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Inthispaper, usingthedi pole-dipoleinter actionstodescribetheinter action betweenthesystemmol ecule
andmediummol ecules, atheory of medium-inducedopti cal activity hasbeendevel oped. We have shown that
thesymmetry tech nique can beused to deter minethetypesof electronic statesthat can beinvolvedinthe me-
dium-induced opti cal activ ity and that the octant rule can be deduced by using our theory.

1.INTRODUCTION

Theopti cal activityinducedby inter actionto DNA of
dyemol eculeshasat tractedconsider ableattention° This
ismainly duetothefact that thein duced opti cal activity can
provide a sensitive spectroscopic probe for detecting
intercalationmech anisms. Vari oustheorieshavebeenpro-
posed.*%® Crystal lo graphic and NMR stud iesfor drug (or
dye)/oligonucleotidecom plexesprovidestructural infor ma-
tion about bind ing sites, but for so lution struc tureswith lon-
ger DNA, spectro scopic studiescan bemuch morereveal ing
despiterepresentinganav erage. By examiningspectroscopi-
cally theinter actionsof adyeor adrugwith poly nucleotides
of defined sequencesunder vary ing condi tions, amodel may
be con structed of how thedye (or drug) mol eculemay inter-
actindif ferentwayswithheterogeneousDNA.

Themain pur pose of thispaperistopresent atheory of
theopti cal activityinducedby opti cally activemedi ums. We
assumethat thedi pole-dipoleinter actionsbetweenthesys
temmol e culeand medium mol eculesareresponsi blefor
modi fy ingtheel ectronicwavefunctionsof thesystemmol e-
cules. How ever, thiscaneasily begener al ized. Weshall show
that the sym metry ar gu ment can be used to deter minethe
typesof electronic stateswhichcanbeinvolvedinper turbing
the electronic dipole transition moment or the electronic
magnetictransi tionmoment.

2.THEORY

Accordingtothepertur bationtheory, tothefirst-order
approxi mationthewavefunctioncanbeex pressedas

Hn'
o] ‘' 0

(2-1)

where H'denotesthe per tur bation. Inour case, H' represents
theinter actionbetweenthesystemmol eculeand medium (or
bath) mol ecules. For opti cal activity, wearecon cernedwith

therotational strengthfor, say, theelectronictransi tiong —
e 11,12

Ry = lm(meg 'age) (2-2)

where M « and[L representthematrix el ementsof electronic
mag neticmoment andelectronicmoment, respectively. That

M = (0, M|w, ) (2-3)
and
B =0, Hlp,) (2-4)
Applying Eq. (2-1) to ipg and e in EQ. (2-2) yields
Py =10g + Ity - (2-5)
and
o =tpe + I o+ (2-6)

H.
€9 . Itfol lowsthat
)£

wherefor ex ample, iy, =
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ge)-l-ED:e,e (Mg ug€}+2me.g (Mg a2 )+
)+EI:&'ree (Meg I'I'ge)+ LE {I:teg [ (Meg : S.E.)+
ebae'e (M ee” I"‘ge}+ LA “gret (M I'I'ge }+ I:‘:'ee e® (M ) g?e')"'

9‘?'13'!! (M ey I'I'e e)}"ggaeya;-g (Mge . I-T-g-e)"""] (2_7)

= Im[(l\?l

Ity (M-

For medium-inducedopti cal activity (MIOA), theterm (M ) - 15,
vanishes.

Next we shall ap ply the group the ory to treat MIOA.
For this pur pose, we shall con sider the case in which the
molecule has the C,y symmetry. Thefol low ing caseswill be
considered.
(1) Casel1: A, ground state andA, excitedstate.

Thiscase cor respondstothen —s1t* transi tion of the
car bonyl compoundlikeform al dehyde, acetone, etc. Inthe
approxi mationof di pole-dipoleinteractionsfor 4 ', we find

o, (M5 -15,) =0 (2-8)
and

0 (VM2 03, )=0 (2:9)
whereforexample

. —E e - 3(ﬂeb'R'“}(ﬂ”'R“}. (2-10)

R,

Here (i, denotesthetransi tion mo ment of thesystemmol e-
cule, while[L , representsthedi polemoment of them-th bath
mol e culeswith the distance Rnbetweenthetwo mol ecules.
Thesymmetry ar gu ment can be used to deter minewhether
liee VAN ishes or not throughpi ., .

