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The ground-state geometries and electronic structures of 2-nitrotetraphenylporphy@AN@®-TPP) and

zinc 2-nitrotetraphenylporphyrin (Zn-2-N&'PP) withCs andC,; symmetry have been determined from density
functional theory, using the Becké.ee—Yang—Parr composite exchange-correlation functional (B3-LYP)

and ab initio RHF method and 6-31G(d) basis set. The optimized geometries are then compared with the
crystallographic data of related compounds. The energy and electronic structures of different conformers are
analyzed and compared with each other. The conformers@yitymmetry are found to be more stable than

that of Cs symmetry. The relative order of the highest occupigdaad a, orbitals determined by B3LYP

(2ou > &) is reversed by RHF (a> &y). The vibrational wavenumber, IR, and Raman intensities are also
calculated at B3LYP/6-31G(d) optimized geometries. The calculated wavenumbers are scaled by a uniform
scaling factor and compared with the experimental one. Most of the scaled modes are found to be in good
agreement with the observed fundamentals. A sifighO, substitution slightly changes the geometries, the
vibrational wavenumbers, and the frontier orbitals energy level.

1. Introduction geometries of these complexes are found to be planar and with

. . , . Dan symmetry. At the same time, the geometry, the charge
Porphyrins and metalloporphyrins play an important role in gigyiptions, the effect of additional charge, and ionization

photosynthesis, biological redox reactions, and oxygen transportpotemialS have been also investigated by ab initio metA&ds.
and have been intensively studied for many years. The free base The nature of the substituents attached to the porphyrin per-
porphine (FBP) is the starting point for vibrational studies on imeter can determine a change in the geometry and electronic
metalloporphyrins, which constitute a template for very impor- . - .
tant bicl?lo picgl functions. A resonance pstructure vallm P properties of the complex. More specifically, the nonplanarity
symmetr ghas been sho'wn to stand for EBP leadin hto an of the porphyrin framework is induced by steric interactions
e?/ectroniz delocalized structure for the ground statge The between the bulky substituents. Because of the high symmetry,
infrared?! polarized Ramad and resonance Iga Bimvesti é the vibrational spectra, geometries, electronic structures, and
Itions of ’F%P the been érformez on the basis ofva fsolrgce-field spin density profiles of tetraphenylporphyrin (TPP) and its metal
derived from scaled Eantum mechanical studies (SQM) complexes have been also intensively studieéd® The substi-
B fthe i h qd iaration in FBP. th i " tuent effects upon the relative energies of two highest occupied,
ofgaBlIJDS'esochai u;r(\je;m)(/) rog%n m;%rgléon 4"; » the Symmetry nearly degenerate@and g, orbitals of TPP and metallo-TPP

: 9 nGs, Car, 2 have also been investigated by different approaéhés.

If? t.het |tntrod;1ct|otrr1] of a centtralt metalhatprr; a perturf’;afll_(f)]n In a previous study we recorded the IR and Raman spectra
suimicient o restore the symmetry {0 porphyrin Irameworks the - ¢ 2-nitrotetraphenylporphyrin (H2-NO,-TPP) and metallo-2-

stereochemistry of metallopc_)rphyrins i_s largely determined by nitrotetraphenylporphyrin and discussed the effect of a single
the refation of the un.const.ralneq metalltrogen (M_N.) bond B-NO; substitution on the mentioned spectfadowever, it is
length to the porphyrin cavity radidsf the ideal M-N distance exceedingly difficult to develop accurate force fields for

is significantly shorter t_han_the cavity size_, the po_rp_hyrin molecules of the size and complexity ob-B-NO,»TPP and
skeleton undergoes ruffling, i.e.,pq deformation consisting metallo-2-NQ-TPP on a purely empirical basis. Quantum

of alternate rotations of the pyrrole rings, diminishing the actual mechanical calculations of force constants can solve the
M_.N. d|stance._ On_tr_]e other hand, if the meta_ll atom Is too large difficulties of empirical force field determination by making
to f|t_|n the cavity, itis assumed that the strain is relieved by_a independent information available, which is largely comple-
doming dIS'[OI"[I.OI‘\; €., thg metal moves out of the porphyrln mentary to the spectroscopic measurem&is an economical
plane. Jarzgck| et dland Piqueras ano! Ro.hlflﬁ.glave studied . way of including electron correlation in the ground-state wave
the electronic structures and harmonic vibrational frequenmesfunction gradient-corrected density functional theory (DFT)
of zinc, magnesium, and nickel porphyrins. The optimized calculatibns are about as expensive as the Harffeek theory
calculations and are much more accurate for molecules com-

:@%ﬁgﬁ%ﬂﬂjg%ﬁ‘“tho“ E-mail: jmhu@whu.edu.cn. posed of first-row atoms. WoRghas shown that the Becke
* Guizhou Univers%'y. Lee—Yang's three parameters hybrid functional (B3LYP) yield
8 Universitd Wurzburg. remarkably accurate vibrational wavenumbers. For the organic
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molecules of the size of #2-NO>-TPP and Zn-2-N@TPP,

the 6-31G(d) basis set appears to be a reasonable compromise

between cost and accuracy.

In this paper, the ground-state geometrical and electronic
structures of H2-NO,-TPP and Zn-2-N@TPP undeiC; and
Cs symmetry restrictions are theoretically determined by ab initio
(RHF/6-31G(d)) and DFT (B3LYP/6-31G(d)) methods. The IR

and Raman spectra are then calculated at B3LYP/6-31G(d) level
of theory at optimized geometries. The calculated structures are

in good agreement with the available experiment values of

related compounds. The molecular orbitals are analyzed and

compared to each other. The influencefeNO, substitution
on the frontier orbitals energy is also discussed. The calibrated

wavenumbers are in good agreement with the observed funda-

mentals.

2. Experimental and Computational Methods

H>-2-NO,-TPP and Zn-2-N@TPP were prepared according
to the literaturé! and confirmed by their elemental analysis,

NMR, and mass spectra. Their FT-Raman spectra were recorded

in the solid state with an IFS 120HR spectrometer equipped
with an integrated FRA 106 (Brucker) Raman module. The 1064
nm radiation from a Nd:YAG laser with an output of about
150 mW was used for excitation. The spectral region of interest
for the Raman spectra was 360050 cntl.

