ISSN 0233-7657. Biopolymers and cell. 2007. vol. 23. N 6. Translated from Ukrainian.

MOLECULAR BIOPHYSICS

Investigation of infrared spectrum of Fe(II) porphin in
different spin states by quantum chemical density

functional theory

B. F. Minaev, A. B. Minaev, D. N. Hovorun'

Cherkassy state technologikal university
Shevchenko blvd, 460, Cherkassy, 18006, Ukraine

'Institute of molecular biology and genetics NAS of Ukraine
Academicain Zabolotnog str., 150, Kyiv, 03680 Ukraine

bfmin@rambler.ru

The infrared (IR) absorption spectra of the Fe(ll) porphin molecule (Fe(II)P) are calculated by the quan-
tum-chemical method of density functional theory (DFT) for the singlet, triplet, and quintet spin states. The
UB3LYP functional with the 6-311G basis set is used in geometry optimization and IR calculations. The
quintet state B, of the D,, symmetry is found to be the ground state. Though the close-lying triplet’A, and
high-energy singlet'A, states belong to the D, symmetry, the IR spectra have been analyzed in terms of the
lower symmetry D,, point group. All IR active vibrations are tabulated and discussed. The low-frequency
modes with large out-of-plane displacements of Fe(Il) ion have different IR intensities, normal vibrations,
and frequency shifts in the quintet state in respect to the singlet and triplet states.
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Introduction. The change of spin state of active Fe(II)
centre of hemoproteins is a specific feature of a number
of enzymatic reactions (e.g. reaction which takes place
in cytochrome at camphor hydroxylation) [1, 2]. The
transition from low- to high-spin state (S =2, where S is
complete spin of molecule) during binding of hydro-
phobic substrates has a significant influence on redox
equilibrium and enzymatic cycle in general [1]. Theo-
retical investigations of these processes using the den-
sity functional theory (DFT) methods [3] have become
of major importance in biochemistry of hemoproteins
in recent years as they supply the unique information
on spin role in metabolism [4—7]. The relation between
energy and spin of hemoprotein in the framework of
DFT method revealed it to be determined by different
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factors such as DFT functional, character of exchange
effects, basis set of atomic orbitals (AQO), etc [§-10],
thus, the need for optimal DFT method, which will al-
low defining correct sequence of spin multiplets in the
simplest heme Fe(I)-porphin (Fe(II)P) model, and de-
scribing basic physical-chemical parameters of mole-
cule and the dependence of these parameters on elec-
tronic spin within this approach, is the important issue
of today.

In Ref. [11] the correct sequence of Fe(I)P spin
states, matching the results of the most accurate calcu-
lations based on the method of configuration interac-
tion (CI) [12], was obtained on the basis of DFT study.
Optimised energies of the symmetrical '4,, and ’4,,
states of D, group were shown to be higher than the en-
ergy of the quintet state ’ B,,, which corresponds to D,
symmetry group.
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Fig.1 Marking of atoms and selection of axes in Fe(II)P molecule

The connection between Fe(II)P spin and the force
field of all atoms of the molecule requires appropriate
description, as frequency of vibrations provide not only
the way to experimental validation using IR and Raman
spectra, but also determine the reactivity of
hemoproteins during their interaction with ligands.

Current work presents the investigation of the IR
spectrum of Fe(II)P in different spin states (singlet (),
triplet (7), quintet (Q)) using the DFT method. Special
emphasis is put on the analysis of forms of vibration
modes with high displacement amplitude of the Fe(II)
ion, as this shift is known to be the central aspect of
functionally important dynamics of hemoproteins.

Materials and Methods. The methods, previously
used for solving the problem of vibrations, are based on
empiric selection of force field for the known valence
vibrations of pyrrol rings [13—15]. At the same time the
out-of-place vibrations were not investigated at all, as it
is extremely hard to determine corresponding force
constants for the whole porphin macrocycle. Quan-
tum-chemical methods of DFT, based on the applica-
tion of electronic density functional for evaluation of
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energy, and, consequently, force constants, allowed
calculating IR and Raman spectra of many porphins on
the basis of one theoretical approach [8, 10, 16—-18]. To
calculate equilibrium geometry, electronic structure,
and IR spectrum of Fe(II)P molecule we used method
of DFT at the B3LYP level of theory with extended
AO-basis set (6-311G) [3].

Complete optimisation of geometry was performed
for all spin states of FeP. The Hessian matrixes were
calculated and all real frequencies of normal vibrations
were obtained for all stationary points. Intensity of IR
spectra was calculated using derivatives of molecular
dipole moment. All calculations were performed using
GAUSSIAN-03 software [19] in Laboratory of Theo-
retical Chemistry of Stockholm Center for Physics, As-
tronomy, and Biotechnology (SCFAB).

