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Calculation of NMR Chemical Shift for a 3d1 System in a Steng Crystal 
Field Environment of Tetrahedral Symmetry (1). Application of the Expansion 

Method for a Spherical Harmonics for Derivation of Overlap and the 
Dipole Moment Matrix Elements of |4p> Atomic Orbitals and Derivation of 
the Radial Integrals for 사Hyperfine Interaction for |4p> Atomic Orbitals
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Master formulas for overlap integrals and the dipole moments involving |4p> atomic orbitals have been derived by the expan­

sion method for spherical harmonics. The radial integrals for the hyperfine interaction have also been derived for |4p> atomic 

orbitals. The calculated values of the overlap integrals and dipole moment matrix elements by the expansion method for spherical 

harmonics for a hypothetical NO molecule are exactly in agreement with those of Mulliken's method. The radial integrals 

for the hyperfine interaction may be used to calculate the chemical shift for |4p> atomic orbitals.

Introduction
The expansion method for spherical harmonics has been 

developed to calculate the NMR chemical shift for a 3d1 

system in a strong crystal field environment of octahedral, 

tetragonal and trigonal symmetries.1 This method was applied 

to evaluate the hyperfine interaction tensor components, Aa0, 

and the higher order hyperfine terms in the hamiltonian.2

Recently the expansion method for spherical harmonics has 

been mainly adopted to calculate the NMR chemical shifts 

arising from the electron orbital angular momentum and the 

electron spin dipolar-mic!ear spin angular momentum interac­

tion for 3d” 3•气 4d" 457 and 4f"8 9 systems in a strong crystal 

field environment of octahedral,1011 tetragonal12 and trigonal13 

symmetries. Evaluation of two center overlap integrals has 

been performed using the spheroidal coordinate system by 

Mulliken, ci al. In this spheroidal coordinate system, it is re­

quired to transform the spherical polar coordinate to the 

spheroidal coordinate for evaluation of two center integrals. 

Since, to evaluate two center integrals, two atoms must lie 

in one coordinate axis, namely the Z axis, a different coor­

dinate transformation of each different overlap and the dipole 

moment matrix element, using Euler angle is required. To 

overcome such an inconvenience, the expansion method for 

spherical harmonics has been also applied to compute two 

center overlap integrals and the dipole moment matrix 

elements15 16 in molecular systems. We found that the 

numerical values obtained by this method are in exact agree­

ment with those of Mulliken's method. In the previous 

works,141516 the expansion method for spherical harmonics 

has been used to obtaine two center overlap matrix and the 

dipole moment matrix elements, but the formulas for expan­

sion of |4p> orbital may not be given yet.

The purpose of this work is to derive the two center overlap 

and dipole moment matrix elements which are not given in 

the previous work.141516 The expansion formula is therefore 

applied to evaluate the radial part integrals for |4p> orbital. 

Here we adopt Slater type orbitals.

fDeceased on June 25, 1986.

Two Center Overlap Matrix Elements

Since we are interested in the |4p> atomic orbital centered 

at the reference point A, we may express the Slater type |4p> 

atomic orbitals as

I4px>- (/9V105^)1/2Xr2 exp(-^r)

l4p»〉=(£9/105 兀)s g 9」exp (-£r) ⑴

1也上>=印/1052" £ ra exp (-有)

For 4p atomic orbital, 冷〉그 Ne* exp( - pr) Y岳(0,8), located at 

arbitrary point B, the spherical harmonic part may be express­

ed in terms of the reference point A, using the following 

spherical harmonics part 丫耻(麻)''and the exponential part 

which may also be translated into the following form.

r2 exp(-^r)

= h^R.r.) E 馈(们 0)皿(弘，加)“一'印 (2)
71=0 h=-n

Here

hn (R, Tn) = (r<r>)~ly! £ Ht In- (卽<) K冗一을+ £ (夕尸>)
i=o

(3)

Where

乩=3泠心：

十］

H3 = ( r2<r>, I„ and Kv are the modified Bessel func­

tions. Combining the translated spherical harmonics part and 

the expressed radial part of the |4p> atomic orbitals into
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Table 1. Master Formulas for Two Center Overlap Matrix Elements

<ls |4丄>。(16/105)1/1 

<2s |4p^>= (16/315)1/1 

<2px |4pz〉T16月45)5 
<2px |4p,>=(16/105),/1 

<2py I4p<>= (16/105)1X1 

<3s |4pn〉= (32/4725 广〃 

<3丄 |4丄〉=(32/14175)5 

<3p, |4丄〉= (32/1575)'시

V3p» |4孔〉=(32/1575)'시 

〈&妇이 (8/23625)5

〈3d女 1练> -(32/70875)" 

|4p«> = (32/70875) '세 

|4l>E8/3⑸s 

<3如，14丄>=(32/315)5 

<4s I如〉=(4/315)(3)" 