The ab initio calculations were performed using the restricted
Hartree-Fock method. The initial search for stationary structures
was carried out with the 3-21G(d) basis set un@erand C;

symmetry restrictions. The obtained structures were then used

for the final optimization with the 6-31G(d) basis set.

Becke’'s 1988 exchange functional in combination with
Becke’s three-parameter hybrid exchange functional using the
LYP correlational functional of Lee, Yang, and Parr (B3LYP)
were employed in the DFT calculations. The 6-31G(d) Pople

split valence basis set was chosen in the geometry optimization

with Cs and C; symmetry and normal modes calculations of
the compound4 and2. The analytically calculated vibrational
wavenumbers were then scaled by 0.96#4.

All calculations were performed with the Gaussian 98
program?3 on an Alpha 21164/433 au workstation of GHPCC
of Guizhou University.

The theoretical spectrum was simulated with the GaussSum
4.0 program. The line shape was of Lorentzian curves type and
the fwhm (The full width at half-maximum of each peak) was
5 cnrl. The spectral range was 150700 cnT?.

3. Results and Discussion

3.1. Geometry.The structures of H2-NO,-TPP and Zn-2-
NO.-TPP are shown in Figure 1. Table 1 lists the selected
optimized geometrical parameters o$-B+NO,-TPP and Zn-
2-NO,-TPP withCs andC; symmetry. For comparison purpose,
the X-ray diffraction data for the toluene solvate of zinc(ll)
tetraphenylporphyrin (ZnTPP) and triclinic tetraphenylpor-
phyrin (TPPH)25 are also included.

The geometrical parameters obtained from RHF/6-31G(d)
calculations are in agreement with the experimental data to a
degree, which is typical for this level of theory applied to large
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Figure 1. Atom numbering and structures ofH2-NO,—TPP (1) and
Zn—2-NO,—TPP Q).

is not unexpected, since the main deficiency of RHF is the
neglect of correlation effects. On the other hand, the single
B-NO, substitution slightly changes the initial structural pa-

rameters.

The correlation effects introduced by the B3LYP/6-31G(d)
level of theory correct the RHF deficiency by increasing the
distances of N—Cyz in H2-2-NO,-TPP and N—Cgy4 in Zn-2-
NO,-TPP, respectively, and by decreasing thg-Cn; bond
lengths. Accordingly, the N-Cy3—Cni and N—Cus—Cin2
angles become smaller when correlation is included. Comparing
the predicted bond lengths and bond angles of Zn-2-NBP
obtained from B3LYP/6-31G(d) calculations with the X-ray
diffraction results of zinc(ll) tetraphenylporphyrin (ZnTPP), one
can notice that the £&—Cgs; bonds are shortened by 0.015 A,
while the G.1—Ca bonds slightly increase by 0.013 A, due to
the substitution of a singlg-NO,. The corresponding bond
angles present similar variations. There are no significant effects
on the other structural parameters.

conjugated system. As expected, there are some differences in Analogously, the comparison of the B3LYP/6-31G(d) pre-

bond lengths of N-C and C-C bonds on the porphyrin ring.
The calculated bond lengths 0fiNCy; in Hx-2-NO,-TPP and
No—Cq4 in Zn-2-NO,-TPP are 0.07 and 0.05 A shorter than
the X-ray values from refs 24 and 25, respectively. The
calculated G,—Cy distance is 0.05 A longer than the X-ray
experiment value. Other bond lengths agree within 0.03 A. This

dicted geometrical parameters of,-B-NO,-TPP with the
structure of tetraphenylporphyrin (TPRHobtained from X-ray
experiment, indicates some differences in the bond lengths and
bond angles of the mentioned compounds. More exactly, they
are in the range 00.010 A and 0.8-1.8°, respectively. In a
previous study, Jarzecki et alestimated the size of the
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TABLE 1: Selected Bond Lengths, Bond Angles, and Dihedral Angles of H2-NO,-TPP and Zn-2-NO,-TPP