Reliable experimental Fe(I[)P IR spectra are not
present in literature due to fast oxidation of Fe(II)P to
Fe(IIT)P. Moreover, the preparation of crystal samples
includes the appearance of complexes of different spin
states [19], thus the results of our work were compared
to the results of calculation of porphin molecule (H,P)
in the same and in approximate 6-31G** bases [10],
and with the results of calculation of magne-
sium-porphin (MgP) and zinc-porphin (ZnP) com-
plexes in B3LYP/6-31G* method, which are specific
for the presence of reliable experimental data on vibra-
tions in IR spectra [10]. Comparative analysis allowed
evaluating the values of zoom multipliers, which
amount to 0.97 for valence vibrations of C-N, C-C
bonds and to 0.96 for C—H bonds, while for valence vi-
brations of Fe—N bonds with significant displacement
of Fe(Il) ions it amounts to 0.98, for frequencies of
deformational out-of-plane vibrations without dis-
placements of Fe(Il) ions it is equal to 0.975.

Unfortunately, experimental data for low-fre-
quency vibrations (v ~ 400 cm ™) in IR spectra of metal
complexes MgP and ZnP are not known, therefore,
zoom multiplier of this part of spectrum was not evalu-
ated.

Results and Discussion. Numeration of atoms and
selection of axes in Fe(II)P molecule are presented in
Fig.1. Traditional marking system [13] was used for re-
viewing geometry and electronic structure of the mole-
cule, i.e. the carbon atoms in a-positions — C_, in -po-

sitions — C,, in meso position of macrocycle (methane



INVESTIGATION OF INFRARED SPECTRUM OF Fe(1l) PORPHIN

Table 1
Symmetry correlation of vibration modes of Fe(ll)P
molecule in the point groups D,, and D,,

Plane vibrations Out-of-plane vibrations

D411 D211 D4h D2h
eu b2u eg ng
e, b}u eg b38
(P a, ay, by,
blg a, b,, by,
ayg blg a, a,
ng blg by, a,

bridges) — C,. Pyrrol rings are marked by Roman nu-
merals [-IV, position of bridge carbonic atoms (meso
position) are marked by Greek letters a, B, v, 5. Atoms
of pyrrol rings with N** and N** numbers are marked by
accent (C,, Cp) in order to avoid ambiguity while com-
paring singlet and triplet electronic states of Fe(II)P
molecule, belonging to the point groups of symmetry
D,,, with the quintet state (D,, group).

Taking into account the data in Table 1, which pres-
ents the correlations of symmetry of vibration modes in
the point groups D,, and D,,, the normal vibrations of
Fe(IT)P molecule in singlet and triplet states in group
D, are classified according to the type of symmetry, i.e.
6 a,,4b,,3a,,5b,, 16 ¢,— out-of-plane vibrations;
36e,9a,,9b,,9b,, 8 a,,— in-plane vibrations.

| Vibrations of the b,, b,,, and b,, symmetry in the
point group D,, are specific to IR spectrum, while vibra-
tions a,, b, b,, b, are active in Raman spectra and
vibronic spectra. Group D, is specific for allowed vi-
brations of a,, e, , while vibrations of b,, type are for-
bidden in IR spectra, due to the fact that the point group
D, is only a D,, sub-group. Thus in the IR spectra of
Fe(II)P in singlet and triplet states the number of al-
lowed vibrations of out-of-plane vibrational modes is
decreased by 4.

The calculations of vibrational frequencies and nor-
mal modes of Fe(II)P molecule in different spin elec-
tronic states ('4,, °B,,, °B,,) revealed the presence of
only five vibrational modes with large Fe(Il) ion dis-
placements, three of which are out-of-plane displace-
ments. Displacements of Fe(Il) ion (a.u.) along Oz axis

Tu?

Table 2

Displacement of the Fe(ll) ion (a.u.) in normal vibra-
tions of Fe(I)P in different spin states, calculated by
the B3LYP/6-311G method

Electronic state of molecule (in D,,)

]Ag 3'Blg SBzg
Mode Displac Mode Displac Mode Displac
ement ement ement
Out-of-plane vibrations
2 0 2 0 1 —0.01
3 —-0.20 3 -0.21 3 —0.24
13 0 11 0 11 -0.15
14 -0.15 12 -0.17 7 —0.17
18 -0.15 18 -0.13 17 —0.04
33 —-0.02 33 —-0.02 33 —0.01

which fit into inherent vector layout for normal vibra-
tions are presented in Table 2. One more vibrational
mode (11) with large displacement of Fe(II) ion (—0.15
a.u.) is obtained in the quintet state, whereas in singlet
and triplet states in this vibrational mode the displace-
ment of Fe(Il) ion has not been observed.

