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1. Purpose

The role dynamics plays in protein function is being revealed by both
experiment and computer simulation, and provides the main motivation
for in-depth studies on the nature of protein dynamics. Our purpose here
is to gain insights into the nature of the conformational energy surface by
doing normal mode analysis and molecular dynamics simulations. It is
not a simple matter, however, to make useful comparisons between these
two methods, as one is based on a harmonic approximation to the energy
surface at a single energy minimum and yields a collective variable
description of protein motion, whilst the other makes no such
assumptions about the energy surface and yields trajectories of individual
atomic coordinates as its main output. A method is needed, therefore,
that allows one to bridge the gap between the two. This method is
principal component analysis. Applied to the atomic trajectories
resulting from molecular dynamics simulations it gives a collective
variable description of protein motion that can be sensibly compared to
the collective variable description of normal mode analysis. Such a
comparison should help to shed light on the dual aspects of harmonicity
and anharmonicity found in previous works on protein dynamics.

2. Methods

All the work has been performed on the small globular protein, bovine
pancreatic trypsin inhibitor, BPTI. In normal mode analysis, performed
here in cartesian coordinate space, the first step is to minimize the X-ray
structure until an energy minimum has been reached. At this point the
Hessian matrix is calculated and then diagonalized. The eigenvalues are
the angular frequencies squared, and so define the frequencies of
oscillation of the normal modes, which are collective variables given as



linear combinations of the atomic coordinate variables by the
eigenvectors.

For comparison with these results, a two hundred picosecond molecular
dynamics simulation in vacuum was also done. From the trajectories of
the atomic coordinates the variance-covariance matrix is calculated and
then diagonalized. The eigenvalues are the mean-square fluctuations of
the principal components, which, as in the normal mode analysis, are
collective variables defined by the eigenvectors. From the mean-square
fluctuation value of a principal component one can define an effective
frequency, which is the frequency of a harmonic oscillator with the same
mean square fluctuation value. If the protein does indeed move on a
truly harmonic energy surface, then the normal mode analysis and the
principal component analysis become equivalent. If the energy surface
is, as one expects, anharmonic, then one can think of the principal
component analysis as equivalent to a normal mode analysis of a
harmonic approximation to the anharmonic energy surface. Therein lies
the power of the method, as one now has a powerful tools with which to
probe anharmonic aspects of the energy surface.

3. Results

The principal components are arranged in order of the mean-square
fluctuation values, i.e. the first has the largest, the second, the second
largest, and so on. For proteins it appears that a large proportion of the
overall internal motion can be described in terms of a small number of
the lowest principal components. In our case just the first principal
component alone accounts for 43% of the total mean-square fluctuation
of the protein. This aspect of protein dynamics is of great significance as
it shows that large internal motions, possibly related to function, can be
described by a small number of variables. Figure 1 shows the 200ps
trajectory projected onto the plane defined by the first two principal



components. One can see a clear clustering effect. Transitions between
these clusters appear to be associated with changes in the first principal
component in particular. Probability density distributions of the principal
components appear to be well approximated by Gaussians suggesting
harmonicity, with one notable exception, namely the first principal
component, which has a probability density function indicating the
clusters in figure 1. Curiously, however, the mean-square fluctuation
values of the principal components 2 to 700 are on average twice those of
the normal modes of corresponding number. In the case of the first
principal component its mean-square fluctuation value is four times that
of the first normal mode. It appears then that there exist two types of
motion describable in terms of principal component variables. The first
type, features motion of comparatively large amplitude on an anharmonic
energy surface. In our case only the first principal component displayed
such behaviour. The second type of motion is of much lower amplitude
and has strong harmonic aspects. Mysteries remain, however. In
particular the nature of the relationship between the normal mode results
and the principal component results is still unclear and is the object of
ongoing work. 1

2" Principal Component (A)
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1°" Principal Component (A)

Figure 1
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Table 1 Activation energy(Ea) and reaction energy(AE)
of CO, insertion into the M-H bond

E, AE
7o, MP4~SD-CI~CCDV X IV TODE HE MP4® SD-CI® HF MP49 SD-CI”
) . [RhH,(PH,),]* 56.8 52.3 51.3 6.6 0.8 1.1
111 S
BER-HN D COMATHE A ER RhH(PH,), 21.0 24.6 21.2 -12.2 0.4 7.0
509 . Rh-HND CO, % A TIESD-CI  CuH(PH,), 10.3 7.1 6.5 31.7 -32.1 -33.5
a) SDQ (b) Davidson-Silver's correction was made.
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Table 2 Bond energies (kcal/mol)