B3LYP/6-3(d) RHF/6-31G(d)
H2-2-NO,-TPP Zn-2-NQ-TPP H-2-NO,-TPP Zn-2-NQ-TPP
(Cy) ©) (Cy (©) (C) (C) (€ (C)  ZnTPP4 TPPHZ
Bond Lengths (A)
H—N; 1.014 1.014 0.996 0.994 0.93
Zn—N1 2.060 2.063 2.060 2.064
Zn—N3 2.030 2.030 2.040 2.040 2.032(2)
Zn—N3 2.040 2.045 2.035 2.030 2.040(2)
Zn—Ngy4 2.033 2.034 2.035 2.040
N1—Cau1 1.360 1.364 1.370 1.375 1.387 1.384 1.360 1.355 1.370(2) 1.370
N1—Ca2 1.360 1.366 1.370 1.379 1.303 1.305 1.340 1.355 1.376(2) 1.359
N2—Cq3 1.370 1.376 1.370 1.378 1.378 1.372 1.390 1.380 1.373(2) 1.378
N2—Cea 1.370 1.376 1.380 1.377 1.365 1.369 1.320 1.320 1.380(2) 1.371
Cou1—Cp1 1.440 1.452 1.430 1.437 1.440 1.448 1.390 1.400 1.445(3) 1.456
Co1—Crma 1.416 1.412 1.410 1.407 1.369 1.364 1.430 1.430 1.394(3) 1.400
Cou2—Cp2 1.460 1.466 1.449 1.449 1.465 1.469 1.410 1.410 1.442(3) 1.455
Co2—Cm1 1.420 1.411 1.410 1.407 1.460 1.450 1.450 1.440 1.397(3) 1.399
Couz—Cp3 1.430 1.436 1.440 1.447 1.466 1.465 1.450 1.450 1.439(3) 1.424
Couz—Cm1 1.400 1.404 1.400 1.406 1.352 1.357 1.360 1.360 1.400(2) 1.397
Coa—Cps 1.430 1.435 1.440 1.445 1.464 1.463 1.450 1.450 1.447(3) 1.432
Caa—Cm2 1.400 1.403 1.400 1.405 1.359 1.357 1.420 1.420 1.403(3) 1.403
Cp1—Cp2 1.350 1.351 1.360 1.358 1.338 1.329 1.370 1.360 1.347(3) 1.347
Cp3—Cpa 1.360 1.368 1.350 1.360 1.329 1.330 1.330 1.330 1.354(3) 1.355
Cn2—Cr 1.498 1.503 1.495 1.502 1.504 1.505 1.500 1.500 1.500(3) 1.502
Cni—C1 1.498 1.503 1.495 1.503 1.502 1.506 1.500 1.500 1.499(3) 1.506
- 1.233 1.229 1.230 1.228 1.193 1.192 1.190 1.190
C—N 1.449 1.229 1.450 1.462 1.437 1.453 1.430 1.450
Bond Angles (deg)
N;—Zn—N; 89.7 89.6 89.6 90.1 90.3(1)
Zn—N;1—Cy 125.3 125.4 124.1 125.0 126.9(1)
Zn—N2—Cg3 126.4 126.9 125.1 125.5 126.3(1)
Zn—N1—Cgy2 126.1 127.0 125.8 126.4 126.4(1)
ZNn—N2—Cga 125.6 126.6 126.2 126.3 126.8(1)
Cu1—N1—Cq2 106.8 106.8 107.8 107.6 107.8 107.9 108.1 108.2 106.6(1) 106.2
Coz—N2—Cy4 110.8 110.7 106.5 106.4 111.7 111.7 107.7 108.0 106.4(1) 109.2
N1—Co1—Cp1 111.0 1111 109.6 110.0 109.5 109.2 109.9 109.7 109.4(2) 110.2
N1—Co2—Cm1 125.1 1255 124.7 1254 125.0 125.3 124.1 124.7 125.7(2) 125.8
N1—Cu2—Cp2 108.8 108.7 107.3 107.6 109.3 109.0 107.8 107.5 109.4(2) 110.3
N2—Cy3—Cm1 127.0 127.5 126.2 126.6 128.5 129.2 126.9 127.5 125.6(2) 126.3
N2—Cua—Cm2 126.9 126.9 126.1 126.1 128.5 128.7 126.7 126.7 125.7(2) 125.7
N2—Co3—Cps 106.2 106.4 109.5 109.7 105.1 105.3 107.8 107.7 109.7(2) 107.3
N2—Coa—Cps 106.5 106.6 109.7 109.8 105.7 105.8 110.2 109.8 109.7(2) 107.3
Cim2—Cas—Cgs 122.2 122.9 123.8 124.5 121.9 122.1 123.8 124.0 124.8(2) 123.0
Cim2—Cas—Cps 126.5 126.5 124.1 124.1 125.8 125.5 123.1 123.3 124.6(2) 126.8
Cm1—Cu2—Cp2 125.8 125.8 127.6 127.0 125.5 125.4 127.7 127.7 124.8(2) 124.0
Cm1—Cu3—Cps 126.7 126.1 124.3 123.7 126.4 125.4 125.3 124.8 124.7(2) 126.5
Co1—Cp1—Cp2 105.5 105.4 106.2 106.0 105.4 105.6 105.6 105.7 107.3(2) 106.3
Coo—Cp2—Cp1 107.8 108.1 108.5 108.9 108.0 108.1 108.5 108.8 107.2(2) 107.2
Cuz—Cp3—Cpa 108.3 108.2 107.1 107.1 108.8 108.8 107.5 107.5 107.3(2) 108.2
Cous—Cpa—Cps 108.2 108.1 107.0 107.0 108.6 108.5 106.9 106.9 107.0(2) 108.0
Cou2—Cmi1—Cas 124.2 124.7 123.9 124.4 123.0 123.7 124.4 125.4 125.2(2) 125.6
Cu2—Cn1—C1 119.0 120.3 118.6 1195 118.3 119.9 117.8 118.3 117.5(2) 117.9
Cus—Cn1i—C1 116.6 1151 117.4 116.1 1185 116.7 117.7 116.3 117.2(2) 116.5
Cous—Cm2—C7 116.3 116.3 117.7 117.6 118.2 118.2 117.6 117.5 117.3(2) 116.3
Cous—Cma—Coa 125.1 125.9 124.4 125.0 126.3 127.2 125.9 126.2 124.9(2) 125.6
Cu1—Crna—Cis 1185 117.8 117.9 117.4 118.0 117.9 116.1 117.9 117.8(2) 116.3
Dihedral Angles (deg)

Co2—Cn1i—C1—C;  —60.2 —-91.3 —59.9 —-91.3 —61.5 —-91.3 —62.6 —-91.3 —61.0
O—N—Cp—Cy2 —35.7 -91.3 —38.5 —91.6 —34.9 -91.7 —36.2 —92.0
N1—N2—N3z—N4 -1.0 0.0 -0.4 0.0 -0.3 0.0 0.0 0.0
N1—Cu2—Cmi—Coz —15.7 0.0 -13.5 0.0 -21.0 0.0 -17.5 0.0
N2—Cus—Cm2—Cos 6.6 0.0 6.4 0.0 5.0 0.0 7.0 0.0 6.6
N3—Cu—Cmz—Co7 —2.5 0.0 —-4.1 0.0 -3.0 0.0 —-1.4 0.0 1.4
N4—Cug—Cmsa—Ca1 8.5 0.0 3.6 0.0 7.5 0.0 25 0.0
Cut—Cm2—C7—Cg  66.0 90.0 64.8 90.0 81.4 90.2 80.2 90.0 63.1
total energy (au) —2118.239 —2118.234 —3896.272 —3896.268 —2104.887 —2104.884 —3881.345 —3881.342
dipole moment (D) 5.956 4.972 6.029 4.919 5.967 5.458 7.306 6.723

porphyrin ring cavity, which is about 2.05 A. If the uncon- A and 1.5, with the exception of the dihedral angles between
strained N-M bond is within about 0.05 A of the cavity radius, the porphyrin ring plane, the four phenyl rings and a nitro group.
the metal can fit without significantly altering the stereochem- The B3LYP/6-31G(d) and RHF/6-31G(d) calculations suggest
istry of the core. The calculated ZMN average distance, 2.041 that C; conformers of H-2-NO,-TPP and Zn-2-N@TPP are

A, is 0.005 A longer than the average X-ray value of zinc(ll) more stable than th€s conformers (with 13.73, 10.5 kJ/mol
tetraphenylporphyrin (ZnTPP), 2.036 A, showing that Zn-2- and 7.95, 7.95 kJ/mol, respectively).