<4p, |4皿>=(4/315) 

<4px |4丄〉=(4/105) 

<4妇 |4丄>=(4/105)

八瑚(K.-aGJ

(a/幻'거cos。(匕1一사島)

(a/^9 )s/, (L9 4- (2cos'$ — sin'。)£,— (l+2cosltf - sin'0 〕

(a /jff ),/1costf sin^cos^ (L)- aKY)

(a /夕)$새cosgsinSsin, (」L?一 aKJ

(a/jff)7Z，cos^ (Aft-aLo)

(a /胃)5 [Mo + (2cos'H — sin'。)Mt— (l+2cos*^ - sin'。)。心)

(a //?) Tz，cosff sin5 cos^ (Af, - aLt)

(a//9)5cos0sinOsin° (A/i-aLJ

(a (4cos5 (Af, -aL:) +3 (2cos‘8 - 3costf sin'。)(M)-aLt)〕

(a LBV 八(sin cos 0 (]虬-aL?) + (4 cos,(9 sin。- sin^) cos0 (M, - aL,)]

(a /jS)7/l [sin5 sin^ (Mx - aLt) + (4cos*H$in0 - sin" )sir泌(Afj-aL,)]

(a /日)“"cos9 sir广。(cos1^ - sin%) (M3- aLt)

(a 禅)7/1 cos0 sin1^ sin^cos^ (Ms -aLt)

(a /jS)9/1 cos<9 (Y.-aMo)

(a 力9)'/'〔K+ (2cos15 一 sin'H) (l+2cos*5 - sin*fl )시虬〕

(a//9)#/,cos^ sin^cos^ (匕一세幻)

(acos。sing sin©(匕一 aM。

(4P,>= (4/315) (3/20)1/1 (a /夕)，•"〔4cos8 (Yi — aMi) +3 (2cos*5 - 3cosfl sin") (V^ —aAf；)]

<ls 14 七〉=(16/105) s 

<2s I 4px>= (16/315)lz， 

<2p. |4pQ= (16/105)5 

<2Px |4px>= (4/945)1/1 

<2Py |4px>= (16/105)lz，

(a/胃)'세sinHcos© (K,-aGt)

(a/>9)s/Isintf cos0 (L「aKJ)

(a /jff) S/Icos^ sin^ cos^ (Lt - aKt)

(a /胃)s/t {2〈Lq — aK]) —〔2cos‘8 — sin'8 — 3sin1 (cos% — sin%)〕(L2 — aKx)〕}

(a/£)5$in'0 sin^cos^ (Ls - aK^)

<3s |4孔〉=(32/4725尸셔 

<3p2 |如〉=(32/1575)'시 

Op, |4孔〉=(8/14175)" 

<3py 143=(32/1575)'〃 

<3dzI |4孔〉=(8/23625)'/' 

<3d*」4 叭〉=(8/7875)1/1 

<3d^l4Px>= (32/315)1X1 

<勇宀夕血小>= (2/7875)'시 

<3d^|4px>= (2/7875)5

|4j〉= (4/315)(3)" 

|4Px>= (4/105)

<4s

<4Pz

1/2

<^Px |4px> (2/315)

<4p, \4px> (4/105)

V4d」4Px〉 (4/315) (9/20)

<U 1 如〉 (16/105)5

<2s |4四〉 (16/315)1/1

<2pz |4pQ> (16/105)1/1

<2Px |4p>，> (16/105"

<2py |4py〉 (4/945)1/1

<3s 1，飢,〉 (32/4725)"

<3p^ |4py> (32/1575)"

<3px |4p,> (32/1575)l/,

<3py |4p,> (8/14175)"

<3d# |4p,> (8/23625)1/1

<3d„|4Py> (32/315)1/1

<3d„|4p,> (8/7875)5

<3dxl_yJ|4p,>=(2/7875)lzI 

<3dxy|4p>>= (2/7875)5

14%〉=0/315)(3)" 

|4p,>= (4/105) 

|4Py>= (4/105) 

|4p,>=(2/315)

<4s

<4pz

<4px

<4py

(a【3 )TZIsin^cos0 (】虬 - 4，)

(a 力9 )5cos8 sin0 cos©(】加-aLx)

(a /日)5 (2 0如-aL ) - [2cos*5 — sin'。一3sin'8 (cos'© - sin%)〕(M3-~aL})}

(a/£)'/'sin'H sir"co” (Mt — aLt)

(a jBY 八(3(4cos1^ sin8 — sin" )cos0 (M s — aLt) - 2sin5 cos^ (丿虬-aL,)) (

(a 18 ) '세 {2cos& (虬 — aLt) -〔2cos'。- 3cos^ sin‘8 — 5cos5 sin'8 (cos'© — sin%)〕(虬 一 aLQ}

