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The infrared absorption and 514.5 nm excited Raman spectra were measured for the metallo-
tetra-(tert-butyl)-tetraazaporphyrin (MT(tBu)TAP, M=Cu, Co, Ni, Zn). The ground-state
structures and vibrational spectra of MT(tBu)TAPs have been calculated at the B3LYP level
of theory. The observed Raman and IR bands have been assigned based on the calculation
results and by comparing with the normal metalloporphyrins. The relationship between the
Raman/IR frequencies and the structures of TAP ring was investigated. The results show
that the frequencies of CβCβ

′ stretch (Ag), asymmetric CαNm stretch (Ag), and symmetric
CαNm stretch (Bg) modes increase linearly with the decrease of the core-sizes of TAP ring.
Among the three modes, the later two are more sensitive to the core-size change.
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I. INTRODUCTION

Tetraazaporphyrin (TAP), also known as por-
phyrazine (Pz), is formed by bridging four pyrrole rings
via four aza nitrogen atoms. They are structural in-
termediates connecting normal porphyrins (Pors) and
phthalocyanines (Pcs). TAPs are applied to diverse ar-
eas such as biomedical agents for diagnosis and therapy,
precursors to new conducting materials, chemical sen-
sors, ladder polymers, and dyes [1−6]. As they share
structural similarities with the porphyrins and the ph-
thalocyanines, the spectroscopic studies of TAPs are
expected to lead to a better understanding of the struc-
tures and properties of normal porphyrins and phthalo-
cyanines.

On the other hand, tetraazaporphyrins show several
unique and interesting properties distinct from phthalo-
cyanines and porphyrins, which makes them the subject
of increasing interest in their synthesis, properties, and
applications [7−9]. In recent years, various substituted
tetraazaporphyrins have been prepared via new syn-
thetic routs or by using new starting materials, mak-
ing them more accessible for spectroscopic studies [3,
4]. Kobayashi et al. reported the synthesis and elec-
tronic absorption spectrum of CoT(tBu)TAP as a part
of a series of cobaltic compounds with different molecu-
lar sizes [10]. They also reported the IR spectra and
quantum-mechanical calculations of free-base, cobalt
and copper tetraazaporphyrins (TAPs) [11]. Chen et al.
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studied the optical absorption spectra of several metal-
lotetraazaporphyrins, showing the influences of different
central metal ions on the Q band absorption [12, 13].
Freyer et al. studied the absorption, luminescence, and
Raman spectroscopic properties of a set of metal-free
benzo-annelated tetraazaporphyrin films [14]. Strong
bathochromic shift of Q-band absorption was found for
increasing annelated benzo-moiety. A single broad fea-
tureless luminescence band with a large Stokes shift was
observed for the films, which was thought originating
from excitonic coupling [14]. Theoretical computations
using density functional theory (DFT) were carried out
for several TAPs and MTAPs to explore their atomic
scale structures, mechanism of charge transport, and
optical properties [15, 16].

