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Density functional theory has been applied to a series of unsubstituted planar metalloporphyrins (MPs) to
elucidate how geometry and frequencies correlate with the metal-nitrogen distance, referred to as the core
size. Different transition metals can invoke expansion or contraction of the porphyrin core due to electronic
effects resulting from the amount of d-electron pairing as well as occupancy of the dx2-y2 orbital. A full
vibrational analysis consisting of all in-plane and out-of-plane frequencies was carried out, and the resulting
modes were plotted against core size for a linear analysis and grouped within symmetry blocks. The modes
were separated according to planarity, and all modes with a large slope and best fit greater than 0.8 were
considered sensitive to metal-nitrogen distances. All planar skeletal modes above 1450 cm-1, including the
pyrolle ring deformations, are found to be core-size sensitive. The most significant out-of-plane modes sensitive
to core size are γ8 and γ9, which are infrared active and grouped within the A2u symmetry block. The present
work also opens possible quantitative applications for the correlation of spectroscopic properties of MPs and
heme proteins with actual structural parameters.

1. Introduction

Metalloporphyrins (MPs; Figure 1), most often found in the
active site of proteins, continue to be the subject of active
research, particularly in the studies of heme proteins and
photoreaction centers.1 Various experimental techniques have
been applied to study MP complexes, both as isolated systems
and as active sites within the protein environment. One of the
most useful techniques used for probing MP complexes is
vibrational spectroscopy, specifically resonance Raman (RR),2

which utilizes laser excitation of the π f π* absorption
maximum.3 Hence, enhancement of totally symmetric, in-plane
modes is typically expected upon this excitation.

Direct correlation of vibrational spectra with structure is
generally difficult and has always been recognized as a limitation
of vibrational spectroscopy. However, by early recognition of
structure-sensitive marker bands associated with oxidation and
spin states of MPs,4 vibrational spectra have provided a unique
perspective for the application of RR spectroscopy. The capabil-
ity of probing vibrations in the porphyrin macrocyclesthat can
be directly correlated with structuresreflects the fact that the
macrocycle has a planar, π-conjugated structure with D4h

symmetry (Figure 1). The macrocycle cavity can accommodate
a variety of transition metals and, in the cases such as iron-
containing porphyrins, multiple oxidation states. These differ-
ences in metal or oxidation state result in measurable changes
in distance between the center metal atom and the pyrrole
nitrogen atom (M-N), referred to as the core size.

The effects of different metals and peripheral substituents on
porphyrin core size have been probed with X-ray crystal-

lography, beginning with studies conducted by Hoard in the
early 1970s.5 Using X-ray data from several Ni, Zn, Sn, Fe,
and Mg substituent porphyrin systems, Hoard deduced that
metals play a key role in core changes that render the rigidity
of the macrocycle system. On the other hand, vibrational
markers have long been sought as quantitative indicators of
structural changes in the porphyrin systems, ever since it was
recognized that shifts in RR spectra can correlate to structural
changes in metal oxidation and spin states.4,6 Spaulding et al.7

discovered that the frequency of an anomalously polarized ν19

band, assigned as CR-N asymmetric stretching, correlates
negatively with the porphyrin core size in a series of structurally
determined metallo-octaethylporphyrins (MOEP). A subsequent
analysis by Choi et al.8 concluded that all skeletal modes above
1450 cm-1 for the studied Fe- and Ni-substituted metallo-
protoporphyrin (MPP) structures have a negative linear cor-
relation with core size, which was attributed to the dependence
of the force constant for methine bridge bonds. Parthasarathi et
al.9 re-examined the RR frequencies for a wider range of MPP
and metallo-tetraphenylporphyrin (MTPP) systems and general-
ized trends in skeletal modes. They also went beyond the
normally studied Ni and Fe porphyrins to investigate general
trends for Sn, Mn, and Co PP and TPP complexes, including
deviations due to spin state and oxidation. Interestingly, they
found that linear correlations seem to break down for SnIV

complexes due to “saturation of the core size effect” as a result
of the large core that SnIV imposes.

