 00 KSR BAR /N, U 600 AT A (R R
R B 6 AN ] LA 3 A ) /N T 0101
436 NPT ET LI 72.67%), #E 0.1°~1°Z A 113
AN(18.83%), M 1°F] 5.83°[E ki ffk 5.83°,
MP2/6-3114+G 5% MP2(Full)/6-311+G f33I1; 1F N
5, WIRM IR T A e MP2(Full)/6-311+G #3211
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Table 7 Imaginary frequencies (cm ') of benzene computed with its experimental structure

FT RHSERA ST B S (em )

Method MP2 MP2(Full) MP3 CISD QCISD CCSD
6-311G 803.93i 801.55i 730.39i 243 .47i 637.05i 641.36i
6-31+G 303.15i 301.37i 157.72i None None None
6-311+G 1184.29i 1185.00i 1105.78i 735.99i 1010.62i 1014.59i
6-31++G 1049.75i 1038.12i 968.84i 489.80i 842.36i 847.92i

1055.92i 1051.20i 1841.47i
6-311++G 385.57i 374.18i 441.22i CNC* CNC CNC
385.15i 373.77i 441.22i
6-311+G* 502.42i 491.23i 377.37i None 210.15¢ 224.98i
6-31++G* 1006.68i 979.29i 906.83i 280.96i 780.54i 791.54i
6-311++G* 333.15i 307.96i 1209.92; CNC CNC CNC
6-311+G** 465.82i 444.59i 326.46i None 120.83i 138.86i
6-31+ +G** 973.18i 950.73i 875.84i 227.04i 753.85i 763.06i
6-311+ +G** 272.42i 232.17i 1103.66i CNC CNC CNC

“ CNC denotes that this experimental structure of benzene cannot be computed by this method/basis set.