NO,-TPP is nearly stress-free. The geometries optimized with  The X-ray diffraction results revealed that the atoms of the
C,; symmetry are essentially the same as the ones @ith  porphyrin ring are almost coplanar. However, the geometries
symmetry. The bond lengths and bond angles agree within 0.010f H,-2-NO,-TPP and Zn-2-N@TPP optimized withC; sym-
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TABLE 2: Orbital Energies (in eV) of H »-2-NO,-TPP and Zn-2-NO,-TPP

B3LYP/6-31G(d) RHF/6-31G(d)
H-2-NO,-TPP Zn-2-NQ-TPP H—2-NO2-TPP Zn-2-N@TPP ZNP7

(Cy) (Cy) Gy (C) (Cy) (Cy) (o8] (Cy) D4y,

Occupied (eV)
HOMO-4 A'(n) —6.65 —6.64 A'(7) —6.67 —6.62 A(o,7) —9.17 —9.14 A(xn) —9.18 —9.14 g(n) —6.59
HOMO-3 A'(r) -6.57 —6.56 A'(0) —6.60 —6.54 A(n) —8.97 —-895 A(o,m) —8.92 —8.96 Iy(n) —6.58
HOMO-2 A'(r) —6.45 —6.49 A(o,de—dp) —6.55 —6.53 A'(c,7) —8.89 —883 A'(s,m7) —8.83 —8.81 hyode—de) —6.29
HOMO-1 1&(wr) —5.48 —5.54 1&(n)? —5.41 —-5.43 24(n) —7.00 —6.91 24(n) —6.84 —6.87 ay(w) —5.21
HOMO 2d' (m) —5.23 —-5.14 2&4(n) —5.31 —-5.17 1d(n) —6.72 —6.81 1d(n) —6.42 —6.62 aym) —5.21

Unoccupied (eV)
LUMO A" (r) —250 —2.66 A'(n) —2.42 =257 A'(n) 056 042 A(n) 0.30 0.34 gn) —2.14
LUMO+1 A"(r) —242 —245 A'(n) —2.34 —-2.36 A'(n) 0.69 075 A(n) 0.61 0.73 gn) —2.14
LUMO+2 A'(x) —163 —153 A(r,s—p) -—1.70 —-145 A'(n) 310 267 A(n) 315 2.83 hyn) —0.54
LUMO+3 A"(x) -—0.85 —0.82 A'(n) —0.79 —-0.75 A(n) 326 349 A(w) 337 329 a(n) 0.90
LUMO+4 A'(0) —0.25 —-0.29 A(o) —-0.26 —0.38 A(o0) 3.63 3.61 A(0) 341 3.60 @fo) 1.23

ald' and 24 replace a, and a,, respectively.

TABLE 3: Observed Fundamentals and Scaled Wavenumbers for #2-NO,-TPP, Together with Their IR and Raman
Intensities?

peakp calcd intens  obsd intens 2-NO»- peakb calcd intens obsd 2-NO»-

mode cm™* IR® Raman IR® Raman assign TPP TPP® mode cm™' [R® Raman IR® Raman  assign  TPP TPP®

12 3088 29.6 453.9 3017(C—H)pn 107 986 14.0 20.9 999 1002)(C?—C/j)d)+ 1003 1002
V(N—Cy)d

13 3088 31.1 446.1 3053 v(C—H)pn 109 979 1.8 247.6 968v(Ph)

31 1594 6.0 616.9 15950(C=C)pn 1598 1598 114 968 21.9 3.8 964 def of P

32 1594 8.2 290.2 1595 v(C=C)en 120 949 53.2 11.8 921 v(pyrrole)

38 1567 114.6 230.5 1576 vadNOy) 129 897 58 1.8 883 902/(C—H)pn+
7(Cs—H)

39 1550 49.3 496.3 1575(Co—Cm)p+ v(Cs—Cp)a 1560 133 866 1.8 7.2 849 defﬂo?pr

40 1542 85.8 1252.0 1555 1549(Cs-Cs)a+ v(Cu—Chm)p 1551 1554 134 860 7.1 5.3 849 def of P

41 1531 24.6 678.7 1524 1518(Cy—Cm)p 1499 1513 139 830 0.2 543 830(C—H)pen

44 1505 4.3 259.5 14920(Cs—Cp)pa+ v(Co-Cr)pa 1491 1506 145 791 1149 0.6 798  p(Cs-H)p

45 1497 37.3 142.8 1489 v(Cs—Cp)psa+ v(Ca—Crm)p.d 152 736 263 15 745 y(c(EH)I\Tg
7(Cs-NO;

51 1461 959 36.3 1470 0(Coa—Cm)a+ v(Cs—Cp)a 154 720 66.0 5.9 721 y(N—/Ii-l)

52 1440 25.8 298.3 1457(Co—Cm)a+ v(Cs—Cp)a 1459 1459 160 688 205 2.6 698  y(C—H)pn

57 1425 14.0 185.3 1440 1440(C—H)pn+ v(Ca—Cm)ap 1440 1442 163 668 1.5 43.7 664 P o+
P, ey

58 1384 28.7 16.0 1399 165 658 3.1 48.6 647 B,d;’\bN
+vske Of Ph

59 1362 153 794.4 1383(Co—Cp)a+ 6(Cs—H), 1382 1380 168 644 141 1.6 656 Pp‘avf )
Vske OF P

60 1358 283.6 509.6 1343 vsy(NO2) + v(Ca—Cp)p 1355 169 634 3.8 358 620 635 P,gv

62 1341 34 551.8 13270(N—Cy)ptv(Co—Cp)p 172 611 0.0 9.7 618vskeOf Ph

69 1306 1.8 943.7 1292 1293(N—Cy)d+ v(Cox—Cp)d 1293 1296 176 577 5.8 23.6 598 566 Pytw

