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In this pa per, us ing the di pole-dipole in ter ac tions to de scribe the in ter ac tion be tween the sys tem mol e cule 
and me dium mol e cules, a the ory of me dium-induced op ti cal ac tiv ity has been de vel oped. We  have shown that
the sym me try tech nique can be used to de ter mine the types of elec tronic states that can be in volved in the me -
dium-induced op ti cal ac tiv ity and that the octant rule can be de duced by us ing our the ory.

1. IN TRO DUC TION

The op ti cal ac tiv ity in duced by in ter ac tion to DNA of
dye mol e cules has at tracted con sid er able at ten tion.1-10  This
is mainly due to the fact that the in duced op ti cal ac tiv ity can
pro vide a sen si tive spec tro scopic probe for de tect ing
intercalation mech a nisms. Var i ous the o ries have been pro -
posed.1-3,6-8  Crys tal lo graphic and NMR stud ies for drug (or
dye)/oligonucleotide com plexes pro vide struc tural in for ma -
tion about bind ing sites, but for so lu tion struc tures with lon -
ger DNA, spec tro scopic stud ies can be much more re veal ing
de spite rep re sent ing an av er age.  By ex am in ing spec tro scop i -
cally the in ter ac tions of a dye or a drug with poly nuc leo tides
of de fined se quences un der vary ing con di tions, a model may
be con structed of how the dye (or drug) mol e cule may in ter -
act in dif fer ent ways with het er o ge neous DNA.

The main pur pose of this pa per is to pres ent a the ory of
the op ti cal ac tiv ity in duced by op ti cally ac tive me di ums. We
as sume that the di pole-dipole in ter ac tions be tween the sys -
tem mol e cule and me dium mol e cules are re spon si ble for
mod i fy ing the elec tronic wavefunctions of the sys tem mol e -
cules. How ever, this can eas ily be gen er al ized. We shall show 
that the sym me try ar gu ment can be used to de ter mine the
types of elec tronic states which can be in volved in per turb ing
the elec tronic di pole tran si tion mo ment or the elec tronic
mag netic tran si tion mo ment.

2. THE ORY

Ac cord ing to the per tur ba tion the ory, to the first-order
ap prox i ma tion the wavefunction can be ex pressed as

(2-1)

where $ 'H  de notes the per tur ba tion.  In our case, $ 'H   rep re sents
the in ter ac tion be tween the sys tem mol e cule and me dium (or
bath) mol e cules.  For op ti cal ac tiv ity, we are con cerned with
the ro ta tional strength for, say, the elec tronic tran si tion g 
e,11,12

(2-2)

where 
r

M eg  and 
r

ge rep re sent the ma trix el e ments of elec tronic 
mag netic mo ment and elec tronic mo ment, re spec tively. That
is,

(2-3)

and

(2-4)

Ap plying Eq. (2-1) to g and e in Eq. (2-2) yields

(2-5)

and

(2-6)

where for ex am ple,                           . It fol lows that
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(2-7)

For me dium-induced op ti cal ac tiv ity (MIOA), the term ( 
r r

M eg ge
0 0 )

van ishes.
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 C2v sym me try. The fol low ing cases will be
con sid ered.
(1) Case 1:  A1 ground state and A2  ex cited state.

This case cor re sponds to the n  * tran si tion of the
car bonyl com pound like form al de hyde, ac e tone, etc. In the
ap prox i ma tion of di pole-dipole in ter ac tions for $ 'H  , we find 

(2-8)

and

(2-9)

where for ex am ple

(2-10)

Here 
r

e e'  de notes the tran si tion mo ment of the sys tem mol e -
cule, while 

r
m  rep re sents the di pole mo ment of the m-th bath

mol e cules with the dis tance Rm be tween the two mol e cules.
The sym me try ar gu ment can be used to de ter mine whether

e e van ishes or not through 
r

e e'  .
Since  

r
ge
0 =0 for A1  A2, Eq. (2-7) re duces to 

 
(2-11)

or

(2-12)

where for ex am ple,

(2-13)

For Reg
(1) , us ing the sym me try ar gu ments we ob tain 

(2-14)

Sim i larly for Reg
(2),

(2-15)

we ob tain

(2-16)

for Reg
(3)

(2-17)

for Reg
(4)

(2-18)

and for Reg
(5)

(2-19)

(2)Case 2: A1  ground state and A1  ex cited state
In this case we find
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(2-20)

where

(2-21)

(2-22)

(2-23)

(2-24)

and

(2-24A)

(3)Case 3: A1 ground state and B1  ex cited state.
No tice that in this case we have

 (2-25)

where

 (2-26)

(2-27)

 (2-28)

 (2-29)

 (2-30)

(2-31)

(4)Case 4: A1  ground state and B2  ex cited state.
As in the case of Case 3, we have

 (2-32)

where

(2-33)

(2-34)

(2-35)
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(2-36)

(2-37)

and

(2-38)

3. AP PLI CA TIONS TO A1  A1 OF THE C2V

MOL E CULE

To show the ap pli ca tion of the the o ret i cal re sults pre -
sented in the pre vi ous sec tion, we con sider the case of A1  
A1, in par tic u lar,   . No tice that

(3-1)

(3-2)

and that sim i lar ex pres sions can be ob tained for e (   x*)
and e  (   y*). Using these wavefunctions, we can cal cu -
late the ma trix el e ments of di pole mo ment and mag netic mo -
ment, e.g., 

(3-3)

(3-4)

etc. where $ ( )x 1   and $ ( )z 1   de note the one-electron op er a tors.
For sim plic ity, we shall em ploy the sim ple mo lec u lar orbitals, 

(3-5)

(3-6)

(3-7)

(3-8)

etc. In other words, for sim plic ity of dem on stra tion we as -
sume that the chromo phore is a di atomic group (e.g., C=O).

