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Analysis of vibrational spectra of nano-bio molecules:
Application to metalloporphrins
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In this paper, we have applied the Lie algebraic model to nano-bio molecules to determine the vibrational spectra of
different stretching and bending vibrational modes. The determined vibrational energy levels by the Lie algebraic model
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The vibrational energy levels are clustering in the excited states.
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1. Introduction

Recently, measurements of highly-excited overtone-
combination spectra of molecules have been renewed in a the-
oretical description and understanding of the observed spec-
tral properties. Two approaches have been mostly used so far
in the analysis of experimental data: (i) the familiar Dunham
like expansion of energy levels in terms of rotations—vibrations
quantum numbers; (ii) the solution of the Schrodinger equa-
tion with potentials obtained either by appropriately modify-
ing the ab-initio calculations or by more phenomenological
methods. In this article, we begin a systematic analysis of
overtone-combination spectra and intensities of molecules in
terms of a novel approach: (iii) vibron model.'*! This model
is a formulation of the molecular spectral problem in terms of
elements of Lie algebra and it contains the same physical in-
formation of the Dunham and the potential approaches. How-
ever, by making use of the powerful methods of group theory,
one is able to obtain the desired results in a much faster and
straightforward way.

The logical scheme of the vibron model is parallel to that
of the Dunham and the potential approaches. Consider, for
example, the vibrational spectra of bent triatomic molecules.
The familiar term value expansion is

E(vi,v2,V3)

3
= E0+Zwi(vi+ 1/2)
i=1
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+ iXij(Vi+l/2)(vj+l/2)

i<j

3
+ Y Ya(vi+1/2)(vi+1/2)(vie+1/2)+--- . (1)
i<j<k
This expansion has 3 parameters when stopped at linear terms,
9 when stopped at quadratic terms, 19 when stoped at cubic
terms. The typical root-mean-square (rms) deviations of the
expansion stopped at quadratic terms for bent triatomic with

1

~40 known levels are of the order of 10 cm™". The inclu-

Iand

sion of cubic terms brings this deviation down to 1 cm™
further improvements can be obtained by additional terms.

In the potential approach, one first chooses a set of coor-
dinates. For bent triatomics, for example, an appropriate set
is the bond (r; and r;) and angle (0) displacements from the
equilibrium configuration. One then expands the potential into

these coordinates (or functions of coordinates)

V(ri,r2,rs) =Vo+ Y. amur{'r36", 2
mn k=2

and solves the Schrodinger equation with the potential V. The
expansion has 6 parameters when stopped at quadratic terms,
16 parameters when stopped at cubic terms. The results also
depend on the form of the kinetic energy. If the values a,;;x
are taken from ab-initio calculations, the typical rms devi-
ations are of the order of 50 cm™!, but quite often, small
modifications®! of the ab-initio values provide accurate results

within a few cm™!.
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In the vibron model, one again chooses first a set of coor-
dinates, for example, the bond coordinates | and r,. One then
replaces the coordinates (and associated momenta) by Lie al-
gebraic structures and expands the Hamiltonian in terms of the
elements of these algebras. Denoting generically by G and G,
the algebraic structures associated with r; and r,, one has

H =E +ZAaiGai

ai
+ Y AwipiGaiGpj+--, i,j=1.2. (3)

aifj
The explicit form of the expansion is discussed, the expansion
for bent triatomic has 6 parameters when stopped at the low-
est order, 16 when stopped at the next order. If the bonds are
identical, as in XY, molecules, the numbers of parameters are

reduced further to 4 and 11, respectively.

In recent years, polyatomic nano-bio molecules (i.e., met-
alloporphyrins) have held numerous importances in the field of
chemical physics. In the case of polyatomic bio-molecules,
the parameters play a major role in the vibron model. Of
course, we have explicitly described with fewer parameters
the vibrational bands of the triatomic linear molecules HCN,
0CSP9! and tetratomic molecules HCCF, HCCD by using an
algebraic approach.l”l We have also reported the vibrational
bands of tetrahedral molecules CCly, SnBry®'!l and poly-
atomic bio-molecules nickel octaethyl porphyrin, nickel por-
phyrin molecules using U (2) vibron model respectively.!>~16]
The advantage of the algebraic approach, as compared to that
of the Dunham or phonological potential models, is that typi-
cally it requires fewer parameters to obtain the same level of
accuracy. It also provides a simultaneous description of bend-
ing and stretching modes.