The most comprehensive analysis of core size expansion and
nonplanarity effects on MP vibrational frequencies has been
reported by Prendergast and Spiro.10 A wide variety of
substituted porphyrins have been examined by employing
crystallographic data and empirical force fields to establish the
relationship between the skeletal modes and the core size.
Semiempirical QCFF/Pi and MNDO/3 calculations were carried
out to quantify observed correlations. Special emphasis was
placed on the ν10 and ν19 modes, which have often been used
to describe the ruffling or doming kinematics of porphyrins.
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The structural changes associated with CR-Cm, CR-C�, and
C�-C� bonds, CRCmCR angles, and contraction of CR-N
distance were also investigated in conjunction with core size
for a wide range of octaethylporphyrin (OEP) and tetraphe-
nylporphyrin (TPP) metal complexes.

While the “core size effect” has been known for some time,
there is no record of “first principles” methods of computational
chemistry having been applied to quantify it. There has been
no attempt to perform a full vibrational analysis over a range
of MP complexes with a variety of d-metals in an attempt to
elucidate the link between structure and frequency. The
experimental data, on which the core size hypothesis has been
relayed (refs 7–9), need to be complemented by computational
study for two reasons: (i) Only a limited set of frequencies can
be obtained from experiment, that is, primarily in-plane, RR
active modes, and (ii) vibrational data available for MPs are
typically influenced by peripheral substituents and effects
associated with nonplanarity. This study is designed to present
density functional theory (DFT) calculations for series of MPs
in an effort to examine all of the vibrational differences due to
changes within the macrocycle core. In that respect, all major
bond lengths and angles, as well as related vibrational frequen-
cies, have been calculated and analyzed for MPs (Figure 1) with
a series of first row (d4-d10) transition metals.

2. Computational Details

Reported calculations were carried out using nonlocal density
DFT with Becke-Lee-Yang-Parr (B3LYP) functional and
6-31G(d) basis set employing the Gaussian 0311 suite of
programs for electronic structure calculations. This level of
theory has proven appropriate for structure and vibrational
analysis of MPs with excellent agreement of experimental data
in previous studies.12–16 To establish correlation between the
structure and the vibrational properties, unsubstituted planar
porphines were utilized, incorporating a series of first row
(d4-d10) transition metals in the center. The geometry of each
MP was optimized, and a full vibrational analysis was carried
out assuming D4h symmetry constraints. The ground-state
electronic configuration was verified by testing of the stability
of the wave function. In all cases, it was verified that the
optimized structures correspond to the stable minima with an
exception for Ni-porphine, for which one imaginary frequency
was found. This imaginary frequency is associated with the
ruffling of the porphine macrocycle as has been demonstrated
previously.13 To improve the quality of the vibrational force
field, a set of nonredundant internal coordinates was generated

and Cartesian force constants were transferred to internal force
constants.17 The internal force constants were scaled according
to a scaled quantum mechanical (SQM) procedure.18 Following
our previous studies, we applied six scaling factors, which have
been thoroughly investigated for other MPs.13–15 In addition,
we have obtained the total energy distribution (TED) of each
vibrational mode in terms of stretches, bends, torsions, etc.

3. Results and Discussion

3.1. Geometric ParameterssDependence on Core Size.
MPs are planar, conjugated systems with D4h symmetry capable
of accommodating various metals. The system is sensitive to
small changes in the M-N bond length, and the experimentally
measured variation in the M-N length ranges from 1.93 to 2.10
Å, typically observed in MOEP7,10 and MTPP.10 For relatively
small values of core size, the porphyrin ring undergoes out-of-
plane distortion (ruffling), which is typically observed for
complexes with nickel.13 However, in the case of large core
sizes, such as those with Mn10 or Mo,19 doming is a preferable
distortion of the porphyrin macrocycle. To cover the range of
experimentally observed M-N bond lengths, seven first-row
MP complexes with increasing number of d-electrons (d4-d10)
have been analyzed with respect to the most important geometric
parameters extracted from DFT calculations. Those structural
parameters, including unique bond lengths and bond angles, are
collected in Tables 1 and 2.

Core size dependence plotted as a function of the number of
d-electrons (Figure 2) reveals that the largest core size (2.087
Å) is observed for MnP, while the smallest (1.960 Å) is observed
for NiP. The dependence of core size as a function of number
of d-electrons can be readily explained in terms of occupancy
of metal d-orbitals. The larger core size observed for MnP is a
consequence of the high spin d5 sextet state, in which each
d-orbital is singly occupied, including the highest energy dx2-y2

orbital. The smaller core size measured for NiP is attributed to
d8 singlet configuration, in which eight electrons doubly occupy
manifold of d-orbitals leaving the dx2-y2 empty. Consequently,
the addition (d9 Cu) or removal (d7 Co) of an electron from
NiP d-orbitals results in an increase of the core size. The removal
of an electron (d7 Co configuration) results in a low spin
(doublet) configuration with the M-N distance falling between
values found for the singlet d8 Ni and triplet d6 Fe configurations.
Introducing a second electron to the dx2-y2 orbital leads to fully
occupied d-orbitals (d10 Zn), resulting in the expected increase
of the M-N distance.

