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The coexistence in solution of at least two conformers of (meso-tetraphenylporphinato)nickel(II) [Ni(TPP)]
is inferred from solution and single-crystal resonance Raman spectra obtained at different temperatures (170
- 297 K) and excitation wavelengths (413.1 and 457.9 nm). The shapes of the structure-sensitive Raman
linesν8 andν2 are clearly asymmetric and change with temperature. These broad lines can be decomposed
into at least two sublines, a low-frequency (LF) and a high-frequency (HF) component. In contrast, the
corresponding single-crystal Raman lines of the nonplanar structure of Ni(TPP) in the crystal are narrow and
symmetric. For the lineν2, the broad LF subline results from nonplanar conformers and the narrow HF
subline arises from a more planar conformer. This assignment is consistent with the observation that the LF
subline ofν2 is more enhanced upon changing the excitation wavelength from 413.1 to 457.9 nm. The selective
resonance enhancement is caused by the red shifts of the UV-visible absorption bands and Raman excitation
profiles of the nonplanar form. The frequency assignment for the sublines ofν8 is reversed from that ofν2
(i.e., the HF subline ofν8 arises from nonplanar conformers and the LF subline results from a more planar
macrocycle). This assignment is based on subline broadness and enhancement behavior using an excitation
wavelength located on the red side of the B band. The assignments of the sublines to the nonplanar conformer
are also in agreement with the Raman spectra of single crystals in which Ni(TPP) is known from X-ray
crystallography to have a predominantly ruffled nonplanar conformation. Specifically, the frequencies of the
sublines ofν8 andν2 that are assigned to the nonplanar form in solution closely match the frequencies of
Ni(TPP) in the single crystal. We propose two thermodynamic models for the interpretation of the temperature
dependence of the intensity ratios of the sublines. A two-state model assumes one planar and one nonplanar
conformer in solution. From the slopes in the van’t Hoff plots, the nonplanar conformer is energetically
favored by about 1.8 kJ mol-1 in this model. Since molecular mechanics calculations predict three conformers
of Ni(TPP) in solution, we also consider a three-state model. The three structures are two nonplanar structures
of purely ruffled (ruf) and purely saddled (sad) macrocyclic distortions and a planar conformer. In the
calculations, theruf conformation is the lowest-energy structure with the planar andsadconformers having
almost equal higher energies. Assuming this relationship between the energies, but allowing the actual energy
separation to vary, the three-state analysis gives the similar result that theruf conformation is stabilized by
about 2.3 kJ mol-1 with respect to the planar andsadconformers.

Introduction

A recent advancement in the structural characterization of
the heme groups in proteins has convincingly shown that in
many cases the observed nonplanarity of the porphyrin is
conserved for proteins belonging to the same functional class.1,2

The structural conservation is even observed for some proteins
like the cytochromesc3 for which a large natural variation in
the amino acid sequence occurs. This finding might be expected
since functionally related proteins often share the same class
of tertiary structures, especially near the functional domains.3

On the other hand, similarities in the heme structure may not

necessarily follow from the similarities in the tertiary structure
if the distortions are functionally insignificant; consequently,
the conservation of the nonplanar distortions of the heme group
might indicate a mechanism for protein modulation of biological
properties. This possibility is further emphasized by the
observation that the isolated heme group in solution is almost
planar,4 so that the energy necessary to make the heme group
nonplanar must be provided by the surrounding protein.
The degree of nonplanarity apparently depends on a multitude

of protein-heme interactions. For example, binding of endog-
enous and exogenous ligands, van der Waals interactions with
nearby amino acid residues, and hydrogen bonding to the
porphyrin side chains are all significant contributors in causing
nonplanar heme distortions in proteins. The peripheral substi-
tutes are of particular importance when they are covalently
bonded to the protein (e.g., the vinyl substituents ofc-type
cytochromes) or when they are hydrogen bonded to nearby
amino acid residues (e.g., the propionate substituents). The
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protein can also influence the orientation of the substituents and
this in turn can influence the conformation of the heme. It is
therefore important to fully understand the role of peripheral
substituents in determining the nonplanar distortions of por-
phyrins. In this respect, the combination of X-ray crystal-
lography and resonance Raman spectroscopy has been particu-
larly fruitful in examination of the structure-function relationships
in various hemoproteins.5

Shelnutt and co-workers6 have investigated in great detail the
effect of differently substituted model compounds on the
porphyrin distortions using a combination of X-ray crystal-
lography, molecular mechanics calculations, and resonance
Raman spectroscopy. From these studies, it emerges that the
type, size, and orientation of the substituents determine the
degree and type of nonplanar distortions. In particular, all
known four-coordinate porphyrins having only hydrogen atoms
as peripheral substituents are nearly planar, including Zn(P),
Cu(P), and Ni(P).7 Ni(P), however, is poised to be nonplanar
because its central metal ion is too small for the porphinato
core.7b As a result, substituents at the periphery of nickel
porphine cause nonplanar structures which shorten the metal-
nitrogen bonds. Or for less bulky substituents, planar and
nonplanar conformations may coexist in solution.
In fact, (2,3,7,8,12,13,17,18-octaethylporphinato)nickel [Ni-

(OEP)] is an example for which planar and nonplanar conform-
ers coexist in solution.4,8 The conformers of Ni(OEP) are
distinguishable spectroscopically in that they give rise to
different frequencies in the single-crystal Raman spectra of the
two planar and one nonplanar crystalline forms. That is, the
structure-sensitive linesν3, ν11, ν2, ν19, andν10 appear at dif-
ferent frequencies for the planar and nonplanar crystal con-
formers,9,10 and lines at both frequencies can be identified in
the solution resonance Raman spectra of Ni(OEP).4,8 Appar-
ently, the ethyl substituents at the Câ positions of Ni(OEP)
sterically interact sufficiently to induce the appearance of
nonplanar conformers in solution, as do otherâ-pyrrole
substituents.8c

