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In this research paper w e examine the role played by the b ending vibra-
tional modes of motion, £(C r {C {N ) to in Ûuence the observed overall and rel-
ative vibroni c intensity distributi on for the 2

E g
4
A 2g phosphorescen ce of

the C r(C N )3

6 complex ion . T he calculati on w as carried out assuming b oth :
(a) a seven-atom system mo del (molecular approximation) and (b) a neg-
ligib le distortion from the octahedral symmetry for the system. T he ligan d
p olari zati on formalism was employed w ith reference to this system, since
the ligand subsystems (C N ) 1 are highly polari zabl e and as a consequence
a conventional crystal Ùeld calculatio n w ould be b oth unrealis tic and unap-
propriate. This system w as chosen since there is a solid evidence to conclude
that vibrations of the same typ e in the §1 u and §2u symmetry blo cks in-
duce comparable intensity . T his is a clear indicati on that both the §1u and
§2u : £ (C r{C {N ) b ending vibratio ns are exceptional l y e£cient to promote this
radiative transition . T his dynamical model is tested against the experimen-
tal data and it is show n that the model calcula tion , though approximate,
gives results in excellent agreement w ith experiment.

PACS numb ers: 32.70.Fw , 32.70.Cs

1. I n t rod uct io n

T he ! polar ized luminescencespectrum of the Cr(CN) com plex
ion in a single crysta l of the four layered ortho rho mbi c polytyp e of K Co(CN)
have beenm easured at tem peratures of 5 K and above by Fl int and co-workers [1{ 3].
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Thi s phosphorescence is excepti onal ly strong and wel l resolved and over 11 l ines
m ay be observed in the spectrum . The al lowed exci ted 2E g of thi s compl ex ion is
spl it however, by appro xi matel y 49 cm À 1 due to both spin À orbi t coupl ing and the
low site sym metry ( C i ) , but at 5 K just the lower of these states is popul ated. In
the current wo rk and for the sake of sim pl ici ty we shal l neglect the distorti on givi ng
ri sesto the group À subgroup chain S O 3 ¥ O h ¥ O ¥ . . . ¥ S = i ¥ , then we
wi l l assume tha t the Cr occupies sites of octahedra l sym metry . Thi s is indeed
a crude appro xi m ati on to adopt since the exp erimenta l evi dence is clear to show
a degree of di storti on. Several studi es on the crysta l structure for the K Co(CN)
system have been perform ed by several autho rs [4{ 10]. Mo re recentl y, Artm an et
al . [9] reported the K Co(CN) is polytypi c wi th two uni t cells predom inati ng (one
ortho rhom bic and the other monoclini c).

The m onocl ini c space group is tha t reported earl ier 2 (
h

) , whi le the
ortho rhom bic uni t cell is currentl y som ewhat more prev alent [9] and fal ls in the
space group (

h
). The resulti ng uni t cell groups m ay be correl ated to the

Co (CN) site group and the isolated ion group ( h ) , by empl oyi ng standard
correl ati on ta bles. It is interesti ng to observe tha t for the monoclinic structure,
the site group is i = , whi le for the ortho rhom bic structure the site group is

. In the form er case, the uni t cell group is h , whi le in the latter case the uni t
cell group is h .

For the m onoclinic structure, since the site group is i and al l the odd
pari ty vi brati ons of the isolated ion group ( h ) are infrared acti ve ( ) , i t fol lows
tha t the even pari ty vi bra ti onal m odes of the isolated ion group wi l l be infrared
inacti ve ( ) . Besides, under the uni t cell group h , the isolated ion 's vi bra ti ons

and wi l l each spli t into three components, one of them polari zed along the
-axi s and the other two being polari zed in the -plane. Furtherm ore, under the

h uni t cell group, al l the vi brati ons of the isolated ion have an infrared acti ve
component. For instance, the and the vi bra ti ons of the isolated com plex ion
wi l l have an inf rared acti ve com ponent polarized only along the -axi s. Al l other
vi bra ti ons of the compl ex ion have three inf rared acti ve components and they are
polari zed along each of the three crysta l axes.

Bearing in m ind these selection rul es and the assumpti ons invol ved on the
choice of a molecular m odel (an octa hedra l site symm etry wi th the neglect of the
descent of symm etry), we have (i n the Ùrst- order appro xi mati on) attem pted a vi -
bro nic calcul ati on f or the ! phosphorescence. Addi ti onal ly and in order
to justi fy the use of a m olecular m odel , we have neglected the coupl ing am ong the
interna l and externa l vi brati ons. W e wi l l perform a ligand polarizati on calcul ati on
to estim ate both the to ta l and the relati ve vi bronic intensi ty distri buti ons due to
the odd pari ty vi bra ti onal modes, based up on the highl y polari zabl e character of
the ligand subsystems CN . T o perform a compl ete calculati on, includi ng the
crysta l Ùeld contri buti on to the to tal tra nsi ti on di pole m oment, major changes
and sophi sticati on should be incl uded in our model calculati on. Fi rstl y, a rel iable
set of ato m ic charges shoul d become avai lable. Secondl y, the moti on of the l ig-
and lone pai r, out of the internucl ear axi s Cr{ C shoul d be incl uded expl icitl y (the
sym m etry coordi nates should be m odi Ùed so tha t to incl ude the l igand lone pai r
m oti on). Fi na l ly, a ful l latti ce dyna mic calculati on in the proper symm etry space
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group shoul d be carri ed out. Thi s is indeed a m ajor ta sk, and as far as we kno w
the experim enta l data avail able for thi s system is both l im ited and scarce. At
thi s stage, we have decided to use a simpl e m odel based upon the exp erimenta l
data avai lable for thi s system so tha t to study the ro le played, in the intensi ty
m echani sm, by the ligand subsystem s-fram ework coupl ing vi bra ti ons.