We consider in this paper the vibrational modes of poly-
atomic nao-bio molecules, i.e., metalloporphyrins and their
substituted forms. In Section 2, we briefly review the theory
of the vibron model of vibrations of polyatomic molecules. In
Section 3, we describe the stretching vibrations and infrared
intensity transitions of different metalloporphyrins and their
substitute forms. Conclusions are presented in Section 4.

2. Vibron model of vibrations of polyatomic
molecules

A general algebraic model of rotation—vibration spectra
of molecules was introduced in Refs. [1]-[4] and applied to

19.201 mplecules.

the study of tri-atomic!!”-'®! and tetra-atomicl
In this model, rotations and vibrations are treated simultane-
ously. For this reason, it becomes impractical when the num-
ber of atoms exceeds four. However, if rotations and vibra-
tions are separated, it is possible to construct a simpler ver-
sion of the vibron model, which can be used for the vibra-

tional analysis of large molecules. This model, which we

call the one-dimensional vibron model,[21=21 starts from the
observation?®28] that the eigenstates of a one-dimensional
Schrodinger equation with a Morse potential

h(p,x) = p*/2u + D[1 — exp(—ax)]? )

can be put into one to one correspondence with the represen-
tations of the algebra U(2) D O(2), characterized by the quan-
tum numbers |N,m), with the proviso that one takes only the
positive branch of m, ie. m=N,N—2,...,1 or 0 for N =
odd or even (N = integer) (the negative branch describes the
mirror image of the potential x — —x). The Morse Hamilto-
nian (4) can be written, in the algebraic approach, simply as,
h = €+ AC, where C is the invariant operator of O(2), with
eigenvalues m*> — N2. The eigenvalues of h are

€=€y+A(m> —N?),
m=N,N—2,....,1 or 0, (N=oddoreven). (5)

By introducing the usual vibrational quantum number v =
(N —m) /2, equation (5) can be rewritten as

€= €y —4A(NV —Vv?),
v=0,1,...,N/2 or (N—1)/2, (N =evenorodd). (6)

One can immediately verify that these are the eigenvalues of
the Morse oscillator. Potentials that deviate from the Morse
oscillator can be described by an expansion in terms of the
Morse functions

k
V(x)= Y Di[f(x)],

s=1
f(x) =[1—exp(—ax)]”. ©)

In the algebraic approach, this corresponds to an expansion of
the type
k
s=1

with eigenvalues

k
e=¢g+ Y AV[-4(Nv - V). )

s=1
For stretching vibrations, a representation of the potential in
terms of the lower-order Morse oscillator is usually rather ac-
curate, we therefore study the stretching vibrations with only
the lowest-order term in Eq. (4), s = 1. If the model is used
for the bending vibrations where the coordinate of x in Eq. (4)
is the bending angle 0, the representation in terms of a single
Morse oscillator may not be sufficient and one has to include

higher-order terms.

Consider now a molecule with n bonds. In the vibron

1119231 each bond i is replaced by an algebra G,. For

mode
one-dimensional problems, G; = U;(2). Each bond has Hamil-
tonian

h; = &y +A;G;, (10)

090304-2



Chin. Phys. B Vol. 22, No. 9 (2013) 090304

where C; is the invariant operator of 0;(2), with eigenvalues

& = &0i +Ai[—4(N;v; — v?)]. (11)

The bond interacts with a bond—bond interaction. The interac-
tion potential can be written as

V (xi,xj) = ki;[1 —exp(—aix;)][1 —exp(—ox;)],  (12)

which reduces to the usual force field when the displacements
are small

V(xhxj) zkéja,-ﬁjx,-xj:k,-jx,-xj. (13)