(a /y?)T/,cos^ sin,5 sir泌cos。(Afs-aLt)

(a />9)7/1 (4sin。cos^ (Af^aL,) - [(4cos*^sinstf )cos04-5sins0(4cosJ0 - 3cos©)〕(M3 - aLt)}

(a /幻 5 {4sinfl sir" (Mi~aLt) -〔 (4cos1^ sintf - sin'0 )sin°+5sin*。(3sin^-4sinJ0)〕(A/3 - aLt)}

(a/胃)"'sinHcos© (K-aM0)

(a/jS)B/,cos^ sin。cos© (匕-(血)

(a jW {2 (K -시虬) -〔2cos'H - sin*(9 -3 sin*(9(cos1^ — sin%)〕\

(a/a"*sin'8 sin^cos^ (y^-aA/J

(a{2cos0 (Yi — aLj)1-2coss^ — Scos^cos1^ - 5cosH sin'H (cos1^ - sin%)〕(Y3 — aMt)}

(asin^sin^ (K-aG。)

(a/^)s/,sintf sin^ (L -a/C0)

(a/胃)'/'cos。sin。sir" (L： -aKJ

(a sin^cos^ (Lj - aK,)

(a (2 (Lb - aK) - 3sir"H (cos, — sin%)(】，一 aK；)+ (2cos*5 - sin'。)(Lt +aK})〕

(a/jff)7/Isin^sin^ (Afi-aL0)

(a )7zlcos^ sinfl sin© (Aft—aLj)

(a/^)T/l sin*0 sin。cos 0 (Mt-aLy)

(a/g)'새 [2 (Af0— aL]) - 3sin*tf (cos'© — sin%) (Ma - aL1) + (2cos*tf - sin'8) (Mj+aL, )〕

(a/戶 )5 [3(4cossinfl - sins5 ) sin© (M3 - 시，) -2sintf sin。(M)-aLj)〕

(a/£)5cosH$in'0$inM!osS (Mj-aL,)

(a jB、'八{2cos8 (M, - aLt) -〔 (2cos'g —3costf sin*。+5cos。sin'H (cos% - sin%)〕(Af s — aLt)

(a，华)5 {4sinH sin0 (Mt - aLt) -〔 (4cos*5 sin。- sin'。) sin0 - 5sin*fl (3sin0 - 4sin30)〕(Mj-aL,)}

(a IB )T/，{4sinG cos0 (Mx - aLt) —〔(4 cos‘8 sin。— sinJ5)cos^ —5sin*5(4cos*0 —3cos0)J (丿虬一眼”))

S/戶 )*시sin。sin© (X - aMo)

(a /^)97icos0 singsin。(岩-세匕 )

(a /胃)'/'sin'H sin^cos^ (1^-aM))

(a/>9 〔2 (K ~aMi)~3sin>8 (cos% -sini<p}(Yt-aM1) + (2cos'6 - sin’H ) (K+aM。〕

Where the radial part integrals are defined elsewhere!151

reference point, we may obtain the master formulas of |4p> 

atomic orbitals. The master formulas of overlap matrix 

elements for |4p> atomic orbitals are listed in Table 1.

Dipole Moment Matrix Elements

The dipole moment matrix elements may be obtained by
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combining the overlap matrix elements evaluated by the ex­

pansion method for spherical harmonics with the dipole mo­

ment operators expressed in terms of spherical harmonics,21 

the corresponding dipole moment matrix elements may be ob­

tained. The master formulas of the dipole moment matrix ele­

ment orbital involving |4p> atomic are listed in appendix.

Radial Integrals of |4p> Atomic Orbitals for the 
Hyperfine Interaction

To evaluate the hyperfine integrals of Slater type |4p> 

atomic orbitals expressed in equation (1), the integrand is ex­

pressed as a functioin or R and rN and we introduce the follow­

ing notation for |4p> atomic orbitals,22

">。)=4时(一时匸驾TI h」R,f)df (4)

where t = 2ptR, and further, for convenience

Un(D=Rn ⑵(t)

Wn(t)=Rn^ (?)

From the angular parts of the hyperfine integrals, selection 

rules may be obtained in n. The required radial integrals are 

listed in Table 2.

Results and Discussion

Using the analytical formulas listed in Table 2, the 

calculated overlap integrals for a hypothetical NO molecule 

are represented in Table 3 with Mulliken's results. As 아iowd 
in Table 3, the numerical values of two center overlap integrals 

calculated, adopting the expansion method for spherical har­

monics, are in exact agreement with those of Mulliken's 

method.