There has been an extensi ve di scussion in the l i tera ture about the ro le played
by the l igand subsystems, the framework, the coupl ing among the l igands, and the
fram ework vi brati ons in the intensi ty m echanism for vi bronical ly al lowed electro nic
tra nsiti ons in coordi nati on com pounds of the tra nsi ti on m etal ions [17{ 25]. Al so,
a parti cul ar and very interesti ng discussion has been atta ched to the ro le played
by the l igand lone pai r to the intensi ti es observed in the spectra of a series of
coordi nati on compounds of the typ e Cr(N H 3 ) 3 +

6
, Ni (NH 3 ) 2 +

6
, Cr(CN) 3 À

6
, etc. For

al l these compl ex ions, the l igand m oti ons out of the internucl ear axi s, parti cu-
larl y when bendi ng and/ or a rocki ng vi bra ti on ta kes place, seem to be a rather
im porta nt idea to rati onal ize the observed vi bronic intensi ti es [22, 26].

It is also im porta nt to m enti on a few wo rds about the substa nti al am ount of
wo rk done for the f ! f , electroni c tra nsi ti ons in the lantha ni de typ e systems. A
relevant piece of work, regardi ng the ro le pl ayed by the interna l l igand vi bra ti ons
(l igand subsystem vi brati onal m odes of m oti on) as far as the vi bro nic intensi ty
m echani sms are concerned for these ki nds of crysta ls m ay be f ound in Ref. [27].
The m ain purp ose of the work carri ed out by Str ²k and Sztucki [27] was to de-
ri ve novel expressions for the ampl itudes of vi bro nic tra nsiti ons com bined wi th
the interna l l igand vi brati ons. They found tha t the second-order theo ry fai ls to
expl ain the presence of high-energy phonon side bands related to these vi brati ons.
The nonv anishi ng term s are deri ved from thi rd-order perturba ti on calcul ati ons.
Thi s suggests tha t the vi bro nic l ines associated wi th l igand vi bra ti ons should be
weak. A good experim ental evi dence can be found in a classic paper by Fl int
and Greenough [1], who found tha t in a series of Cr(I I I) com plexes in octahedra l
sym m etry , the l igand m odes inv olving vi bro nic ori gins are two or three orders
of magnitudes weaker tha n the m etal -bond- involvi ng vi broni c. Neverthel ess, the
resul ts pro vi ded by Fl int and Greenough are in contra st wi th tha t of Berry et
al . [28] for Eu(A P) 6 X 3 typ e systems, where stro ng l igand- mode-involving vi bronic
l ines were observed. Al so, sim i lar observati ons of stro ng vi broni c were obta ined
for Eu 3 + in La VO [8]. In thi s latter case, i t has been shown tha t the mechanism
of vi broni c tra nsi ti ons in these systems shoul d be associ ated wi th the creati on of
Ln pai rs. Thus, the reader can Ùnd several exam ples regardi ng both pure frame-
wo rk and l igand subsystem vi brati ons, so tha t a careful and deta iled study of the
ro le played by the coupl ing am ong the fram ework- l igand subsystem vi brati ons is
needed to advance the state of the art in thi s Ùeld of research.

W ithi n the fram ework of the l igand polari zati on model [17, 26, 29, 30], i t
is essential to kno w the perpendi cular and the para l lel components of the polar-
izabi l i ty second rank tensor for the l igand subsystems. It is im porta nt to have a
good estimate of the values of the di ˜erent fragments of the m olecule, such as
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ato m s, bonds, and functi onal groups. A vi ew tha t has prev ai led for qui te some-
ti m e is tha t the polarizabi l i ty of a m olecular system is addi ti ve in character, tha t
is the sum of the polari zabi l iti es of the parts [11]. Thi s is based upon the Ùnding
tha t the m olar ref racti on whi ch is pro porti onal to the m olecular polari zabi l it y is
an addi ti ve pro perty , tha t is the vari ous atom s and functi onal groups in a given
m olecule m ay be assigned refracti on values who se sum over the who le m olecule
is the molar refracti on and theref ore the value for a given group or ato m is fai rl y
constant for a vari ety of m olecules. Extensi ve ta bul ati ons of addi ti ve ato m and
group ref racti ons are avai lable in the l i tera ture [11, 12]. The addi ti vi ty hyp othesis
has been extended to pro vi de polari zabi l i t y values for vari ous bonds and functi onal
groups [13, 14]. Thus polari zabi l i ty tensors have been ascribed to vari ous bonds
and functi onal groups accordi ng to the hyp othesi s tha t com ponent wi se addi ti on
of the group tensor gives ri se to the m olecul ar polari zabi l i ty tensor. Neverthel ess,
the addi ti vi ty hyp othesis may be cri ti ci zed on the grounds tha t i t neglects the
intera cti on am ong the group in a molecule, for insta nce tho se tha t derive from the
electri c Ùeld are sti ll uncl ear.