In the algebraic approach, the interaction of the type can be
taken into account by introducing two terms, called Casimir
and Majorana interactions, respectively. If these are added,
the total Hamiltonian becomes

n n n
H=Eo+ Y ACi+ Y AjCij+ Y AijM;;.

i=1 i<j i<j

(14)

The operators C;; are diagonal with matrix elements given by

(Ni, Vi;N;, v;|CiiN;, visNj, vj)

= itV - (VNN 35)

where we have subtracted (relative) the last two terms, since
they can be reabsorbed in C; and C;. The operators M;; have
both diagonal and non-diagonal matrix elements

(Ni, VisNj, Vi|M;j|N;, Vi Nj, vj)
= (N,‘Vj —|—NjVi — 2V,‘Vj),
<]\7,'7 Vi+ 1;Nj,Vj — 1|Mij|Ni, V,';Nj, Vj>

—4A(N —1) —4A'(2N — 1)

A+ AN —AN
v “4A(N—1)—4A'(2N 1)
13+ AN
AN AN
AN AN

where we put A] = Ay = A3 =A4 = A, Ajp = Ay3 = Ay =
Aq1 =A’, Nl = N, = N3 = Ny = N. The corresponding sec-
ular determinant shows that the four local modes |1,0,0,0),
|0,1,0,0), |0,0,1,0), |0,0,0, 1) initially with the same energy
gy = —4A(N — 1) —4A’(2N — 1) are now mixed, shifted, and
split under the action of M;;. The sign of A, A’ determines
which of these combinations has the highest energy. This sim-
ple example can readily be generalized to an entire manifold
of levels founded on the local basis of four anharmonic modes.
The matrix elements of M;; [Eq. (14)] are such that the Hamil-

= —[v;(Vi+ 1)(N; = v;)(N; — v; + 1)]'/2,
(Ni,vi—1;Nj,v; + 1|M;;|N;, vi;Nj, vj)

= —[Vi(v;+ D(N; = vj)(Ni —vi+ D)2 (16)

The physical meaning of this apparently complex result
can be understood by an example of four identical oscilla-
tors. Let us start from the local basis states |V,VpVcVy) =
[1,0,0,0),]0,1,0,0),]|0,0,1,0),]0,0,0,1). In manifest agree-
ment, the Majorana operator has the effect of mixing these
states, so we obtain

(1,0,0,0[M;]0,1,0,0)

(0,1,0,0[M2|0,1,0,0,0)
= —VNIN,,
(0,0,1,0|M3|0,1,0,0,0)
—V/NiN3,
(0,0,0,1|M4;|0,1,0,0,0)
—V/N4MNy,
(0,1,0,0[M23]0,0,1,0) = (0,0,1,0|M3,|0,0,1,0,0)
= —V/NaNs,
(0,1,0,0|M24]0,0,0,1) = (0,0,0,1|M4>|0,0,1,0,0)
= —VNoNy,
(0,0,0,1|M43/0,0,0,1,0)

—+/N3Njy.

If we start from the Hamiltonian operator (13), in which we

(1,0,0,0|M3]0,0,1,0)

(1,0,0,0|M14]0,0,0,1) =

(0,0,1,0|M34]0,0,0, 1)

a7

formally replace C;; with M;;, the eigenvalue problem for the
first four local modes is expressed in terms of the Hamiltonian

matrix
—AN —AN
—AN —AN
—4A(N—1)—4A'(2N —1) AN ’
+3(A+ AN -
—4A(N—1)—4A'(2N —1)
AN 13+ AN

(18)

tonian matrix is in the diagonal form, thus leading to the block
structure shown in Fig. 1. Specifically, we observe that each
block contains states with the same value of v, + vy, + V. + V4,
which is a conserved quantity for both chains. The inclu-
sion of M;; in the local Hamiltonian operator cannot affect the
Va + Vb + Ve + Vg conservation rule. We will see how this spe-

cific feature has far-reaching consequences for both computa-

tional and physical aspects for these kinds of problems.
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order terms in the M operators. We have derived explicit for-
mulas for couplings in which two quanta are annihilated and

M)vi;Nj7vj>7 (19)

il
and one can generate, in a relatively simple fashion, others, if
needed. For applications to the problem described here, these

Uyt UL+ U4V
U
D1} ,
TTL R one is created, for example,
) )
Lt ,
{ + (Ni, Vi £2;N;,v; F1|M;
a4
L= _é_ _______
i 5

Fig. 1. Block structure of the Hamiltonian matrix caused by the Majo-
rana operator.