75 1269 11.0 108.2 1273(N—Cq)q+v(Cm—Ph) 179 545 17 5.4 551 y(Ph)

79 1210 1.1 169.9 1233 1232(Cy—Php-u(N—Cu)ap 1234 1234 182 509 81 2.6 510 50(Ph)

80 1208 6.6 5.6 1218 121(Cs-H)p + v(N—Cuo)ap 189 403 1.8 391 407y(Ph)

82 1189 8.1 185 1179 118®(Cs—H)pa+ v(Co—Cpla 192 399 0.2 23.1 367y(Ph)

88 1156 102.9 37.5 1153 115%(Cs—H)a,p + v(N—Cy)d 1158 196 348 26 26.3 336 Ppir

93 1115 4.1 895 11410 (N—Cq)d 1132 200 294 0.4 38.8 328 Pplr

94 1090 16.7 11.6 1071 8(Cs—H)a,p 204 239 0.8 6.8 249y(Cm—Ph)

95 1072 3.3 343 10796(Cs—H)a,p 1077 1079 211 187 0.0 317 201 Migy

104 1020 9.7 5.5 1029 1033(C—C)pn 1032 1031 214 152 0.0 21.9 168 dip L

a Abbreviation and symbols in Table 3, stretching;d, bending;y, wagging; tw, twist; s, symmetric; asym, asymmetric; P, pyrrole ring; Ph,
phenyl; ske, skeleton; Xp and Xd, deformation X on the protonated pyrrole and deprotonated pyrrole ring, respectively; superscript “i”, in-phase;
superscript “0”, out-of-phaseiti, tilt along the G—C, axis; ftti, tilt along theC, symmetry axis; ev, envelope deformation; tr,hindered translation;
ro, hindered in-plane rotatiof.B3LYP/6-31G(d) scaling factor: 0.9614The absolute IR intensity in kM (mol} and the Raman scattering
activity in A% (amu)* obtained from B3LYP/6-31G(d) calculations.

metry appear to be a slightly saddled conformer. The calcula- Despite being symmetry-broken, the calculation results still
tions on harmonic vibrational wavenumbers demonstrated thatgive a consistent picture for the frontier orbitals of these
these conformers are stable at the local minimum point on the complexes. As one can notice, the energy levels of the frontier
potential energy surface. orbitals and the contribution to these orbitals calculated at
3.2. Ground-State Electronic Structures.The electronic  different level of theories reveal some differences.
spectra of porphyrin compounds are usually interpreted using The B3LYP/6-31G(d) calculated energy differences between
the four orbital model of Goutermafiwhich assumes that the  HOMO and HOMO-1 are 0.26, 0.10 eV and 0.39, 0.25 eV for
HOMO (&/a1,) and HOMO-1 (a/ay) of a porphyrin molecule Zn-2-NO,-TPP and H-2-NO,-TPP withC; andCs symmetries,
are nearly degenerate, while the LUMO and LUMO-¢*|are respectively. The constitutions of HOMO and HOMO-1 of Zn-
rigorously degenerate. Table 2 lists the energy levels of the 2-NO,-TPP and H-2-NO,-TPP are very similar. For H2-NO,-
frontier orbitals of H2-2-NO,-TPP and Zn-2-N@TPP obtained TPP, HOMO has large contribution from the étbitals of the
from B3LYP/6-31G(d) and RHF/6-31G(d) calculations. four N atoms and the &atoms of the porphyrin ring. In the
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TABLE 4: Observed Fundamentals and Scaled Wavenumbers for Zn-2-N@TPP, Together with Their IR and Raman
Intensity?
peak? calcd intens  obsd intens cakb calcd intens obsd
mode cm™1 IR® Raman IR Raman assign NiTEP ZNP” mode cm™! |R® Raman IR8 Raman  assign  NiTPPZNP’
10 3088 30.0 487.1 310205(C—H)pn 108 983 96.0 4.9 964 v(pyrrole)
11 3088 30.1 383.1 3061 vs(C—H)pn 109 78 0.7 290.1 971 v(pyrrole)
17 3077 29.7 183.7 3055,{C—H)pn 120 930 2.2 6.7 909 y(C—H)pn
30 1595 7.8 287.1 1595 v(C=C)pn 121 907 13.2 0.4 920 y(C—H)pn
31 1594 4.3 604.2 1596v(C=C)pn 1599 132 844 6.8 7.9 886 888y(Cs-H)
36 1569 100.8 96.6 1576 1572.{NOy) 133 840 8.1 3.4 849 849 defofP 846
37 1541 4.9 2334.2 1554 1548(C3—Cp) + v(C,—Cm) 1550 (1558) 138 826 2.4  46.9 828/(C—H)pn
1544 140 810 1.8 3.4 808 d(t(azf ol'f_g’ 828
y(C—H)pn
40 1520 51.3 153.3 1519 1516(Cs—Cp) + 6(Cs-H) 1510 (1517) 141 786 60.3 1.2 795 78%(NO)
41 1499 53.1 3435 1488 1494(Cs—Cg) + 6(Cs—H) 1504 1494 148 737 37.0 4.7 753 763(Cs-NOy)
47 1472 82.1 34.7 1460 V(Co—Chm) 1485 151 715 199 6.5 719 735 Prtw P,
ew
49 1446 1.2 816.6 14550(Cy—C) + 6(Cs—H) 155 688 19.4 2.2 702 y(C—H)pn 701
50 1439 216 75.6 1440 144@(Cs—Cp) + v(Co—Cnm) 1470 (1438) 158 675 3.7 28.8 684 Potw
1431 160 663 4.8 38.1 661 664vske0f Ph+
P, tw?
57 1360 326.6 345.2 1365 13624NOy) 162 653 158 20.0 639 vske Of Ph 639
58 1346 7.9 1929.0 13460(N—Cy) + v(Co—Cp) + 1341 1347 164 648 17.9 1.4 621 vske Of Ph
0(Cs—H) 167 611 0.3 9.3 619 vskeOf Ph
59 1338 26.1 566.1 1332 1323(N—C,) + v(Cu—Cp) 170 583 7.6 18.3 596 597 P,tw
68 1283 1.2 34.2 1291 129@(N—Cqy)+ v(Cy—Cp) 1302 (1299) 172 554 4.1 3.9 557 y(Ph)
74 1247 2.3 164.9 1272 1276(N—Cq)+v(Cn—Ph) 1269 174 546 13 54 559 (Cm—Ph) 560
76 1214 259 347.4 1229 v(N—Cy)+v(Cn—Ph) 176 515 6.8 3.6 494 y(Ph)
77 1212 6.7 966.8 12350(Ci—PhH-v(N—C,) 1235 179 481 0.1 6.7 494y (Ph) 498
79 1193 104 18.3 12030(N—Cy) + 6(Cs—H) 187 401 0.14 41.9 404 y(Ph) 390
80 1182 26.5 16.5 1192 11923(Cs—H)+ v(Ce—Cp) 1190 189 389 56 472 395v(Zn—N) 402 367
81 1168 3.2 20.0 1176 117&®(C—H)pn 190 383 7.4 29.0 370 v(Zn—N)
89 1144 17.2 55.4 1152 1154(Cs—H) + v(N—Cy) (1151) 191 323 0.11 11 341 ®|ti°
90 1101 134 5.7 1112 0(Cs—H) 192 317 1.3 28.5 318 v(Zn—N) 277
91 1074 3.9 25.2 1070 0(Cs—H) 1084 (1052) 195 288 0.3 8.8 288 d@j°
92 1070 3.3 59.8 10735(Cs—H) 1079 1070 197 273 04 3.8 278y(C(:mfPr)1)+
7(C—C)pp
101 1020 0.2 64.0 10300(C—C)en 1034 199 245 0.8 7.2 249y(Cn—Ph)+ 238
7(C—C)pn
102 1006 11.1 19.3 1029 v(C—C)pn 206 194 0.2 316 200 P/tr 202
103 1004 24 916 1003v(N—Cy) + v(Ce—Cp) 1005 997 210 163 24 205 174 P, tr
104 999 6.8 23.4 1001 v(N—Cq) + v(Co—Cp) (993)