Raman and IR spectra play an important role in
the structural and dynamic studies of porphyrin-related
compounds, including the Pcs and TAPs [17−22]. The-
oretically, DFT calculations have been used to study the
vibrational spectra of porphyrin-related compounds in
recent years [11, 21−26]. It has been proven that cur-
rent density functionals are capable of predicting the
infrared and Raman spectra not only in the band po-
sitions but also in the intensities. While Kobayashi et
al. have reported IR properties of free-base, cobalt and
copper tetraazaporphyrins and interpreted some of the
characteristic IR bands on the basis of the DFT calcu-
lations [11], detailed descriptions of vibrational modes
of TAPs are still not well understood. In this work,
we studied IR and Raman spectroscopic properties of
MT(tBu)TAP (M=Co, Ni, Cu, and Zn) together with
density functional theory calculations in order to obtain
more detailed knowledge about the vibrational states of
these complexes.
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II. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The analytic grade free-base tetra-(tert-butyl)-
tetraazaporphyrin (H2T(tBu)TAP) was purchased from
Aldrich and used as received. The metal complexes,
MT(tBu)TAP (M=Cu, Ni, Co, Zn), were synthe-
sized according to the traditional route for metal-
chelation of the porphyrin compounds, i.e., by treat-
ing the metal-acetate and free base H2T(tBu)TAP
in hot dimethyl formamide (DMF) [11]. For copper
complex (CuT(tBu)TAP), the synthesis details are as
follows. Reagent-grade DMF (20 mL) was brought
gently to a reflux on a hot plate and magnetically
stirred to 50 ◦C. The solid H2T(tBu)TAP (10 mg) was
added into the solvent and allowed to dissolve com-
pletely for a few minutes. Then 0.063 g copper ac-
etate (Cu(CH3COO)2·2H2O) was added into the solu-
tion. Reaction was allowed to proceed for about 15 min.
Complete conversion to the copper complex was checked
by the UV-visible absorption spectrum, in which the
four Q-bands of H2T(tBu)TAP were replaced by two
Q-bands of CuT(tBu)TAP. After the reaction mixture
cooled, equal volume of distilled water was added into
the reaction mixture to precipitate the CuT(tBu)TAP
species. The product was separated with a centrifuge
and washed with water to remove unreacted copper ac-
etate, until the solution is clear. The obtained solid
sample was then silica-gel dried in a desiccator. Similar
procedures were used for preparing the cobalt, nickel,
and zinc complexes.

IR spectra of MT(tBu)TAP solid powders were mea-
sured on a Nicolet MAGNA-IR750 infrared spectrome-
ter as KBr pellets. Solid Raman spectra were measured
on a Labram-010 micro-Raman spectrometer. The
514.5 nm line of an Ar+ laser (Spectra-Physics 163-
C12) was used as the excitation source with the power of
5 mW on samples. The time constant of the air-cooled
CCD detector was 20 s, and 4 scans were accumulated
for each Raman spectrum.

DFT calculations for the ground state optimizations
and IR/Raman spectra of MT(tBu)TAP were carried
out using the Becke’s three-parameter hybrid functional
(referred as B3LYP) [27, 28]. Standard 6-31G(d) basis
sets were used for C, N, and H; while Ahlrichs’ TZVP
basis sets for Co, Ni, Cu, and Zn [29, 30]. The stabil-
ity of the optimized geometries was confirmed by fre-
quency calculations, which gave positive values for all
the obtained frequencies. Assignment of individual vi-
brational frequency wascarried out by inspecting the
calculated Cartesian displacements of the correspond-
ing mode. All calculations were performed with the
Gaussion 03 [31] program suite on a P4-3.0G computer.
As DFT-calculations are known to systematically over-
estimate harmonic frequencies, the resultant theoretical
frequencies were scaled with a single factor of 0.97. The
same factor has been used in the DFT calculations of
porphyrin analogues by other researchers [32−34].

TABLE I B3LYP calculated bond lengths and bond an-
gles of CuT(tBu)TAP, CoT(tBu)TAP, NiT(tBu)TAP, and
ZnT(tBu)TAPa.

Cu Co Ni Zn

Bond length/Å

CαCβ 1.451 1.448 1.446 1.454

Cα
′Cβ

′ 1.477 1.473 1.471 1.480

CβCβ
′ 1.365 1.363 1.361 1.367

Cβ
′C1 1.518 1.519 1.518 1.518

CαNm 1.331 1.327 1.323 1.337

Cα
′Nm 1.330 1.326 1.323 1.336

CαNp 1.368 1.372 1.372 1.367

Cα
′Np 1.370 1.375 1.376 1.368

MNp 1.951 1.919 1.902 1.984

Bond angle/(◦)

CαNpCα
′ 107.5 106.3 105.8 108.4

CαNmCα
′ 123.4 122.4 121.7 124.7

Cβ
′Cα

′Np 109.8 110.5 110.8 109.2

CβCαNp 109.3 109.9 110.3 108.7

Cα
′Cβ

′Cβ 105.2 105.1 105.0 105.4

CαCβCβ
′ 108.3 108.2 108.1 108.4

a With 6-31G(d) basis sets for C, N, H; TZVP for Cu, Co,
Ni, Zn.