Finally, we mention the possibility of assigning a measure
of locality (or, equivalently, of normality) to a given situation
by means of the dimensionless parameter

E=2/mtan '[B(A+1")/(A+A")],

which is obviously a very small quantity in local or quasilocal
molecules, while for normal cases, & is close to 1.[>%]

The eigenvalues of Eq. (13) can be easily evaluated and
provide a description of n coupled anharmonic vibrators. The
couplings in Eq. (13) are only of the first order, in the sense
that the operators M;; annihilate one quantum of vibration in
bond j and create one in bond i (or vice-verse). In the same
way in which one can improve the description of each bond by
considering higher powers in the C operators, one can also im-
prove the description of the couplings by considering higher-

higher-order couplings are not needed and we therefore omit
them henceforth.

2.1. Sample vibrational analysis: stretching vibrations of
metalloporphyrins

As an example of the use of the algebraic method, we an-
alyze the stretching vibrations of different metalloporphyrins.
We number the bonds as shown in Fig. 2. Each bond i is
characterized by its vibron number N; and parameter A;. The
Casimir part of the interbond interactions is characterized by
parameter A;;. For the Majorana part, we can have (due to the
symmetry of the molecule) two possible types of couplings:

(D first neighbor couplings, [for example (12), (23), ...],

(II) second neighbor couplings,
(24),...].

Figure 2 shows the planar Dy, structure of a metallopor-

[for example (13),

phyrin. The simplest porphyrin, porphin (Por), has 105(3 x
37 — 6) normal vibrations, which are classified as shown in
Table 2 (see Tables 1 and 2).

/ Ni(OEP X=H Y = Ethyl
Y\ | NH;; | Y 1( ) i ) yi,
Cs Ca\ ,{3\ v Ni(OEP)—d, — X=D, Y = Ethyl,
H 9 _____ .M ------ \Hé Ni(TPP) — X =Phenyl, Y = H,
/Cb —Cx ==Ci_ Cu(TMP)  — X=Mesityl, Y = H,
Y
.l /N\ ‘ Ni Por - X=H, Y = H,
4 w—-=C, G, C\g
b ] l "
Cy, C,
Ny
Fig. 2. Structure of metalloporphrins.
Table 1. The character table of Dy, point group symmetry.
Dy, E 2C,4 G 2G; 2C, 1 284 Ph 2py 2pq
A 1 1 1 1 1 1 1 1 1 1 XZ+v?+ 22
Agg 1 1 1 -1 -1 1 1 1 -1 -1 R.
B, 1 -1 1 1 -1 1 -1 1 1 -1 X2-y?
B, 1 -1 1 -1 1 1 -1 1 -1 1 Xy
E, 2 0 -2 0 2 0 2 0 0 (Ry, Ry) (XZ,YZ)
A 1 1 1 1 1 -1 -1 -1 -1 -1
Ay 1 1 1 -1 -1 -1 -1 -1 1 1 z
Biu 1 -1 1 1 -1 -1 1 -1 -1 1
Bay 1 -1 1 -1 1 -1 1 -1 1 -1
Ey 2 0 -2 0 0 ) 0 2 0 0 (X,Y)
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Table 2. Classification of normal vibrations of a metallopor-
phyrin of Dyj, symmetry.

In-plane vibrations Out-of-plane vibrations

Alg 9 Ay 3
Agg 8 Aoy 6
B, 9 B, 5
Bag 9 Bay 4
E, 18 Eq 8

In this paper, we have considered only the in-plane vi-
brations of metalloporphyrins of vibrational bands (stretch-
ing vibrations) using the U(2) vibron model. The symmetry
species in the higher overtones of metalloporphyrins (i.e., for
Dy, point group) are shown in Table 4 (see Tables 3 and 4).