MP2 MP4SDQ

D(Rh"~(n?-0,CH))-D(Rh'«(n'-OCOH)) 109 111

instability WA LB VENER XL DRLI-H)-DRLH) 109 109

. D(Rh!{(n!-OCOH))-D(Cu'~n'-OCOH)) 9 5

-e D(Rh'-H)-D(Cu'-H) 37 28
E AE%X R LICE EDTHRLU LD,
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CO, A Rh-H < Rh'-H < Cul- HOMHIXBEHILH 5, Az x NV F -2 RA K-> THE LXK
2 1:7.]#_\-[/720

Cu'H(PH;), + [Rh(PH.).]" = [Cu(PH;),]" + RhH(PH,), (4)
Cu'(n’-0,CH)(PH;), + [Rh(PH;);]* — [Cu(PH,)s]* + Rh(n'-OCOH)(PH;);] (5)
Rh'H(PH;); + [RhH(H,0)(PH;),]*" = [Rh(PH;),]" + [RhH,(H,0)(PH,),]" (6)
Rh'(n'-OCOH)(PH,), + H, - RhH(PH,), + HCOOH (7
Rh''H(n?-0,CH)(PH.), + H, - RhH,(PH.), + HCOOH (8)

Cu'-Hf ATk XRh-H#E A EH30kcal/moli { . Cu'~(n'-OCOH)# & {2l X Rh!«(n2-0,CH)#
A 6kcal/moli e T DB Cu'-H~ND CO,MH AKIS 3 exothemicity(E, )& K & b A,
Rh-H#EAE~NDZFNRBE M/DEILH B, X COECu-HEAICHRTELCHBORV-HEA %
GMd22DIKRMICEREL, X, Rb-HD OO REREFBEH LR IR TR ARV YD,
COBADESKRESAUD, ZOHRENEGL B L bDEEZONS, RE-HEEGICHERT S
L. Rh™M-H & 110kcal/mold 3 W A, RhM'~(n2-0,CH)# & IE Rh!«(n,-OCOH)# & iIT L <P
0 110kcal/molBER L, ZDOLHE, D EERV-HNDCO,H A ERWVI-HAND CO, A TKE
WEREL, 2hild Db S FRYV-ENDCOMADENHERHICHVELL S0, TSHIE



TFS VAR EORVHEML 7O MI vV AMIn'-OCOHR R I N TW L D TH B, T X
F-REHRC. BEHAHOLAN S, M-HEEk & CO,M O %M EEMES)EM-HE & D 5 CO,
NOEMBHOEERNARINL, ULOBRHAD S CO,HAIICIE ., M-HES DS { . HEM F £
DHBEMPKELS, n'-OCOHD M S Vv AMIKRBUVERLEFARELTOLEIHENENTH B C
EHoMEN T,

3.2 Pd(PH;), ~D Si-X BRIAFMBERE. H<{05 PAO)EEK~OBALD M MEGIE
PLO)BERICHNTETHBETHE I ENMONTLEN (HlAIE Goddard 1985), 7 A £LAHD
PAO)BERICL B EHRIE TR PAO)ND SIXHEAOBILIMRIENEEN TR EEZEZLAT
Wbe TITPAO)NDSI-XHEEOBRAMAMRIEKODVTHBAUBET 2T - 2o Si-SiE 1L
MEIEDHESR., EBRE(TS). £ERVOREEEZ 1M ELUTR2IFE LAY, TSTHRHPLO B
&L~ SiH,SiH, HWADEAEKENL VLN, PAPH,),BAOTFEANKEL, BEFERYER
BEE TPPAPANM A > T B, E,EE, & R3IXA LN, B, JdPEIEFRICH~NT/HE LD,
ERUCULAPIRIERDZNEDESAH > TS, B, DM#EIXPd-H, PI-SiH & T XL ¥ — &
Zh £ 49,40kcal/mol(MP4SDQ
LRW)yTH Y. Pt-H. Pt-SiH # A "