a Abbreviation and symbols in Table 4, stretching), bending;y, wagging; tw, twist; s, symmetric; asym, asymmetric; P, pyrrole ring; Ph,
phenyl, ske; skeleton, Xp and Xd, deformation X on the protonated pyrrole and deprotonated pyrrole ring, respectively; superscript “i”, in-phase;
superscript “0”, out-of-phaseti, tilt along the G,—C, axis; fti, tilt along theC, symmetry axis; ev, envelope deformation; tr, hindered translation;

ro, hindered in-plane rotatio.B3LYP/6-31G(d) scaling factor: 0.961

4The absolute IR intensity in kM (mol} and the Raman scattering

activity in A% (amu)* were obtained from B3LYP/6-31G(d) calculations.

same way, the HOMO of Zn-2-N@TI'PP has large contributions
from the R orbitals of the four N atoms and the,Gtoms of
the porphyrin ring, as well as from the &d d orbitals of the
zinc atom. It seems that HOMO of Zn-2-NOPP is consider-
ably stabilized by the interaction between theohbitals of the

N atoms and the Fand d orbitals of the zinc atom. Undéx
and Cs symmetry restrictions, the energy level of HOMO of
Zn-2-NO,-TPP is lowered by 0.03 and 0.08 eV, respectively,
in comparison with that of H2-NO,-TPP. Both HOMO-1
orbitals mainly consist of the Prbitals of the G atoms of the
porphyrin ring.

The energy levels of the frontier orbitals determined by RHF
method are significantly different from those given by the
B3LYP/6-31G(d) method. The energy differences between
HOMO and HOMO-1 are 0.42, 0.25 eV and 0.38, 0.10 eV for
Zn-2-NO,-TPP and H-2-NO,-TPP undeiCs andC; symmetry
restrictions, respectively. Moreover, the characteristic contribu-
tions to the HOMO and HOMO-1 are completely reversed. The
B3LYP/6-31G(d) calculations show that HOMO of Zn-2-MO
TPP and H-2-NO,-TPP has large contributions from the P
orbitals of the G atoms of the porphyrin ring, while HOMO-1
mainly consists of the Porbitals of the four N atoms and the
Cn atoms of the porphyrin ring. The HOMO and HOMO-1
obtained by the B3LYP/6-31G(d) have,and a, characters,
respectively. The relative order of two highest occupied orbitals
is &y > agy, Which is consistent with previous studies restits.

However, the RHF calculations show that HOMO and HOMO-1
are mainly characteristic ofi@and &, orbitals, respectively.
The relative order of the two highest occupied orbitals,is*a
Sou.

Electron-donating groups at the pyrrgieposition raise the
energy of the @ orbital, while electron-donating groups at
methylene bridges raise the energy of theaabital. In the Zn-
2-NO,-TPP compound, the phenyl is an electron-donating group;
i.e., the energy of thepgorbital increases. The nitro group is
an electron-withdrawing group, which only slightly enlarges the
ap/ay, separation. Comparing the energy levels of HOMO of
Zn-2-NO,-TPP obtained from B3LYP/6-31G(d) calculations
with that of ZnP?7 one can notice that the energy level of Zn-
2-NO,-TPP raises by 0.04 eV.

The energy levels of LUMO and LUMO-1 are very close.
They are mainly composed of the system of the porphyrin
ring. The four frontier orbitals are well separated from other
levels. The B3LYP/6-31G(d) calculated energy levels of LUMO
and LUMO-1 for the conformers witlCs symmetry are more
rigorously degenerate than those for the conformers With
symmetry.