Table 3. Symmetry correlation for deformed metalloporphyrins.

Ruffling Dy, Planar Dy, Domed Cy,

Al Al A

A2 Asg A

B Big B

B, Bog B,

E E E

By An Az

B Ay Ay

Ay B B,

Ay Boy B,

E E E

IRY B,,EA 2us Eu ALE

Raman A[,B(,B2,E Ay, By, By, E; Ay, By, By, E
RR A, Adg A,

) Active species for each method; b RR implies the species which is
inactive in an ordinary Raman but active under resonance conditions.

Table 4. Symmetry species of the overtones and combination
modes for point group Dyy,.

Al Big Asg Bog
Alg Al By, Ang Bs,
Bi, Al By, Agg
Asg AigBig

Bag Al

3. Results and discussion
We begin our analysis from molecules with the maximal
symmetry, Dy, Ni(OEP) and Ni(OEP)-d4. On account of this
symmetry, we must have
N; = Ny, A; =Ag, for Ni(OEP),
N; =Np, A; =Ap, for Ni(OEP)-d4, (20)

i.e., all the bonds are equivalent. Also we have

Aij =Ayy, for Ni(OEP),
A;j =Apbp, for Ni(OEP)-dy. (21)

The Majorana couplings, on the basis again of the symmetry,
must satisfy

A2 = Aoz = A34 = A41 = Aun, or App,

Az = Ao = AnH, or App. (22)

One can thus describe all the stretching vibrations of Ni(OEP)
or Ni(OEP)-d4 in terms of five parameters (Ny, Ay, Agn, AHH,
Ann) or (Np, Ap, App, App, App). The vibron numbers Ny or
Np can be taken from the known anharmonicities of the free
C-H or C-D bonds using Eq. (6).

The number N is related to the total number of bound
states supported by the potential well. Equivalently it can be
put in a one-to-one correspondence with the anharmonicity pa-
rameter x, by means of

1
e N2

We can rewrite the above equation as

oo, -1, (i=12,...).

Now, for a blood cell molecule, we can have the values of w,
and w.x. for the distinct bonds (say CH, CC, CD, etc) from
the study of Nakamoto*? and that of Huber and Herzberg.!3!!
Using the values of @, and ®.x, for the bond CH/CC, we can
have an initial guess for the value of the vibron number N.

Depending on the specific molecular structure, N; can
vary between +20% of the original value. The vibron number
N for the diatomic molecules C-H and C—C are 44 and 140,
respectively. Since the bonds are equivalent, the value of N is
kept fixed. This is equivalent to change the single-bond anhar-
monicity according to the specific molecular environment, in
which it can be slightly different.

The values are shown in Tables 5 and 6. The data used to
determine the parameters are shown in Table 7. We have used
the Wilson numbering for the spices of stretching vibrations
in these tables. It would be very interesting to see whether
or not our calculations predict the states correctly. We have
explicit calculations up to the fourth overtone (energy up to
15000 cm™1).

An important feature of the algebraic model discussed
here is that it not only provides a description of the vibrational
modes, but also gives a simple solution to a crucial problem in
the description of the polyatomic molecules, namely, the con-
struction of states that transform accordingly to the irreducible
representations of the appropriate point group. For the funda-
mental stretches of metalloporphyrins, with the D4, symmetry,
the symmetry species are A, Big, Az, Bog, and Eyy. The
construction of these symmetry adapted states is an extremely
difficult task, as discussed, for example, in Ref. [32]. In the
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Table 5. Algebraic parameters used in the calculation of C,—H, Cpy—D stretching modes of metalloporphyrins.

of cm~! except N which is dimensionless.