WH | [ENL -2)
P N SRS RPN o /'_—'\ ”
o4 1,480
10~ 15kcal/mol/h S WD TH 5 o \H
ERrINf, — K. BE,OMHER.
HL [2.34] H

PA(PH,),D A # VL RF Vv v & 7’—&13}0——\
EArIRANF-EBET L LI "
J: -5 _( E ﬁ .z. % 5 R Pd(PH3)2® /r 7]_ Reactants ‘Transition States Products
VI ANE - B EEMES TR ¥ Fig.2 Geometry change in the Si-Si oxidative addition to Pd(PH,),
BEDRHEDNICPU(PH,)), & D K&,

dfl Bz RV F —#MAE K, U L. PPAPA DI 2% > T

Table 3 Ea and AE of the Si-X oxidative

WL, A A Vb x )V F-—GFaBICHSSRY, B aaddition to Pd(PH,),

o : e p M=Pd M=Pt
BREFEOME TEPH(PH),PZH LD bMI W, o ST S S T
T PA(PH,),~NDBERALK A MKIEDENEWV D3 PAd(PH;), Ea 0.9 18.8 11.2 17.4
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MP4SDQ (kcal/mol)
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3.3 PtH(SiHy)(PH)NDOC,HFARIE. EBESBE#HAK LA VI v0EE N Y ) LK
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1CH» 5 Pt-HN D C,H, i Ald4.4kcal/mol, Pt-SiH,~DHH Ad16.3kcal/mol®D EH L = X I ¥ —



ELBEETE, ULOKR
M 6cis-R Ntrans-PtH
(SiH,)(PH,)(C,H,), VT
ML OHmARIEICEWNT
LPt-HNDFHADNE 51Tk
CAENPRIN. Chark-
Harrod# # %2 X B 7 5 #
EMNH/ LN, Pt-SiH, &
h & Pt-H~ O C,H,#H AN
RIDEWDEF. Pt-SiH,
HWAELPt-HEGORE D E
TR, C-HEG DA N
CSiEELDBLVLDTSH
3, X, 1Ch 5 O AW

P5 (13)
(The most stable product)

231 ‘2.32

1IALIBN o DALY & 5
BOE. BARE & D EK c O

P5% (3)
(The most stable product)

INBTNFNEDNT U
AP M1CTIEPH,THHD
i Uy 1A,IBTR b5 v
AHEOWISIH,H B Wi
HEEfL F+ D7/, 1A,1BT 1

TSD (4) P10 (-16) Pad (-17)

‘i ét }ﬁ % b{ Z; ﬂ‘ % fét '/}C b T (The most stable product)
HEENRP O EN - T, Fig.3 C,H, insertion into Pt-H and Pt-SiH; in PtH(SiH,)(PH,)(C,H,)
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OWmAFHER. MTHRKR. FHBE WMER FNEF HEF. FEHEH
EHEE—. HERR E/XE8Z. EFAEF (KW A - B#B)

1. #HREH - WA
DEEILEWbicyclobutanell B R U KB B W &k Y butadienelZ EMML U, biradicaroid& ca
rbene® % Tcis-butadiene® 5 %2 3B &. 2K Oside hondW ¥ h & #HE trans-butadiene® 5
ABRZDODORICHEEBIREINATLS, AMRTHBRITELIIROEEORE R IT > =,
@Y IIIATEFLYID B F IO 35000cm- 1D A E B HRFBRX T O—- FREFEWMANT P LR FD,
ERXREBMEULEETCHZ3LENTVEI N, AHEEENPEIL, AINXT P LroTo—-FiitE
HHHZR X3 EEXA N 2, CORFTORDEHZEOERERDE. QBBRILAFILIV AL
W RIEAFOBUEKREBBELB LV IRLEFHGEE UVTCEET A EBHA>NATVL S, 20O
Y BN Dself reactionld. BLERICBBEOEETHY., TORIGHEEIRIEEROERED
GHHMRIYVIALRIETRVEZEZIOINATEY., CTORE RIT- k.

2. WMREFE - FEFAE

ab initioft B I XRTDF — W2V TGAUSSIANIOR: U HONDOTR B W 2s Dvalence dou

blelw BB 2 0 % = 2K B & (VDZP)

The isomerization reaction of bicyclobutane % A WGVB,CASSCFEt B 2T - e @0
RHF/3-216G,GVB/3-21G¥T 5t B % 17 » k.