Conversely, the addition or removal of an electron from high
spin (d5 Mn configuration) decreases the core size due to the
absence of an electron in the dx2-y2 orbital. The quintet of the
d4 Cr configuration leads to the decreased core size (2.048 Å)
that is similar to singlet d10 ZnP (2.046 Å). On the other hand,
addition of an electron to the d5 Mn configuration may produce
several different low-lying electronic states of iron porphines.
Different electronic states of FeP were analyzed in previous
studies,12 and some of them have been included for comparison
in Tables 1 and 2. As expected, because of dx2-y2 orbital electron
population, the core size for triplet (3A2g and 3B2g) FeP states
(∼2.00 Å) is smaller than that found for the high spin quintet
(5A1g and 5B2g) FeP configurations (∼2.06 Å).

In an effort to explain the changes associated with the core
size effect, the bond lengths CR-C�, CR-Cm, C�-C�, and
N-CR (Figure 3a) and angles CRCmCR, NCRCm, CRC�C�,
C�CRCm, NCRC�, CRNCR, and MNCR (Figure 3b,c) were plotted
as a function of M-N. With increasing core size, the rigid
porphine skeleton compensates by adjusting other geometric

Figure 1. Structure and atom labeling scheme for MPs.
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parameters. For bond lengths, a positive linear correlation for
CR-C�, CR-Cm, and C�-C� and a negative linear correlation
for N-CR is observed, analogous to trends observed in
crystallographic data and QCFF/Pi semiempirical calculations
by Spiro and co-workers.10 However, their results for C�-C�
bond distances did not follow experimental trends. DFT
calculations were able to provide results with better agreement
to experimental data especially for the C�-C� distance, which
may reflect the fact that unsubstituted porphines were used in
the present analysis. The macro-ring of the porphyrins with
CR-C�, CR-Cm, and C�-C� distances increases linearly with
core size. The quality of all fitted data was judged by least-
squares R2 values. With exemption of the N-CR plot (R2 )
0.79), all macro-ring stretches have good correlation with
linearity as shown in Table 1. It is assumed that the N-CR bond
acts as a spring, compensating for the outward expansion of
the other bonds.

Negative slopes are only found for angles containing the
N-CR bond, further supporting the hypothesis that this param-
eter compensates for the outward strain placed on the rigid

system when increasing the M-N distance. The correlation of
angles (Figures 3b,c) to the core size is more complicated and
best explained by trends observed for a pyrrole ring and a
methane bridge. An interesting hypothesis to the characterization
of pyrrole ring changes was presented by Warshel,20 in which
he proposed that pyrrole rings in porphyrin systems behave as
rigid units. It was suggested that the strain induced by expansion
of the core is relieved by lengthening of the CR-Cm-CR bonds,
the so-called methine bridges. Using the calculated DFT data,
we tested this hypothesis by superimposing two pyrrole rings:
first NiP with the shortest M-N bond length and the second
MnP with the longest M-N bond. This geometry comparison
indeed supports Warshel’s contention. The pyrrole rings do not
significantly change shape; however, a slight elongation of the
C�-CR bond is observed that scales linearly with core size. Also,
the C�-C� bond remains unaffected, and the most sensitive bond
lengths are the CR-Cm arms and the CR-N-CR bond angles.
Therefore, in a first approximation, it may be assumed that the
rings are not affected by the core expansion. The same effect
was noted empirically by Sparks et al.21 for substituted por-
phyrins. Consequently, only the CR-Cm-CR angles and associ-
ated vibrations, as is presented in the next section, are the most
sensitive for core size expansion.