The DFT results indicate a significantly smaller positive
charge on the Zn atom than that obtained by the RHF method.
The B3LYP/6-31G(d) calculated charges on the Zn and H atoms
are 0.93 and 0.41 e, respectively. The N atom has a negative
charge of-0.76 e. The RHF calculations reveal a higher positive
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Figure 2. FT-Raman spectra of ZmR2-NO,—TPP and H—2-NO,—
TPP. ties in most of the band patterns. Some differences appear in
the position and relative intensity of some bands. The normal-
charges for the Zn and H atoms (1.32 and 0.44 e, respectively),mode analysis and the experimental spectra show that the

and also an important negative charge on the N ate®45 characteristic skeletal vibrational modes of the parent TPP are
e). All these results indicate a significant charge transfer from presented in all FT-Raman spectra of #NO,-TPP and Zn-
the zinc or hydrogen atom to the porphyrin ring. 2-NO,-TPP. Moreover, the incorporation of a M@roup in the

3.3. Vibrational Wavenumbers. The vibrational wavenum- ~ TPP and Zn-TPP molecules does not lead to any substantial
bers and IR and Raman intensities of H¥NO,-TPP and Zn- spectral changes, and on the whole FT-Raman spectra-of H

2-NO-TPP were determined by B3LYP with a 6-31G(d) basis 2-NOx-TPP, Zn-2-NQ-TPP, and initial TPP retain their similar-
set at optimized geometry wit@; symmetry. It is known that ity.
ab initio and DFT potentials systematically overestimate the  Most of the assignments of FT-IR and FT-Raman bands are
vibrational wavenumbers. These discrepancies can be correctegdentical with findings presented in the literature, with the
by directly scaling the calculated values with a proper fagtor. exception of a few peak assignments. First, as marked bands
According to the calculated wavenumbers and their intensities, for H2>-2-NO,-TPP, the asymmetric and symmetric stretching
the normal-mode analysis and the literattre;>18.28 the vibrations of the N@ group show up at 1576 and 1343 cin
experimental fundamentals are then assigned (Tables 3 and 4)in the FT-IR spectrum and do not appear in the FT-Raman
Also, the FT-IR spectra of H2-NO,-TPP and Zn-2-N@TPP, spectra. The theoretical results indicate mode 39 to have a
the resonance Raman spectra of NiPPP-2-NO,-TPP, and stronger Raman intensity than that of mode 38, so the peak at
H.TPP!* and the Raman spectrum of ZhBre presented in 1575 cnmt! can be assigned to the,€Cy, stretching ac-
Tables 3 and 4. companied by the £-C; stretching vibration in the pyrrole ring,

H2-2-NO,-TPP and Zn-2-N@TPP withC; symmetry have which is consistent with ref 28. On the contrary, for Zn-2-NO
234 and 231 vibrational modes, respectively. The absence of TPP, all these modes are active in IR and Raman spectra. The
imaginary wavenumbers confirms that the local minima on the asymmetric and symmetric stretching vibrations of NfBoup
potential energy surface have been found. Comparing the scalecappear at 1576 and 1365 chin the FT-IR spectrum and at
wavenumbers with the experimental fundamentals, it can be seer1575 and 1362 cnt in the FT-Raman spectrum. At the same
that the deviations are typically less than 30@rtexcept for time, the bending vibration of the N@roup occurs at 795 cr
a few cases when it is out of the specified range). in the FT-IR spectrum. Because the IR intensity of the out-of-

The FT-Raman spectra oh#2-NO,-TPP and Zn-2-N@TPP plane deformation of g-H is stronger than that of the NO
are presented in Figure 2. For comparison purpose, the simulated>ending vibration, the peak at 798 chin the FT-IR spectrum
spectra and experimental spectra are also listed in Figure 30f Hz-2-NO,-TPP can be assigned to thg-&H out-of-plane
together. deformation.

From Figure 2, one can notice that the FT-Raman spectra of The peaks at 1524 cmin the FT-IR and 1518 cnt in the
H>-2-NO,-TPP and Zn-2-N@TPP reveal far-reaching similari-  FT-Raman spectrum of +2-NO,-TPP can be ascribed to the
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stretching vibration of ¢—C,. However, the corresponding CHV-112/52/02) and the National Natural Science Foundation
signals at 1519 crt in the FT-IR spectrum and_ 1516 ctin of China (Grants 20375029, 20111130695, and 20211130525)
the FT-Raman spectrum of Zn-2-NOPP arise from the s highly acknowledged. W.K. and I.P. thank the Fonds der

stretching mode of &-Cg in combination with the bending  chemischen Industrie for financial support.

vibration of G—H. In ref 28, the peak at 1504 crhin the RR

spectrum of NiTPP was attributed to the stretching motion of

Cs—Cp coupled with a G—H bending. In ref 15, the band at Supporting Information Available: Unabridged versions
1513 cmt in the RR spectrum of H22-NO,-TPP was also of Tables 3 and 4. This material is available free of charge via
attributed to the stretching vibration of;€Cg, the Internet at http://pubs.acs.org.

The peaks at 1489 and 1492 chin the FT-IR and
FT-Raman of B-2-NO,-TPP, respectively, are identified ag-€
Cn stretching accompanied by g-€Cg stretching vibration in
the pyrrole ring. The corresponding mode was observed at 1491 (1) Kozlowski, P. M.; Jarzecki, A. A; Pulay, B. Phys. Chenil996
and 1506 cm in the RR spectra of TPP and H2-NO,-TPp1s 100 7007-7013.

. - (2) Kozlowski, P. M.; Jarzecki, A. A.; Pulay, B. Phys. Cheml996
respectively. However, in the FT-IR and Raman spectrum of 100, 13985-13992.

References and Notes

Zn—NO,-TPP, the bands at 1488 and 1494 ¢émespectively, 61 8£322gazi, M.; Lagant, P.; Vergoten, G. Phys. Chem. 200Q 104,
?re att.”bUted to the Str_etChmg vibration of-@Cy in combina- 4) B‘oronat, M.; Ory E.; Viruela, P. M.; Toms, F.J. Mol. Struct.
tion with a G—H bending. (THEOCHEM)1997, 390, 149-156.

The insertion of Zn atom in the center of the molecule results (5) Baker, J.; Kozlowski, P. M.; Jarzecki, A. A.; Pulay,Theor. Chem.
in new vibrational modes. The stretching vibrations of-Zh Acc. 1997 97, 59-66.