FIG. 1 Structural sketch of MT(tBu)TAP showing the la-
bels of the atoms.

III. RESULTS AND DISCUSSION

A. Ground state geometry

DFT geometry optimizations for MT(tBu)TAP
(M=Co, Ni, Cu, Zn) show that all the four complexes
exhibit C4h symmetry. The predicted bond lengths and
bond angles are shown in Table I and the structure
sketch with the atomic labels is displayed in Fig.1. Due
to the tert-butyl substitution on the Cβ

′ atoms, the
pyrrole rings of MT(tBu)TAP show dramatic in-plane
deformation. For instance, the Cα

′Cβ
′ bonds are in-

creased by 0.025−0.026 Å as compared with the CαCβ
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bonds for the studied species. Also, the Cα
′Np bonds

are increased by 0.001−0.004 Å as compared with the
CαNp bonds. The CαCβCβ

′ angles are larger than the
Cα

′Cβ
′Cβ angles by ∼3◦, whereas the Cβ

′Cα
′Np an-

gles are larger than the CβCαNp angles by ∼0.5◦. This
asymmetric deformation of the pyrrole rings is expected
to have a significant effect on the vibrational states of
MT(tBu)TAPs.

As shown in Table I, the M−Np bond-lengths were
calculated to be 1.984, 1.951, 1.919, and 1.902 Å,
respectively, for ZnT(tBu)TAP, CuT(tBu)TAP,
CoT(tBu)TAP, and NiT(tBu)TAP. The general
trend of M−Np bond-length change is coincident
with the order of the radius of central metal atoms:
Zn>Cu>Co>Ni, reflecting that a larger metal atom
requires a larger coordinating core to accommodate it.

The out-ring bonds of MT(tBu)TAPs, CβCβ
′

and CαNm/Cα
′Nm, show elongation in the order

Zn>Cu>Co>Ni, manifesting an expansion of the out-
ring with the increase of the metal size. Especially,
the CαNm and Cα

′Nm bond-lengths show large dif-
ferences (0.014 and 0.013 Å, respectively) for different
MT(tBu)TAPs. The CαNmCα

′ bond angles also show
evident changes, with ZnT(tBu)TAP to be the largest
(124.7◦) and NiT(tBu)TAP to be the smallest (121.7◦).
The large differences in the CαNm/Cα

′Nm bond-lengths
and CαNmCα

′ bond-angles for different complexes indi-
cate that the expansion/shrinkage of TAP ring is mainly
via adapting the positions of meso-nitrogen atoms. On
the other hand, the CβCβ

′ and CαCβ/Cα
′Cβ

′ bonds
show only moderate changes (0.006 and 0.008/0.009 Å),
reflecting that the pyrrole rings are less influenced by
different metal chelations due to its rigidity.

B. Vibrational spectra

1. General consideration for the vibrations of MT(tBu)TAP

MT(tBu)TAP has 81 atoms and 3n−6=237 degrees
of internal freedom, which, according to the C4h group,
can be classified as:

Γ = 34Ag + 35Bg + 25Au + 25Bu + 48Eg + 70Eu (1)

For normal metalloporphyrins, a simplified planar D4h

molecular model, in which all peripheral substituents
are represented by point masses, is often used in their
vibrational analyses [19−21]. The molecular vibrations
of a porphyrin compound can thus be divided into the
porphyrin skeletal modes and the substituent internal
modes, despite of the fact that the motions of the
skeletal atoms and the substituent atoms are correlated
with each other [19−21]. The vibrations of macrocycle
ring can be further divided into the in-plane (ip) skele-
tal modes and the out-of-plane (oop) skeletal modes.
By using this simplified model, the skeletal modes of

MT(tBu)TAP can be classified as

ΓTAP-ip = 15Ag + 16Bg + 16Eu (2)
ΓTAP-oop = 8Au + 8Bu + 7Eg (3)