The question remains, however, as to just how much steric
crowding of the peripheral substituents is required to cause
equilibrium between planar and nonplanar forms. And, in
particular, canmeso-substitution by planar aryl groups alone
induce the appearance of nonplanar conformers? In this work,
we obtained the resonance Raman spectra of (5,10,15,20-
tetraphenylporphinato)nickel(II) [Ni(TPP)] in solution and in
the solid state taken at 413.1- and 457.9-nm excitation wave-
lengths. The shapes of the linesν8 andν2 in solution are clearly
asymmetric and composed of sublines belonging to planar and
nonplanar conformers. This conclusion is based on earlier
Raman studies4,6,8 showing that nonplanar distortions decrease
the frequencies for the lineν2 and cause a red shift of the
resonance positions in the Raman excitation profiles. This
assignment is confirmed by the single-crystal Raman spectra
of Ni(TPP), the X-ray crystal structure having been obtained
recently for this purpose.11 We also measured the temperature
dependence of these lines at 297, 240, and 170 K. A reliable
spectral analysis was employed yielding a decomposition of the
line shapes into two sublines, giving the temperature-dependent
ratios of the intensities of the sublines. Finally, either a two-
state or three-state thermodynamic model is used to fit the
intensity ratios of the sublines in the van’t Hoff plot to determine
the thermodynamic properties of the conformers. The main
conclusion of this work is that Ni(TPP) in solution coexists in
at least two distinctive conformers whose macrocycles differ
in terms of nonplanarity as a result of the steric interaction
between the phenyl groups and macrocycle.

Materials and Methods

Preparation. Ni(TPP) and Cu(TPP) were purchased from
Porphyrin Products. The materials were purified by liquid
chromatography using CS2 as the mobile phase (column 1×
10 cm2; Silicia 32-63, 60 A, ICN Biomedicals). The CS2 solvent
was of HPLC grade. The homogeneity of the samples was
monitored by thin-layer chromatography using Kieselgel with
fluorescence indicator F254 (Merck). The preparation of the
single crystals of Ni(TPP) is described elsewhere.11

Resonance Raman Spectroscopy.Solution and single-
crystal Raman spectra at room temperature were obtained using
dual-channel spectroscopy.12 The single-crystal Raman spectra
were recorded in the single-channel detection mode. Krypton
and argon ion lasers (Coherent, Innova 20) provided excitation
wavelengths in the B(Soret)- and Q-band regions of the
absorption spectrum. A collection lens with a 30-cm focal
length focused the laser beam onto the sample. The scattered
light was collected in a 90° scattering geometry by using a
camera objective (Canon lens 50 mm, 1:0.95; effectivef/1.4)
and imaged onto the entrance slit of the spectrometer (Spex
1401) equipped with a cooled photomultiplier (Hamamatsu, type
R928P) and photon counting electronics (Tennelec, TC532 and
TC593; LRS 133B and 123; Colorado Data System, 63B IAC
System). A quartz cell was used for the solution spectra. The
single crystals or crystalline powder were placed between two
thin quartz slides and, in contrast to the solution spectra, the
collection lens was defocused and the laser power at the solid
sample was less than 20 mW to avoid strong local heating of
the single crystal. After several scans, no sample decomposition
was observed by checking the sample integrity of the single
crystal under the microscope and by comparing the signals
before and after the Raman measurements.
Raman measurements at different temperatures were carried

out using a krypton ion laser (Coherent, Innova 90K).8b By
using a cylindrical lens of 10-cm focal length, the linear
polarized laser beam was focused onto the sample placed in a
low-temperature cell consisting of a cylindrical quartz cuvette
surrounded by a copper block. The cell was mounted onto the
cold finger of a closed cycle cryostat (Leybold, ROK 10-300),
and its temperature was regulated by a controller unit (Leybold,
Variotemp HR1). The estimated errors for the temperature of
the sample are(5 K. The scattered light was collected in back-
scattering geometry and imaged on the entrance slit of the
spectrometer (Spex 1401) equipped with a cooled photomulti-
plier (RCA, type C31034-02) and photon-counting electronics
(Ortec 9302, 9320).
Interference filters were used to suppress the interfering

plasma lines of the gas ion lasers. Polarized spectra were
measured by passing the scattered light through a Polaroid sheet
oriented parallel or perpendicular to the scattering plane followed
by a scrambler in front of the spectrometer entrance slit. The
data obtained at different temperatures were stored in a computer
which also controled the photon counter and the motor of the
spectrometer.
For frequency calibration, the Raman spectra and the corre-

sponding reference spectra were obtained simultaneously. At
room temperature, the solution spectra of porphyrin sample and
reference were obtained simultaneously by using a cylindrical
rotating quartz cell consisting of two separate compartments
(dual channel spectroscopy). Rotation of the Raman cell at 50
Hz prevented local heating of the sample even with incident
laser powers at the sample as high as 100 mW. The frequency
calibrations were carried out using benzene as reference; the
observed peak positions of the benzene lines used were taken
to be at 606.7, 992.2, and 1586.4/1606.2 cm-1.6d On the other
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hand, the frequency calibration of the solution spectra at different
temperatures and the single-crystal spectra was carried out
using suitable spectral lines of krypton and argon pencil lamps
(Oriel). These spectral lines were also calibrated using the
frequency positions of the benzene lines. These pencil lamps
were mounted in front of the camera objective. The light
from these lamps was directed onto the spectrometer slit for
the short time that is necessary to record the spectral lines.
The standard deviation in the observed frequency reading
was(0.8 cm-1 for solution and(1.0 cm-1 for single-crys-
tal spectra. Finally, all spectra were corrected for non-linear-
ity of the spectrometer. The spectra shown in the figures
are the unsmoothed sum of several scans; the specific condi-
tions are described in the figure captions. The reproducibility
of the spectra was verified by recording the spectra several
times.
UV-Visible Absorption Spectroscopy. The absorption

spectra were measured by using a Hewlett-Packard 8452 A
diode array spectrophotometer and 10-mm quartz cell. The
UV-vis spectra were used to check the sample integrity and
to determine the porphyrin concentrations. The porphyrin
concentrations for Ni(TPP) and Cu(TPP) in CS2 solution were
determined from the maximum absorbance of the B band using
the extinction coefficients in CS2 for Ni(TPP) and Cu(TPP). In
the Raman experiment, the porphyrin concentrations were in
the range from 0.1 to 0.5 mM.
Curve Fitting. The Raman lines were decomposed using