It was the fai lure of these vari ous opti cal ro ta ti on calculati ons tha t led to a
re-exam inati on of the val idit y of addi ti ve values for the polari zabi l i ties of ato m s. In
the ato m{ di pole intera cti on model [15] for the polari zabi l i t y of ato ms, the m olecule
is regarded as a ri gid arra ngement of N -uni ts each of whi ch has a polari zabi l it y
concentra ted at a parti cul ar po int in the space. The parti cul ar atom s are ta ken
as \ uni ts" and thei r polari zabi l iti es are taken as being placed at the nucl ei. If the
polari zabi li t y of the i - th uni t is ˜ i , then the induced di pole mom ent ñ i in the i -th
uni t, to a Ùrst-order correcti on is as fol lows:

ñ i = ˜ i

0

@E i À

X

j =1 ( j i

i j j (1)

where i i s the appl ied electri c Ùeld at the - th uni t and i j i s the dipole Ùeld
tensor who se matri x representa ti on is

i j = À

3

i j

i j À
i j i j i j

i j i j À
i j i j

i j i j i j À i j

(2)

where i j represents the distance am ong the - th and the -th uni ts and ,
and are the com ponents of a vecto r from the -th to the -th uni t in Cartesi an
coordi nates (ref erence fram e wi th respect to the m olecule). Al so in Eq. (1), on
the right- hand side of thi s equati on, the quanti t y in brackets represents the to ta l
electri c Ùeld at the -th uni t and has taken into account the appl ied Ùeld and the
Ùeld due to al l the other induced dipoles.Al so, e˜ects due to residual (perm anent)
electri c di poles have not been ta ken into account as they are not expected to a˜ect
the net induced moment by the externa l Ùeld.

Thus, Eq. (1) m ay be wri tten in m atri x nota ti ons as given below
~ = (3)

where ~ i s a 3 È 3 m atri x, and and are the corresp ondi ng 3 È 1 colum n
vecto rs. Next, let us deÙne = and obta in the identi t y

= (4)
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and theref ore, we obta in

ñ i =

NX

j =1

B i j E j : (5.1)

Next, i f the m olecule is pl aced in a uni form Ùeld, then E j = E , for al l j -values,
and Eq. (5.1) becom es

ñ i =

NX

j =1

i j (5.2)

and the to ta l induced m oment in the m olecul e, is then given by the identi ty

=

N

i

i =

N

i

N

j

i j (5.3)

and theref ore, the polarizabi l it y tensor becom es

=

N

i

N

j

i j (5.4)

In the case of a di ato mic molecule of the AB typ e, who se isolated atom
polari zabi li ti es are and , the diagonal form of the has two com po-
nents and , para l lel and perpendicul ar to the bond axi s, respectivel y. It is
stra ightf orward to show tha t the fol lowing identi ti es hold:

=
+ + 4 ˜ ˜

1 4 ˜ ˜
(6.1)

and

=
+ 2 ˜ ˜

1 ˜ ˜
(6.2)

Here stands for the bond distance A{ B. Theref ore, for a hetero nucl ear di atom ic
m olecule, thi s m olecular identi ty becom es ani sotro pi c even tho ugh the ato m s A
and B are isotro pi c. The predi cted polarizabi l i ty, furtherm ore of a molecule para l lel
to i ts long axi s is general ly greater tha n the perpendicul ar one and devi ati ons
from the addi ti vi t y of the polari zabi l i ties wi l l becom e large so long as the ato m ic
polari zabi li ti es approach . In Ref. [15] the autho rs l ist the polari zabi l it y values
for a num ber of atom s in several polyato mi c m olecules at the sodi um l ine l ine
(5.894 ¡A). It fol lows tha t the ato m polari zabi l it y values wi thi n the assumpti on of
the addi ti ve m odel are greater tha n tho se of the ato m dipole intera cti on model.
It is importa nt to refer the reader to Ref. [15], where several inadequacies of the
addi ti ve m odel are ful ly discussed.

Bri dge and Bucki ngham [16] exam ined the polari zati on of laser l ight scat-
tered by gasesand i l lustra ted tha t the depolari zati on rati o was determ ined by the
ani sotro py of the m olecular polarizabi l i ty tensor. They deÙne

=
( ) + ( ) + ( )

6
(7)
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Here ˜ 1 1 ; ˜ 2 2 , and ˜ 3 3 are the pri ncipa l polarizabi l i ti es of the m olecule and ˜

stands for the m ean polari zabi l i ty value, given by

˜ =
1

3
( ˜ 1 1 + ˜ 2 2 + ˜ ) (8)

The above m agnitudes are functi ons of the frequency of the inci dent light. For a
l inear or sym m etri c to p typ e m olecul e, Eq. (7) may sti l l be sim pl iÙed further to
give

=
( )

3
(9)

Since the m ean polarizabi l i t y can be determ ined f rom the ref racti ve index
of a gas, the measurements of the depolari zati on rati o determ ines the magni -
tude of the ani sotro pi c com ponent of the l igand polari zabi li t y tensor, deÙned as

= . In current experim ents, the ori enta ti on of the gas m olecules is
m easured thro ugh bi refri ngence pro porti onal to . These autho rs [16] measured
the depolari zati on rati o and derived polarizabi l i ty anisotro pies for the 6.328 ¡A
l ine, for a series of diato m ic and polyato mic m olecules.These values are not avai l -
abl e f or the CN subsystem l igands, and theref ore a calculati on based upon the
ato m { dipole intera cti on m odel is needed.