5.97°, JRRE MK M B MP2/6-311+G 3 211
6.77°1MA 51 1N(8.50%). W HLA4HE T/ AL A PuAnA3 21
(1) A Y- T 25 4] (1) B f 5 T Y 1 45 44 1) R 1 3R AT LR,
A KI5 2 724 0 kI/mol B ANHEIT 0.01 kI/mol [#) 3L
H 93 A, —FH zek 0.01 ki/mol £ 107 [ 42
AN JEART 45 R R B BB E A, B H B2 1 65
AN JEPTH G AR e W, R 2= 01 5 1
kJ/mol Z [A] ¥4 25 A~ A& 258t 1 kJ/mol 12 i MP2
A MP2(Full) A3 2 13L 6 4N, H K2 H MP2/6-311++
G A [ =T~ T &5 44 LESF T 45 R0 F% 2.82 kI/mol], T2
T AR BAT DO B AR /S, 15 BHAS 2 1) -1 45
VAP IE S ey AYINA RN oo PN 2 NG R ¥
MP2/6-31+G** L1521 1 24 0.11° 2 44, {HixAE
PSR R P I A R ) — R B . 25T
MOV B, 23 B HE IR AL ) 7 2/ 2 A 0 H sk D
TAiRZ, EVMCFIHZRAEX 200 AN J7 kR4 b B 21
ARSI A IAE AR IR 4 AN MP2/6-311+
G* (—455.21 ecm™ '), MP2/6-311+G** (—413.93 cm ),
MP2(Full)/6-311 + G* (—448.98 cm ™ ") fil MP2(Full)/
6-311+G** (—398.36 cm "[PUH 1) M HAE 0.3°4
Fry HEAE LIRS 17 DA AT
mPW2PLYPD/6-311++G 124 1.2°LLAMEREE L 3°; [F)
i, LTI 51 AME 1°~5.83° 2 [l il Mt AR =
ANT 30, B 48 AN MP2 8¢ MP2(Full) #5321 —
A AR 3°). Jy ok, i AR A4k 45 44 #1  1F
B R Z (WK S, FLT754, Frdv Letil 4 37.5%)
LA, WS ORI —A C—H B2 SR
(RIRS PR 1T 45 K A a6 S ke kA Ak A3 31 1) 46 44k
S S5 R T mPW2PLYPD J5i M 6-311+G**, 6-311
++G**H aug-cc-pVDZ FEZH LIAh, (H =35 M5 K1
73 B4 0.05°, 0.06°F1 0.03°), 11y X Le 45 Fay [ 45 K3
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43 LU R THUAE Y. () - TH 45 R4 TR g 1 sy 2e (LA 30 A el dy
15%LL () fig A2, Hodh HF 47 10 N4, BT 10
AN VE aug-ce-pVDZ FELLHR L, AN (1 B B 25 7E
0 #] 0.1 kJ/mol Z [A] [\ 34 128 4, 7£ 0.1 & 1 kJ/mol 2
A 66 4, 1 kI/mol LA L4 6 4, JFHAER =& K
i MP2/6-311-+ 4G (1] 2.89 kJ/mol). R J5 FHEU 4T
(K35, A8 B R AT 7 vk B L i 2 15 %, Bt
H 166 1~(83%) B S. 15140 MO6 5 | i —AF 20 4
FEH MBS, MP2 A1 mPW2PLYPD #8 R4 aug-cc-
pVDZ L2 A H B AR A [ R 3 5 T W A A
MP2(Full) th R %A A LB A, 177 LSDA, HCTH
1 BI7D #8HA 6-311++G 1 aug-cc-pVDZ PiAFEL
AN BT, IXRE, AR IR B AR ST T 5 A L AR
T 45 Ky LR B AT AR B i ir 22, (HR AN =%
(1)~ T 3 o S - T &5 #4 #AS BV B R AL, T )& STk [,
10] 4 HH () R R & 5 0 Sy A 1T 465 449 1) 0 s AS I A
BUH B /D AGEA IR, I BRI G R IR A ) — A
I3 T RAE T S B E AR ER nT5E. N EASE
A 1A A DR A 200 a5 A R e 0 R AT e AT — o S
FU G 2R () A 23 B, i AR G 2 R 2R
AR T A I T 180 AN J7ik/5E41 48
AN HH IR RE A, BT 53— H P R AR R sl AN HE B
FEAT AT e AT 0%, (HE R ORSE T H U AT AR 5
PG L IE5%, BT LA M A A =8 5 BT
7R TS A RS B RERI O, thnAME
IR Z N AR T S5 A6 1) 5 I A e 2 th R A, iy HARCK
843 S SV T 25 A6 T 07 e B SLAT A= AT A H B R A I
LG AN IR AT 1) T 0 B A AN Ry PR S P S5 4, Bt
AN THIFE H AN AR S5 R EOAR, Y56 (9 2R i s A= i HL
FH ORI R S 2% () 5 5 S B S0 A [ A5 A5 08 0] DAIE B 3
— iy DRI L AR H I T B R T Ve R 4L
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ANSEATE FH TV SBOX S8 4 1 AR B S 80

FAh, SEAMEE A 5 A M EL AR O S TH 45 R 1
WM L R WEWY L KM IHEE. WEEE. WIRE, ZRIERK
W PEIDRSE TG AN N TO IR 07 B LA S — LS B BR ) R
SRR ELEUAAT A FH HE, MP2, 74 DFT J732:81 20 4
SR AT VHEEE, BT S IR A O v RS A ) L A A5
2. XS FUE A IURIE 1) N-H SR . N-FR RNl
e 1 4- FERENHEE 3L 3 AN 431 A FH BT 4 45 46 AP T
ghky; SRS AT —FE, AD>EWIUR S5 0 T T Z5 A4 1R 43
TAEH] MP2, M06, mPW2PLYPD 45 J7 V2 il — e K44 )
eI B B AR T T S5 0. fETHERE I 45 N Rdsar 1,
180 NI VE/FEAERA BB 7 4~ T (Scheme 2,
WEY 1~7), X 7 DT T Eea—A LAAMNIB T
gik; MRS 5 A5 1(Scheme 2, (LAY
8~12); AWM HILEMIIA 9 4~5F(Scheme 2, b5
Y 13~21); HHE LA TSR A BRI 75 7%
8 . FLr i 2 (A A K A AR T THI 1) 4-HR BEntEme HH BRI
68 MNCXABHEENE T L5 8). [RIINF, SR H IR A0
% H R A BURIE R 2, ol g H