The range of 0-426 cm ™ is specific for out-of-plane
normal vibrations with large displacements of Fe(II)
ion along Oz axis and low-intensity degenerate skeletal
plane vibrations, involving Fe—N bonds with different
displacements of Fe(II) ion (Table 2, 3), as well as for
swinging of the porphin skeleton, pulsation, and twist-
ing of pyrrol rings (Table 3 presents all calculated fre-
quencies of normal vibrations regardless of zoom mul-
tiplier).

Out-of-plane vibration mode 2 and the mode 1 in §
and T states are prohibited by symmetry for IR absorp-
tion of quanta, in quintet state mode 1 is allowed in IR
spectrum, yet is specific for rather low intensity (/ =
0.0002 km/mole), therefore, in IR spectrum of Fe(I[)P
the mode 3 was shown to be of the lowest frequency.
The calculated frequencies are equal to 110, 106, and
78 cm' in the singlet, triplet, and quintet states, respec-
tively. This mode was observed to have the swinging of
pyrrol rings during the atomic motion of Fe and N up-
wards from the molecular plane, with the movement
sideways and back, i.e. either the crown was formed
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Table 3
Frequencies (v, cm”') and intensity (I, km/mole) of normal vibrations in IR spectrum of Fe(Il)-porphin absorption in the singlet, triplet
and quintet spin states, calculated by the of B3LYP/6-311G method .

Sym Electronic state of molecule(D,, symmetry)
metry Type of vibration ]Ag 3B|g SBZg
(Do)
Mode \% 1 Mode \% 1 Mode \% 1
1 2 3 4 5 6 7 8 9 10 11
Out-of-plane. upwards: C (NP v(CzH); downwards: 4
b, ° ’ B 2 41 0 2 44 0 1 58  2x1
"L N y(C,H) x10
b, Out-of-plane. upwar(}iﬁs: Y(CgH), v(CyH), v(C,H); 3 110 7.9 3 106 46 3 78 1.6

downwards: Fe, N**~

vm(N”—Fe and N*°~Fe) with large displacement of Fe
b;,  atom + displacement of rings I and III + pulsation of 11 275 0.07 13 304 0.6 13 267 0.03
rings Il and IV + 8(£C,, NC,, C. C,. C,)

vaS(NB—Fe and NM—Fe) with large displacement of Fe
b,, atom + displacement of rings II and IV + pulsation of 12 275 0.07 14 304 0.6 12 263 0.7
rings L and III + 8(£LC NC,, C,C,C,)

Out-of-plane. upwards: C, N3 36, y(CH);

13 284 0 11 286 0 11 251 12.4
downwards: C,, NP3 y(CpH), Fe

Out-of-plane. upwards: C, C_,, N&¢, v(C,H);

b
" downwards: Fe, y(C,H), y(CyH)

14 294 0.8 12 290 5.9 7 208 26.0

v, (N*-Fe and N*°~Fe) displacement of rings II and IV
b;,  along Ox + sym. twisting of rings I and III + 15 349 1,5 16 368 0.4 16 355 5.8
8(£C NFe, C,NC,, C,C N, C,C,N)

vm(N”fFe and N**-Fe) displacement of rings I and 111
b,, along Oy + sym. twisting of rings II and IV+ 16 349 1,5 15 368 0.4 15 353 4,6
d(«£C,NFe, C NC,, C,C N, C,C_,N)

m= o

Out-of-plane. upwards: C, C, N¥76, Y(CeH), v(CyH);

b, 18 400 24.4 18 385 36.2 17 358 23.4
! downwards: Fe, y(C,H)
v, (N*~Fe and N**~Fe) with large displacement of Fe
b;,  atom + swinging of skeleton along Ox + 8(£CyC.C,, 19 421 11.4 19 426 10,2 20 409 7.2

C.C,Co)
vas(N33—Fe and N“—Fe) with large displacement of Fe

by, atom + swinging of skeleton along Oy + 8(£Cy C,. C,,, 20 421 11.4 20 426 10.2 19 405 11.6
C.C.Co)