The tert-butyl modes of MT(tBu)TAP can be classified
as:

ΓtBu = 19Ag + 19Bg + 17Au + 17Bu + 17Eg + 19Eu(4)

Among these vibrations, the Au and Eu modes are
IR active while the Ag, Bg, and Eg modes are Ra-
man active [19−21, 35]. In the following sections, the
IR/Raman bands of MT(tBu)TAP will be assigned to
local coordinates in which the phasing of adjacent bond
stretches within the pyrrole rings and at the meso-
nitrogen bridges are taken into account [19]. Since
the calculated IR and Raman spectra of the four com-
pounds are generally similar, our discussions will con-
centrate on CuT(tBu)TAP.

2. Infrared spectra

Figure 2 shows the measured IR absorption spec-
tra of MT(tBu)TAP (M=Co, Ni, Cu, Zn) in KBr pel-
lets. Figure 3 compares the experimental and theoreti-
cal IR spectra of CuT(tBu)TAP, where the theoretical
IR spectrum was simulated from the B3LYP calculated
harmonic frequencies (scaled with 0.97) and intensities.
By comparing with the DFT-calculated band positions
and intensities, the observed IR bands of CuT(tBu)TAP
are assigned as listed in Table II. The mode numbers
and the corresponding local coordinates in Table II (and
also in Tables III and IV) follow those used in the vibra-
tional study of normal metalloporphyrins [19, 21]. It is
noticed that, while both Au and Eu modes are IR active,
B3LYP calculations indicate that most of the strong IR
absorptions of CuT(tBu)TAP in the high frequency re-
gion (900−1600 cm−1) belong to the Eu modes.

In the 1450−1650 cm−1 region, the strong IR bands
were measured at 1564, 1481, and 1460 cm−1. The
1564 cm−1 band can be assigned to the CβCβ

′ stretch-
ing mode (ν38), which was calculated at 1563 cm−1 with
a considerable intensity. The absorption band observed
at 1460 cm−1 is considered to be the scissoring vibration
of the methyl group which was calculated at 1483 cm−1.
The IR band observed at 1481 cm−1 may be due to the
overlap of the asymmetric CαNm stretching (ν37) vi-
bration (calculated at 1494 cm−1) and the CH3 scissor-
ing (calculated at 1509 cm−1), since in CoT(tBu)TAP
and NiT(tBu)TAP we found two bands in nearby re-
gion. The IR bands observed at 1389 and 1360 cm−1

are probably due to the CH3 umbrella vibrations, which
were calculated at 1411 and 1382 cm−1, respectively.

The strongest absorption in the region
1000−1300 cm−1 was observed at 1011 cm−1 in
the IR spectrum of CuT(tBu)TAP, which is thought
corresponding to the strongest 1007 cm−1 band by
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FIG. 2 Experimental infrared transmission spectra of
MT(tBu)TAP (M=Co, Ni, Cu, Zn; as KBr pellets).

calculation. This band is assigned to the pyrrole
breathing vibration (ν47, Eu symmetry). Two middle
strong IR bands were observed at 1069 and 1078 cm−1,
whereas only a single strong absorption was calculated
at 1066 cm−1. According to the calculation, this band
can be assigned to the asymmetric pyrrole half-ring
stretch (ν44). The DFT calculation also manifests that
this mode is strongly mixed with the CH3 wagging
vibration, which may be responsible for its splitting in
the experimental spectrum.

In 1000−1450 cm−1 region, additional weak absorp-
tion bands were observed at 1432, 1250, 1202, 1154,
and 1028 cm−1. Based on the B3LYP calculation, we
assigned them to the symmetric CαNm stretching (ν39),
CβH bending (ν51), symmetric pyrrole half ring stretch
(ν41), CβH bending (ν52), and CH3 wagging, respec-
tively.