Since {i,,=0 for Au — Az, Eq. (2-7) reducesto

Rg = Im[ggae.ga;.g (M- ﬁf—e}+§§,{t;gﬂee (Mg - e J+

eg ee(M "uge)""]'ee ee(Meg I'I'ge)

I::':’;'e'::':';"'g (Me'g I"‘e"e )}'- ] (2'11)
or
5
Ry = IR, (2-12)

whereforexample,
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R = }}lm[ﬁeagﬁl; S (M2 g, )] (2-13)

For Ry™ , usingthesymmetry ar gumentsweobtain

RW=2 3 |m[megme.g (w2 |M,

eZB e'iB,

) welilel | +

3 o, ) )] @20
SimilarlyforRg®@,
Re® =2z im[ ey, (MG 12 )] (2-15)
weobtain
R, = 3, 3, M| o (00 Mi.Jw5) w2 6 ful | +

M,

* 0
egaz eng Iml:me,gmge (lpe

wy)(e2litug)] (216)
for Ry®

R,? =1zIm[e,m, (M2 -0, )]

_ o\/_0|n .0
e:tEBle‘tBilmIiueguge@je M, lI:'e'/<lpg||'lx Ve ] *
0| a7 0 0 A 0
e;sz e;EBZ Im[c-:e e (q:ue M, lpe-><l|2'g By|¥e ?:I (2-17)
for Ry
R, = Iz Im[m;eme.e l:l\7|f,g : ﬂge,)]
_ 0|\NF 1m0\ 20 & [n0

T T Im[u o, <cpe
e%B, €%B,

MX

@2 (0|2, |0 ] (2-18)
and for Re®

R = ZZIm[w) i, (M2, 12, )]

Mu:{u:e

=z E Im[u::c Cioe <L|:|e

B 6%l ée-vey

uu:)]

I I |m[o;ge - q:-g|M Wy wilﬂx|w§>]- (2-19)

€18, €18,

(2)Case 2: A1 ground state and A, ex cited state
Inthiscasewefind

Reg=|m|:E_.E{D:'eg ee(Mee I"‘gs’)+u’e’eu'ee(M€g I"‘gs")+

I::':’ee e eg I'Lee}}’-EEu’eg ee ige"llg'e}-l-
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3o (M 10 ) = 2R (2-20)
where

RO =1zimfa e, (M2 0, )]=

ggwgam[uegmﬁ@e M, % w5, lpe«)]

e:faegsz'm[megmee p° M tp§>(lp§ i Imé’«)] (2-21)

R, = 2zim[oer, (M, -3, )] -

e;EBIQEBJmI:DLge&ge@Jg'M P >(u: i, g ] +

Z 3 m[oon, o Mol wilidel)] (222

Ro® =z im[o)eey, (M2, -02.)]=

ZZ Im[meemeg (u:ug M mg)(mf i, m§>] +

2 B Im[ oy (oM wl) (02 AJeD)] (229

Ry =L zim{aqir, (M- 12, )] -

M, 0} el we)] +

I:D:’e gu’;'g \"pe

s,
2, 2 g, (0[N, wS el w0)] (229
and
Ro™ = ZZTIm[ ety (M2 i3, )]
=z = Im{Jo e /w0 M el el e, (pl M e L
€18 €%B, geTee \ll:'e- z eerree \lpgr z '-pe.-/
(0311 |2)] (2-247)

(3)Case 3: A; ground state andB; excitedstate.
Noticethat inthiscasewehave

&g EE”nl:l::':’e“'g ee{Mo Ilé"e’)-i-u’eeu’e"e{mefe' I'Lge)+

ge(M" e Fr0igen (Mg, - g J+

xitiyy (M, 0% )| +EZIM[ ot rle, (VM - 18, )]+
6

- SR

iml

(2-25)

where

R =zzim[u ., (MG 12, )]
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+Z 2 |m[u;gue,e<lp§ M, |05 ) (% i, vl ]