In Table 4, we represent the numerical values of the dipole 

moment matrix elements evaluated using the analytical for- 

mulas listed in appendix with 나le transformed overlap integrals 

for the dip이e moment matrix elements17 for a hypothetical 

NO molecule. As 아】ow口 in Table 4, matrix elements evaluated 

by the expansion method for spherical harmonics are also in 

exact agreement with those for the transformed overlap in­

Table 3. The Numerical Values of Two Center Ove이히) Integrals 
for a Hypothetical NO Molecule (a = 1.950, /? = 2.275 andr=1.50A)

Overlap Integral
Numerical Value

This Method Mulliken's Method

< ls|41^ > 0.326719 0.326719

< 2s|4Pz > 0.451562 0.451562

< 3s|4Pz > 0.481152 0.481152

< 4s|4Pz > 0.422939 0.422939

<2Pz|4Pz> 0.342577 0.342577

< 3Pz|4Pz > 0.382617 0.382617

< 4Pz|4Pz > 0.327667 0.327667

< 3dz2|4Pz > 0.123143 0.123143

< 4dz2|4Pz > 0.063381 0.063381

< 2Px|4Pz > 0.200616 0.200616

< 3Px|4Px > 0.297287 0.297287

< 4Px|4Px > 0.370897 0.370897

< 3dxz|"x > 0.355301 0.355301

< 4dxz|4Px > 0.472562 0.472562

Table 4. The Numerical Results for the Dipole Moment Matrix 
Element and the corresponding Transformed Overlap Integrals 
S = 1.950, )3 = 2.275 and r=1.50A)

Dipole moment Numerical Transformed Numerical

matrix elements value overlap integrals value

<ls 1 히4化〉 0. 175681 <Ua)<2pz\4pz> 0.175681

<25 1 히4戸〉 0.310241 (5/2)/a <3pz|4pz> 0.310241

<3s 1히%z〉 0. 362996 (14/3)"/a<4"|4”> 0.363098

<4s |?|4pz> 0. 287369 (15/2)s/a <辗|4財> 0. 287755

<2牛 1 히 4pQ> 0. 479445 (5/2)'"/a <3s |4p.> 

+ (2)lz7a<3d/|4p,>

0. 287755

0. 479445

<3 住 |4pz> 0. 531341 (14/3),/J/a <4s |4卬> 0. 531341

+ (56/15) s/aV4d；|4 氏〉

1 히%z〉 0. 385697 (15/2)1/!/« <5s |4p^> 

+ (6)1/7a<5d^|4pz>

0. 385437

l4px> 0. 223156 (3/2)“/a〉3dM4"> 0. 223156

l4pz〉 0. 405511 (15/5)1/I/a<4J„|4p.> 0. 405511

,^4px |z |4p!> 0. 595415 (9/2)"/a<5dn|4m〉 0. 595415

Table 2. The Required Radial Integrals for the 4P-Orbitals

J J ~qm45 f广丄广丄3尸丄15尸丄15广丄45Z丄儿丄45、 '
I顷)小，〔：-(店+布+百+习 +v+v+45+r)c ]

V ，。“45 ft" , 15f3 , 15f2 . 45t , , 45,

i 10 O O 4 Z £

5 =5〔(咎쁘쯔)+(£ +쁘 +쯩' +等 +으쯔 +655 +饗 + 幣으 + 饗 )「〕

以)=£：〔卒-(衆+ 罕 +쯔'+ 1京 +을+ 罕)L〕

呼〜 )=本〔(卒一譬)+(§ +쁘 + 半+ 擊+ 375 +罕 + 譬 + 響) 
o o Z Z t t t

") 5〔(平-쓰으+ 쁘羿으) - (? +쓸'+等+으3 + 3055 + 쓰% 岑으 + 2쯤으으+쁘绊 喜쯔으9 )广〕

하 = 2£占.
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tegrals for the dipole moment matrix elements. Such results 

indicate that we may use to calculate two center integrals such 

as the overlap integrals and the dipole moment matrix 

elements involving |4p> atomic orbitals without coordinate 

transformations into spheroidal coordinate.

From the radial integrals for the hyperfine interaction of 

the |4p> atomic orbitals, we may calculate tne NMR chemical 

shift for |4p> atomic orbital, but it was reported that the cor­

rect 3d wave functions to use in the construction of the 

tetrahedral state are then given by first-order perturbation 

theory as.23

响)"(8)_e <rgC|,ir(4P)>4p ⑹
P 扣 P —

Here v = kxyz in cartesian coordinates where k is a constant.24

APPENDIX: Master Formulas for Dipole Moment 세at허x Elements involving |4p > Atomic Orbitals

<13 
<2s 

<2px 

<2px 

<3j 

<3pz 
<3p.