OB o 4Ty, 3 WRER -
1 2 N 4 : 6 z DFig.1ibicyclobutane® Z#EWX U -
HERRBOMEN T 2L X — RKcal/mol
R &S TR U ko path3d Kk K EE O FH i 1
.8 M 38.2b Y. RRMELO.6&E RV —KB
owo side bond _ Rohhk,. B2V TW. 20C2h
e s : : AR F Bbridged RERKA 12,16

AXYlh diradical BiE & R > TV %,
Blicis-butadienell Bl EFHHEE 2 &

HEeEBMEHBUTWBE I ENhDDP o

(46.86) 4 _ 2 TW3%, TS1Epath3S O EBIRRT.
60.00 - Q" g 62:95 A " B ‘ FMdside bondBthh. A& -ok
Bl ey B A Wy L side bondB O U R (#1550 i % W
VO i VB2 ms L o TV B, RERTOER. nethylen
wor 2;5 38 < 7 L eORFEOBEBERHNRD. REMOn

0.0 : ‘ ‘ ke R OTSDWVTC-C bond%
-20.00 + <I> = i RactiveBl i & U 72 CASSCFRIFE T X &
. - ST o WHE ERD R M. methylened ¥ &
-40.00 38.60.” \ -36.89
o~ S sy BEIBAUNBHEOKR EBEIU
Fig.1 Relative energies to bicyclob in kcal/mol calculated by the DZP level.
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E 9_5_4;3 J
[ E
/ " AV 4
80.00 + //>
! 80.00 - 77.14 7103
60.00 + : 60.00 -
40.00 + <> @ <> ; "-‘<> 40.00 +
Cav Ca ! “29‘18
2408 2568 2523 —
Tsrot-T: . Y
20,00 + 20,00+ is3a . f LA
14,43 J VTP "9 50
A= 7 9.
. 12.54 958
0.00 0.00 "/ N A\
K2 cyclobutenN & (Fi#=FIE) H3 butadienen DB (WME=ZBH)

BPo>he path2 BEBRRETS2ORGMEBITT. XKEDQL,2V T POBEHE—-F CTH B2 & i
Bk, M2. S EEME=ZFHRBIZ BT Spathl RUpath2 B 38400 MK. B
KREOMEMLIAE—-RBRT, cyclobutene® K T W biradical PR PS> D1,2KkFEHEH O
BEENZE LR XL PHT5kcalE B> TW3B, FhEMHICbutadiene® K Tlicis. tansD & B
GOV THHESkcal E GV I RANF—BEABRIRTAH IRV, ZHhaBERERED
ST B3I 2KFEFEBRLEBEU THPRIVIAZILLSZEERBTEIRESEBZ YRS LEEZ &0
3, @QUUIIIMTHILVOEE C HEEBRER AR D 2, TEFLIC-C,7tFLU-A"Ut " VC-CEE S L. 1.192,1.
432,1.392A ERE L 0. 00TAQ & T —H U ke T RO EHEEELO0.5kcal EFEFRNMNEILEH
BETs2EEbh3. OQRICKRIEBEB ECH: 0,2 E# X UVEENLI I LY —-2FKT,. T
NORBBBHI-0IHATIVIL2HFREEUVRAIYAFAFIFSASFY AP BIFEBELT
FETA2E&EEZ6h D, 2O &, 2200KREFEESGR2RF > keyclicdimerk ¥ & Z OCox #

| o+ Oy e 00, DEMINEE OB D 5T R ¥ -

Pah-1 &ty MW20kcal F K. HETE>NEIE

2CHZ;00 +3.7 +14.8 &
36 N . -
mg%uﬁ g u,c\o’/u\ BHREERBEPRL—-HEULTWVAEZ

CHy HCO+CH;0H & M & BT U & h %, pathlTUE RS K

CH,00.00CH, === | | . e i
Tl e N T s e BB BRI  L
0--Hiy Path-2 7565315#(55 -66.0 THBEBERBUAFELRLVES DD B,
7 + .
°\CH3__° e path2 T W R IGBE & 1L T0kcal& H L. F
~ 4 CHy - .
e N oo cHoooH, RATFHRREBEEBILULT LKA
l [ - 0, BHREEBHUTV . pathSE B R
0—o0 Pl gAY i B B,