In the low frequency region (400−900 cm−1), the
measured IR bands at 799 and 772 cm−1 are considered
corresponding to the calculated IR bands at 785 and
753 cm−1. DFT calculation manifests that they are at-
tributable to the asymmetric (ν46) and symmetric pyr-
role deformation (ν48). The strong IR bands observed
at 845 cm−1 (calculated at 844 cm−1) is assigned to the
out of plane bending of CβH (γ8), which is predicted

FIG. 3 Calculated and experimental (KBr pellet) infrared
absorption spectra of CuT(tBu)TAP.

by DFT calculation to be the sole strong band with
Au symmetry. The weak band observed at 596 cm−1

corresponds to the calculated IR band at 583 cm−1.
DFT calculation indicates that this mode involves the
in-phase bending of C2C1C′2/C2C1C′′2/C′2C1C′′2 angles
and is actually the umbrella mode of C(CH3)3 group.

Our B3LYP calculation also predicted two IR bands
at 530 and 437 cm−1 which can be assigned to the pyr-
role rotation (ν49) and Cu−Np stretching (ν50) vibra-
tions, respectively. They were not observed in our ex-
periment because of the interference of very broad back-
ground in the low-frequency region.

C. Raman spectra

1. Raman spectra of CuT(tBu)TAP

Figure 4 shows the 514.5 nm excited Raman spectrum
of CuT(tBu)TAP (solid powder) as well as DFT cal-
culated Raman spectrum. Assignments of the skeletal
vibrations of CuT(tBu)TAP have been proposed with
the help of DFT calculations and the results are listed
in Table III (Ag modes) and Table IV (Bg modes).

The stretching vibrations of CβCβ
′ and

CαNm/Cα
′Nm bonds are expected to appear in
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TABLE II B3LYP-calculated and observed infrared frequencies (in cm−1) of CuT(tBu)TAP.

Eu modes Au modes

Cal.a Obs.b Assign.c Cal.a Obs.b Assign.c

1563 1564 ν38 ν(CβCβ
′) 1492 CH3 scis.

1509 CH3 scis. 1479 CH3 scis.

1494 1481 ν37 ν(CαNm)as 1463 CH3 scis.

1483 1460 CH3 scis. 1379 CH3 umbr.

1477 CH3 scis. 1200 ν(C1C
′
2)/ν(C1C

′′
2 )

1427 1432 ν39 ν(CαNm)s 1035 CH3 wag

1411 1389 CH3 umbr. 950 CH3 wag

1382 1360 CH3 umbr. 913 CH3 wag

1331 ν40 ν(Pyr/4) 844 845 γ8 γ(CβH)

1283 ν43 δ(CβH)/ν(Cβ
′C1) 764 γ5(Pyr fold)s

1231 1250 ν51 δ(CβH)/ν(Cβ
′C1) 704 γ1(Pyr fold)as

1208 1202 ν41 ν(Pyr/2)s 515 γ2(Pyr swivel)

1161 1154 ν52 δ(CβH) 363 δ(C′2C1C
′′
2 ), tBu scis.

1066 1078/1069 ν44 ν(Pyr/2)as 348 γ7 γ(CαNm)

1028 1028 CH3 wag 295 CH3 torsion

1007 1011 ν47 ν(Pyr breath) 260 γ6 γ(Pyr tilt)

922 905 ν(C1C2) 235 CH3 torsion

865 ν45 ν(Cβ
′C1) 213 CH3 torsion

785 799 ν46 δ(Pyr def)as 115 γ9 γ(Cu−Np)

753 772 ν48 δ(Pyr def )s 55 tBu torsion

583 596 δ(C2C1C
′
2), tBu umbr. 31 γ3 γ(Cβ

′C1)

530 ν49 δ(Pyr rot.)

437 ν50 ν(Cu−Np)

380 δ(C′2C1C
′′
2 ), tBu scis.

313 ν53(Pyr transl.)