I히4%>-(16/945)5

I 히 4%〉p (16/2835)'/'

I 히 4队 >■ (16/23625)'/'

I 히 4% >*(16/2625)1〃

|z|4pm〉= (32/42525)1〃

I 히4以〉= (4/225)(2/7) 侦'

I 히4贝〉= (32/39375)'셔

<3優2|히4队> = (1/315)(8/105)"

<3dXI I히4Pz〉u (4/315)(2/35)'/'

<4s I 키 4Pz>q(4/315)(l/3)w

<4p. |z |4贝>=(4/1575)

<4Pz I 이4贝〉=(4/525)

〈仙我 I히4队> g (2/2205) (1/7)'거

<2px I히4Pa>h(4/2625)'/‘

<3px I키4Pm>=(8/39375)'기

<3d„ |z|4Px>= (2/315)(2/35)*'

<4Pl |«|4px>=(2/525)

<2py I히40,〉一（4/2625）'게

<3py I 히 40,>a(8/39375r 게

<3dyt I히4%>= (2/315)(2/35)'기

<4py I히 4p»>n (2/525)

<13

<2s

<2px

<2px

I최 4贝〉= (16/105)5

I 지 4pn〉=(16/315)'〃 
1퀴4贝〉= (16/2625)'서

I 시 4% >=(4/23625尸 게

<3a

<3,

<3p.

k비 4Pz>T32/4725)5

I시如(32/39375)'시 

|x|4pz>-(2/225) (2/7)1/l

<3d„ I히4Pz>p (2/315)(2/105)'〃

<4s
<4p,
<4px

I 치 4队 >=(4/315)(3) “

I 치 4贝 >=(4/525) 

|x|4pt>= (2/1575)

<ls

<2s

<2px

|x|4p«>-(4/945)lz，

|x|4Pl>-(4/2835)l/, 

I^l4p,>-(1/23625),/J

)'게 {(L 一 W) + (2cos^ - sin^) (L - 屿 ) }/#

(M9)‘시〔(M—aL) + (2cos"-sin'H)S£—aL)〕/Q

I시B)'서 (cosfl (9M| — 5o乙b — ) +3 (2cos1 & — 3cos5 sin'0) (M 一 Q、)〕/戶

(a/B )5 [sintf cos^ (% -aZ수 ) +(4cos*^sintf 一 sins^ )cos^ -aZ,)/胃

(〃胃)s〔(K3A4)+(2cos'&-sin%)(K — aM)〕/^

(a/C〔cos。(9K ~ 5애% - 4애4 ) +3 (2cos*5 - 3cos5 sin” ) (X - aM%)〕/£

(d//9 )T/,〔sin。cos。(X 一세4 ) + (4cos'£ sin。一 sin'。)cos0 (£ - aMt)〕/g

〔28 (X -aM) + (2co$'。)—sin 財 (55& —2&괘4—27 세Q+9(35cos" — 30cosF+3)

(KtM))/胃
(a/jS )5(3cosfl sin。cos © (15K - 7aM1 - 8세£ ) +15sing (7cosJ^ — 3cos^ )cos^ (X - aM )〕/戶

(a/fi ),z，〔 (do -aX ) + (2cos'H - sin^) (4： )〕/£

lajBV八〔cos”(9& -5aK —4a^ ) +3 (2cos'H -3cos5sin^ ) (4)-a^ )〕/£

(a/夕)'셔〔sinHcos^ (厶- a* ) + (4co$'Hsin。- sin35 )cos^ (厶$ - a* )〕/S

(a/^),zl〔28 0。一 a* )+ (2cos'g - sin1^) (554,-28aK-27a>；)

+9 (35c。渤-3OcoW+30 - a瓦〕/£

(a/j^)，z，〔2cos8 서1 — (2cos*^ —3costf sin1^ )M3 — <2cos5 — (2cos 由 - 3cosfl sinltf)}a£a

+ 10cos$ sin*(9 (cos% — sin勺)(Aft -aLj )〕/胃

(a/)9)TZ，(2cos$X - (2cos'& — 3cos8$in'0 ) X 一 |2cos^ -(2cos35-3cos5 sin1^)}aMt

+ 10cQ$&$in'S (cos1^ - sin%) (匕 一쇼% )〕/胃

(a/?9)T/, [14 (X — aMi)+ (2cos!^― sin*0)(5X+7애* — 12aM3) +3sin*fl (cos*0- sin'©)

(5K - 7aMi +2새£) —3 {(35cos‘H - 30cos*tf +3) +5sin'0 (7cqs'0 — 1) (cos1^ — sin%)}