In the current research work, two models were consi dered in calcul ati ng po-
lari zabi l iti es. Fi rstl y, the CN groups were trea ted as a diato mic m olecule and
Ùnal ly, the polari zabi l i t y eigenvalues were deri ved from the exp erimenta l data
for the CH CN m olecul e [15]. For the form er case, the calcul ated values are

= 1 6 0 9 9 ¡A and = 1 0 0 8 7 ¡A . Theref ore, for = 0 700 ¡A =

0 450 ¡A = 0 6003 ¡A = 1 210 ¡A and = 0 1 6 6 4 .
Besides, we repeated the calcul ati on f or the CH CN [15], and our best

Ùt wa s achi eved for = 4 8 8 3 3 ¡A and = 2 1 0 0 ¡A . These gave ri se to
sim i lar values as tho se of the diato m ic m odel system , reported in thi s section.
The values f or CO have been reported by Bri dge and Bucki ngham [16] to give

= 1 970 ¡A = 0 530 ¡A and = 0 0 8 9 , whereas the calcul ated values us-
ing the current ato m di pole intera cti on m odel [15] give: = 1 7677 ¡A =

0 7786 ¡A and = 0 1 4 6 8 . (The ato m polari zabi l it y values used are as fol lows:
= 0 615 ¡A and = 0 434 ¡A [15].) Thi s sim ple calculati on provi des a fai rl y

good support for the calcul ated polari zabi l it y values for the molecular fragm ent
CN. In thi s agreement, we recognize tha t the values for the second rank tensor
components depend on both the wa velength of the inci dent l ight and the chemical
envi ronm ent.

3.1. T he t ransi tion dipole moment in the ligand polar izat ion formal ism

W ithi n the independent system model (ISM), the Ùrst- order correcti on, in
the basis of nucl ear Cartesi an di splacement coordi nates and , to the vi bronic
operato r is currentl y wri tten as given below [17, 19, 20, 30]
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H
(1 )

L P =
X

L

( sL À sM ) r L

2

4
X

k 1 ;q 1

D k 1

q ( )

˜ x ; y ; z

L P
k q ; ˜ ( ) ˜ ( )

=

L

( L À M )

k ; q

k
q

( )

˜ x ;y ;z

[ L
L P
k q ; ˜

( ) ] ˜ ( ) (10)

In the above identi t y, the geom etri cal dependence of the intera cti on am ong the
centra l m etal and the tra nsient induced l igand dipoles is a˜o rded by the l igand
polari zati on geom etri cal factors L P

k q ; ˜
( ) , whi ch have been ta bul ated by Acevedo

et al . [30].
Thus, the -th component to the tra nsiti on di pole m oment associated wi th

the j 0 i ! j i i s given by the general identi t y [17, 19]

Ù
a

= À

l

2 l

l
À a

L

( L À M )

k ; q

h j
k
q ( ) j a i

È

£ x ;y ;z

[ L
L P
k q ;£

( )]
Ù

l
£

l
(11)

In the above identi ty, the tra nsient induced l igand dipoles Ù and £ ref er to
the -th and the -th polari zati on di recti ons in the com plex m olecule based on a
coordi nate fram e wi th the m etal ion centered at the origin.

General ly speaki ng, the sym metry axi s of a cyl indri cally sym metri c l igand
(the cyl inder axi s) has an ori entati on neither para l lel nor perpendicul ar to the
pri ncipa l coordi nate fram e of the meta l com plex as a who le ( ). It is very
often necessary to resolve the induced l igand dipoles Ù and £ vecto rs referri ng
to the ( ) f ram e into com ponents referri ng to the ( ) f ram e of the
parti cul ar l igand subsystem. For our purp oses, we shal l regard the CN groups to
be cyl indri cal ly sym metri c, so tha t the and di recti ons are equivalent and both
being perpendicul ar to the cyl inder axi s . Under thi s assumpti on, we cho ose the

and di recti ons in such form to sim pl i fy the tra nsform ati on from the ( )
fram e to tha t of the ( ) l igand frame.

Thi s tra nsform ati on m atri x generally involves the three Eul er angles, but
the assumpti on of cyl indri cal -l igand sym metry reduces thi s numb er to two , as
and are chosen so tha t the thi rd angle vani shesidenti cal ly. Thus, the two angles
reta ined are tho se of the standard tra nsform ati on from Cartesi an to spheri cal polar
coordi nates. W hen thi s tra nsform ati on m atri x is empl oyed, the Ù £ products
occurri ng in the above equati on in the ( ) frame becom e sums of products
in the ( ) fram e. Thus, we deÙne [19] the nonvanishi ng components of the
l igand polari zabi li t y tensor as fol lows:

=
z z

=

l

2 l

l
À

a

j
z

l
j (12.1)

and also

= x x = y y =

l

2 l

l
À a

j l j (12.2)

where ? i s either or , respecti vel y, and the anisotro pic com ponent of the l igand
polari zabi li t y tensor is given by = À .
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3.2. Nor mal coordinat e analysis for the C r ( C N )3 À