B4 Cs0, Self-Reaction®d X 5 #& B
4. XK - HEERT LU FE
MTRK. EBEE—. BHAHFH VATOCI3. #4E (935 7H)
HAEE. MTHRX BAFH HFHETRS. ®FEE (93%5108)
EALEH. BEBET HTHERATR2 FLEBE (93&F1058)
HH®BX, @ik, BHAFE WATOCI3. B4 (9 3F7H)
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! £ 45854 Theoretical studies on the classification of chemical reactions and
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OEHEE, HRES  (KEX-I)
1, WreEM

HMTEEEUIAWE. ARLE L ERLZOBEROF —(bEL U TEE, EROICHERBICD
BRBRF2NTWD, I RBERSIT 5 ERN. EENTUEEM LT 254, (LEKICOER:#
R FBCEOFUD 0D FELELLEED S,

ARFFETIX. Cossee® 7 IV ICEET v /2 Ziegler-NattaZI UG X 41 = X 2N 2 HBIfbEE (73 =a2— 4
ER) DBEOWT, THVRTVENMA AEREOFIEA H# = X Ao THERBRNGTFHEE AT
AR,

2, FRAE

ST HEREE L Tl Hartree-FockHF)E. RUBFHELERLAMPEY AV, T2, KB, B8
KRB, R E LSRR RO 5 20 IKIRCEEZ AV, ZORKICHE> BT OBNBEREEHS
B 11 LMO-centroid 4T 21T % » 720 FEERE L L TH3-21G, 6-31G(d), 6-31G(d,p), K U* 6-311+G(d,p) & A
Wiho 7755 LTIHRGAMESS, GAUSSIAN9O, GAUSSIAN92%HW/,

30 BIRMR

A. Ziegler—Nat taoE Mo,

Ziegler-Nattafilifif B & FUGHE X Cossee ET IV (4 FLBRIRBELELA LT 4 Y OHA) & LTHH
ENTWE, TLRCORENDEBFHRMAA=LLCELTIR1I 99 1 EFELA A IEBEFVERWT,
G2 pull-push BIEIC L > TR BT L %R L2 LPLIDBTFRIFILX & = X AT 2 Bk
BOREMIOWTREOMBEPEN T o HLATWEY, FZCT i EBETNERAVERTOET
FROBUG A # =X by RUBBREOBREIC oW THFIERR Y E A LT LS 2Ee7 Ve
Wiz,

cl

.‘&9"'3 CH,
Clm—Ti=nn ey
A,/ o | CH,

H

Ziegler-Natta Catalysis Model
FGORF Y V2 VIFNVE-FTFTRICFT, COFGA =X ARG THE Z EFHS » Ik >

oo BEIDAT v 73 FVLY—Ti n@#EKOERTHY, Skcal/mol DT F V¥ —FERENEH D, D
IRNF—BERERT i RO BFRBOLILICE VAT S, XKDAXF v FidPull-Push X A= X AL A



RE-REEAERTCHS . LMOBHOKER, =FL v TEFHT i —CHEERHEL, Me—T i ¥
EDOAFIVEDCHENFT LVC—CHEEZTERT S, COLHICT i BKE, = F LV VOTHE, X F)V

HOCHEIC & Bpull-pushx # =X ABBITWVD, COFREOEERBECOE2HERDRXT v 7T
by, DHOER, RUELORIGEFVEHOLERABOMERL —BT 5. Ko 45E0Z4l
P, KEFWVICBTAHHBMEIRAIH2ClICH2Y), COHMPMBRE2 AT v 7OREICBNT
Al —C 1ADDM EITITEIWRLIVPuUl |- Pus hKIBA A= XA 3BT 2B E %R LT,

Transition State
Transition State for Insertion
for Addition

Reactant

-20.5

|

S—

Product
FIGDRT v % Vi '
CORIBRBIT 2 TV TIOORT, MIHEERTH ). ERIEG LR ¢8I TH 5,
. COHBME (AlH2C 1) ORVWRIK2WTHTAR . COBSORIBR—BBEIETH ) .
oK IR N e otz T2, TOBREADTRIVF—REREIL 3 2keal/mol EFEHICKE LY,
BhphiE A8 { G & Tid 2 1kcal/mol DEND - 72,

cl ! cH, ©
CH, cHz-17 s cH %
CHg / 2 1"1 \ 2 ”I
/—---;Tu—Cl —) CHy----Ti-=---- Cl ) CH,—Ti----- cl
CH, | g /|
cl AlH, Cl---4---- AlH, Cli--d4-- AH,
cl