(K-세4)〕/戶

(ff/jfl)，z，(2cos$ Ai - (2cos*& -3cosSsin*ff - {2cosff - (2cos'H -3cos0sin，6)〕aK

-FlOcostfsin1^ (cos1^ - sin1^)(厶 $ — al； )〕/夕

(a/胃)'세〔2cqs9 (M - aLf) — (2cos*0 -3cos8 sin*5) (Mt - aL,) —Scos^sin^ (cos% - sin%)

㈣—a妇)〕/夕

(a//9)T/l(2cosfl (X -aMj)— (Zcos^tf — 3cosff sin'8) (X ) —5cos^sin'。(cos1^— sin%)

(X-aM,)〕/夕

〈、시B、}5〔14 + (2cos*5-sin15)(5K+7aM - 12새4 ) 一3sir面 (cos% - sin%)

(5】g — 7aM[ +&M ) +3 \ (35cos*0 — 30cos1 ff +3) - 5sin'S (7cos— 1) (cos1^- sin%)} 

(K-aMJV/9

(a/jff)9/1 (2cos 6 (厶I 一a* ) - (2cosJ5-3cos5 sin'。)(厶$ -a^ ) ~ 5cos0 sin'0 (cos% - sin1^)

(AF) 〃胃

(a/j9)>z,cos^sintf cos^ L 一aK、)/£

(a />9 )*zlcos^sintf cos0 (A^ -aL) )/夕

(、시B\5〔singcos© (M -a」) +(4cosmsin。- sinJfl)cos^ (A% — aZ, )〕/£

MlBV八[2costf (3M, -5aLt +2a】，)-3 {(2co$'8 -3costf sin1^) -5cos^sin1^ (cosp - sin%)} 

例*)〕/8

(a/>9)T/1costf sin^cos^ 任 ~-aMx )/戶

(u/胃)5 (sintf cos^ (X - 価) + (4cos'Hsin0 - sins5)cos0 (K 〜애4 )〕/涉

EfdBV 八 [2costf (3K - 5새% +2。媽 ) 一3 {(2cos‘。— 3cos5 sin'。) —5costf sin1^ (cos*^ — sinp)} 

(X—aL)L0

3/g )5 [14 (K 一세4) + (2cos*^ - sinP) (5X 一 14aM】 +9새么 ) + 15sin1^ (cos*^ - sin% )

.(X -새4)—3 {(35cos*tf- 30cosJ5+3) -Ssin1# (cos‘8 - 1) (cos1^- sinp)} (K - 에勺 )〕/乃

(a /。)'八co品 sin。cos,(厶$ - a* )/g

(a/夕)'새〔sinHcos© (禹 一 吨) + (4cos*tf sintf - sin'。) co” (厶$ - a* )〕/戶

(a/fi)tx，(2costf (3 厶 1 - 5aX +2a*) —3 K2cos*tf-3costf sin'H) - 5 cos fl sin'S

(cos', - sin%)}(厶，一aX)〕/戶

(a/幻‘세〔2 (L -시£ )+ {3sin후。(cos% - sin%) - (2cos% - sin'8)} (£, -aK-,)]/^

(a/jff )IZI〔2 + {3sin'8 (cos'© - sin%) - (2cos'H - sin'。)} (M, 一 aL )〕/R

(a//5)，z，(4 sin。cos© (9M ~5aJ^ -4ai») — 3 {3 (4c이 *8 sin。- sin财) cos© - 5sin'。

(4cos‘。-3cos^) (M3 -aLj))/^
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<4p^lsr|4p3(>= (2/525) (a /^)972 [2cos^ (丄一 "J 一 < (2cos，g -3cos5 sin”)+5sin'H (cos'。- sin%)}(厶 $3匕)〕/戶

<4p,|y |4p,> = (1/1575) (a /^) 9/It4sin^ sin© (9Z j~5aYt-^aYt) -3 |3(4cos 후。sinH - sin3^)sin^ +5sin° -4sW©)} 0$-a匕)〕/戶

<3s II시4%〉=(8/42525)5

<3Px |푀4心>=(1/225)(2/7)"

(a/£ )5〔2 (K ~aMl) + (cos'。- sin%) - (2cosI5 - sin'。)} (K 一)} /£

(a ]BY 八〔4sinH cos© (9% — 5aM° ~4aM3) 一 3 {3 (4cos‘。sintf — sins^)cos0 — 5sin*tf 

(4cos3^ -3cos^ )} (K -에4)〕/夕

<3d„ |x|4Px> = (1/105) (2/35)'刀 〔4cosH sin 0 cos © (15 K - 7(顽i - ) - 5 {3sin8 (7cosT —3cos^)cos^

-7sin3^cos^ (4coss^ -3cos(^)}(匸

<4j |x|4Px> = (4/945) (1/3)1/1

<4Px 1외如#>=(1/1575)"