3.2. Vibrational Frequencies. To establish a correlation
between core size and structure-sensitive modes for the unsub-
stituted MP complexes, a vibrational analysis was performed
employing SQM refinement of DFT force fields as briefly
described in the computational section. Utilizing a highly
symmetrical, planar structure of analyzed MPs, all 105 vibrations
were separated to in-plane (ip) and out-of-plane (oop) vibrations
as Γtot ) 71Γip + 34Γoop and further categorized into symmetry
blocks. According to D4h symmetry, 71Γip ) 9A1g + 9B1g +
8A1g + 9B2g + 18Eu and 34Γoop ) 3A1u + 5B1u + 6A2u + 4B2u

+ 8Eg. Although the true energy minimum for Ni-porphine is
ruffled13 (structure has D2d symmetry), for consistency of the
analysis, a planar D4h symmetry structure with one imaginary
frequency (γ14) was employed for the NiP complex. Labeling
the MP modes follows a conventional notation;6,22 in-planes are
labeled as ν1-53, and out-of-plane modes are labeled as γ1-26

(note that all doubly degenerate E modes are labeled once). In
addition, following earlier work of Spiro and co-workers,22 the

TABLE 1: Selected Bond Lengths (Å) of Calculated MPs and Slopes of Associated Core-Size Correlation Plots

Fea

Cr Mn 3A2g
5A1g

3B2g
5B2g

1A1g Co Ni Cu Zn slopes

M-Np 2.042 2.083 2.001 2.061 1.993 2.061 2.002 1.976 1.957 2.007 2.046
N-CR 1.377 1.372 1.377 1.373 1.379 1.372 1.377 1.381 1.381 1.376 1.372 -0.078
CR-Cm 1.395 1.404 1.388 1.400 1.387 1.400 1.388 1.383 1.380 1.388 1.396 0.188
CR-C� 1.444 1.448 1.441 1.446 1.440 1.447 1.442 1.440 1.439 1.443 1.446 0.074
C�-C� 1.364 1.366 1.362 1.365 1.361 1.366 1.360 1.359 1.358 1.361 1.363 0.063

a Both high and low spin data are reported here; however, only the triplet 3B2g was employed in the core-size analysis.

TABLE 2: Selected Bond Angles (Degrees) of Calculated MPs and Slopes of Associated Core-Size Correlation Plots

Fea

Cr Mn 3A2g
5A1g

3B2g
5B2g

1A1g Co Ni Cu Zn slopes

M-N-CR 126.7 126.1 127.3 126.4 127.5 126.4 127.3 127.7 128.0 127.2 126.6 -14.981
CR-N-CR 106.6 107.8 105.1 107.2 105.1 107.1 105.4 104.5 104.1 105.6 106.7 29.973
N-CR-Cm 125.1 125.0 125.7 125.1 125.2 125.0 125.2 125.2 125.3 125.2 125.1 -2.501
N-CR-C� 109.7 109.0 110.6 109.4 110.7 109.5 110.6 111.1 111.4 110.5 109.8 -19.176
C�-CR-Cm 125.2 126.0 124.2 125.5 124.0 125.6 124.2 123.7 123.3 124.3 125.1 21.668
CR-Cm-CR 126.4 127.9 124.9 127.0 124.6 127.0 125.1 124.2 123.4 125.2 126.5 34.964
CR-C�-C� 107.0 107.1 106.7 107.0 106.7 106.9 106.7 106.6 106.6 106.7 106.9 4.186

a Both high and low spin data are reported here; however, only the triplet 3B2g was employed in the core-size analysis.

Figure 2. Diagram of core size (Å) as a function of 3d-orbital
occupation for various transition metals. In the case of FeP (d6), the
core sizes of the (S) singlet, (T) triplet, and (Q) quintet spin states are
shown.
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local coordinate framework was used to describe modes and
assign computed fundamentals. All ip and oop frequencies and
mode assignments are shown in the Supporting Information
(Tables S1 and S2), in which the vibrations are grouped
according to symmetry and arranged as a function of core size.

Further characterization of these vibrations is presented in
graphical form as functions of increasing core size and their
best least-squares fit lines (Supporting Information, Figures S-in-
planes). The quality of the fit was judged by the R2 value, which
is listed for each frequency set in Tables S1 and S2 of the
Supporting Information, along with the slope and the intercept
of the line. Almost all of the analyzed frequencies correlate
linearly with the core size. Only a small subset, mainly oop
modes, has rather low R2 values. Frequency modes, with a strong
linear correlation (R2 > 0.86), have significant sensitivity (large
slope value) with respect to core size. These frequencies cover
the most important range of core sensitive modes. They are
marked in Tables S1 and S2 of the Supporting Information by
the bold face and are subject of further total energy distribution
(TED) analysis (see below).