Lorentzian lines convoluted with a triangularly shaped spectral
slit function of the spectrometer.13 A linear function was
employed to fit the background intensity. The nonlinear least-
squares curve fitting was carried out with the program PeakFit
(Jandel Scientific). The spectral slit width s˜ of the slit function
of the spectrometers (Czerny-Turner double monochromator)
ranges from 2.4 to 5.6 cm-1 using 413.1-nm excitation
wavelength and the 100- and 200-µm geometric slit widthsS
for the spectrometer.8b The experimentally determined slit
function via spectral lines of krypton and argon pencil lamps
can be described rather well with a triangular slit function for
S> 80µm and are fixed in the fitting procedure. The maximal
deviations of the experimentally determined spectral slit widths
to the calculated ones8b were less than 8%. The spectral slit
width and the line width (or half-widths) of the Raman line are
defined by the full width at half-maximum (fwhm). The
intensity of a Raman (sub)line is given by the area. Also, the
Raman line widths given in the text are all corrected for the
spectrometer slit function and are therefore the true line widths.
The fitted lines shown in the figures are the result of the
convolution between the (true) Lorentzian line and the trian-
gularly shaped spectral slit function.
Molecular Mechanics Calculations. The force field used

for the classical molecular mechanics calculations has been
described previously.6a,e It is based on the normal-mode
analysis of Ni(OEP) and the DREIDING II force field. The
energy minimization was carried out using POLYGRAPH
software (Molecular Simulations, Inc.) and displayed on a
Silicon Graphics workstation. In the calculation, the total energy
is the sum of contributions from bond stretching, bending,
torsions, inversions, electrostatic, and van der Waals energies.14

In calculating the atomic electrostatic interactions for the charge
distributions, the solvent dielectric constant was set to that of
carbon disulfide (2.64). This force field is capable of accurately
predicting the structures of various conformers and estimating
their relative conformational energies. For example, Ni(OEP)
is predicted to coexist in solution between a planar and
nonplanar conformations as experimentally observed.8

The conformational search for Ni(TPP) was carried out by
varying the orientation of the substituents in each of the lowest-
energy out-of-plane deformations;2 that is, thesad, ruf, dom,
or waV deformations were used as starting structures for the
macrocycle for various substituent orientations before energy
minimization. Then, the energy-minimized structures were also
subjected to molecular dynamics simulations with the aim of
finding additional energy minima.
Normal Structural Decomposition. The energy-minimized

structures were analyzed using a new normal structural decom-
position method for classifying and quantifying their out-of-
plane and in-plane distortions.2 The normal structural decom-
position method characterizes the distortion in terms of equivalent
displacements along the normal coordinates of theD4h-sym-
metric porphyrin macrocycle (normal deformations). Theoreti-
cally, the out-of-plane (oop) and in-plane (ip) normal modes of
each symmetry type (Γoop for 3 B2u, 3 B1u, 3 A2u, 5 Eg, and 2
A1u; Γip for 6 B2g, 6 B1g, 11 Eu, 6 A1g, and 5 A2g) form a basis
for characterizing the (internal) displacements of the 24 mac-
rocyclic atoms.
As expected, it turns out that the predominate displacements

arise from the lowest-frequency normal deformations (softest
modes) of each symmetry type (minimal basis).2 The minimal
basis is illustrated in Figure 1 (out-of-plane) and 2 (in-plane).15

The displacements along each of the minimal-basis deformations
are listed in the tables as well as the mean deviations (δhoop and
δh ip) between the observed structure and the structure simulated
by using the displacements along the deformations of the
minimal basis. These mean deviations should be compared to
the mean positional errors in X-ray crystallography for metal-
loporphyrins.2,16

Because of the high resolution of the X-ray crystal structures
of metalloporphyrins, the small displacements for other normal
coordinates than those of the minimal basis set can also be
discerned.2 Consequently, for a complete characterization of
the energy-minimized structures, the total deformation along
all of the modes of each symmetry type2 Dobs

Γ , using the
complete basis (21 out-of-plane and 45 in-plane normal
deformations) are also given in the tables (complete basis). In

Figure 1. Illustrations of the lowest-frequency out-of-plane eigenvec-
tors in coordinate space for each of the normal deformationD̂k

oop [k:
sad, ruf, dom, waV(x), waV(y) andpro] used in describing the nonplanar
distortions of the porphyrin macrocycle. Static displacements represent-
ing a 1-Å deformation along each lowest-frequency normal coordinate
are shown (ref 2).
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addition, the corresponding total out-of-plane and in-plane
distortions,Doop andDip, with respect to the copper reference
macrocycle are useful quantities and are also listed for both the
minimal and complete basis. A complete description of the
normal structural decomposition method, the limits, and the
application for synthetic and protein-bound porphyrins is given
in previous papers.1,2