. 33,34 .
Out-of-plane. upwards: C,,, N , Hat Cﬁ,

v downwards: C,, N°5 % H at Cy 27 654 0 29 674 0 29 684 0.2

Out-of-plane. upwards: N Hat Cp and Cy;
" y(C,H): downwards: C,, C,, Fe 33 723 34.9 33 727 31.2 33 729 223
v,,(N**~Fe and N**~Fe) + v (C,, -N), v,(C,, ~C;) —
b pulsation of rings II and IV in antiphase + twisting of
* rings I and I + p(+C, H) + 8(£C,NC,, C,C,,C,, »
C,C.N, C,C,N)

m>a’

36 759 12.1 36 761 14.7 37 759 18.8

v, (N”~Fe and N**-Fe) + v (C,~N), v,(C,~Cp) -
b, pulsation of rings I and III in antiphase + twisting of
“  rings IT and IV + p(rC,H) + 8(£C NC,, C,C,C..,
C,C.N, C,C,N)

m~o m~ o

37 759 12.1 37 761 14.7 35 756 18.2
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INVESTIGATION OF INFRARED SPECTRUM OF Fe(1l) PORPHIN

1 2 ‘3‘4‘5‘6‘7‘8‘9‘10‘11

Out-of-plane. upwards: Hat C;and C;; C,, C,., C,;
b B o m>
o downwards: Cpp CyomH, N 3-8 38 790 94.0 38 791 98.2 38 792 103.0
Out-of-plane. upwards: H at C C , Cy, N2
b b B>
I downwards: H at Cy: Cp. Con N 41 805 0 41 808 0 41 814 0.4
vaS(NB—Fe and N34—Fe) +8(£C,, Cp Cy) — deformation
i + H) + — —C,) —
b,, of rings Il and IV + §(CpH) + v (C,-N), v (C,-Cy) a9 333 75 4 333 6.9 4 821 6.4

pulsation of rings I and III in antiphase + 8(£C,C,C,)
+p(rC,H)

Vm(N”—Fe and N**_Fe) + 8(£C,CyCp) — deformation
b, of rings I and.lll+ 3(CH) +.vS(Cu., -N), v(C,, —Cp)) —

pulsation of rings IT and IV in antiphase +

8(«£C,C

43 833 7.5 43 833 6.9 44 826 3.9
C,) + p(rC,H)

m

m>

b Out-of-plane. upwards: H at C
" downwards: Cy, Gy, C,,

Cpand Cp; Co, Cos 49 902 156.8 49 904  155.1 49 906  163.6

V4(C, —N) — in one phase + v,(C,, —Cy) — in one
phase in rings II and IV, twisting of these rings +
vy(C,—Cy) — pulsation of rings I and III in antiphase +
v, (N*~Fe and N**-Fe) + 3(C,H) + 8(C4H)

b2u 55 1009  40.5 55 1013 63.9 58 1017 54.7

V,(C,~N) — in one phase + v, (C,~Cy) — in one phase
in rings I and III, twisting of these rings + v (C, -C;))
— pulsation of rings II and IV in antiphase +
v,(N35-Fe and N36-Fe) +3(Cy H) + 8(CH)

b3u 56 1009  40.5 56 1013 63.9 54 1007  78.7

v,(C,—N) — in antiphase in rings I and III, pulsation of
rings + v,(C, —Cg,) — in one phase in rings Il and IV,
twisting of these rings + vas(N”—Fe and NM—Fe) +
3(CpH) + 8(CyH) + 8(LC,, Cp Cppry CCH)

b2u 59 1015 282 59 1037 2.3 60 1027  28.5

v,(Ca' —N) — in antiphase in rings II and IV, pulsation
of these rings + v,(C,~C;) — in one phase in rings I
and 111, twisting of these rings + v, (N**~Fe and
N*-Fe) + 8(CyH) + 8(CyH) + 8(£C,CyCp, CCyH)

b3u 60 1015 28.2 60 1037 2.3 61 1037 3.2

3(CpH) + 8(LCCH) + v, (Cp —Cy) + v((Cy, —N) —
b3u  antiphase in rings IL and IV + v, (C,~Cg) — in one 63 1106  67.4 63 1105 69.3 63 1101 65.7
phase in rings I and III

3(CgH) + 8(LCCyH) + v, (Cy—Cy) + v (C,—N) —
b2u  antiphase in rings I and Il + v, (C, —C) — in one 64 1106  67.4 64 1105 69.3 62 1096  58.9
phase in rings II and IV

v,(C,—N) —in one phase in rings I and III, twisting of
these rings + 8(£LCCyH) + v(C,, —Cy), v(C,, -N) —in
b3u  antiphase in rings II and IV, pulsation of these rings + 67 1170 7.2 67 1176 8.0 68 1181 12.1
8(£CCH) + v, (N**~Fe and N**~Fe), no Fe atom
displacement

v, (C, —N) — in one phase in rings II and IV, twisting
of these rings + 5(£CCyH) + v(C,~Cp), v(C,—N) -
b2u  antiphase in rings I and III, pulsation of these rings + 68 1170 7.2 68 1176 8.0 66 1172 16.1
8(C H) + vaS(N‘u—Fe and N**-Fe), no Fe atom
displacement