WA ST AN RE AT A2 9 Ah . IXRE, IX 851 tH LR A
TR FR 405 AN 25 8100 AN LT K
U 5%, IXAS BT I B FCAT AR 4 Fr HA 0 b g 1) —
-, [FII DFT J77%, HF J75H0 MP2 7775 H LI M A4l
3904 133, 25 4-HJENL e F 3-F25Enkms F HF 1
A I 8 AR 17 ANREAR) AN 247 A, By LAk
WA 2.11%, 2.78%F1 27.44%; X [FIFERI] MP2 15X
L8 T I S KR Bl % DFT M1 HF J7vnT 5. 4
FAAHANTL &5 L 10 N1, TUFRR 16 35 AN
TH DFT Jiikir & B 25 MBI, Ledl B 20X
0.51% (HF WIPE A 2.43%), I HIH A & mPW2PLYPD
FIMO6 73 il HE B 23 ANFH 2 AN KA. IR MP2 7
LAV RS MP2/6-311+ 4+ G(E AT 4- F Ltk g A 5
RIFEW LAY, EH B IX & MP2/6-311++G
ANIE T X L AR P . V2 A BRI
By B E| = T R Ay caLERVLTR B2 o2 N E R C N
PEACGE R A T G5 R 1 5 FAEAS BB A, DRt Xt
i HA D SR AT AR A R A R I S B T VAN

R8T EAY IR B B H

Table 8 Number of imaginary frequencies of heterocyclic aromatic compounds and their derivatives

Number of imaginary Number of imaginary Number of imaginary
Compd. frequency Compd. frequency Compd. frequency
CH3
=N
QN 4+0+0+0 Z/N\g 340+0+1 [/NB\\ CHs 4404040
N H
/) CH,
N 1+0+0+8 4 \S 3+0+0+0 l \LCH 34+0+0+0
| o o~ Chs
CHj
- - o
S cH, 340+0+0 N, )—CHs 1+8+1+58 IN/ 15+0+1+16
OH
AN
| . 1340+1+22 [} 144+17+7+0 L, 12404040
N
N~ CH, N H
A\
), 1340+4+2 L Mon 840400 14404140
(0] S H
@NH 14+0+2+0 @ 13+0+1+4+0 @O 144+0+2+0
(0]
\ = S
15+0+0+0 S 12+0+0+0 _ 134+0+2+4+0
S N
N N
S > 0
N 15+0+24+0 134+0+2+0 N 4+0+0+0
2z H X H
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WU _ER07 & o> 7T E, JF B HE— DS T
B HY AN 32 A T B D 0 95 A 401 it BEAT AR 1l
ik,