All values are in units

Ni(OEP) Cu(OEP) Mg(OEP) Ni(TPP) Cu(TPP) Cu(TMP) Ni Por Ni(OEP)-d4 (Cn-D)
N 44 44 44 44 44 44 44 59
A -17.6802 -17.6820 -17.614 -2.213 —7.1740 -2.2173 —-17.65 -13.043
Al -0.24 -0.25 -0.28 -0.9985 -0.4302 -1.0182 -1.3108 -0.2782
A 0.014 0.01136 0.009 0.1295 0.1072 0.0369 0.0113 0.0146
A 0.011 0.012 0.012 0.5685 0.2018 0.1073 0.0021 0.2361

Table 6. Algebraic parameters used in the calculation of Cp,—Cy stretching modes of metalloporphyrins. All values are in units of

1

cm™ except N which is dimensionless.
Ni(OEP) Cu(OEP) Mg(OEP) Ni(TPP) Cu(TPP) Cu(TMP) Ni Por Ni(OEP)—d4
N 140 140 140 140 140 140 140 140
A -2.83 -2.825 -2.835 -2.7205 -2.7502 -2.8825 -2.691 -2.83
A -1.223 -1.286 -0.452 -1.986 1.0921 -1.223 -3.216 -1.223
A 0.086 0.068 0.067 0.2403 0.028 0.2581 0.0713 0.086
A 0.047 0.092 0.020 0.0981 0.1823 0.0981 0.25 0.047

Table 7. Comparison between the observed and calculated frequencies of the fundamental stretching vibrations in different metallo-
porphyrins and their substitution forms. Observed values taken from Refs. [33]-[35].

Ni(OEP) Ni porphyrin
Sym Obs Calc Obs — Calc Obs Calc Obs — Calc
C—H vibrational mode
Ag(vr) 3041 3041.93 -0.93 3042 3042.03 -0.03
Bog(v27) 3041 3040.89 +0.11 3041 3041.04 -0.04
Eju(Vv36) 3040 3040.01 -0.01 3041 3041.40 -0.40
Cp—Cy, vibrational mode
Big(v2) 1602 1602.04 -0.04 1579 1579.05 -0.05
Ag(vir) 1577 1577.96 -0.96 1509 1509.05 -0.05
Eu(vsg) 1604 1604.28 -0.28 1547 1548.97 -1.97
Cu(OEP) Mg(OEP)
Sym Obs Calc Obs — Calc Obs Calc Obs — Calc
C,—H vibrational mode
Agg(vy) 3041 3042.30 -1.30 3041 3039.30 +1.70
Bog(V27) 3052.32 3052.32
Eiu(Vvse) 3062.29 3062.29
Cp—Cy, vibrational mode
Big(v2) 1592 1594.68 —2.68 1596.82
Ag(viy) 1568 1575.64 -7.64 1578 1578.06 -0.06
Eiu(vas) 1613.72 1615.58
Ni(TPP) Cu(TPP)
Sym Obs Calc Obs — Calc Obs Calc Obs — Calc
Cp—C vibrational mode
Ajg(vr) 1235 1234.42 +0.58 1234 1235.64 -1.64
Bog(v27) 1269 1270.68 -1.68 1245.07
Eiu(Vv36) 1306.94 1271.15
Cp—Cy, vibrational mode
Big(v2) 1572 1571.93 +0.07 1530 1532.58 -2.52
Ag(vir) 1504 1504.65 -0.65 1524.74
Eu(v3s) 1639.22 1626.82
Ni(OEP)-d4 Cu(TMP)
Sym Obs Calc Obs — Calc Obs Calc Obs — Calc
Cp—D vibrational mode C—C vibrational mode
Agg(vy) 3041 3038.68 +2.32 1235 1236.88 -1.88
Bog(v27) 3041 3040.40 +0.60 .. 1246.39 S
Eju(v36) 3041 3042.12 -1.12 1256 1256.72 -0.72
Cp—Cy, vibrational mode
Big(v2) 1602 1602.04 -0.04 1567 1567.55 -0.55
Agg(vin) 1576 1577.96 -1.96 1495 1495.29 -0.29
Eiu(vis) 1604 1604.28 -0.28 — 1639.77
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case discussed here (Dyy), the operators (on the basis of the
considerations mentioned above) are

n n n
S:ZMU7 SIZZC;jM,'j, SUZZC;/]M,']', (23)

i<j i<j i<j
0/1220/2320/3420215:"':17
a=chy=cs=cjg=--=0,
dh=dy=dy=cjs=--=0,
dy=cy=cs=clg="=1 (24)