LA €%B;

Ro” = ZZIm| oiettyr, (ME, -3, )]

= e;zAz EEB Im [me,eme,e <q:ue,

Joo)leg a.ud)]  (227)

R =X z|m[c:u:e e (M2 11 }]

- egzﬁi QEEBQ ImI:Df.e ng-ee<l|:le M z ll:':'><'l:'g |IIZ|'F'§*>]

(2-28)

R(“?—Emm[u e, (M2, 10 }]
o) wslifog) |

R, =zz|m[u*eu* M 'ﬂfe)]

- [a® M
= e;):AZ e&'m[“ee“eg e M

=z Z Im[o: (8 <l|:|ea

EE&QEA ge-"ee

M, (2-29)

TR I I ]

2]

M, 0% ) (0] d, w)]  (2:3D)

(2-30)

R = zmm[me,gueg(
0

=Z Z Imlm
©%B, e'2h [ €g eg<

(4)Case 4: A; ground state and B, ex cited state.
Asinthe case of Case 3, we have

ko

R, =ZR,"” (2-32)

where

Re w =EE lm[m;gme’e (Mé)g 'ng )]

=z X Im[m o (u:uE M, lpZlef 0, |lp§>]

& iB, €'g--ee

+e~§/\ egs Iml:u’efgu’e'e <l|:'e

M, e} welilel | (2:89)

R, = zz|m[m;enze.e (M v Hge )]

0! Y
Im[{;E P \(Pg y|q]e' +e‘:iEBze';£A2<(p€ My

R, S EE Im[me,gmge (Mee, ugg}]

ICHTE

(pg,>}x

(2-34)

/woﬁ
\g y

=z =z Im[m o,
GEAEEES ey e "pe

MZ

(2-35)

Ry =zzim[o o, (M- )]
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= e%,"% e;EAl |m|:u';'eu'e'e<l|:'g'|MAz ll:'g><ll:'gllizll|3£,>] (2-36)
R,® =22 im| oy, (Mg, 112, )]

] 4 \ “ \
=e§%e;zazlm[mgeﬂtgg e M, g g i el ] (2-37)

and

R, = zzIm [Dtefg&;'g (M o W ):I

M [os )0l i, 02)]  (2-39)

= X Im[u.m*- 0
6%B €IB, cgey Ve

3.APPLICATIONSTO A1 = A1 OF THE Cx
MOLECULE

Toshow theappli cationof thetheoreti cal resultspre
sented inthe previ oussection, we con sider thecaseof A; —
A, inparticular,a — g+ Noticethat

g = ;(-:I )_(-:l ;G:x )_(ﬂ:x ;(I‘Fy ;("Fy G

-+ = % = I

+ -
Xat Xa Xax Xex Xy Xay —[Xa* Xa Xex Xex Xey x.w] (3-2

1
-3
andthat simi lar ex pressionscanbeobtained for ipe(7 — m,*)
and e (T — my*). Using these wavefunctions, we can cal cu-
latethematrix el ementsof di polemo ment and mag netic mo-
ment, e.g.,

("pe ﬁxllpe'>=<)%* ||I>< |:1:| Xrl:; (3-3)

i, ()% )

etc. wherell, (1) andii, (1) denotetheone-electronoper ators.
Forsmplicity, weshall employ thesmplemolecular orbitals,

(|8 |o, =~2(x. (3-4)

% =Cix, D+ Cx. (2) (35)
% =Cx (+Cx, (2) (3-6)
X = Ciltp (LA it (2) 3-7)
X = Ciity, 0+ Cit, 2), (39)

etc. Inother words, for sim plicity of demon strationwe as-
sumethat the chromo phoreisadi atomic group (e.g., C=0).