281 CH3 torsion

256 CH3 torsion

225 δ(Cβ
′C1C2), tBu wag

97 δ(CβCβ
′C1), tBu rock

a with 6-31G(d) basis sets for C, N, H and TZVP for Cu. Scaling factor=0.97.
b from IR spectra (KBr pellet).
c Mode descriptions according to Refs.[19, 21].

the 1440−1650 cm−1 region due to the relatively large
force constants. As is shown in Fig.4, the 514.5 nm
excited spectrum of CuT(tBu)TAP gives rise to four
strong bands in this region, at 1569, 1519, 1469, and
1441 cm−1, respectively. We consider that these bands
correspond to the calculated bands at 1568, 1533, 1479,
and 1445 cm−1. Based on the B3LYP calculations, we
assign the observed bands at 1569, 1519, 1469, and 1441
cm−1 to the ν2 (CβCβ

′ stretching of Ag symmetry),
ν10 (asymmetric CαNm stretching of Bg symmetry),
ν19 (asymmetric CαNm stretching of Ag symmetry),
and ν28 (symmetric CαNm stretching of Bg symmetry),
respectively. Besides, DFT calculation predicted that
ν3 (the symmetric CαNm stretching, Ag symmetry)
and ν11 (CβCβ

′ stretching, Bg symmetry) should also
appear at 1464 and 1574 cm−1. Experimentally, we

have not measured these two modes in the Raman
spectrum, which may be attributed either to their
weak intensities or to the band overlapping.

The pyrrole half-ring and quarter-ring stretching
modes of CuT(tBu)TAP are known to locate in the
region 1000−1450 cm−1. The strongest band in this
region was observed at 1308 cm−1, which can be read-
ily correlated to the calculated band at 1302 cm−1. It is
assigned to ν12, the symmetric pyrrole half ring stretch-
ing of Bg symmetry. Other bands in this region were
observed at 1406, 1341, 1210, 1145, and 1085 cm−1,
corresponding to calculated bands at 1395, 1328, 1215,
1147, and 1088 cm−1. We assigned them to the sym-
metric pyrrole half ring stretching of Ag symmetry (ν4),
pyrrole quarter ring stretching of Bg symmetry (ν29),
asymmetric pyrrole half ring stretching of Ag symmetry
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TABLE III B3LYP-calculated and observed Ag mode fre-
quencies (in cm−1) of CuT(tBu)TAP together with the ob-
served frequencies of MT(tBu)TAP (M=Co, Ni, and Zn).

Cu Co Ni Zn

Cal.a Obs.b Assign.c Obs.b Obs.b Obs.b

1568 1569 ν2 ν(CβCβ
′) 1576 1579 1561

1510 CH3 scis.

1489 CH3 scis.

1479 1469 ν19 ν(CαNm)as 1486 1495 1447

1474 CH3 scis.

1464 ν3 ν(CαNm)s

1411 CH3 umbr.

1395 1406 ν4 ν(Pyr/2)s 1409 1404

1381 CH3 umbr.

1307 ν20 ν(Pyr/4)

1244 ν26 δ(CβH)/ν(Cβ
′C1)

1215 1210 ν22 ν(Pyr/2)as 1210 1211 1222

1186 ν9 δ(CβH)

1066 ν23 ν(Cβ
′C1)/δ(CβH)

1020 ν6 ν(Pyr breath)

1023 CH3 wag

921 ν(C1C2)

865 ν5 ν(Cβ
′C1)

783 734 ν24 δ(Pyr def)as 732 754 765

704 ν7 δ(Pyr def)s

600 619 ν25 δ(Pyr rot) 610 612

545 δ(C2C1C
′
2), tBu umbr.

433 454 ν8 ν(M−Np) 452 454 450

395 398 δ(C′2C1C
′′
2 ), tBu scis. 399

299 δ(C′2C1C
′′
2 ), tBu scis.

274 CH3 torsion

227 (224) δ(Cβ
′C1C2)

145 δ(CβCβ
′C1)

a with 6-31G(d) basis sets for C, N, H; TZVP for Cu.
Scaling factor is 0.97.
b Raman spectra from solid powder.
c Mode descriptions according to Refs.[19, 21].