8(C,H) + 8(£LCC_H) + v, (C, —N) — in one phase in
rings II and IV, tw1st1ng ofthese rings + 8(Cg H) +
8(£LCCpH) * v, (N —Fe and N** —Fe), v((C,—Cp) -
antiphase in rings I and III, deformation of these rings

b2u 71 1277 6.4 71 1285 5.8 71 1264 0.007
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8(C,H) + 8(£LCC_H) + v,(C,~N) — in one phase in
rings I and I1I, twisting of these rings + 8(CpH) +
3(CCyH) + v, (N~Fe and N**~Fe), v(C, ~Cy) — in
antiphase in rings II and IV, deformation of these rings

b3u 72 1277 6.4 72 1285 5.8 72 1275 0.55

V,(C, —N) — in one phase in rings II and IV + (C;.H)
b2u  +3(£CCyH) + pulsation of rings I and I11, in 73 1350 17.5 73 1349 17.9 73 1329 7.8
antiphase + v(C, —C,,) + 8(£LCC_H)

V,(C,—N) — in one phase in rings I and I1I + §(C,H) +
b3u  8(£LCCyH) + pulsation of rings II and IV, in antiphase 74 1350 17.5 74 1349 17.9 74 1334 14.3
+v(C,-C,) *+ 8(£LCC_H)

v{(C, —N) — in antiphase in rings Il and IV + v_(C,
b3u  —N) —in one phase in rings I and III, twisting of these 79 1411 1.8 79 1417 3.5 81 1421 5.7
rings + 8(CyH) + 8(£LCCyH) + 8(C,H) + 8(£LCC,H)

v(C,~N) —in antiphase in rings I and III + v, (C,, —N)
b2u - in one phase in rings II and IV, twisting of these 80 1411 1.8 80 1417 3.5 79 1411 6.0
rings + 8(Cy, H) + 8(£CCp H) +6(CmH) + §(£LCC_ H)

V,(C,—Cg) — in one phase in rings I and III, twisting of
b3u  these rings + v, (Cy —Cp) + v,(C,~N) + pulsation of 83 1496 8.9 83 1496 10.3 84 1473 4.4
rings I and IV + §(C H)+ 8(£LCCyH) + v (C-C,)

V,(C, —Cp) — in one phase in rings II and IV, twisting
b2u  of these rings + v,((C;—Cy) + v, (C,, —N) + pulsation of 84 1496 8.9 84 1496 10.3 83 1460 1.8
rings I and IIT + §(Cy, H) + 8(£CCy, H) + v(C-C,)

V,s(Cp —Cp) + v((C,, —N) — in antiphase in rings II and IV
b3u  +v,(C,~N) —in one phase in rings I and III + v (C-C,) 87 1581  23.0 87 1578 17.6 88 1558 245
+8(Cy H) + 8(£LCCy H) +3(CyH) + 8(LCCyH)

V,s(Cp—Cp) + v(C,~N) — in antiphase in rings I and III
+ v, (C, —N) —in one phase in rings I and IV +
v(C-C,,)) + 8(CpH) + 8(£LCCp H)+ 3(CyH)+
8(£CCyH)

b2u 88 1581 23.0 88 1578 17.6 87 1545 7.0

V,(C-C,) + v, (Cp —Cp) + v,(C,~Cp) — in one phase
b3u inrings Iand III + v, (C —N) + v, (C,-N) +§(C,H) + 90 1642 0.4 90 1634 0.06 91 1598 22

8(£CC_H)

V,(C-C,) + v, (Cp—Cp) + v,(C, —C;) in one phase in
b2u  ringsIMand IV + v, (C —N) + v (C, -N) + 8(C,H) + 91 1642 0.4 91 1634 0.06 90 1586 6.9

8(£CC,H)

o . B o . .