6
compl ex ion

in the octahedral point molecular group

In the octahedra l point m olecular group, the assumed nucl ear equi l ibri um
conÙgurati on is given in Fi g. 1. General and wel l kno wn sym metry adapted selec-
ti on rul es indi cate tha t the norm al m odes of vi brati ons f or thi s system tra nsform
as given below [4, 5]

À v ib = 2˜ 1g + 2" g + §1g + 4 + 2 + 2 (13)

The next step in the norm al coordi nate analysis is to Ùnd a com plete set of
interna l coordi nates , and then on the basis of sym m etry argum ents, we obta in
the sym metry coordi nates by using the well kno wn relati on: = , where the

matri x is sym metry determ ined [5]. It is custo m ary in the l itera ture to pro ject
the interna l coordi nates in the nucl ear Cartesi an basis set, represented by the
m atri x, so tha t the fol lowing identi ty holds: = = ( ) . Thi s identi ty
relates the set of the sym metry coordi nates to the set of the nucl ear Cartesi an
coordi nates . The actual deta i ls of the calculati on can be obta ined up on request
from R.A.

Al so, the symm etry coordi nates m ay be spl it into three set of coordi nates,
nam ely: (a) the framework vi brati ons (CrC ), (b) the l igand vi bra ti ons (CN) and
(c) the l igand- fram ework coupl ing vi brati ons (Cr{ C{ N). T o study , on a semiquanti -
ta ti ve basis, the ro lepl ayedby thi s typ e of vi bra ti ons, we have decided to m odel the
intera cti ng vi bra ti onal force Ùeld, using several versions. The force Ùelds employed
in thi s calculati on are: m odiÙed general valence force Ùeld (MG VFF), m odi Ùed
Urey{ Bra dley f orce Ùeld (MUBFF) and resonance intera cti on valence force Ùeld
(R IVFF). The deta ils of the norm al coordi nate analysis can be found in the work
by Acevedo and DÇ±az [5]. The -m atri ces (ampl itudes of vi brati ons) connecti ng
the sym metry coordi nates to the norm al coordi nates, by m eans of the relati onship

= , depend on the deta ils of the force Ùeld empl oyed in the calcul ati on. W e
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have then ta bul ated the odd pari ty vi brati onal frequenci es, the L -matri x elements,
and the associated potenti al energy di stri buti on (PED ) in App endix 1.

The norm al coordi nate analysis wa s perf orm ed assuming an octahedra l site
sym m etry for the Cr 3 + ions. The Cr{ C and C{ N bond distances were ta ken as 1.90
and 1.15 ¡A, respectivel y [5]. As MG VFF, MUBFF, and RIVFF are concerned, the
sym m etri zed F m atri cesare given in T able I, and the calcul ated force constants in
T able I I [5]. The numb er of interna l force consta nts reported in thi s paper are as
fol lows: MG VFF | 17 , MUBFF | 9 and for the R IVFF | 7, respectivel y. The
calculated interna l force constants are as fol lows: (A) MG VFF: f CrC = 1 : 7 9 6 6 ;

f t
C rC = C rC = 0 : 3 1 4 0 ; f c

C rC =
= 0 0 1 3 1 c

=
= 0 0 8 1 0 c

=
= 0 0 7 9 0

= 1 7 0 4 9 0 Ù = 0 1 4 5 1 ÙÙ = 0 0 0 7 6 Ù Ù = 0 0 2 0 2 =˜ = 0 0 2 5 2

˜ = 0 1 8 0 6 ˜ ˜ = 0 0 2 4 8 ˜ ˜ = 0 0 2 3 6 ˜ ˜ = 0 0 0 3 6 ˜ Ù = 0 0 1 7 5

˜ Ù = 0 0 0 4 9 and ˜ Ù = 0 0 0 9 2 ; (B) MUBFF: (CrC ) = 1 3 0 1 0

(CN ) = 1 7 0 0 1 = 0 0 7 0 0 = 0 0 6 0 0 ( CrC CrC ) = 0 4 6 0 0 0

( CrC/ CN ) = 0 0 0 0 0 0 ( ) = 0 2 4 5 0 0 ( ) = 0 1 1 5 1 0 and
(CCrC/ CCrC ) = 0 0 3 5 0 0 ; (C) R IVFF: = 1 7 3 1 0 0 = = 0 3 1 7 5 0

= 1 6 8 6 3 7 0 Ù = 0 2 7 9 1 0 Ù =Ù = 0 0 3 5 6 0 ˜ =Ù = 0 1 6 1 9 0 and

˜ = 0 1 7 9 7 0 . Al l these values are given in m dyn/ ¡A.
From the above resul ts and tho se reported in App endix 1, i t is shown tha t

the MG VFF repro duces rather nicely the observed f requenci es and the values for
the calculated force consta nts are reasonable. It is found tha t the Cr{ C stretchi ng
force constant (1 .80) is smal ler tha n the value for the Co{ C (2.10) as reported by
Jones [4], in the Co (CN) ion. Thi s is pro babl y due to the smal ler degree of
bondi ng in the Cr(CN) compl ex ion. The di ˜erence in the electro nic structure
in the two metals produces an increase in the CN stretchi ng force constant (17.05)
in the Cr(CN) ion, when i t is com pared wi th the corresp ondi ng value in the
Co (CN) ion (16.77). A careful and deta i led discussion may be f ound in the work
of Acevedo et al . [5], and theref ore we shal l not repeat i t here.