Transition State
Complex



B. VESGVETVEZTREIBT7I/V RS VERAI=XA

VEGENARER (TVEZT) o7 I KT UPERT AR FEERTZOEE, EBKIC
Thb, Blis Aul tbRI MY I ARTIRSVETVESTORGKBE LERZITEN, 73/
EIVOERYRBVE L EBPOTFAUIRLTUARBA AL LEKRRND L) KW ZRTEI S LTl
L7

B2Hg + NHgj ————> H3B:NH3 + BHj3 (1)
H3B:NH3 ———=> H2B=NHy + Hg (2)

YRS V=T VEZTHIYPER L. COEBYHIKEHEBELIT 2, TI/VRIVRERT S L
WHILDThHE, HUDATY TiBL, 2FBBDPXF v 7RBWETFHEI Nz, T3 ISERYF I
R v—7rvE=THIPER A2V Lo ERTIION, LAL2EHORATy i1, 2K5E
BHEERGETH)., BT FVF—EENFHINLL, £ TIhs ORISR WTHAN 2, Kbk 2
DDAT Y TIODVTHRE Lo BARES v—T7 VEZ7RHIMPOER, ROZ T v 7N, RV
SEDPLDT IR VERREE L. 1—, 1, 2—, RUF1, 3—AEBRERCICoWTHNZ, £
D}EREF V=T VEZTRINMPETIRT VET7VEZT7RL IBRTREL R, $TRS V-7 VEZ
TR E S ¥ BEAL L 72 E T 5, COEBERICIE 2 DDORICEREH S L Rt L,
I v—TFVvEZTHMIPSD 1, 1 —KERBECEL T3 1 0 0kcal/molbh Lo 5 )b ¥ — FEBE s
Hotee 1, 2—KEHBMICEALT, G (2) BFRE) VB XV ¥ —FEE (4 6kcal/mol ) %#F
DT ENWS LB ol BEPLD 1, 2—KEHECBVT, BB REBRPRU-T I/ KT~
Thh, BETI/VEITVEPERLEV, #4601, I—ARRECHBEVWI A VF—EETTI)
RS VEER L. BEDOX W7 I /KT VAERKICER T, FRCEVZANVK—BEXH L, TV
FZT7=KI UM AED 1, 1—. 1. 2 —KEHRBEDA., o0 1, 3 —KERBEIC L - T
THIEFHS P ol TD1, 3—KKHEHEOBBKBIIRKTHY, EBREBICBVWTB-H-
BHAWRAEN TS, T-C0OBBRBIAERAETFRATHY, 3200HOMO-LUMOBEMEH
PHELTWS,

H H Lumo HOMO

HOMO

PRI VET VR TORIGEBIIOVWTORERTORTH b, B ZETHY, TR V-7
VEZTRIM E RS v OEELSTER I N, 1, IAEEERGEBELTC7 I/ RT Y EERT 5,
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(R 74917
5 DT lowRAE Bk - B | AE . BT (B D)

EEEM. BARE. FHEKX (BK - ARER

LFEEHB - BNE

APIRRETIE, S TFOETREBEGROH LA LMD E TN o2 AV ILER
SO ABRE LTINS, REE|L, (1) Multireference Moller-Plesset (MR-MP)iE D il
RIREANDICH. Q) IEMBBHE AR TRT V¥ v IVEBE TORZER EDOREZEHSD
HUWRELDRFE, 3) HLBHOME 5 VRIS DIKA RIS DIIZE. (OMF,

(M= Cr,Mo,W) OHi& & &EMICET AW, 21T -7,
2. Rk - EHE L
MR-MPHED T 0 'S LIR T IV—TTHE LIS DEH W, 3), DDT—=<IlD
UVTIZGAUSSIANG2 | K Uf, HONDOSA iz, Q)D T — Il DWTIIFEE T T 0
75 LBREIT - 1,
R ES
(1) Muiltireference Moller-Plesset D iR IKEEN D) FH
WHFFE S TEA%E U 7omultireference Moller-Plesset (MRMP): (3., HEREED B T4