b3y V(Cn “H)1(C,—H) = in one phase, but in antiphase 95 3191 143 95 3185 143 95 3173  23.0

with v(Cm'-H) and (Cm"-H)

v(C,*~H) i (Cm‘S—H)) — in one phase, but in antiphase
b2u with 5(CmP-H) and (Cm'H) 96 3191 143 965 3185 143 96 3173 21.8
b3u v, (Cp-H)(D), v, (Cp—H)(III) — in one phase 99 3230 5.6 100 3227 6.6 101 32233 8.5
b2u v, (Cy ~H)(ID), v,(C; ~H)(IV) — in one phase 100 3230 5.6 99 3227 6.6 99 32227 7.0
b3u v (Cy-H)ID), v,(Cy ~H)(IV) — in antiphase 103 3253 36.0 103 3251 421 104 3246.1 53.2
b2u v (Cy—H)(D), v(Cp—H)(III) — in antiphase 104 3253 36.0 104 3251 421 103 3246.0 51.5

(Fig.2) or the molecule was absorbed. This vibration nature (Table 3) and due to the most significant dis-
mode attracts special attention due to its low-frequency  placements of Fe(Il) ion (0.24 a.u.) during the
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v

Fig.2 Shape of vibration mode 3 in IR spectrum of Fe(II)P

out-of-plane vibrations (Table 2). This vibration is ca-
pable to induce the spin transition with spin reverse in
reactions of hemoproteins and cytochromes [5]. Calcu-
lated frequency of the high-spin °B,, state (78 cm™) is
close to the value, observed during reaction dynamics
of myoglobin hemoprotein, i.e. 75 cm ' [21]. Notably,
this form of vibration is slightly different from that cal-
culated in Ref. [8].

Vibration mode 14 of the singlet state (mode 12 in T’
and mode 7 in Q state) was specific for the movement
of pyrrol rings along with the movement of Fe(Il) ion
perpendicularly to the plane of the molecule, which re-
sulted in general swinging of porphin skeleton.

It has to be noted that in Q state the amplitude of vi-
brations of the pyrrol rings I and III increases (espe-
cially of N** and N** atoms), while the vibrations of C, H
groups and pyrrol rings Il and IV decrease their ampli-
tude; atoms N** and N* shift to the opposite side, re-
garding atoms N” and N**. (In the S and T states all N
atoms are headed towards one direction). The fre-
quency of these vibrations (mode 7) is ~80 cm™' lower
than that in the S and 7 states (Table 3), while intensity
increases significantly (26.0 km/mole).

The mode 18 (17 in Q state) is also characterised by
a large displacement of Fe(Il) ion, yet only in excited
state, while in normal (quintet) state, the displacement
of Fe(Il) ion is 3-3.5 times lower (Table 2), which, in
our opinion, is connected with significant differences in
geometry of the molecule in Q state and consequently

with the change in symmetry [11]. In this mode, in the
course of vibration during the out-of-plane displace-
ment of Fe(Il) ion and methane bridges, the pyrrol rings
bend in the opposite direction. The range of frequen-
cies reviewed (0426 cm') is specific for the highest
intensity of this mode (Table 3).

According to our calculations, in IR spectra in the
range 427-653 cm ', the vibrations of Fe(II)P are not
present. The range of 653-906 cm™' was revealed to
have intense out-of-plane vibrations of low displace-
ment amplitude (modes 33 and 38) without displace-
ment of Fe(Il) ion (mode 49, Fig.3). There are also
asymmetrical valence vibrations of Fe—N bonds with
groups C;H, C,H, and C, H of the below-average inten-
sity, with swinging of the pyrrol rings and their pulsa-
tion as a result of skeletal valence vibrations of C —N
and C,~C;, or C,—N and C,~C,, and the changes in an-
gles, presented in Table 3 (modes 36(37), 42(43)).

Out-of-plane vibration modes 38 and 49 were
shown to have the highest intensity in the calculated IR
spectrum (103 and 164 km/mole, repectively, in the Q
state). If we review the same out-of-plane vibration
mode in the excited state, its vibration frequency will be
lower, than in the ground state, yet the frequency de-
crease is only 1-4 cm™.

Modes 33 and 38 are specific for the decrease in
amplitude of the Fe and N atoms displacements during
vibration, while in mode 49 the vibrations of these at-
oms do not take place (Table 3, Fig.3). Mode 49 is the
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Fig.3 Shape of vibration mode 49 in IR spectrum of Fe(II)P

last one among the out-of-plane vibrations, allowed in
the IR spectrum. The calculations for the S state for the
modes 33, 38, and 49 with frequencies 723, 790, and
902 cm, respectively, using the same basis for the vi-
bration spectrum of H,P molecule correspond to the fre-
quencies 713, 804, and 876 cm ', which, taking into ac-
count zoom multiplier 0.975, amounts to 695, 784, and
854 cm’, respectively. Experimental values of fre-
quencies for H,P (691, 785, and 852 cm™') are in a good
agreement with our calculations.