(A) Reg
(1)

Using the no ta tions used in this sec tion, we have

(3-9)

where

(3-10)

(3-11)

(3-12)

and

(3-13)

For sim plic ity we shall use the atomic orbitals, 

(3-14)

(3-15)

(3-16)

where N s

5
1

2

3
  and N p

5
1

2

. In the one-center ap -

prox i ma tion, we find

(3-17)

and

(3-18)

where 
e
mc2

  and R de notes the internuclear dis tance. It fol -

lows that

(3-19)

or

(3-20)
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(B) Reg
(1)

No tice that

(3-21)

where

(3-22)

(3-23)

(3-24)

and

(3-25)

It fol lows that

(3-26)

(3-27)

(3-28)

and

(3-29)

where

(3-30)

(3-31)

(3-32)

(3-33)

and

(3-34)

if e e and e e are real.
(C) Reg

(3)

No tice that

(3-35)

(3-36)

(3-37)

(3-38)

and

(3-39)

It fol lows that

 (3-40)

where 

(3-41)

and e y gM' | $ |0 0   is given by Eq. (3-32).

(D) Reg
(4)

No tice that
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(3-42)

(3-43)

and

(3-44)

or

(3-45)

It fol lows that

(3-46)

or

(3-47)

if e g  and e g are real.
(E) Reg

(5)

No tice that

(3-48)

and since

(3-49)

(3-50)

if e e and e e are real. 
In sum mary, for A1  A1  we ob tain

(3-51)

where Reg
(1) and Reg

(3) are given in Eq. (3-20) and Eq. (3-40),
re spec tively.

4. DIS CUS SION

In the pre vi ous sec tions, we have em ployed the per tur -

ba tion method to treat the mod i fi ca tion of the sys tem elec -
tronic wavefunctions in duced by the in ter ac tion with bath
mol e cules. For the in ter ac tion be tween the sys tem mol e cule
and bath mol e cules, we as sume that it is of the di pole-dipole
in ter ac tion. To dem on strate how to eval u ate the me -
dium-induced op ti cal ro ta tional strength, we have used the
chromo phore of C2v sym me try as an ex am ple and shown how
to use the sym me try ar gu ment for this pur pose.  In Fig. 1 , a
dem on stra tion of me dium in duced cir cu lar dichroism is
shown. A dye mol e cule of C2v sym me try, thionine, is shown
here to be op ti cally ac tive (dash line) within the ab sorp tion
re gion (solid line) when it is in ter ca lated into the DNA se -
quence, say here, GC, whereas CD sig nals are never found in
the ab sence of op ti cally ac tive me dium.13,14

Next we shall show that the op ti cal ro ta tional strengths
of A1  B1 and A1  B2 have the op po site signs.  For sim plic -
ity we shall as sume that the A2  con tri bu tions can be ne -
glected.
(A) A1   B1

No tice that 

(4-1)

(4-2)
and that

(4-3)
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Fig. 1. Cir cu lar dichroism spec tra of free thionine
(dot ted line) and thionine in ter ca lated into GC
(dashed line). Ab sorp tion spec trum of thionine
in GC (solid line) is also shown here for com -
par i son.
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(4-4)

(4-5)

and

(4-6)

It fol lows that

(4-7)

and that

(4-8)

Next we con sider Reg
(3)

(4-9)

(4-10)

or

(4-11)

and

(4-12)

It fol lows that

(4-13)

and that

(4-14)

Finally we con sider Reg
(6)

(4-15)

where e
0  de notes the   x

**

(4-16)

(4-17)

and

(4-18)

It fol lows that

(4-19)

(B) A1  B2

No tice that

(4-20)

where 

 (4-21)

and

(4-22)

It fol lows that

(4-23)

Sim i larly we find

(4-24)

and
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(4-25)

where

 (4-26)

and 

 (4-27)

It fol lows that

 (4-28)

Finally we con sider

(4-29)

where

(4-30)

and

(4-31)

It fol lows that

(4-32)

As we can see from the above cal cu la tions, in deed the op ti cal
ro ta tional strengths of A1  B1 and A1  B2 have op po site
signs.

Next we shall ap ply our the ory to ex plain the octant
rule. For this pur pose, we con sider the case of A1   A2. In this 
case, we can eas ily show that

(4-33)

No tice that

(4-34)

and that  in e gB A1 1
' '

' '
e eB A1 2

'
' ' we find that 

r
e gB A1 1

' ' is in the x-di rec tion

and that 
r

e eB A1 2
' is in the y-di rec tion.  In this case, for ex am ple

for the cam phor mol e cule the po si tion change of the CH3

group will bring in the change x  -x and thus we will have
the change of e g e e' '

' '
'  to - e g e e' '

' '
' .  In other words, we ob tain

the octant rule.
Quan ti ta tively we have

(4-35)

where G de notes the elec tronic state of the me dium. No tice
that

(4-36)

where 
r
R de notes the lo ca tion of the CH3  group from the

chromo phore group (in this case, the C=O group). Here 
r

g de -
notes the di pole mo ment of CH3 group. We can eas ily show
that the same rule ap plies to Reg

(3) and Reg
(5).
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