=N_ /. M~
LS NN ¢ N | N—OH
<~ =\

4 5 6 7

N =N N
P L/O ®
1 2 3

N N— OH
— N=\ —IN{ % \
QS [ NH L/NH C N (/S \§
8 9 10 11 12

CH;, OH
QNH QO ¢ N \i 4 \i N@OH
_ s _
~-OH N Y
‘ — ‘ I K ‘ \>
N N~ "OH \N N
19 20 21 H

Scheme 2

J T AT A Ak, XA HILE 100 A
DFT J5iR1 B 20 NSRRI, TF 5 [H]
P ASE FH 2 1D T T 45 ) R R RS F AR 1 65 4 b W s &5 )
KIEAT AL, IXECFIFT I 7 AN 3k 107 A DFT J7vk A4k
5 31 A m 2% 1k (hybrid) J7 5 (W0 B3PWOI,
mPW1PW91, X3LYP, B972, M052X, HSE2PBE). 4 /MX{
Z&4k J7 (0 B2PLYP, B2PLYPD). 15 MK FER IF (long
range correction) /7 yA[ U1 LC-M06L, LC-B97D, LC-BP86,
LC-BLYP, LC-BPW91, wB97XD, CAM-B3LYP, It
CAM % /x [l FE & W 99 77 7% (Coulomb-attenuating
method)Z 1E]. 7 /ML (1) 4li(standalone pure) 5 v (U
VSXC, tHCTH, MO6L). 3 AN A A #iz od 1) 77 72 (BRI
HFS, HFB il XAlpha) I tHAZ #eiZ b8 5 4G Z pR 414 (1)
AT IELX S 124 LA B(HH Becke) W AT 32 bR [ DFT
J7iER 13 A~LL LYP(BJ! Lee-Yang-Parr) g #1572 B8 Y
DFT J7i%, Henflds XaPL, TPSSTPSS %%, RfE#C
HNIIAE Gaussian 09 _F BT BERH (AN R (1A #e72 pR A1
FAOIZ AV T X HATH 100 4> DFT J5i&iit &
SR 5T 7 A DFT JAiEMARAG, THECREG 34
WA TR B H BRI TR B 4 AN
G 6-311++G £:4), RIHE 97 MIEAA R IR
Bi; iF 5 H K, B98, B971, tHCTHhyb, LGILYP,
BKCIS, PKZBLYP, SB95, SKCIS 1 PKZBPKZB 5 3 4>
A TT I —FEA A aug-ce-pVDZ FEZH H BLREAI, 111
HE 88 NI T VSXC, wB97 F1 BMK A H B i 47
PIANEE— VR80T 2 N4 19 ANEAH BRI, H 100
ANTHE B AR B 612 A IbAh, Xf LI Pople
A Dunning 287 1) 20 M ELHHBATY 780 H 5. X RS
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ZKH HF, MP2, #iIf# FH ) 74> DFT J57%H1 Gaussian 09
ARSI 90 ANEHMATINE, hintIs st
1L'& Pople Al Dunning 288 (U1 4-21G**Hll cc-pVTZ), 6-31
+ 4+ G(d\.p'), STO-NG, CEP-nlmG, D95, D95V + + **,
QZVP, LP-n1G %5 FRAIHIFELL, RIVES MG M A1 54
KR T T Hoh— B & AR AN A ok
Gy AR > p R0 d MR SEAH, RPASAE R BE K TR 3p,
2d, 3df &AL AL, Al LE UGBS 5K 1# 41 UGBS2P
+4EFEAH ;X MP2 Al mPW2PLYPD AN MTSmall,
UGBS, cc-pVQZ Ml 6-311G(d") 25 K4, — 254
CBSB7+ +[&k 6-3114++G(2d,d,p)], 3-21+G*, 6-311+
+G(d',p"), SDD, SHC**Hl LanL2MB 571X #4311
g8 Wil F 4ol s 6311 + 4+ G+, 321 + G,
6-311G(d'p"[EL 6-3114+G(d')], D95, DI5V**Hl STO-3G
—FE, FTCAEA ST EN. SaTTH M v AR, o
BRI HAT MP2 Il mPW2PLYPD /N7 72 H B0 R 43,
H BB ZH 208 33 AR 9 AN
CEP-121+G**F1 TZVP); 15 F KN, &5kl
FEATR LA EON 5 S (H mPW2PLYPD HE1) %] 74 > (ih
MO6 732, T4 tH MO06 15 R T 180 /N4 b 3t
A 163 ANHILES), H 9 ATk BLR B ALEECh 244
AN IXRE, WAL ET U ORI 336 ANV AR A I 76
A REATURI TS50 211 289 AN 7 VA /HE A UL 147 AN Al —
ERATE, AKX T LRSS EOE 1125
A, VR TR B AL 6187 AN LLHI A 18.18%,
S T T A R AT AR B B LA (11.09%) )
63%LL_L; oA 7 AN DFT J7ik. HF J775A1 MP2 J5ik4y
AHIL 967, 41 A1 63 /NS, BT i LLBIIK KA 17.29%,
18.72%K1 25.30%. i Hbgix — Be i vk 545 B i T
66 IS4 S ILAT AR TE S b, T H B R AT
Bl 2267 A, 55 VE/FELLE B 17872 NI ELBT K
12.68%, T 225 1.59%; L DFT, HF Al MP2 7772
[ RE AR B A 867, 129 F1 534 A, FIT i EL AR Ik
H 8.23%, 8.62%A1 35.04%, LSy AL AR T+
1.22%, +1.28%F1—1.34%, X &6 bb 45 -t 4 [ K AN BE 4%
ZAL. HtlElr, 4 G4, GAMP2, CBS-4M, CBS-QB3,
SAL0635:(RI AM1, PM3, PM6, PDDG A1 MINDO; [fij
CNDO, INDO F MNDO #ANGE il Lh 5¢ vt 55) # 2 A4
T 1125 1(BN Dreiding 1 UFF) i S03X AN 11, B
AT CBS-4M, PM6, MINDO Fll Dreiding #5717
RREA LA FE e 18 AN T4l R #8AT KE .
PRI R T 0] ARAEA I WARES i, ]
DATH Bl AN A2 e, LS ATt I, — Mg 22
TE s T BT TE A B 1 P Bl A RN 2R A BRI L — AN b
J£ R (scale factor) LA K te38 A S 56 ()W) & B, n—
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BHLLE