(a 1BV八〔2 (Jo -aK) +〔3sin'H (cos'0- sin%) - (2cosa^ 一 sin¥ )} 0m )〕/£ 

(a/胃)9" [4sin(9cos^ (9厶i -5aK ~4aYt) - 3 {3(4cos'H sin^ - sin财)cos0 -Ssin1^ 

(4coss0 -3cos0)}(厶3 -a*)〕/胃

<2py 1 히 4吗>=(1/2625)'” MjBV 八[4sin^ cos^ (Afj +aL,) - {(4cos'H sinff - sin 财)cos© +5sin8^ (4coss^-3cos^)} 

(M3 t心)〕/胃

<3py 1 지 4p”>= (2/39375) 〔4 sin 毋 cos。(X +aM2) — {(4cos1ff sin5 - sin3tf)cos^ +5sin‘涉(4cosJ0 —3cosS)} 

(&-旳)〕/8

<*好 1 시 4p,>= (1/21)(2/35)" (a/^)7/, [4cos^ sintf cos0 (Yt ~aM3) - {sing (7cosJ5 -3cos^)cos^ + sins5(4cosJ0 - 

3co”)} (K-aMJJ/g

<4Py g|4p，，>Tl/525)“ (a/y9)i/J〔4sinHcos0 (zli +a*) - {(4cos'8sinfl ~ sin3^)cos^ +5sins5(4cos3^ 一3cos°)}

(△3 - B

<2p이？|4財> T4/23625)'기 (a/£ )5〔2cos。(Mi — 5aL0 +2aZ〃) - 3 {(2coss5 - 3costf sin，。) +5co$H sin‘8 (cos% — sin%) 

(Mt心)〕/胃

<3Py |§|4丄〉=(2/225)(2/7)" {a/py/l (2cosfl (3X — 5에4 +2세4) —3 ((2cos岫 — 3cos5 sin1^) +5cos^ sin'。(cos% - sin'。)}

("aM)功9

|y|4丄〉=(2/315)(2/35)'〃 (〃幻5〔14 (% - ML ) + (2cos3^ - sin'。) (15K - 14에么 +9aM$) - 15sin1^cos!5 (cos1^ 

—sin%)(匕—aMs) 一3 {(35cos45 — 30cos1Q +3) +5sinIfl (7cos‘8 — 1) (cos? — sin'©) \ 

(K—cM)〕頂

<4p, 01 4a >=(2/1575) {a/^Y/l〔2cos。(3 厶 1 一 5aK +2aK) —3 {(2cos2^ — 3cos^ sin'。)+5cos5 sin'。

(cos? - sin%)}(4 - W)}/5

<2px |y|4?x>= (1/2625)lz， (、a/3)5 [4sin^sin^ (M} ~aL2) - ((4cos'H sin。- sin1^)sin。一5sin，8 (3sin^ -4sin30) 

(M -aZ々)〕/疗

<3px Iff |4Pi>= (2/39375)1/1 (a/^y/l〔4sin8sin© (X一이么) — ((4cos!5sin0 — sin'。) sin© ~5sin'E (3sin© — 4sin3^)} 

任-旳)〕/日

<3d„ls»|4Px>= (2/15435)l/, (o/^)7/I [4cos5$in&sin。(K ~aMs) — {sin。(7cos3^ -3cos^ )sin。-7sinJ^ cosG 

(3sin^ 一4sir驛)} (K—M)〕/涉

<4p, 15 版>=(1/525)" (a/^y/l〔4sin。sin。(4, -aYt) — {(4cos,tf sing ~ sin'。)sin。-5sin'。(3sin。-4sinJ^) 

(厶 l"；)〕/8
<ls Iff|4p,>=(4/945)IZ1

<2s 归 |4皿〉=(4/2835)"

<2p,|»|4py>= (1/23625)l/,

[2 (Lo ) - {(2cos'g - sin'。)+3sir】'H (cos% - 命勺)} (•如-aK。〕/胃

(a/0)5/1 [2 (M 0 - ai !) - {(2cos*^ - sinl5)+3sin,tf (cos% - sin'。)} (M aL〕)〕/胃

(a/^)s/2(4sin(? sin0 (9M j-5aL(> —aL)) -3^3(4005^ sin5 — sin'5) sin^ +5sin5tf 

(3sin0 -4sin1^)} (Af, -oL z) ]/)9

<3이必4代,A = (8/42525) " 

<3py|j/|4p,>= (1/225) (2/7)1/1

(a/g) 5〔2 (匕一aM J ~ {(2cosl0 - sin'。)+3sin'8 (cos% - sin'©)} (Yt-aM jJJ/y? 