BAZMEIC R D 5 HETH 50, RWEHEREBICOEHETH 5, AP, HE
ILEFRERIREBIC DN TR S 2 REH A TREM DN > TNWBD T, BB rILF—0D
B L EVDRTNB A VOB FERD B Fo

035}%&:;\ ZDHJEIRAE T3 S single-reference  (DHartree-Fockzh: TlIEdR T 7L
1ZEBHITEFMBENIKRE WD, £ DOERIREEA RS @ TR F R F 124
SRTUWEN, £TIZTy ZO4HFICMRMPER B L TAK, Czﬂﬁz’ﬁﬁ REFLUICE

FHUERNHBE RBLETT - 7o, € OBETHIE L X VF — 2K 7z, BREEHICIEZ
DZp+Rydber gBA#( % F W 7o, & D#ER. HEHHE IC DUV TIICASSCFO#iEL BE L,
IR L X IVF =T DN TIIMBDE DEUOFEE & RIREDO.1eVOREEDMENE S hic,

Table  Vertical excitation energies (eV) of ozone at optimized geometry

No. State POL-CIY  MCLRY FSMRCC® MRMP Exp.

1 3B, (1a,->2b,) 1.08 1.14 1.37 1.44 peaks at

2 ’B,(6a,->2b,) 1.74 1.66 1.62 1.88 1.29 1.43
3

3 A,(4b,->2b ) 1.39 1.81 1.95 1.82 1.55 1.67

4 1A, (4b,->2b,) 1.66 2.14 2.17 2.12 1.80 1.92

5 'B,(6a,->2b,) 2.06 2.17 2.13 2.01 2.13



a) "POL-CI" denotes Polarization configuration interaction theory.
b) "MCLR" denotes multiconfiguration linear response calculation.

¢) "FSMRCC" denotes Fock space multi-reference coupled-cluster method.

(2) EM BB AT RT Y v VAR TORER L OREE B DRELE

BUBIIGC A A V- FRIGHEETIE. BB LR T Vv v VEBTREREB LT & &
ZFIEREEBRNELET S, IEMBERIC LS RT v v )VEEE D seam e, Jahn-Teller )5 %> Renner-
Telleh R ENRI B I EPHS N TS, Bx i3IS OENBBBR LRI THERO BLESERE
T HBITFEERRE Ulco MR-MPIRE D 50 2 FRBT R VF —E . E,%. Ruedenbergd ik % i
NWaAZg ) —FE#RT B E 1Tk D, Diabaticli RF v v b TRVF— i ETHRET 3,
H11=E—+AEC069 , H22=E—AECOSH , H12=—AEsin0 . )
ZIT.VE= (Eq +E2)/2‘ AE = (E —E2)/2 THH, 225 Y —EROEHR/NI5 A S ~9&iéﬁﬂﬁ55ﬁ
THLHMCSCFOREDRYTERRINS,

Berry D4 IC & 0 | Diabatici BB TOBB T RVF —H MBI 5 2 & & Diabaticii BB
BICEDBONERT Vv )V ZRNF—DENRBILZZEES TSV« = a- b VEOHHEM:
(': L/fCo

L(R,&, A) = WEy + WoEp + EHyp + A(Hyp — Hyz) )
ZHICRMERATEELUTDS 7S5 o7 v ABRAMERON S,

L(R, §, A-) = H/iEl + I/VzEZ - EAE sinf@ — 2AAE cos 6 ©)
REREOBREEFZRKDBHEBEE. D5 /50T - = 2-b v ABRICOOT, BEEES TS
V2 DREFEHOWANENTNERIIHE I EICEVEL 5h 5,

Vr L(R,EA) = Wigy + Wag, +Ag-(-Esinf+ —2Acos 6)

+00 R, -(§AEcos 6~ 27AEsin6) =0
VeLl(R,5,A) = Hip =0 ) ViL(R,§,A)=Hy - Hi1 =0 @
Z I TMR-MPHEIC L B = X VF—HEE. BREMTH S CASSCFL R NVF—D—RH & RATE
HINSIMR-MPEOEE T 1)V — I 2 —RFOF &8 5,