3.3. V ibroni c int ensi ty calcul ation

It can be shown tha t the tra nsiti on borro ws i ts intensi ty m ainly
from the polyelectro nic exci tati on wi th the expl ici t cooperati on of the
odd pari ty norm al modes of vi bra ti ons of the com plex ion (wi thi n the f ram ework of
both, a m olecul ar model and the independent system model ). Thi s latter electro nic
tra nsiti on is m ade up of three one-electro n tra nsiti ons, namely the
and i ts cycl ic perm uta ti ons ( ). A typi cal matri x element may be
wri tten as fol lows [17, 19, 20]:

x y
k
q x y =

i
2

k
dd

k (2 + 2 2 2 )( q ; q ; ) (14)

where = 4 .
It is interesti ng to observe tha t for thi s parti cular phosphorescence, the rel -

ati ve vi bro nic intensi ty di stri buti on due to the 6 odd pari ty vi brati onal m odes
depends solely on the deta i ls of the intra m olecular force Ùeld. There is no radial
dependence on these vi broni c intensi ty rati os, since the expectati on values of
between two -orbi tal cancels out when the relati ve vi broni c intensi ty rati os are
wo rked out.
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Next, let us deÙne the quanti ti es

d 1 = À 4 8
p

2 ˜ L r À 7
0

; d 2 = À 4 8
p

2 ˜ L (r À + )

= 4 8 ( L + ) = 4 8
p

2 ( L + ) +

= À and = À (15.1)

Here = (Cr{ C), = (C{ N) and = + . The parameter values used
in the intensi ty calcul ati ons are as fol lows: = 1 9 0 ¡A, = 1 1 5 ¡A, = 3 0 5 ¡A,

L = 1 2 1 ¡A and = 0 6 0 0 3 ¡A . Next, when com bini ng Eqs. (11), (12.1),
(12.2), (14) and (15.1), i t is easy tho ugh long and tedi ous to show tha t for the
one electroni c tra nsiti on ! À , the l igand polari zati on components to the
to ta l tra nsiti on dipole m oments may be wri tten as given below

x = À
L P ( b + b + b + b + b + b )

y = À
L P ( À c À c À c À c + c + c )

z = 0 (15.2.1)

where L P = h i dd and the set of symm etry coordi nates uti l ized are tho se
l isted in App endix 3. Next, we shal l intro duce the L P

k
quanti ti es,af ter using the

tra nsform ati on m atri x = , thus relati ng the set of the sym metry coordi nates
to the set of the norm al coordi nates f or the system .

Thus we deÙne
L P = + + +

L P = + + +

L P = + + +

L P = + + +

L P = ; + ;

L P = ; + ; (15.2.2).

Thus, for the ! À , one electron tra nsiti on, the , and com ponent of
the ligand polari zati on tra nsi ti on dipole mom ent become

x = À
L P ( L P

b + L P
b + L P

b + L P
b + L P

b

+ L P
b )

y = À
L P ( À

L P
c À

L P
c À

L P
c À

L P
c + L P

c

+ L P
c )

z = 0 (15.2.3)



Li gand-Framew ork Coupl ing Vibrat ions . . . 225

In term s of the above deÙned magnitudes, the tota l l igand polari zati on di pole
streng th associated wi th the 4A 2g !

4T 2g polyel ectronic tra nsiti on m ay be wri tten
in a closed form as given below

D ( 4A 2g !
4T ) = 6 ( ) ( ) h 0 j j 1 i (16)

It is indeed clear tha t in thi s order of appro xi m atio n, the relati ve vi bronic
intensi ty distri buti on associated wi th the tw o exci ta ti ons, nam ely the !

and the intensi ty source, ! wi l l be roughl y equivalent. Thi s is parti c-
ul arly true since the spin{ orbi t coupl ing constant for thi s com plex ion is smal l,
tho ugh other tha n zero. Furtherm ore, i t fol lows tha t the relati ve vi bronic intensi ty
di stri buti on of the ! electroni c tra nsiti on is independent of any radial
integ ra l , but is cri ti cal ly dependent upon both the deta i ls of the intra molecul ar
force Ùeld and the values of the m ean and anisotro pic ligand polari zabi l i t y values.
W e l ist in App endix 2 the assignm ents currentl y accepted for each and al l the nor-
m al modes of vi brati ons for the Cr(CN) compl ex ion in the assumed octahedra l
point m olecular group. W e also display in T able I the relati ve vi bro nic intensi ty
di stri buti on for the sixo dd pari ty vi brati onal modes and also for the three di ˜er-
ent force Ùelds employed to m odel the intera cti ng vi brati onal force Ùeld for thi s
system .