(a/£)'/'〔4sin0 sin^ (9 V i - 5aM a - 4aM i) ~ 3 0 (4cos18 sin。- sin 场)sin©+5sin'H 

(3sin^ -4sins^)} (Y3-aM J〕/£

\y \5py> = (1/105)(2/35)1/1 (a/jff) 5〔4cos夕 sin^ sin。(15Yt-7aMx-SaMs) -5 {sin^ (7cos3^ -3cos5 ) sin。+7sin" 

ccsS (3sin© ~4sinJ^)}(匕一aMJ〕/£

V 4이= (2/315) (1/3)'기 (a /£) 9/'〔2 (厶 o-aYJ - ((2cosJtf- sin‘0 )+3sin。(cos1^ - sin%)}(厶广&区)〕/胃

Therefore we may write the t2 correct 3d wave functions 

in a L symmetry as

IL，，〉니3&仲〉-이4爵〉

I 叽球〉= |34球> -이4知〉

|缨川〉=|&项〉~이4知〉

Where b== E^- Ee〈3d：胡印이4丄〉

It was also reported that using a point-charge model,24 the 

value of b is about 8 x 10"2. The intermixing ot |3d> and |4p> 

atomic orbitals is thus the about 10 percent in thi옹 approx­

imation.

In a strong crystal field environment of tetrahedral sym­

metry, the contribution of the NMR chemical sh迁t for |4p> 

system is needed to calculate the NMR chemical shift for the 

correct 3d1 system. The radial integrals of |4p> atomic orbitals 

for the hyperfine interaction is required to calculate the NMR 

chemical shift for 4p" systems. In this work b is chosen to be 

a parameter.
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Photoreaction of l,6-Disubstituted-l,3,5-hexatriynes with Some Olefins

Sang Chui Shim * and Tae Suk Lee

The Korea Advanced Institute of Science and Technology, Seoul 131. Received May 15, 1986

When the two conjugated poly-ynes, 1 -phenyl-6-methyl- and l,6-diphenyl-l,3,5-hexatriynes, were irradiated with UVA 

in deaerated 2,3-dimethyl-2-butene solution, 1:2 photoadducts, l-(l-phenylethynyl-2,,2,,3,,3-tetramethylcyclopropyl)- 

2-(1”,2”,2",3",3"-pentamethylcyclopropyl) acetylene and 1-(1- phenylethynyl-2',2\3\3f -tetramethylcyclopropyl)-2-(l,- 

phenyl-2,,J2,/,3//,3z,-tetramethylcyclopropyl) acetylene, were obtained, respectively. No photoadduct was formed with aerated 

2,3-dimethy 1-2-butene, or deaerated solutions of dimethyl fumarate, methyl crotonate, dimethyl maleate, and trans-1,2- 

dichloroethylene. The results suggest that the reactions proceed from the triplet state only with electron rich olefins such 

as 2,3-dimethyl-2-butene.

Introduction

A naturally occurring conjugated polyacetylene, 1-phenyl- 

1,3,5-heptatriyne (PHT), is phototoxic to a variety of micro 

organisms, bacteriophages, animal viruses, human erythro­

cytes, algae, nematodes, cercariae, and the larvae?■10 Previous 

report shows that the phototoxicity of PHT exerts influence 

to viruses but only to those with membranes.10 It was also 

reported that murine cytomegalovirus, which has been 

rendered non-infectious by treatment with PHT-UVA, is in­

capable of synthesizing viral DNA and viral RNA and pro­

teins, in spite of the fact that the treated viral genome and 

virion proteins can penetrate susceptible cells and nu시ei in 

a normal manner.11 Furthermore the viral genome remains 

essentially intact and no cross Jinks formation is observed but 

the base sensitive cross-links such as protein-DNA etc. are 

not ruled out because cross-links were tested through the 

treatment of base. It was reported previously that PHT can 

produce PHT radical cation and anion via one electron transfer 

reaction with electron donor or acceptor such as methyl- 

viologen(electron acceptor) or triethylamine(electron donor).12 

In addition it was suggested that PHT radical cation is like­

ly to be the phototoxic species responsible for the non- 

oxidative process. Until now, however, no information on 

photoreactions of PHT and reactive site for phototoxicity is 

available. For this reason, the photoreaction of 1,6-diphenyl- 

1,3,5-hexatriyne (DPH) and PHT with some olefins are in­

vestigated as a model reaction for the PHT phototoxicity 

and to elucidate the molecular mechanism for the PHT 

phototoxicity.

Results and Discussion

Photoreaction of PHT and DPH with some 이efins. PHT 

and DPH were photolyzed in deaerated solutions of several 

olefins. No photoproduct was obtained from dimethyl 

fumarate, methyl crotonate, dimethyl maleate, and trans- 

1,2-dichloroethylene while 1:2 photoadducts were obtained