(ν22), CβH in-plane bending of Bg symmetry (ν34), and
Cβ

′C1 stretching of Bg symmetry (ν31), respectively.
For ν31, DFT calculation indicates that the stretching of
Cβ

′C1 bonds is strongly coupled with the in-plane bend-
ing of Cβ

′CβH bond-angle, which may be attributed to
the asymmetric substitution of tert-butyl group on the
pyrrole rings. The Raman band near 1030 cm−1 in the
514.5 nm excited spectrum is rather broad (Fig.4(b)).
According to the B3LYP calculation, it can be consid-
ered due to the overlap of the pyrrole breathing vibra-
tion of Bg symmetry (ν15, calculated at 1020 cm−1) and
the asymmetric pyrrole half ring stretch of Bg symmetry
(ν30, calculated at 1034 cm−1).

The Raman active bands due to pyrrole deformation,

TABLE IV B3LYP-calculated and observed Bg mode fre-
quencies (in cm−1) of CuT(tBu)TAP together with the ob-
served frequencies of MT(tBu)TAP (M=Co, Ni, and Zn).

Cu Co Ni Zn

Cal.a Obs.b Assign.c Obs.b Obs.b Obs.b

1574 ν11 ν(CβCβ
′)

1533 1519 ν10 ν(CαNm)as 1517 1531 1507

1508 CH3 scis.

1487 CH3 scis.

1477 CH3 scis.

1445 1441 ν28 ν(CαNm)s 1458 1472 1426

1410 CH3 umbr.

1382 CH3 umbr.

1328 1341 ν29 ν(Pyr/4)

1302 1308 ν12 ν(Pyr/2)s 1331 1332 1310

1252 ν14 ν(Cβ
′C1)/δ(CβH)

1212 ν(C1C2)/δ(C′2C1C
′′
2 )

1147 1145 ν34 δ(CβH) 1148 1164 1143

1088 1085 ν31 ν(Cβ
′C1)/δ(CβH) 1087 1083 1085

1034 (1030) ν30 ν(Pyr/2)as

1020 1030 ν15 ν(Pyr breath) 1044 1046 1027

922 ν(C1C2)

881 ν17 δ(CβH)/ν(Cβ
′C1)

797 ν32 δ(Pyr def)as

742 723 ν16 δ(Pyr def)s 725 726 723

612 ν33 δ(Pyr rot)

539 575 δ(C2C1C
′
2), tBu umbr. 580 580 573

388 δ(C′2C1C
′′
2 ), tBu scis.

361 δ(C′2C1C
′′
2 ), tBu scis.

273 CH3 torsion

262 δ(Cβ
′C1C2)

221 224 ν35 δ(Pyr trans.) 239 245 228

162 ν18 ν(M−Np)

88 δ(CβCβ
′C1)

a with 6-31G(d) basis sets for C, N, H; TZVP for Cu.
Scaling factor is 0.97.
b Raman spectra from solid powder.
c Mode descriptions according to Refs.[19, 21].

rotation and translation vibrational modes were calcu-
lated below 900 cm−1. The strong band observed at
723 cm−1 and the shoulder band at 734 cm−1 are as-
signed to the pyrrole deformation vibrations ν16 (Bg

symmetry) and ν24 (Ag symmetry), respectively. The
observed weak band at 619 cm−1 is assigned to ν25

(pyrrole rotation, Ag symmetry), which was calculated
at 600 cm−1. The middle strong Raman band ob-
served at 454 cm−1 is assigned to the Cu−Np stretch-
ing of Ag symmetry (ν8 mode), which was calculated
at 433 cm−1 with a considerable intensity. The broad
band of CuT(tBu)TAP at 224 cm−1 is considered to be
ν35 mode (pyrrole translation, Bg), which may overlap
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FIG. 4 Calculated and experimental Raman spectra
(514.5 nm excitation) of CuT(tBu)TAP.

with the Cβ
′C1C2 bending vibration (Ag symmetry).