T ABLE I

Force Ùeld ( ) : ( ) : ( ) : ( ) : ( ) : ( )

MG VFF 1.00 : 1.19 :19.58: 7.58 : 14.69 : 5.58

RIVFF 7.39 : 1.00 :67.07:258.85: 66.06 : 201.78

MUBFF 1.00 : 9.98 : 8.34 : 5.27 : 15.32 : 2.79

T ABLE I I

Oxi dati on state MG VFF RIVFF MUBFF

+3 2 4 1 3 È 1 0 3 9 1 8 È 1 0 2 0 7 6 È 1 0

+2 6 4 6 6 È 1 0 1 0 4 9 9 È 1 0 5 5 6 4 È 1 0

+1 2 3 0 2 4 È 1 0 3 7 3 6 9 È 1 0 1 9 8 0 2 È 1 0

W e also l ist in T able I I, below the l igand polari zati on contri buti on to the
to ta l oscillato r streng th corresp ondi ng to the ! tra nsiti on f or a set
of three di ˜erent centra l m etal ion' s oxi dati on states. Thi s is im porta nt, since
accordi ng to the Gauss theo rem , the net charge shoul d be concentra ted on the
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surf ace of the sphere, and theref ore we shoul d expect tha t an e˜ecti ve charge on
the centra l m etal chro mium appro aches to zero.

It is importa nt to observe tha t no correcti on for the refracti ve index of the
m edium has been included in the vi bro nic intensi ty calcul ati on. Al so, the L -matri x
correspondi ng to the vari ous force Ùelds are given in App endi x 4, as wel l as the
calculated potenti al energy di stri buti on (PED ).

4. D iscu ssio n

The exp erimenta l data referred to the 2E g !
4A 2g electro nic tra nsi ti on

indi cates tha t the intensi ty induced by the norm al m odes ¡ 8 [ §1u : (Cr{ C{ N)] ,
[ : ( C{ Cr{ C)] , [ : (Cr{ C{ N)] , [ : (C{ Cr{ C)] shoul d be roughl y

comparable [1{ 3]. Thi s exp erimenta l Ùnding is reÛected by our calcul ati on and
as seen from the resul ts given in Tabl e I, the three di ˜erent force Ùeld employed
in the calcul ati on give the ri ght pattern for the vi broni c intensi ty distri buti on
(the poorest agreement is achi eved by the R IVFF). These resul ts indi cate a clear
supp ort to our m odel calcul ati on and are in f ai rly good agreement wi th exp eriment
[1{ 3]. It is also importa nt to analyze the results di splayed in App endix 1, Sec. II I.
It is shown tha t for the norm al modes associated wi th the odd pari ty vi bra ti onal
frequenci es ( = 8 9 1 2 1 3) , there is a nonzero coupl ing am ong the stretchi ng,
bending, and l inear bending vi brati ons and theref ore thi s m ixi ng of the sym m etry
coordi nates shoul d be considered when deal ing wi th the assignm ents for these
typ es or compounds. We have investigated thi s mixi ng of symm etry coordi nates,
usi ng three di ˜erent force Ùelds and we can claim tha t the calculati on has been
successful , tho ugh m any l im ita ti ons and com plexi ty were invol ved.

There is no doubt tha t we have pro ved the im porta nce of the skeletal , the l ig-
and and the framework- li gand vi bra ti ons of odd pari ty in the intensi ty mechanism
associ ated wi th thi s pari ty forbi dden but vi bronical ly al lowed electroni c tra nsiti on.
There are however several ways of impro vi ng the calcul ati on: the obvi ous one is
to ta ke into account the descent of sym metry and also to underta ke a ful l latti ce
dyna mic calcul ati on. Al l of these im provements are m ost welcom e, however we
need fai rly accurate data base f or these system s.
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A p pen di x 1

Vi brati onal frequenci es, L -m atri x elements, and PED values.

(I) V ibrat ional frequenci es

Observed MG VFF RI V FF MU BFF

¡ 6 2.139 2.139 2.135 2.133

¡ 7 467 467 467 480

¡ 8 341 341 347 346

¡ 9 150 150 143 142

¡ 12 355 355 347 355

¡ 13 95 95 103 95

( I I) L -matr i x elemen ts

(A ) MGV FF

˜ 1g

C rC {0. 218 0.189

C N 0.393 0.013

" g

C rC {0. 218 0.189

C N 0.393 0.013

§1g

C rC 0.688

§1u

C N 0.393 0.012 0.006 0.001

C rC {0. 221 0.248 0.106 0.016

C rC N {0. 004 0.405 {0. 577 0.152

C C rC {0. 008 0.444 {0. 303 {0. 177

§2g

C rC N 0.668 {0. 165

C C rC 0.555 0.160

§2u

C rC N 0.676 {0. 126

C C rC 0.385 0.136
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(B) RI V FF

˜ 1g

C rC {0. 218 0.189

C N 0.393 0.013

" g

C rC {0. 217 0.190

C N 0.393 0.010

§1g

C rC 0.688

§1u

C N 0.393 0.015 0.000 0.001

C rC {0. 222 0.268 0.005 0.021

C rC N {0. 006 0.157 0.669 {0. 217

C C rC {0. 010 0.302 0.297 {0. 376

§2g

C rC N 0.687 {0. 022

C C rC 0.509 0.272

§2u

C rC N 0.668 0.165

C C rC 0.294 0.283

(C ) MU BFF

˜ 1g

C rC {0. 218 0.189

C N 0.393 0.013

" g

C rC {0. 218 0.189

C N 0.393 0.012

§1g

C rC 0.688

§1u

C N 0.393 0.003 0.008 0.001

C rC {0. 218 0.136 0.236 0.005

C rC N 0.000 0.665 {0. 207 0.186

C C rC {0. 004 0.543 0.014 {0. 161

§2g

C rC N 0.642 {0. 248

C C rC 0.570 0.089

§2u

C rC N 0.662 {0. 187

C C rC 0.396 0.100
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( I I I ) PED values ( note that the val ues have not been r en orma l i sed to uni ty )