The frequency-slope correlation is summarized in Figure 4
(top) for ip modes and (bottom) for oop modes. Presentation of
these modes excludes all C-H stretch and C-H out-of-plane
modes, which are not relevant for substituted MPs. The overall
correlation for ip modes shows that the majority of vibrations
decrease as the size of the core increases (Figure 5). The most
notable modes that have largest slopes (Figure 5, left) with
respect to core size (ν2, ν3, ν10, ν19, ν28, ν37, ν38, and ν39) are all
the planar skeletal modes above 1450 cm-1. Computational
prediction of these modes is in agreement with experimentally
determined core sensitive modes previously reported in
literature.7–10 It has been noted in the literature that the skeletal
modes with higher frequencies tend to have vibrations involving
the CR-Cm stretch, and lower frequencies (those closer to
1450 cm-1) have a more C�-C� stretching character.10 These

Figure 3. Correlation plots of selected bond distances (Å) vs the core
size (Å) for the MPs (a). Correlation plots of selected bond angles
(degrees) vs core size (Å) for the MPs (b and c).

Figure 4. Histogram of calculated frequency slopes (cm-1/Å) for (top)
in-plane and (bottom) out-of-plane fundamentals of MPs. Labels identify
the symmetry and the assignment of selected normal modes.
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two stretches CR-Cm and C�-C� give the largest variation with
respect to core size, as indicated by their slopes in Table 1 and
Figure 3. The first four ip modes with the largest slopes (ν10,
ν19, ν37, and ν3 shown in Figure 5) are all out-of-phase CR-Cm

stretches. Similarly, in-phase CR-Cm stretches (ν28 and ν39) are
also very sensitive to core changes. The CR-Cm bond lengths
have long been recognized7 to significantly differ with metal
core size for various substituted porphyrin systems due to their
involvement in the conjugated outer periphery that compensates
for core changes. Modes ν38, ν2, and ν11 contain noticeable
contribution of C�-C� stretches, which are saturated periphery
bonds sensitive to the core. Some planar modes are considered
nonskeletal because the majority of their vibrations are located
around the center pyrole nitrogens instead of the outer periphery

bonds. These modes can also show a sensitivity to core metal
occupancy. The most notable nonskeletal modes are ν35, ν49,
ν41, ν25, and ν4, listed in order of decreasing linearity.

In the case of oop modes, the most significant, nonhydrogen
modes with the largest slope values are γ3 (A1u), γ9 (A2u), γ14

(B1u), γ18 (B2u), and γ22 (Eg), which correspond to propeller,
doming, ruffling, saddling, and pyrole rings swivel distortions,
respectively (Table S2 of the Supporting Information, Figure
4, bottom, and Figure 6). Other significant slope values
computed for oop modes are found only for symmetric and
asymmetric C�-H modes, which are not relevant for commonly
�-substituted porphyrins, and for γ16 (B2u pyrole tilting).
However, a linear correlation for this fundamental is a quite
poor (R2 ) 0.65). As expected, a majority of the out-of-plane
core-sensitive modes involve distortion of the M-N core
(ruffling, doming, waving, etc.), which tend to have lower
frequencies within the oop modes.

3.3. Total Energy Distribution. To establish how structure-
sensitive modes depend on particular structural elements, each
vibration has been analyzed with respect to total energy
distribution (TED). The TED analysis describes essential
contributions of elemental coordinates such as stretching,
bending, or torsion in vibrational modes. In the analysis, we
have applied the same set of nonredundant internal coordinates
that was used to define the SQM force field. A convenient way
to present this analysis is to list the results within symmetry
blocks. In-plane symmetry modes, A1g, A2g, B1g, and B2g, are
Raman-active and might be confirmed by RR data, while
symmetry modes, Eu (ip) and A2u (oop), are infrared-active and
can be verified through IR data. Figure 7 exemplifies an analysis
of TED data as plotted changes in percentage of internal
coordinate contributions for selected vibrational modes ν2, ν4,
ν10, and ν19 that exhibit a noticeable dependence on core size.
The full analysis of all modes can be found in the Supporting
Information (Figure S-ip).

Among the vibrations of symmetry A1g, B1g, B2g, and A2g that
can be detected via RR spectroscopy, the most important are
the totally symmetric A1g modes. These modes have been used

Figure 5. Correlation plots of selected in-plane frequencies (cm-1) vs core size (Å) for MPs. Left panel, frequencies of the A1g, A2g, B1g, and B2g

symmetries. Right panel, frequencies of the Eu symmetry.