@ 2 2 2 2 ¢
Eimwe o5 V) CO Vs (G (ip) ey
AR, i Agjy Agjy (Agy;0) ©

Z C TDiabatichi BB MODEE L 0. ROOAAHEIHICH 52125 1) —BROER /T X 5 —0DHs5>
HEREBEOEMBEBHICELO D ET S, REMOIEMBEBHIIKRD L) ICEbIN S,
J AT% 2 J I J I 2417
g = EC;{C/{G . z CAC}\ (VAIX) . CAC}VMF"/{A. ~ CACAEVM.) IAsM.
e unld AgjpAg) s Ag; 5 A Agy i (Agsy)
(=A=p)




IS s) S S S S G L)
< £ 7 jZ et Agy Mgy ©

Uicht > TENE NOHEICE I 5 TR)VF — AR EHBEREICE 5 IFBEBBE KD 5LENH 5,
BEZ OERERN T D 75 LOEKRETT > T B,

Q) FmLFOMET 5 ) VS-S DOIIKMER I EE S B 58

) R SRR AR OTER E LTHIO N, ARANTIZY Uk E UTDNADPRNA,
F-ATPIL FOBEEHFOEENL > TH D, FEFICHEREN TR TH 5,
Z D) BDNAILBIZERORFE A2 > TWT, 20 Y VBV T X7 VAT < <L,
R L &M T TIEBER NI MRS AT S EHIWT U 7Bl 7su,
U Ualt, B HE NI o OEEN Y VBEY T 2T IVEEE OIKMERUGIZE U
EFICKXLEEFF O ENP ST 5 fe(Figl), FEFTHRIZ. ERICK 5
LR3HE L HD 0D, FRERBPLHRIDE L ERVTED S DBEENF/I N T
W3, ZFROBEMIZ. T SDEAKRNY) VB Y T X7 IVEEE DIIKRD Sk &
R L. B RO EHSIMNITHIETH S,

DNAD €753+ & LT 2 EKDNATH 5 d(TpT) DIEHEAE A FIVEICEEH]AICH
DERN. Y VERERALIC 6-31G* | ZDHBDESMZ STO-3GA2 A U HF level THEED
TBLEAT > 70, Eio. T DNA E7)V4FR ML LI ETIVE LT Me,PO, %

U, PiZ6-31G* | 012 6-31G, & DHBDERSMT I STO-3G 2 U HF level THEE D
WL 1T - 720 F7z CeiZid. ECP (Effective core potential ) & L 7z,

DNA O € FI)V5HT- D i s %~ 3 (Fig2), T 5 BALH KD 5 H OH N
apical A7 {ZfChz U 7o i (a) &\ Fhvapical ALICHCAL U 7o 415 (b) 2 7~ 9 (Fig.3), (b) MViR%&
EHEET@) &ED T RIVF—ZIH18keal/mol L7557z, Z D 5 B EADEEIERD R
TV v VAR OB & A1 B 7o 85 BEDEBSH % methyl 252 Z#1Z /- dimethylphosphate
(Fig.4) @ 5 FALF KD R T > & v ViR & iy 7o (Fig.5), OH % apical fiiZBhz U
7o 4% (a) & 0 methyl kN apical 47 IZFEAL U 7o #EE(b)D F A, methyl 7 & @ P-O #5650
{\ F 7 10kcal/mol FBLETH »7co T LT (@) DEENRETRNI ENG,
dimethylphosphate (347] & DI TKOIDUNT 5 BEALHRMKIZIE 5 7o & LT H LEMHE
THD (b)) NEEGIHEAEKSERI Uy Y115 DO ThHiS methyl £ & D P-O 44T
HAHHITENREBINS, it > TI O methyl ZEDOJEEEDEEDRT v v )VEREE ED
BETFINMIL->T COFEHORIEMTHIENTES EEDNS, B methyl
EOBMBEOBDORT v v VHHEZ R D DFHEZIT->THE D, £DH% Ce 2Dt/
BRI DOWTRETZTD. JTOKREILRICE T BIIKG RO KIS OFIHOREEJ 5,

(4 MF o, (M= Cr,Mo,W) D& & LEMIZBY HHFF

BHREBEHEATIE. dBEFORIBONPEETH LN, 712, KO KD ik
D, FESLENBITIEE - TRHWLEWN, HHT, F—BBEEBO#K TR, 3p#ELE3d
BIEDZERIBTLIED O DN LTS 7 BHRIITE D U FEE L, AR TR, M
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