(A) R

Using thenotationsusedinthissection, wehave
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RO= 2 2 Imoaon 0 MJ0d)(0g i Je)]+

[Dtggmfe 60 M, 02 ) (1 A, u:é)»)] } (39
where

(o3l 0) =2 {5 [8. (Wi, (3-10)

oo =2 0, ), @1

(2], o2 =[x M, (2], ) (312
and

(88 MJol)= % WL (DX, ) (3-13)

For sim plicity we shall usethe atomic orbitals,

%o = Nyre™ (3-14)

% = N xe™ (3-15)

Ky = Npye™ (3-16)

us _2 Df.s l
where N, = and N = . In the one-center ap-
3 m
proxi mation, wefind
odld, v2)=(edld, v)= > (cCCey)  (347)
g y Te g X Te D!-\/é
and

0

(g

X

7 w:-)=ﬁ‘—g[’f;“i](qc:-c;c;:|=—(w: i Jo2) (2-18)

wheret= zi and Rdenotestheinternuclear distance. It fol
mc

lows that

1
R = £, 5, ] (et

(¢ M [ ) (g, lpﬂ«\] (3-19)
or
m_ —
R\=Z Z I {0ty =B, X
. enpme e e ey |DER h
|:Clcl +Czczjl|:C1Ci _CZCZIIE.Z\/E:I[%]:I (3'20)
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(B) Ry™
Noticethat

R¥=z2 = |m[o¢;,eoce,e e I\7Iy|lpg><lpg By,

€B €%B,

m§)+

ity 0% M, 00 10 ﬁxlunéf)] (3-21)
where

92 M, 9g)=2 x M, (1), (3-22)

@5 By g =200, L)X, (3-23)

G2 M, o) =2(x; M, {1)x ) (3-24)
and

09 Jo2) =2 x| (2lx; ) (3-25)
Itfol lowsthat

82[M, o5 =v2(CCI{x, (WM, (1) x, (1)) +

CCi (X (2) M, (L)% (2) ) (3-26)

ag o )=v2(cC A, (1)x, (1) +

C.C;(x (2], (2}, (2))) (3-27)

w2 M, cpg)=J§(c1c;<xW (WM, 1 (1;|>+

C.Gy (%, (2| M, (1%, (2}) ) (3-28)
and

05 B wl) =2 (G (xR, @) %, D)+

C.C (%, (2, W% (20) (3-29)
where

W, W )= 10 (. @22 -2 x @)

= (x (v, . @) == 1" <x5 (1] Z:X - xaaz X, (1]|>
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_{ rhi=R] ]
‘[zm]wﬁ (3-30
21N [ (2)) <[ —FP =R

(2N, (2] (2)) =) -5 1 (3-31)

Y 0 Th I:']-R:l . - 0 A o)

ot Wfoi)=| o 5 CG-CC==(u2 Mfo (3:32)

o[~ [, 0 5e - o of,r -0\

'Pg|l-ly|'{i'e—-)=\/61|:ClCl+CZC2:|= I'pgll'l'x L (3-33)
and

Ry™=0 (3-34)
if ecand cecarereal.
(C) Rg®

Noticethat

Rig@) = egBl e;EB2 Im[m;em;g <l|:lg||\7|y|lpg>'l|:l§. Ayl i+

A ol (VI W, w ] (3-35)

(o2 o) =2 {xe M, ) (33

we|M g =2 (%, M (1)) (3:37)

@iyl = (x|, (1) %) (3-39)
and

9L 90 = X W) (3-39)
Itfol lowsthat

RiY= B, 2, Im[ ety —orvans, Yol W o) (o] 5, [4¢)] (3-40)

exB

where
R 5e st o
we |8, ee)= i (GGHCC) (3-41)
and (42 |M, |45) isgiven by Eq. (3-32).