Results

Solution and Single-Crystal Raman Spectra at Room
Temperature. Figure 3 displays an overview of the resonance
Raman spectra of Ni(TPP) in CS2 solution and in crystalline
powder taken at room temperature. The assignment, labeling,
and symmetry of the Raman lines are based on the recent

normal-mode analysis.17 The structure-sensitive skeletal modes
enhanced at 413.1-nm excitation wavelength areν8, ν4, ν3, and
ν2.6a,d,e,10,18As can be seen from Figure 3, the peak frequencies
of the linesν8, ν3, andν2 are obviously different in solution
and solid state; the frequency differences with respect to the
solid-state spectra are-11, +4, and+5 cm-1, respectively.
(There are two lines in the region ofν3 in the powder spectrum.
ν3 is assigned to the lower of these lines on the basis of a higher
resolution spectrum [not shown] and the fact thatν3 typically
down shifts for nonplanar distortion.)6d,8 Table 1 summarizes
the frequency positions of the structure-sensitive lines of Ni-
(TPP) in solid state and in solution.
In the following, we focus our attention on the isolated

skeletal modes that exhibit the largest frequency shifts upon
changing the environment, that is, the structure-sensitive lines
ν8 andν2. Figure 4 (part A) displays an enlarged view of the
lines ν8 andν2 of Ni(TPP) in solution. These lines are broad
(∼16 cm-1) and asymmetrically shaped. In contrast, the same
lines in the single crystal (Figure 4, part C) are narrow (∼8
cm-1) and symmetric. Since Ni(TPP) in the single crystal exists
only in one conformation,11 the solution and single-crystal
Raman spectra indicate that Ni(TPP) in solution may coexist
in more than one conformer. To verify this, solution Raman
measurements at different temperatures were carried out.
Raman Spectra at Different Temperatures and Line-

Shape Analyses ofν8 and ν2. Raman spectra of Ni(TPP) in
CS2 were recorded at 297, 240, and 170 K. The linesν8 and
ν2 at temperature extremes are shown in Figure 4 (parts A and
B). Obviously, the observed line shapes depend on temperature,
with the high-frequency shoulder of the lineν8 gaining intensity
at low temperature as the most dramatic change.
The asymmetric linesν8 andν2 at different temperatures were

decomposed into two sublines as shown in Figure 4. In the
fitting procedure, the frequency positions, Lorentzian widths,
and peak height of the high- (HF) and low-frequency (LF)
sublines were used as free parameters. Analyzing the spectra
at different temperatures reveals that each line,ν8 or ν2, is
described well using only two sublines. Also, the spectroscopic
parameters for the sublines ofν8 are unequivocally determined
and listed in Table 2 for the temperature extremes.
Figure 5 illustrates the temperature dependence of the lines

ν8 and ν2 of Cu(TPP) at room and low temperatures. These
lines are symmetric and narrow (∼6 cm-1) and are well fitted
with single Lorentzian lines at different temperatures, indicating
that Cu(TPP) in solution exists only in one conformation. The
line widths and frequency positions ofν8 andν2 at temperature
extremes are also listed in Table 2.
For the sublines ofν2 of Ni(TPP), the width of the sublines

could not be reliably determined without any restrictions. For
this purpose, the line width ofν2 for Cu(TPP) at different
temperatures was used, that is, the widths of the HF subline of
ν2 for Ni(TPP) were restricted to be almost the same values as
found for Cu(TPP). Using this fitting procedure for Ni(TPP),
we were able to obtain unique fitting parameters for the sublines
of ν2. The spectroscopic parametersν2 are listed in Table 2.
The curve fitting results show that the linesν8 and ν2 at

different temperatures can be described well by two sublines
with temperature-dependent line widths. The widths of the LF
and HF sublines become smaller as the temperature decreases.
Moreover, the frequency positions for the sublines ofν2 slightly
increase with decreasing temperature. Interestingly, the LF
sublines are narrow forν8 and broad forν2; this is reversed for
the HF sublines (i.e, ν8 is broad andν2 is narrow). A reversal
is also noted for the intensity ratiosILF/IHF. Thus, we associate
the broad and narrow sublines with different species, and we

Figure 2. Illustrations of the lowest-frequency in-plane eigenvectors
in coordinate space for each of the normal deformation Dˆ k

ip [k: meso-
str, N-str, trn(x), trn(y), bre and rot] used in describing the in-plane
distortions of the porphyrin macrocycle. Static displacements represent-
ing a 1-Å deformation along each lowest-frequency normal coordinate
are shown (ref 2).

Figure 3. Overview resonance Raman spectra of Ni(TPP) in CS2

solution (part A) and crystalline powder (part B) at room temperature.
Conditions: 40 mW (solution), 10 mW (crystal); spectral resolution
for 413.1-nm excitation is about 5 cm-1, increment 0.5 cm-1/s. The
solvent lines are indicated with asterisks (*).
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plotted the intensity ratioIbroad/Inarrow Versus1/T in Figure 6.
Straight lines with almost equal slopes are found for both lines
in the van’t Hoff plots.
Raman Line Shape at Different Excitation Wavelengths.

Similar behavior is also found in the selective enhancement of
the sublines ofν8 andν2 using different excitation wavelengths.
Figure 7 displays the shape of the linesν8 andν2 at different
excitation wavelengths for Ni(TPP) in solution and in the single

crystal. The wavelengths selected are on the blue and red side
of the B band in the UV-visible absorption spectra (see inset
in Figure 7). For the single crystal, no significant changes are
observed in the line shape, but the Raman lines apparently
change their shape in solution. When using excitation wave-
lengths located on the red side of the B band, the HF subline
of ν8 and the LF subline ofν2 gain intensity. In other words,
the broad lines representing one conformer are selectively
enhanced on the red side of the B band. In addition, the broad
and narrow sublines ofν8 and ν2 have different resonance
positions in their Raman excitation profiles, indicating that

TABLE 1: Frequencies (cm-1) of the Structure-Sensitive Lines of Ni(OEP) and Ni(TPP) in the Single Crystals and in CS2
Solutiona

Ni(TPP) Ni(OEP)

crystal solution crystal solution

mode sym tetragonal planar nonplanar triclinicAb triclinic Bb tetragonal planar nonplanar