˜ 1g

¡ = 2: 13 9 cm À 1 (MGV FF) 4 ¡ (C rC ) + 9 7¡ (C N )

¡ = 2: 142 cm À 1 (RI V FF) 4 ¡ (C rC ) + 9 6¡ (C N )

¡ = 2: 15 0 cm À 1 (MU BFF) 4¡ (C rC ) + 96 ¡ (C N )

¡ = 360 cmÀ 1 (MGV FF) 96¡ (C rC ) + 3¡ (C N )

¡ = 360 cmÀ 1 (RI V FF) 96¡ (C rC ) + 4¡ (C N )

¡ = 35 8 cmÀ 1 (MU BFF) 96 ¡ ( C rC ) + 4¡ (C N )

" g

¡ = 2: 170 cm À 1 (MGV FF) 3¡ (C rC ) + 97 ¡ (C N )

¡ = 2: 135 cm 1 (RI V FF) 3¡ (C rC ) + 97 ¡ (C N )

¡ = 2: 150 cm 1 (MU BFF) 4¡ (C rC ) + 96 ¡ (C N )

¡ = 367 cm 1 (MGV FF) 97¡ (C rC ) + 3¡ (C N )

¡ = 325 cm 1 (RI V FF) 97¡ (C rC ) + 3¡ (C N )

¡ = 356 cm 1 (MU BFF) 96¡ (C rC ) + 4¡ (C N )

§1g

¡ = 394 cm 1 (MGV FF) 100£(C rC N )

¡ = 371 cm 1 (RI V FF) 100£(C rC N )

¡ = 346 cm 1 (MU BFF) 100£(C rC N )

§1u symmetry species

¡ = 2: 139 cm 1 (MGV FF) 2¡ (C rC ) + 97 ¡ (C N )

¡ = 2: 135 cm 1 (RI V FF) 3¡ (C rC ) + 97 ¡ (C N )

¡ = 2: 133 cm 1 (MU BFF) 2¡ (C rC ) + 97 ¡ (C N )

¡ = 467 cm 1 (MGV FF) 67 ¡ (C rC ) + 10 £ (C rC N ) + 21 £(C C rC )

¡ = 467 cm 1 (RI V FF) 3¡ (C N ) + 91 ¡ (C rC ) 2£(C rC N ) + 9£ (C C rC )

¡ = 480 cm 1 (MU BFF) 8¡ (C rC ) + 47 £(C rC N ) + 45 £(C C rC )

¡ = 341 cm 1 (MGV FF) 27 ¡ (C rC ) + 54 £ (C rC N ) + 17 £( C C rC )

¡ = 347 cm 1 (RI V FF) 134£( CrC N ) 34 £( CC rC )

¡ = 346 cm 1 (MU BFF) 2¡ (C N ) + 89 ¡ (C rC ) + 9 £( C rC N)

¡ = 150 cm 1 (MGV FF) 4¡ (C rC ) + 34 £(C rC N ) + 61 £(C C rC )

¡ = 143 cm 1 (RI V FF) 6¡ (C rC ) 31 £(C rC N ) + 125 £(C C rC )

¡ = 142 cm 1 (MU BFF) 43£ (C rC N ) + 55 £ ( C C rC )

§2g

¡ = 358 cm 1 (MGV FF) 54£(C rC N ) + 47 £(C CrC )

¡ = 406 cm 1 (RI V FF) 94 £ (C rC N ) 5 £(C C rC )

¡ = 440 cm 1 (MU BFF) 29£( C rC N ) + 71 £(C CrC )

¡ = 117 cm 1 (MGV FF) 46£(C rC N ) + 53 £( C CrC )

¡ = 183 cm 1 (RI V FF) 5£(C rC N ) + 94 £(C C rC )

¡ = 108 cm 1 (MU BFF) 71£(C rC N ) + 29 £(C CrC )
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§2u

¡ = 355 cmÀ 1 (MGV FF) 65£(C rC N ) + 33 £(C CrC )

¡ = 347 cmÀ 1 (RI V FF) 134 £ (C rC N ) À 34 £(C CrC )

¡ = 355 cmÀ 1 (MU BFF) 47£( C rC N ) + 52 £(C CrC )

v = 95 cmÀ 1 (MGV FF) 34£(C rC N ) + 66 £(C CrC )

¡ = 103 cmÀ 1 (RI V FF) À 34 £ (C rC N ) + 134 £(C C rC )

¡ = 95 cm À 1 (MU BFF) 52£(C rC N ) + 47 £(C CrC )

Ap pen dix 2

Mo des of vi bra ti ons for the thi rteen- ato m systems.

(CrC)

(CN)

(CrC)

(CN)

(CrCN)

(CN)

(CrC)

(CrCN)

(CCrC)

(CrCN)

(CCrC)

(CrCN)

(CCrC)
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