(D) Reg™®
Noticethat



636 J. Chin. Chem. Soc., Val. 48, No. 3, 2001

) (oe]n]ol)+

(4) _
Ro?= I T imfor o (wl M

I::':’eg ;g \"pe M I'|:|e "pg'lﬁ'x mg)] (3_42)
(0 B 0d)=(x, A.@2)x.) (3-43)
and
Lol o2 = (x, |2, (1)) (3-44)
or
oln ot _ /-0 o_5e - ol 3-45
"pe"ll'l'x e _(u:'e"||'l'y|lpe>_ 2_\/3_}:':C1Cl +C202:| ( "~ )
Itfol lowsthat
@ _ *
Re™= 2, &, m[ (o - oioi)
(2 W02} (02 i, w2)] (3-46)
or
RQ[A] =0 (3'47)
if terg and Ceg arereal.
(E) Reg®
Noticethat
5 _ * Y 0\
Rgg = et;EBle%B?lm[{mgeme,erg M, +
elte {02 M, lﬂé’;} g i, 1 ] (3-48)
and since
9uM, 92 = 92M w°\*— (wé) M, |- (3-49)
Ry =0 (3-50)
if tiee and tiere are real.
Insummary, for Ay =+ A weobtain
Ry +RY (3-51)

where Ry, and Ry are givenin Eq. (3-20) and Eq. (3-40),
respectively.

4.DISCUSSION

Intheprevi oussections, wehave em ployed the per tur-
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bationmethodtotreat themodi fi cation of thesystemelec
tronic wavefunctionsin duced by theinter action with bath
mol ecules. For theinter actionbetweenthesystemmol ecule
and bath mol e cules, weassumethat it isof thedi pole-dipole
interaction. To demonstrate how to evaluate the me-
dium-induced opti cal rotational strength, we have used the
chromo phore of C,, symmetry asan ex am pleand shown how
tousethesym metry ar gu ment for thispur pose. InFig. 1, a
demonstration of medium induced circular dichroism is
shown. A dyemol eculeof C,, symmetry, thionine, isshown
heretobeopti cally active (dash line) withintheab sorp tion
region(solidline) whenitisinter calated intothe DNA se
guence, say here, GC, whereas CD sig nalsare never foundin
theabsenceof opti cally activemedium.*>**

Next weshall show that the opti cal rotational strengths
of A1 —B; and A1 — Bz havetheop positesigns. Forsimplic-
ity we shall assumethat the A, con tri bu tions can be ne
glected.

(A) A1 — B
Noticethat
(02N, 09) =v2{CC; X, (1) M, (1) (1) +
CCs X, (2j|My|:1:|xs(2]|>) (4-1)
olr [a0\ =~ -
(w2 |, |w2) = GGl (1 1, (2] X (1)) +
CC: %y (2:l|ﬂy[1]|><s|:2))) (4-2)
and that
N \ o _ % )
o (Ol W ()= (. )8, W0 (2) - 2 (49
500 50 600 650 700
204 ——Thio_GC_Abs {-\,‘ 10
———Thio_GC_CD
154 ~——=-Thio_free_ CD 108
06 »
";I.ﬁ 7 0.4 %
E °7 —40.2 g\
8 0 "= - e i e e Stz ] 0.0 3_
o x"“x\ ,|:II 4-02 Eu,
N, I
104 ) Rt
500 50 600 650 700

Wavelength (nm)

Fig. 1. Circular dichroism spectra of free thionine
(dot tedline) and thionineinter calated into GC
(dashed line). Ab sorp tion spec trum of thionine
in GC (solid line) is also shown here for com-
parison.



Theory of Medium-Induced Opti cal Activities

@0, <[ 1752 b, W 2) (4

arfifoi)=Boc-co 1Y s
and

92, )= (COr+CiCh) (4-6)
Itfol lowsthat

Ro = 2, Z, Im[m02 (CCI- O (GG + GGy )

(2)s] 7
and that

R®=0R“=0 R®=0 (4-8)

Next we con siderReg™®

@2 Moz ) =(mM. ), = {07 (ro ) M. (1), (1) +

C5* (o (2)M. (W (2])) (4-9)

g L, 90} =2(0 0, (1o’ )=42{CC xR i) 2 1))+

C,C3 (3 (201, (1) 3 [2) ) (4-10)
or

il foe) =2(cG .0 ) = (@11
and

o O, @2, 0) = 21 (1, 0D -2 3,0

=M 2Nz, 2) (4-12)
Itfol lowsthat

@M, 92 )=(c v )[;:hl] TEh. (4-13)
and that

R = PP Im|: eyae{;;](qc;-czcg{—‘eg]] (4-14)