ν8 A1g 403c 392c 400c 342d 354d 345d 340/361e,f
ν4 A1g 1374c 1373c,g 1382h 1383h 1382h 1383g,f
ν3 A1g 1469c 1473c,g 1522h 1526h 1513h 1521f 1518f
ν11 B1g 1504i 1512j 1506j 1580h 1580h 1570h 1578f 1575f
ν19 A2g 1550i 1557j 1547j 1606d 1608d 1589k 1604l 1597l
ν2 A1g 1570c 1578c 1572c 1608h 1609h 1595h 1600m
ν10 B1g 1594i 1604j 1598j 1661h 1663h 1640h 1659l 1652l

a Estimated errors for the frequencies are about(1.0 cm-1. b Absolute frequencies of the lines are systematically higher than those in ref 9.
Frequency differences between the triclinicA andB forms are due to intermolecular stacking interactions in theB form (ref 9). c This work.
dReference 9.e Line appears as a doublet due to different ethyl orientations (ref 21).f Reference 19.g Sublines could not be reliably resolved or the
composite line appears as a single line; the observed peak position is given.hReference 20.i Frequency positions in KCl pellet (ref 17).j Reference
22a.kReference 10.l Reference 8b.m Line shape is clearly asymmetric, but the sublines could not be reliably resolved due to spectral crowding
(ref 8b).

Figure 4. Resonance Raman spectra for the structure-sensitive lines
ν8 andν2 of Ni(TPP) in CS2 solution at room (part A) and low (part B)
temperature and in the single crystal at room temperature (part C). The
solid lines are the results of the decomposition of the asymmetric line
shapes into two sublines (fitting procedure is described in text).
Conditions: 20 mW (solution), 10 mW (crystal); spectral resolution
for 413.1-nm excitation is about 5 cm-1; increment 0.3 cm-1/s
(solution), increment 0.5 cm-1/s (crystal).

TABLE 2: Spectroscopic Parameters (Frequencyν̃ and
Half-Width Γ in cm-1) for the (Sub)Lines of ν8 and ν2 for
Ni(TPP) and Cu(TPP) in CS2 Solution at Room (297 K) and
Low (170 K) Temperaturesa

ν8 ν2b

planar nonplanar planar nonplanar

porphyrin parameter 297 170 297 170 297 170 297 170

Ni(TPP) ν̃ 392 392 400 400 1578 1579 1572 1573
Γ 6 5 15 11 6 4 14 11

Cu(TPP) ν̃ 392 393 1563 1565
Γ 5 4 7 5

a Error estimates are 15% for the line widths and(1 cm-1 for the
frequency positions.b Line widths of the HF sublines of Ni(TPP) in
solution are restricted to be almost the same as the line width of
Cu(TPP) due to ambiguity in the curve-fitting procedure (see text).

Figure 5. Resonance Raman spectra for the structure-sensitive lines
ν8 and ν2 of Cu(TPP) in CS2 solution at room (part A) and low
temperature (part B). Conditions: 20 mW, spectral slit width for 413.1-
nm excitation is about 5.1 cm-1, increment 0.3 cm-1/s.

Figure 6. van’t Hoff plots of the intensity ratios of the sublines ofν8
andν2 for Ni(TPP). The solid lines are the calculated values according
to the two-state [eq 1] and three-state models [eq 3]. Fitting parameters
are given in Table 5. The bars illustrate the maximum errors in
determining the intensity ratios.

(meso-Tetraphenylporphinato)nickel(II) J. Phys. Chem. A, Vol. 101, No. 32, 19975793



the absorption bands of the two conformers are shifted with
respect to each other.
Molecular Mechanics Calculations. All stable conformers

of Ni(TPP) were found by energy minimization starting from
initial structures having all possible combinations of the
orientations of the phenyl groups and out-of-plane macrocyclic
structures. There are three stable energy-minimized conformers,
the ruf, sad, and planar conformations illustrated in Figure 8.
The calculated energies for each of the predicted conformers
are summarized in Table 3. It was found that theruf conformer
is the lowest-energy structure; thesadand planar conformers
have almost the same energy, which is about 7 kJ mol-1 higher
than theruf conformer.

Normal Structural Decomposition of the Energy-Mini-
mized and X-ray Crystal Structures. Table 4 lists the
displacements along the out-of-plane and in-plane normal
deformations for the energy-minimized structures obtained using
the minimal and complete basis. As expected, the structures
are simulated well using only the minimal basis. The two
energy-minimized nonplanar structures are purely ruffled (1.475
Å) and purely saddled (-1.082 Å) and exhibit an in-plane A1g
contraction (bre deformation) with respect to the copper
reference macrocycle. In all cases, the negativebredeformation
is due to both the small nickel ion for the porphinato core and
the nonplanar distortion. For the planar conformer, very small
amounts ofsad and ruf deformations are found. The total
observed out-of-plane distortions are 1.478, 1.082, and 0.022
Å for the ruf, sad, and almost planar conformers, respectively.
Besides the different macrocyclic conformations of the

energy-minimized structures for Ni(TPP), the three conformers
also differ in the phenyl orientations. For theruf and planar
conformations, the phenyl groups are all perpendicular with
respect to the CRCmCR plane characterized in Table 4 asPPPP
orientation. On the other hand, the phenyl groups in thesad
conformer are alternatively tilted left (L) or right (R) with respect
to the CRCmCR plane. The average tilting angles are the same
for all phenyl groups and is about 84°. This arrangement in
the sad conformation is designated in Table 4 asLRLR
orientation.
For comparison, Table 4 also lists the displacements for the

X-ray crystal structure for Ni(TPP).11 This X-ray crystal
structure was obtained from the same single crystal that was
used for the Raman measurements in this work. From Table
4, in the X-ray crystal structure Ni(TPP) is predominately ruffled
(1.296 Å) and saddled (-0.237 Å). Furthermore, apart from
the expectedbre in-plane deformation, a small but significant
amount of rot deformation is observed in the X-ray crystal
structure, a common feature of other X-ray crystal structures
of metallotetraphenylporphyrins.11 The total observed out-of-
plane and in-plane distortions are 1.321 and 0.322 Å, respec-
tively. A detailed description and analysis of the X-ray crystal
structures of Ni(TPP) and other metallotetraphenylporphyrins
are given in a separate paper.11