Thus, the correlation between data of these bands in
IR spectra of H,P and Fe(I[)P using the method
B3LYP/6-311G was determined, and in our opinion,
this method will allow obtaining reliable results for cal-
culation of IR spectra of iron porphyrin and its deriva-
tives.

The vibrations close to 1 000 cm™' (modes 55(56),
59(60) in S, and corresponding modes in 7 and QO states)
are assisted by Fe—N bonds (asymmetrical vibrations)
with Fe atom shift (0.02—0.03 a.u.), yet their contribu-
tion to a general form of this vibration is insignificant.
Dominant contribution is made by valence vibrations of
the C,-N (C,—N) and C-C; (C,~C,) bonds, at the
same time symmetrical vibrations result in the pulsation
of the rings, whereas asymmetrical ones result in their
twisting.

526

Later vibration modes were not observed to have
the displacement of Fe atom, except for modes 71 (72)
in T state. Modes 55 (56) are specific for high intensity
in all electronic states under investigation, while inten-
sity in modes 59 and 60 in the T state decreased signifi-
cantly (down to 2.3 km/mole).

The range of frequencies 1100 — 1285 cm™' is domi-
nated by the in-plane deformational CH-vibrations of
Fe(I)P. Intense vibration modes 63 and 64, frequency
~1100 cm™', are contributed mostly by deformational
CH-vibrations of pyrrol rings with changes of angles
C,CH (C,C,H) and C,CH (C,C,H). Low-intensity
deformational C H vibrations with changes of angles
C,C,H (C,C H) along with CH-vibrations of pyrrol
rings are obtained at the frequency of 1170 and 1270
cm'. Pyrrol ring bonds C—N, C,—C,, and C;—C, take
part in the vibrations in the range of 11001285 cm ™,
Asymmetrical vibrations of Fe—N bond are expired at
1285 cm™. In the modes 71(72) the displacement of
Fe(Il) ion during vibration (0.01 a.u.) takes place only
in T state, and in the modes 67 and 68 an asymmetrical
valence vibration of Fe—N bonds take place without any
displacement of Fe(II) ion.

In IR spectrum of Fe(Il)P in the range of
1300-1642 cm™' there are some skeletal vibrations of
the methine bridges and pyrrol rings, whereas at the in-
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Fig.4 IR absorption spectra in quintet state, calculated by the
B3LYP/6-311G method (maximum intensity is 163.6 km/mole;
band half-width is 20 cm™)

crease in the frequency the contribution of C —C vibra-
tions increases and decreases of the C_—N contribution.
Thus, vibration modes 73 and 74 are predominantly
contributed by v, (C_~N) and v, (C,—N) respectively,
while in modes 90, 91 asymmetrical valence vibrations
C—C, and C —C, are more common. Along with the
latter vibrations, there are deformational vibrations of
C,H- and C H groups with significant displacement
amplitude with angles CC;H (CCyH) and CC H. The
change in vibration frequency and the intensity of vi-
bration modes observed during the transition from nor-
mal to excited states did not reveal any regularities,
generally the intensity of vibration modes in the range
of frequencies of 13001642 cm™' is close to the aver-
age intensity or below average.

The range of frequencies of 16503255 cm is spe-
cific for three degenerate vibration modes, belonging to
valence vibrations of C—H bonds (Table 3), among
which C_—H bonds take part in modes 95 and 96, and
C;—H bonds take part in modes 99, 100, 103, 104. The
vibration of C _—H bonds is specific for lower fre-
quency, than in the case of C;—H. Symmetrical vibra-
tions of C,;—H bonds were obtained at higher frequen-
cies and shown to be more intense than the asymmetri-
cal ones. In the Q state, vibration frequencies of C—H
stretching modes are lower than in the S and 7 states and
vibration modes are specific for higher intensity. This
conclusion is a general criterion of identification of the

higher spin state of Fe(II)P and we consider it to be true
for all hemoproteins. The calculated IR absorption
spectrum of Fe(II)P molecule in the Q state is presented
in Fig.4 without account of the zoom multiplier.

The calculations of Fe(II)-porphin complexes with
different types of axial ligands using DFT as well as
some other approaches are currently in progress.