Finally we con siderRe,®
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Re¥= 2, Z, m[eeiy 02N Jo2) 9% L1e)] (a15)

where .. denotesthe g — 1

m, = Gl o (LH+Clir o (2) (4-16)
0 B0} =(m; [0, (0, ) = CO{p (1) A, (1] 2 (1) +

CICT 1 (2, (1) 200 (2)) = (T cc;:{——}(“?)

and

02N Jo2) = (3|, (1)) = 77 (1 (1) M, (1 (1)

¢k M, W (2) = 11 (4-18)
Itfol lowsthat

R, iel_eieiim[ - [;E‘][C”C" CCyl [——]] (4-19)
(B) A1 =B,

Noticethat

R = 2 2 Imloon (o0 M Jug) w2 e | (a-20)
where

el wo)=(my L (L)a*) =CiCy (i e (1) (1) 1 (1)) +

CLCE 1 (20 1) 2. 2) = (COHHCIC 2 (aa
and

G, @3} =V2(m M, (s = V200G 2, WM, (1) (1)

+CC 1, (2IM, 'Zlhs'?:'ﬂ
=|:C1CI‘CZC;{ ;n:]zf

Itfol lowsthat
Reg':l:l = ek /’\,g’E |m|:u'9'gu'e'e I:C:.I.C:J. +CZC2 :I (CJ-C;_ CZC;:IX

(4-22)

_rh ] )
[ i 12&] (“4-23)
Similarly wefind

&9(2) =0, &9(4) =0 Reg@ =0 (4-24)

and
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R¥=Z zZ Im[%gmefe(mﬁ M, tpéi)\ln,?lﬁz tné?,] (4-25)

T
where
sl )= (x, 8.0)%,.) =B (00,0 -5 | (429
and
00 N9 )= () W, (1) = -2 (4-27)

Itfol lowsthat

€L AEEB; 2mi

RO= 2, A m[ave- 1) NE(Cci-c.c)(-% ]| @an

Finally wecon sider

R =z e’.EEBZIm[t::e,g[n:;.g (00 |V |02 ) |1, wﬁ)] (4-29)
where

o2 |V fo. =, Mz[ljm;>=[—;m? ] (4-30)
and

L e e
Itfol lowsthat

RO=32 3 Im[me.gm;g (- m ](c;c;'— c;c;j[—%}] (4-32)
Aswecanseefromtheabovecal culations,indeedtheopti cal
rotational strengthsof A; — B: and A1 — B;haveop posite
signs.

Next we shall ap ply our the ory to ex plain the octant
rule. For thispur pose, wecon sider thecaseof A, — A,. Inthis
case, we can easily show that

&g(l) =0 Fgg(“) =0 (4-33)

Noticethat

00 ) (o, we)] +

Iz |m[u;.gueb(w§ M |wg (wS-IﬁZI‘PS-)]

exB exBy

2 _ * / 0\
Ry %Bl e;EBlIm[me-gmeae e M,
(4-34)

andthat inc

. . wefindthatd . isinthex-direction
G %y %% Cey %y
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and that '1% . isinthey-direction. Inthiscase, forexample
for the cam phor mol e culethe po si tion change of the CH
group will bring in the change x — -x and thus we will have
the change of it ., tO -t .4k INOther words, weobtain
the octant rule.

Quanti tativelywehave

. (&G, oG

By, = —Olv“‘ - ) (4-35)
E0- ES

where G denotestheelec tronic state of themedium. Notice

that

(4-36)

)_s(ﬁe-g : g(ﬂe R}

- 1 L
(eledlgG>=ERs (I'le'g g

where R denotes the lo cation of the CHs group from the
chromo phoregroup (inthiscase, the C=0 group). Herefi., de-
notes the di pole mo ment of CHz group. We can easily show
that the samerule ap pliesto Ry, and Ry(®.
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