Discussion

Raman studies of substituted metalloporphyrins6 in crystal-
line forms9,10 and in solution4,8 have shown that nonplanar
distortions of the macrocycle of theruf and saddeformation
types cause a downshift of the frequencies of the Raman lines
ν3, ν11, ν2, ν19, andν10. The downshifts in frequencies parallel
the red shift of the UV-visible absorption bands resulting from
nonplanar distortion. Table 1 lists the frequencies of the lines
for the three types of crystals of Ni(OEP)sthe two planar
(triclinic A and B forms) and one strongly nonplanar form
(tetragonalC)sillustrating the downshifts of the structure-
sensitive lines. Raman studies8b of Ni(OEP) in solution show
that the Raman linesν3, ν11, ν19 and ν10 can be decomposed
into two sublines, and the subline attributed to the nonplanar
conformer is generally broader than the subline of the planar
conformer. The frequencies of the sublines of the nonplanar
and planar conformers of Ni(OEP) in solution are also listed in
Table 1 for comparison with the Raman data for Ni(TPP).
Assignment of the Broad and the Narrow Sublines ofν8

and ν2 of Ni(TPP) to Nonplanar and Planar Conformers.
The decomposition of the Raman linesν8 andν2 of Ni(TPP) in
CS2 solution reveals two sublines with different widths. Further,
the relative intensity of the sublines depends on temperature

Figure 7. Resonance Raman spectra at different excitation wavelengths
for the structure-sensitive linesν8 andν2 of Ni(TPP) in CS2 solution
(part A) and in the single crystal (part B) at room temperature. The
spectra were obtained by exciting on the red and blue sides of the B
band of the UV-vis spectrum (arrows in the inset show the positions
of the excitation wavelengths). Spectral resolution for 413.1-nm
excitation on 3 cm-1 (solution) and 5 cm-1 (crystal). For 457.9-nm
excitation, the resolution is 2 cm-1 (solution) and 4 cm-1 (crystal).
Conditions: 80 mW (solution), 20 mW (crystal), increment 0.3 cm-1/
s (solution), increment 0.5 cm-1/s (crystal).

Figure 8. The three energy-minimized conformers predicted for Ni-
(TPP). Theruf conformation is the lowest-energy conformer; thesad
and planar conformations have almost the same energies. For clarity,
the hydrogen atoms are not shown. The carbon atom labeling is also
shown.
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and excitation wavelength. The HF subline ofν8 and the LF
subline ofν2 are broad, whereas the LF subline ofν8 and the
HF subline ofν2 are narrow. Figure 6 displays the van't Hoff
plots of the intensity ratiosIbroad/Inarrow for the sublines ofν8
andν2. On the basis of temperature dependence and line widths,
we assign the broad sublines to one type of conformer and the
narrow sublines to another.
In analogy with Ni(OEP), the broad LF subline ofν2 for Ni-

(TPP) arises from a nonplanar conformer, whereas the narrow
HF subline results from a more planar conformer. This accounts
also for the red shift of the Raman excitation profile of the LF
subline ofν2 with respect to the profile of the HF subline, since
a red shift in the absorption bands of the nonplanar conformer
is expected. (In the curve-fitting procedure, it is therefore
reasonable to assume that the width of the HF subline ofν2 at
different temperatures is similar to the width of the presumably
planar conformer of Cu(TPP) in solution at the same temper-
atures.23)
In general, there is no simple relationship between the

frequency ofν8 and the degree of nonplanarity,6d, but it is known
that the shape ofν8 is sensitive to structural heterogeneity.6d,e21

On the basis of the broadness of the HF subline ofν8 and its
considerable enhancement using an excitation wavelength
located on the red side of the B band, we infer that the HF
subline ofν8 arises from a nonplanar conformer and the LF
subline ofν8 comes from a more planar conformer.
An alternative interpretation for the asymmetric shape of the

lines ν8 and ν2 for Ni(TPP) in solution might be spectral
crowding, that is, other lines underlyingν8 and ν2 cause the
asymmetry. However, this seems unlikely because the asym-
metric shapes of the linesν8 andν2 for Ni(TPP) in solution are
still present after deuteration at different positions.24 Moreover,
as can be seen from Figure 4 (part C), the linesν8 andν2 in the
single-crystal Raman spectra are symmetric and relatively
narrow, as expected for the single crystal of Ni(TPP) which
contains only one conformer. Thus, spectral crowding as an
alternative interpretation for the asymmetric line shapes is rather

unlikely. Moreover, spectral crowding cannot easily explain
the systematic change of the intensity ratios of the sublines with
temperature.
Two-State Thermodynamic Model. Ni(TPP) in solution

coexists in at least two conformers whose macrocycles differ
with respect to the degree of nonplanarity. The simplest
thermodynamic model for interpreting the temperature depen-
dence of the intensity ratios consists of two states, a planar (pl)
and a nonplanar (npl) conformer. Following the analysis of
the sublines for Ni(OEP) in a recent paper,8b the intensity ratio
as a function of temperature can be expressed as follows:

The Raman cross sections of the two conformers areσnpl and
σpl, the occupation numbers of the nonplanar and planar states
are nnpl and nnpl, T is the absolute temperature, andR is the
universal gas constant.∆Gpl,npl is the Gibbs free energy
difference between the two states defined by the Gibbs-
Helmholtz equation,∆Gpl,npl ) ∆Hpl,npl - T∆Spl,npl. The
thermodynamic parameters∆Hpl,npl and∆Spl,npl are the enthalpic
and entropic differences between the two states.
The thermodynamic parameters of the two-state model, which

were determined from the fits to the data in Figure 6 (solid
lines), are listed in Table 5 and are similar for the linesν8 and
ν2. The entropic difference is calculated by assuming that the
Raman cross sections for the two conformers are the same.
However, this assumption is likely incorrect because the
excitation profiles for the planar and nonplanar forms are shifted
with respect to each other and, therefore, the Raman cross
sections for the two forms depend on the excitation wavelength.
In our case, the 413.1-nm excitation selectively enhances the
planar conformer (see Figure 7). In addition, the difference in
the degeneracy factors between the planar and nonplanar form
complicates the interpretation of the entropy (Vide infra); thus,
the entropic value is unreliable.