Figure 6. Correlation plots of selected out-of-plane frequencies (cm-1)
vs core size (Å) for MPs.
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as oxidation or spin state markers when enhanced by laser
excitation of the Soret (or B) band. The sensitivity of these
modes with respect to spin state or oxidation changes reflects
changes in the core size associated with the M-N expansion
or contraction. The individual breakdown in total energy
distribution for modes within A1g (ν2, ν3, ν4, and ν7) is shown
in Figure 7 and S-ip (Supporting Information). Mode ν2 is
comprised of mostly C�-C� (positive correlation) and CR-Cm

(negative correlation) stretching character as core size increases.
There is also an approximate 2% increase in N-CR stretching
character over the core size range. Mode ν3 has greater C�-C�
stretching character (negative correlation) and also some CR-Cm

stretching character, which oscillates between 26-30% over the
core size range. The N-CR stretching increases as a function
of core size. Mode ν4 has approximately 36% CR-C� stretching
character, which is consistent for each metal, and a decrease in
the N-CR-Cm bond angle and N-CR bond character.

The RR-active modes upon Q-band excitation of symmetry
B1g, A2g, and B2g are among the most sensitive with respect to
core expansion. Two of these modes, ν10 (B1g) and ν19 (A2g),
have the highest sensitivity with respect to M-N distances and
slopes greater than -550 cm-1/Å (Table S1 of the Supporting
Information and Figure 4, top). The TED analysis reveals that
both modes have significant contributions from CR-Cm stretch-
ing of the methane bridges. Mode ν19 is a skeletal mode with
mostly CR-Cm character and a negative correlation to core size.

The ν11 mode of B1 g shown in Figure S-ip of the Supporting
Information has the kinetic energy localized mostly at C�-C�
stretching.

Symmetry block A2g is comprised of skeletal modes ν19, ν20,
ν24, and ν25 (Figures 7 and S-ip of the Supporting Information).
Mode ν19 is a strong planar skeletal mode with mostly CR-Cm

character and a negative correlation to core size. Mode ν20 has
strongly core size-dependent kinetic energy distribution localized
in CR-C� stretching. Mode ν24 has a minor contribution from
CR-C� stretching but is mostly characterized by the asymmetric
bending of the pyrrole rings resulting in a “wiggling” effect.
The vibration of mode ν25 is almost completely characterized
by bending of the N-CR-Cm angle. All linear modes within
this symmetry block are distinguished by changes along the
periphery.

The core-sensitive modes within B2g symmetry are ν28, ν29,
ν33, and ν35 (Figure S-ip of the Supporting Information). The
skeletal mode ν28 has mostly CR-Cm character (negative
correlation). Modes ν29 and ν33 have strong contribution of
CR-C� character, while ν35 mostly changes within the
CR-Cm-CR bond angle (slight negative correlation). As in A2g,
the linear modes within B2g are classical skeletal modes with
all changes occurring along the periphery of the ring.

Several infrared active modes of symmetry Eu (ip) (Figure
S-ip of the Supporting Information) and A2u (oop) (Figure S-oop
of the Supporting Information) were found to have noticeable

Figure 7. Correlation plots of %TED for ν2, ν4, ν10, and ν19 in-plane frequencies (cm-1) vs core size (Å). All TED values are normalized to 1.00
(i.e. %TED/100). Open symbols represent linear correlation with R2 < 0.90, while closed with R2 > 0.90, respectively.
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sensitivity with respect to core size. Among them are degenerate
Eu modes labeled as ν37, ν38, ν39, ν41, ν44, ν46, and ν49 and oop
γ9 modes (Figure 5, bottom). The Eu modes most sensitive to
core size are ν37, ν38 and ν39, which have strong contributions
from C�-C� and CR-Cm stretching, which increase and
decrease, respectively, with core size for ν37 and follow the
opposite trend for ν38. Mode ν39 shows a decrease in the percent
of C�-C� stretching but a steady (∼19%) contribution from
CR-Cm. Symmetry block A2u comprises significant oop modes
γ9, which are described as doming and inverted-doming
vibrations.