Central aspect of hemoprotein dynamics is the dis-
placement of Fe(Il) ion from the plane of porphin
macrocycle. The investigation of deoxymyoglobin us-
ing Mossbauer effect revealed that at low temperature
the motion of Fe(Il) ion in the active centre of heme
with one axial ligand corresponds to harmonic vibra-
tions, yet at 165 K this motion becomes anharmonical
and is accompanied by a rapid increase in amplitude [8,
21]. This behaviour may be explained by the change in
the spin direction (flip-over) by means of spin-orbit in-
teraction between two neighbouring multiplet states of
Fe(ID)P [7, 21]. At the same time the out-of-plane vi-
bration mode, connected with displacement of Fe(Il)
ion, should have different frequencies and equilibrium
positions in these states [8, 11]. The calculated IR spec-
trum of Fe(II)P molecule revealed the sharp change of
vibration frequencies of modes 3 and 7 in the Q state,
compared to the 7 and S states. The intensity of IR ab-
sorption of vibration mode 7 is known to increase sig-
nificantly as well. The Q state was also revealed to ex-
pend in Fe(Il) frame in porphin macrocycle [11]. Our
calculation does not confirm Fe(Il) ion to leave the
plane of porphin macrocycle at the quintet state equilib-
rium, which is in good agreement with results, de-
scribed in Ref. [8]. It is quite possible that the force
field in quintet state is softened significantly, which as-
sists leaving of Fe(II) ion from the macrocycle plane. It
may be considered that in deoxymyoglobin the
out-of-plane displacements of Fe(Il) ion take place eas-
ily under the influence of proteins.

Conclusions. Sharp increase in intensity of vibra-
tion mode 7 in the Q state as well as significant dis-
placement of its frequency (from 290 to 208 cm'), in
comparison with the corresponding modes 14 (S) and
12 (7) in lower-spin states is the most important result
of the present work. The low-frequency IR range
(300200 cm™) is open for modern spectral investiga-
tions and its analysis provides a reliable criterion for
identification of the spin state.
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Increase in IR intensity of the vibration mode 7 in
the Q state indicates a significant change in electronic
density during the displacement of atoms in this mode,
which is a specific feature of occupation of 3d,, ,, or-
bital, which is of napping character in regards to Fe—N
bonds. That is why the out-of-plane bending of these
bonds takes place in a different way in the Q and in the §
and T states of Fe(I[)P, which also determines the shift
of frequencies and intensities. The specificity of these
displacements depending on the spin is of great interest
for future experimental investigations of spin dynamics
and identification of spins of hemoproteins.
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HccnenoBanue unppaxpacHoro cnekrpa moaexyis Fe(Il)-
nophuHa B pa3HbIX CIIMHOBBIX COCTOSHUSIX KBAHTOBO-XUMHUYECKUM

METOJIOM q)yHKI_U/IOHaJ'[a IINIOTHOCTH

Pestome

Keanmosgo-xumuueckum  memodom — meopuu  QyHKyuoHana
naomuocmu  paccuumanvl  uH@paxpacueie (UK) cnexmpoi
noenowenus  moaekyavl  Fe(ll)-nopgpuna 0na  cuneiemrnoeo,

MPUNIEMHO20 U KEUHMEMHO20 CHUHOBbIX COCMOAHUU. [{ns
onmumusayuu eeomempuu u pacvema UK cnexmpa ucnonvsosan
HeozpanuyeHuslll no cnuny @pyuxkyuonan UB3LYP 6 6azuce 6-311G.
Ilokaszano, 4mo KeunHmemHoe COCMOAHUE SBzg cummempuu D,,
A6AAEMCA OCHOBHBIM. [[Isl MPUNIEemMHO20 COCMOANUA C HU3KOU
aHepeuel 3A_7g U CUH2TeMHO20 COCMOSAHUS ¢ 6bICOKOI SHepauell ' A 1o
umerowux cummempuro D, HK cnexmpuvl usyuenvi 6 moueuHou
epynne cummempuu D,,. IIpoananuzuposansvt 6ce akmusHnvie 6 UK
cnexmpe KonebamenvHbie MOObl. B KEUHMeEMHOM CcOCMOAHUU
HU3KOYACMOMHble 6HEeNIO0CKOCHHble KolebamenbHbie MOO0bl C
oonvwum  cmewenuem  uona  Fe(ll) umeiom  pazruunvie
UHMEHCUBHOCMU U 4ACMOMHble CO8USU N0  CPAGHEHUIO ¢
CUHRNIeMHBIM U MPUNTETNHBIM COCMOAHUAMU.

Knwouesvie cnosa: Fe(ll)-nopgun, cunenem, mpuniem,
KeUHmMem,  CHUHOBblE — COCMOSHUA,  Meopus  @PYHKYUOHANA
nromuocmu, UK cnekmp noenowenus, Hu3Ko4acmomHule MOObl.
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