TABLE 3: Energies (kJ mol-1) for the Energy-Minimized Stable Conformers of Ni(TPP)

conformer relativea total bonds angles torsions inversions van der Waals electrostatic

ruf 0.00 756.62 40.02 295.53 198.83 2.73 251.79 -32.20
sad 7.10 763.72 49.15 302.48 173.23 1.03 269.83 -32.00
planar 7.46 764.08 52.00 302.29 167.48 0.00 274.25 -31.94

a Energy relative to the lowest-energy conformer.

TABLE 4: Out-of-Plane and in-Plane Displacements (Å) for the Minimal (Italics) and Complete Normal Coordinate Basis
(Bold) for the X-ray Crystal and Energy-Minimized Structures of Ni(TPP). Total Deformation of Each Symmetry type2 Is
Found Using the Complete Basisa

out-of-plane displacements in-plane displacements

Ni(TPP)
conformerb orientationc Doop

d δhoopd
sad
(B2u)

ruf
(B1u)

dom
(A2u)

waV(x)
(Eg(x))

waV(x)
(Eg(y))

pro
(A1u) Dip

d δh ipd
m-str
(B2g)

N-str
(B1g)

trn(x)
(Eu(x))

trn(x)
(Eu(y))

bre
(A1g)

rot
(A2g)

energy-minimized
ruf, [D2d(C′2)] PPPP 1.475 0.015 0 1.475 0 0 0 0 0.358 0.022 0 0 0 0 -0.358 0

1.478 0 1.478 0 0 0 0 0.380 0 0 0 0 0.380 0
sad[D2d(C′′2)] LRLR 1.082 0.005-1.082 0 0 0 0 0 0.202 0.021 0 0 0 0 -0.202 0

1.082 1.082 0 0 0 0 0 0.231 0 0 0 0 0.231 0
planar (D4h) PPPP 0.022 0.000-0.015 0.016 0 0 0 0 0.118 0.019 0 0 0 0 -0.118 0

0.022 0.015 0.016 0 0 0 0 0.156 0 0 0 0 0.156 0

X-ray crystal
ruf + sad(S4) LRLR 1.317 0.017-0.237 1.296 0 0 0 0 0.312 0.015 0 0 0 0 -0.311 -0.027

1.321 0.256 1.296 0 0 0 0 0.322 0.000 0 0 0.001 0.001 0.319 0.048
aDisplacements were obtained by orienting the macrocycle consistently in such a way that the displacements are negative forsadand/or positive

for ruf deformations.b Point group symmetry is based on both the substituent orientation and the macrocyclic conformation. The 2-fold symmetry
axesC′2 andC′′2 refer to theD4h point group.c Approximate dihedral angle between the phenyl and the CRCmCR plane is 90° for thePPPPorientation.
For theLRLRorientations in the energy-minimized and X-ray crystal structures, the angles are 84° and 78°, respectively.d Total simulated distortions
Doop andDip (Å) and the mean deviations,δhoop andδh ip (Å) for the minimal basis set are given; the simulation is exact for the complete basis.

Inpl
Ipl

)
Ibroad
Inarrow

)
σnpl

σpl

nnpl
npl

)
σnpl

σpl
exp(∆Gpl,npl

RT ) (1)
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In summary, the two-state thermodynamic model accounts
for the temperature dependence of the intensity ratios and the
change in the shape of the Raman lines upon changing the
excitation wavelengths. The two sublines ofν8 andν2 result
from conformers with planar and nonplanar macrocycles. The
nonplanar conformer in CS2 solution is energetically favored
by about 1.8 kJ mol-1. Figure 9 (part A) illustrates the mole
fractions of the conformers according to the two-state model.

Three-State Thermodynamic Model. Another possible
interpretation for the temperature dependence of the intensity
ratios is suggested by the molecular mechanic calculations. This
model involves three conformational states and associates these
conformers with specific structures, two nonplanar (sadandruf)
and one planar form. Since the degree of nonplanarity for the
ruf andsadenergy-minimized structures is similar (see Table
4), their corresponding structure-sensitive lines probably coin-
cidentally appear almost at the same frequencies and give rise
to the composite broad nonplanar sublines. On the other hand,
the planar energy-minimized structure emerges in the Raman
spectra as a single narrow subline. In this case, the intensity
ratio as a function of temperature can be expressed as follows:

Because there are too many free parameters involved, we must
make some additional assumptions in this model. It is reason-
able to assume that the entropic differences arise only from the
different degeneracy factorsg (i.e., the number of the energeti-
cally identical nondistinguishable states). We then obtain the
following equation for the intensity ratio as a function of
temperature:

The degeneracy factors are 2 for the nonplanar conformers and
1 for the planar conformer. This is because the opposite pyrrole
planes for theruf conformer can be twisted counterclockwise
or clockwise with respect to an axis through the nitrogen atoms
(see Figure 8). The same reasoning is true for thesadconformer
(pyrrole planes can be tilted above or below the mean plane of
the macrocycle). Moreover, it is also reasonable to assume that
the Raman cross sections are nearly the same for the two
nonplanar conformers (σruf ) σsad). Finally, in accord with the
molecular mechanics calculations, the enthalpic differences are
set equal for thesadand planar forms (∆Hsad,ruf) ∆Hpl,ruf). In
fitting the intensity ratio, the only free parameters in this
equation are therefore the enthalpic difference between the
nonplanar and planar conformers and the ratioσpl/σnpl of the
Raman cross sections.
The thermodynamic parameters of the three-state model,

which were determined from the fits to the data in Figure 6
(solid lines), are listed in Table 5 and are similar for the lines
ν8 and ν2. The enthalpic difference of thesad and planar
conformers with respect to theruf conformer is about 2.3
kJ mol-1 that deviates by a factor of about four from the
calculated value (see Table 3). Such an error is certainly
possible given that the relative energies obtained from molecular
mechanics calculations are in the range of only several kJ mol-1.
Also, the detailed solvent-porphyrin interactions, which can
also have a contribution to the enthalpic difference, are not
included in the molecular mechanics calculations. The Raman
cross section for the planar conformation is about 3 times larger
than that of the nonplanar conformers. Moreover, the large
difference in the Raman cross section between the nonplanar
and planar conformers of Ni(TPP) is expected since the
excitation wavelengths used in the temperature measurements
selectively enhance the planar conformation.