. (6) Scheidt, W. R. InThe porphyrins Dolphin, D., Ed.; Academic:
can be observed at 395 and 318 ¢1im the FT-Raman spectrum o,y York, 1978; Vol. 3, pp 463511

of Zn-2-NO,-TPP. The corresponding stretching vibrations of (7) Jarzecki, A. A.; Kozlowski, P. M.; Pulay, P.; Ye, B. H.; Li, X. Y.
Ni—N were detected at 402 and 277 thin the RR spectrum  Spectrochim. Acta A997 53, 1195-1209.

of NiTPP28 For H-2-NO,-TPP, the stretching mode of-NH (8) Piqueras, M. C.; Rohlfing, C. MLheor. Chem. Acd 997, 97, 81—
does not appear in the Raman and IR spectra, bUtlthe out-of- " (9) zwaans, R.; van Lenthe, J. H.; den Boer, D. H.JWMol. Struct.
plane deformation of NH can be observed at 721 ctin the (THEOCHEM)1995 339, 153-160.

_ 1; (10) Zwaans, R.; van Lenthe, J. H.; den Boer, D. H.JMol. Struct.
g :E measure?egtbln ref 18_,bthe geak T]t 1_%::{853 crrrh_ln (THEOCHEM) 1096 367, 1524

-IR spectra had been attributed to the—Cr, stretching (11) Lu, Q. Z: Yu, R. Q.: Shen, G. L. Mol. Catal. A: Chem2003

vibration, but in our calculation, there are no modes in the 198 9-22.
3000-1600 cm! range. Therefore we consider it to be noise. ~ (12) Lie, T. R.; Ghosh, AJ. Am. Chem. So@002 124 8122-8130.

: : (13) Ma, S. X.; Yue, Q. J.; Li, ZSci. China Ser. 200Q 30, 103—-109.
The other bands assignments are essentially the same. (14) Chirvony, V. S.; Hock, A. V.; Schaafsma, T. J.; Pershukevich, P.

Comparing the FT-Raman spectrum of Zn-2-NTPP with P.; Filatov, I. V.; Avilov, I. V.; Shishporenok, S. I.; Terekhov, S. N.;
the RR spectrum of NiTPPand the Raman and IR spectra of Malinovskii, V. L. J. Phys. Chem. B998 102 9714-9724.

ZnP/ it may be concluded that the incorporation of phenyl and 20&?&;‘3@@&’53 N.; Chirvonyi, V. S.; Turpin, P. ¥. Appl. Spectrosc.
nitro substitution do not significantly modify the spectral pattern. (16) \’Nojaczmki’ J.: Crazyeki, L. L.; Hrycyk, W.; Pacholska, E.;

Due to the symmetry being broken, all vibrations become active Rachlewicz, K.; Szterenberg, Lnorg. Chem.1996 35, 6861-6872.

in both IR and Raman spectra of Zn-2-NOPP. (17) Sibilia, S. A.; Czernuszewicz, R. S.; Crossley, M. J.; Spiro, T. G.
Inorg. Chem.1997, 36, 6450-6453.

(18) Hu, J. M.; Pavel, I.; Moigno, D.; Wumaier, M.; Kiefer, W.; Chen,

4. Conclusions Z.P.;Ye, Y.; Wu, Q.-F.; Huang, Q. M.; Chen, S. Q.; Niu, F.; Gu, Y. H.
. Spectrochim. Acta 2003 59, 1929-1935.
The ground-state geometries 0b-B-NO,-TPP and Zn-2- (19) Pulay, P. Ipplications of Electronic Structure Thegi§chaefer,
NO,-TPP have been optimized with DFT (B3LYP/6-31G(d)) H. F., lll, Ed.; Plenum: New York, 1977, p 153.
and ab initio (RHF/6-31G(d)) methods, und& and C; (20) Wong, M. W.Chem. Phys. Lett1996 256, 391-399.

symmetry restriction. The harmonic vibrational wavenumbers 30(21%32%2d‘ R. A Crossley, M. J.; Hush, N.I8org. Chem1991,

are determined at the geometry optimized at the BSLYP/6-31G-  (22) Scott, A. P.; Radom, L. Rl. Phys. Chem199§ 100, 16502
(d) level of theory. The calculated geometrical parameters are 16513.

; i ; (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
then compared with the available experiment values of related M. A Cheeseman, J. R.: ZakrzewsKi, V. G.: Montgomery, J. A Stratmann,

compounds. The conformers withy symmetry are found to 5 R'E.:Burant, J. C.: Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
be more stable than that dfs symmetry. The structures K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
predicted by B3LYP/6-31G(d) are better than those obtained Egte’\fsesf;”nucgv AB-} :Oafge”g CY éd?moy_ ﬁ'grgﬂﬁr?{;” E ,%I?CIEVSSL KJ
from,RHF/6_3lG(d)' The incorporation of the nitro group does Rabuck, A’. D..; R.a’\ghgvaéha.ri, K Igolre%rﬁan, J. Ig Ciosiéwski, Jj; O.rtiz.,,.].
not significantly change the main framework of TPP. The energy V.: Stefanov, B. B.: Liu, G.: Liashenko, A.: Piskorz, P.: Komaromi, I.;
order of the frontier orbitals is degenerated, probably due to Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

; - : C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
the effect induced by peripheral substituents. Moreover, the Johnson, B.: Chen, W.. Wong, M. W.. Andres, J. L. Gonzalez, C.: Head-

relative order of two highest OCCUpiedu{ﬁnd ay orbitals of Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Gaussian Inc.:
Ho>-2-NO,-TPP and Zn-2-N@TPP obtained from B3LYP/ Pittsburgh, PA, 1998.
6-31G(d) calculations is a2er alu, which is the inverse of ~ _(21) Scheidt, W. R.; Kastner, M. E; Hatano, Hiorg. Chem.1978

that obtained by RHF/6-31G(d) method. The calculated wave- (25) Silvers, S. J.; Tulinsky, AJ. Am. Chem. Sod.967, 89, 3331
numbers are calibrated with a uniform scaling factor, and they 3337.

are found to be in good agreement with the experimental values. (26) Gouterman, MJ. Mol. Spectrosc1961, 6, 138-163.
(27) Chen, D. M; Liu, X.; He, T. J.; Liu, F. GCChem. Phys. Let2002
. , 361, 106-114.
Acknowledgment. Financial support from the Deutsche " (28) i X. Y.; Czernuszewicz, R. S.: Kincaid, J. R.; Su, Y. O.; Spiro,

Forschungsgemeinschaft (Grants 446 CHV-112/46/01 and 446T. G.J. Phys. Chem199Q 94, 31-47.