The ip modes with high sensitivity to core size are mostly
skeletal in nature; however, two exceptions exist. Modes ν18

(B1g) and ν53 (Eu) have large slopes here-to-fore used as an
indicator of core size sensitivity. However, there is no linear
correlation of frequencies with increasing core size for these
two modes. It is interesting to note that both are characterized
by their large M-N contributions to total energy and that the
graphical distribution of frequencies according to core size bear
striking similarities among the metals with respect to the two
modes (see the Supporting Information). All points lie in a
similar pattern, and both Zn and Cr (∼2.05 Å) lie far below
and above the line of linearity, respectively, for each mode.
The angle of the slope is slightly steeper for ν53, but the change
in frequency for all metals follows the same pattern for both
modes. The M-N total energy for both modes is nearly identical
for all metals with Fe only slightly higher for ν18.

4. Summary and Conclusions

MPs are found in the active site of many proteins; therefore,
research linking the structure and spectra of MPs has critical
implications in a wide area of studies. Herein, we applied DFT
to several unsubstituted planar MPs to elucidate how geometry
and frequencies correlate with the M-N distance. Different
transition metals can invoke expansion or contraction of the
porphyrin core due to electronic effects resulting from the
amount of d-electron pairing as well as occupancy of the dx2-y2

orbital. The MnP has the largest core size with five unpaired
electrons, and a domed porphyrin structure results when the Mn
is pushed slightly out of plane. The smallest core size was found
for NiP, with eight paired electrons, resulting in a distortion of
the molecule and causing a ruffling of the planar structure. The
computed range of M-N values (i.e., 1.96-2.09 Å) covers
essentially the range of experimentally observed values. Pe-
ripheral substituents and effects associated with nonplanarity
were not taken into account in the present study. For planar
MPs, an analysis of geometry yielded a linear positive correla-
tion for all skeletal bond lengths CR-Cm, C�-C�, and C�-CR
and negative correlations for nitrogen-containing elements
N-CR. Changes in bond angles were more difficult to charac-
terize, but the most notable were the CR-Cm-CR and
CR-N-CR bends, which give credence to the suggestion by
Warshel20 that the methine bridges relieve strain caused by
expansion of the core. Indeed, present DFT calculations confirm
that the pyrrole rings can be viewed as rigid units with changes
most notable for the CR-N-CR angle. This prediction is
consistent with normal coordinate deformation concept of
Shelnutt, Jentzen, and co-workers.23 They showed for out-of-
plane distortions that all porphyrin deformations can be de-
scribed as a linear combination of deformations along normal
coordinates and that the coordinates of the lowest wavenumber
modes are the dominant contributors to the deformation assign-
able to a distinct D4h symmetry (a more formal argument can
be found in ref 24). The core size changed considered in the

present study can be described as an A1g type deformation. A
check of the available normal modes of this symmetry type
reveals that the corresponding lowest frequency mode (ν9)
involves changes of M-N, CR-Cm, and in-phase motion of the
entire pyrrole rings.

A full vibrational analysis consisting of all 105 in-plane and
out-of-plane frequencies was carried out, and the resulting modes
were plotted against core size for a linear analysis and grouped
within symmetry blocks. The modes were separated according
to planarity, and all modes with a large slope and best fit greater
than 0.8 were considered sensitive to M-N distance. All planar
skeletal modes above 1450 cm-1 (ν2, ν3, ν10, ν11, ν19, ν28, ν37,
ν38, and ν39), as well as those with the majority of resultant
vibrations from stretches or bends involving the core N (ν35,
ν49, ν41, ν25, and ν4), changed with the core as noted in the
literature. The most significant out-of-plane modes sensitive to
core size are γ8 and γ9, which are infrared-active and grouped
within the A2u symmetry block. By defining core-sensitive modes
of MPs through a full vibrational analysis, it is then possible to
establish correlation between frequencies and geometry. The
linear dependence of certain frequencies allows for inverse
correlation, that is, determination of structural changes in the
porphine core from observed frequencies. Furthermore, analysis
of the TED based on the natural internal coordinates indicates
the structural element (bend, stretch, torsion, etc.) responsible
for the specific vibration that links modes with linear dependence
on core change. Overall, this work brings correlation of
frequencies and structural properties to higher levels of accuracy
and relativity as evident in the quality of the linear fit of
frequencies to changes associated with the core expansion. The
present work opens possible quantitative applications for the
correlation of spectroscopic properties of MPs and heme proteins
with actual structural parameters.

Supporting Information Available: Full analysis of the core
size dependence: frequency tables, frequency correlation, and
kinetic energy distribution plots. This material is available free
of charge via the Internet at http://pubs.acs.org.
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