2. Raman spectra of MT(tBu)TAPs and their structural
implications

The 514.5 nm excited Raman spectra of
MT(tBu)TAP (M=Cu, Ni, Co, Zn) are displayed
in Fig.5. The observed Raman frequencies have been
listed in Tables III and IV. As shown in Fig.5, different
metal substitution generates systematic and regular
changes in Raman spectra, which reflects the intrinsic
connection between the molecular structures and the
vibrational frequencies. For normal metalloporphyrins,
empirical correlations have been found between the
positions of Raman bands and the porphyrin core-size
Ct−Np (i.e., the distance between the center of the
porphyrin ring and the pyrrole nitrogen atom) [17, 18].
Especially, the Raman bands due to the stretching of
the CβCβ and CαCm bonds have been found sensitive
to the core-size change [17, 18].

For MT(tBu)TAPs, DFT calculations predicted six
such vibrations (i.e., ν2, ν3, ν19, ν10, ν11, and ν28) to
appear in the region 1440−1660 cm−1. Experimentally,
ν2, ν19, ν10, and ν28 were measured in the 514.5 nm
excited Raman spectra, whereas ν3 and ν11 were not

FIG. 5 Experimental 514.5 nm excited Raman spectra of
MT(tBu)TAP (M=Cu, Ni, Co, Zn).

observed due to their weak intensities. We have studied
the frequency/core-size relationship of MT(tBu)TAP by
correlating the observed Raman frequencies with the
calculated M−Np distances. Figure 6 displays the re-
lationships between the core-size (M−Np distance) and
the frequencies of ν2, ν10, ν19, and ν28 modes. It can
be found the frequencies of ν2 (CβCβ

′ stretching, Ag

symmetry), ν19 (asymmetric CαNm stretching, Ag sym-
metry), and ν28 (symmetric CαNm stretching, Bg sym-
metry) change linearly with the core-sizes. The slope
of the line reflects the relative sensitivity of a specific
vibrational frequency to the core-size change. We found
that with the decrease of core-size by 0.01 Å, the fre-
quencies of ν2, ν19, and ν28 increase by 2.29, 5.82, and
5.61 cm−1, respectively. It is clear that the ν28 and
ν19 modes are more sensitive with respect to the ring
expansion in comparison with the ν2 mode. This gen-
eral trend is coincident with normal metalloporphyrins
for which CαCm stretching vibrations have been found
more sensitive to the core-size change in comparison
with the CβCβ stretching vibrations [17, 18].

As shown in Fig.6, the core-size correlation for the ν10

mode is quite poor. The calculated Cartesian displace-
ments indicate that, while ν10 is nominally assigned to
the asymmetric CαNm stretching, it contains a signif-
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FIG. 6 Correlation between the Raman frequencies (for ν2 (a), ν10 (b), ν19 (c), and ν28 (d) modes) and the calculated
core-sizes of MT(tBu)TAP (M=Co, Ni, Cu, Zn). Frequencies from solid spectra excited at 514.5 nm.

icant component of CβCβ
′ stretching. In addition, we

found that the C1Cβ
′ stretching also contributes to the

ν10 mode. This kind of vibrational coupling is partially
attributable to the asymmetric substitution of the tert-
butyl group on the pyrrole rings. We consider that the
poor core-size/frequency correlation for the ν10 mode is
probably due to the change of normal mode composi-
tions for different MT(tBu)TAP complexes.

IV. CONCLUSION

We have studied the ground-state structures of
MT(tBu)TAPs (M=Cu, Co, Ni, Zn) with density func-
tional theory using B3LYP functional. The calculating
results indicate that all the four compounds have pla-
nar TAP rings with C4h symmetry. The measured IR
spectra of MT(tBu)TAPs were found basically in ac-
cordance with the calculations. The 514.5 nm Raman
spectra of MT(tBu)TAPs have been measured and the
observed Raman bands were assigned based on the DFT
calculations. The relationship between the Raman/IR
frequencies and the structure of TAP ring was investi-
gated. It was found that the frequencies of the CβCβ

′

stretch (Ag), asymmetric CαNm stretch (Ag), and sym-
metric CαNm stretch (Bg) modes increase linearly with
the decrease of the core-size of TAP rings.
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