MRIEX

CER X% HE/6-31G*, MP2/6-31G*, MP2/6-311G**,
QCISD/6-31G*, B3PW91/6-31G*, B3P86/6-31G* Al
B3LYP/6-31G* 1 54k 2 591 23 i 44 I A0 b B35 IR 3ol Ay
0.8953, 0.9434, 0.9496, 0.9538, 0.9573, 0.9558
0.96 1411 W28 b A 2 458 1) D 2 (A7 AN — Ml T 2
TS5 26 AN AN A 1] 5.

3 it

WX EEA SR 220 F A Y IR R il
TR R, P vkt w14 A J7iLm 20 AN
AR AT e 2 I RE AT, X6 R AT P
L I ) T 3, B SRAk A v SR A et A ANl 1
M7, AR S I R ARARE ) 5 B 1 IR B I
LOT7IL LA T AR AT FE . LT EAR A SR K
LT D5 BRI A, RN R 32 4 1 ) L T ok
R E TS AR B T B0 e, BASCR 2
H ) SCRRONS AN 3 45 R AR R 52 AN Rl STk R itk
TR PR A s R AT L 02 v R 2 B R 25 R
T SR D5 Je 2y AP 1T 45 80) 70 AR SC b i UE B AN IE
B R /DATEA IR, AMEB R JERABRIERE LAYk
AN T5 B AE W), T H T 05 AT AR I8 05 I8 AT
GSLY/F2 P Ve G o = MK (e A 1 Y R o= A NS &
1L AN 4 A4S R P 7 R 245 2,
R E s 5o 4=, B AR SCHR 91 ANE 0 2 1) o 55 AU ]
T 5 4NJ5 (BT HE, MP2, MP3, CISD i1 B3LYP)# 28 />
FEA, i B 3 AN R 2 AN REZH (R 3-21G 5 6-31G)
T TR HFHXZERHER R T 3 AN riEA S
20 MR 13 AN, AR SO R R Sk 16 07
FSELAIH HH B4 100 4, LS TWaH 9 4
(55 9 ANLL_E) 7R 20 AN ELLHAT TR, bk il
T SCHRTO, 1014 A& B HF 155 DFT J5 v G P s SCk A
FH7 B3LYP 1 BLYP W4~ DFT J5i%)Fl(aug-)cc-pVDZ
S RIS LB AT, AR HF 1 DFT J57% M H I A
PR YL — MLt MP2 B IR 22, Rl xf A f F ik ak
BERL 1) 05 A o T LAIEAT AR A ) R e v . A
I, ASCIAR 22 8 25 NG5 10 72 B R IAUE A3 H 1.

B ARSIV R SRR s i T i
el ISR — S AR, LA R NMEAT T 2R
W A EIIR TGS, AR RS 200 1 !
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