Diagonalization of S produces states that carry representations
which transform according to the representations Ajg, Big,
Azg, Bag, and Eyy of Dyj,. The S’ (or §”) operator is thus the
symmetry adapter operator. This result, which, at first sight,
appears to be surprising, can be easily verified by computing
the characters of the representations carried by the eigenstates
of §' in the usual way.
When written in terms of the operators S and

n n
C=)G, C'=)Cy (25)
i i
the Hamiltonian of Ni(OEP) is

H = AgC + AlyyC' + AanS' + Mgy S (26)

For Ni(OEP)-d4, the index H is replaced by D in the case of
Cn—H. The diagonalization of this Hamiltonian (which also
has the same Dgj, symmetry) automatically produces the states
of the appropriate species.

We have used the algebraic Hamiltonian to study the
highly excited vibrational levels of the molecules Ni(TPP)
and Cu(TPP). Eight bands are studied, which can be labeled
as C,—H, Cy,—Cy, and for Ni(OEP)-dy4, the bands labeled are
Cm-D and C,—Cy, respectively. The highly excited vibrational
levels, calculated by using the algebraic Hamiltonian (25), are
shown in Figs. 3—6. Figures 3 and 4 give the levels correspond-
ing to Cpn—H and C,—Cy, of Ni(TPP). Figures 5 and 6 give the
levels corresponding to C,—H and Cy—Cy, of Cu(TPP). When
the quantum number V increases in a fixed band, the number
of energy levels increases rapidly. Usually, the degeneracy or
quantidegeneracy of energy levels is called clustering. It may
be seen from Figs. 3—6 that the vibrational energy levels of
different metalloporphyrin and its substituted form make-up
clusters.

The algebraic method allows one to also compute the in-
tensities of infrared (IR) and Raman (R) transitions. We con-
sider here explicitly the infrared transitions. The transition op-
erator (dipole) is constructed from the bond operators

n
T = Z ot;.
i=1

We model the matrix elements of the bond operators, #; ,

(N, vilts|Ni, vi) = e ~Pilvivil,

Since by diagonalizing the Hamiltonian (2.11), we have al-
ready constructed the wave functions, we can calculate with-
out further assumptions the infrared transitions. For in plane
transitions and with the choice of axis in Fig. 1, we have two
components of T, i.e., T and 7. The intensity transitions are

Ry = [(VITV) P+ [(vIT, V') .

For transitions from the lowest states v/ = 0, the absorption
intensities are given by

Ly = VyyRyyr,

where v is the frequency of the absorbed radiation.

For nickel octaethyl porphyrin and its substituted forms,
we have two types of bonds considered, C,—H and Cy,—D,
characterized by the parameters. For both molecules, the
transition operator has the symmetry and explicit form (for

Ni(OEP))
V3
T, = O€H7(f1 +h—13—14),
1
T, = OCHE(tl +i4—t—13).

For Ni(OEP)-d4 molecule, oy is replaced by ap and By by
Bo-
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Fig. 3. (color online) Cp,—H band vibrational energy level of Ni(TPP).
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Fig. 4. (color online) C,—Cy, band vibrational energy level of Ni(TPP).
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Fig. 5. (color online) Cy,—H band vibrational energy level of Cu(TPP).
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Fig. 6. (color online) C,—Cy, band vibrational energy level of Cu(TPP).

4. Conclusion

We have presented here a vibrational analysis of
the stretching modes of eight forms of metalloporphyrin
molecules in terms of the one-dimensional vibron model. The
parameters of Cp,—H, C,—Cy, and C,—D bonds have been de-
termined by a fit to the known states of metalloporphyrins,
while the interactions between different bonds have been esti-
mated. The calculation provides a complete analysis of some
of the stretching modes of metalloporphyrins (we have also
calculate the remaining modes).

The importance of the method is that it allows one to do
a global analysis of all molecular species in terms of a few
parameters. In turn it provides a way to make assignments
of unknown levels or to check the assignments of known lev-
els. The study of vibrational excitations of these bio-molecules
(proteins) has numerous importances not only in human life
but also in scientific research.
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