TABLE 5: Thermodynamic Parameters (∆H in kJ mol-1
and ∆S in kJ mol-1) for the Two-State [Equation 1] and
Three-State [Equation 3] Models Derived from the van’t
Hoff Plots of the Intensity Ratios of the Sublines ofν8 and ν2
for Ni(TPP) in CS2 Solution

model parameters ν8 ν2
two-statea ∆Hpl,npl

b 1.5( 1.0 2.0( 1.0
∆Spl,nplc 0.9( 4 -1.0( 4

three-stated,e ∆Hsad,ruf, ∆Hpl,ruf
f 2.0( 1.0 2.5( 1.3

(σpl/σnpl)g 3.9( 1.5 2.9( 1.5

a Assumes one almost planar (pl) and one nonplanar (npl) structure,
ruf or sad conformation.b Enthalpic differences are respect to the
nonplanar conformer.c Because the Raman cross sections for the
nonplanar and planar conformers are assumed to be the same, the
entropic difference is physically unreasonable.dOn the basis of the
molecular mechanics calculations, the model assumes aruf, sad, and
planar conformation.eThe degeneracy factorsg are set to be 1 and 2
for the planar and nonplanar forms, respectively.f Enthalpic differences
are with respect to theruf conformer. Energies are set to be the same
for thesadand planar forms consistent with the molecular mechanics
calculations.gRatio of the Raman cross section at 413.1-nm excitation
wavelength.

Figure 9. Mole fraction of the conformers determined according to
the two-state and three-state model using eqs 1 and 3, respectively. In
the calculation, the average enthalpic energies for the linesν8 andν2
are used, that is, 1.8 and 2.3 kJ mol-1 for the two-state and three-state
model, respectively. In calculating the mole fractions in the two-state
model, the Raman cross sections for the nonplanar and planar
conformers are assumed to be the same and the entropic difference is
zero. For the three-state model, the degeneracy factors are set to
gnpl ) gruf ) gsad ) 2 andgpl ) 1.

Inpl
Ipl

)
Iruf + Isad

Ipl
)

σruf nruf + σsadnsad
σpl nnpl

)

σruf

σpl
exp(∆Gpl,ruf

RT )[1+
σsad

σruf
exp(-

∆Gsad,ruf

RT )] (2)

Inpl
Ipl

)
σruf

σpl

gruf
gpl

exp(∆Hpl,ruf

RT )[1+
σsad

σruf

gsad
gruf

exp(-
∆Hsad,ruf

RT )]
(3)
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Taken together, the three-state model accounts for the
temperature dependence of the intensity ratios of the sublines
and is consistent with the predictions of the molecular mechanics
calculations. Theruf conformer is stabilized by about 2.3
kJ mol-1 with respect to the energetically equalsadand planar
conformers. The entropic part arises from the different degen-
eracy factors for the planar and nonplanar structures. Figure 9
(part B) illustrates the mole fractions of the conformers
according to the three-state model.
Types of Nonplanar Conformers of Ni(TPP) in Solution

for the Two-State and Three-State Model. In the single
crystal, Ni(TPP) is strongly nonplanar (total distortion) 1.321
Å) and is mainly of aruf deformation type (see Table 4; the
CRN-NCR dihedral angle is about 30°).11 Our assignment of
sublines ofν8 andν2 to nonplanar conformers is consistent with
the frequencies of these lines in the single-crystal Raman data,
(i.e., the frequencies of the sublines resulting from the nonplanar
forms in solution almost match the Raman frequencies of the
single crystal). This may indicate that the macrocycle of the
nonplanar form in solution is predominantly ruffled. If so, the
magnitude of theruf deformation in solution must be similar
to that observed for the X-ray crystal structure.
A recent study11 suggests that the smallsad contribution

evident in the X-ray crystal structure for many metallotetraphen-
ylporphyrins is probably caused by the crystal packing arrange-
ment, specifically its effect on the tilting of the phenyl planes.
Thus, thesad deformation (-0.237 Å) in the X-ray crystal
structure of Ni(TPP) is mainly due to theLRLR phenyl
orientation.11 The ruf conformer of Ni(TPP) in solution is
expected to be in the energetically favoredPPPP phenyl
orientation as found in the molecular mechanics calculations.
This implies that the nonplanar conformer of Ni(TPP) is
probablypurelyof the ruf deformation type.
It remains possible however that the nonplanar conformer is

simultaneously both ruffled and saddled as observed in the X-ray
crystal structure of Ni(TPP). The resulting point group sym-
metry is thenS4, whereas the pureruf or saddeformations have
D2d symmetry. The symmetry of Ni(TPP) in solution can be
determined by Raman dispersion spectroscopy.5c,26 More
specifically, for S4 symmetry we expect dispersion of the
depolarization ratio for the A1gHF subline ofν8 and LF subline
of ν2 (Fg1/8), the lines attributed to the nonplanar forms; this
question will be addressed in a future paper.22b

Disregarding the calculated relative energies for theruf and
sadconformers in the molecular mechanics calculations, it is
also quite possible that the nonplanar form of Ni(TPP) in
solution may exist in the puresaddeformation. The structure-
sensitive lines in solution would probably appear at almost the
same frequencies as for theruf deformation.6a An alternative
notion consistent with the three-state model is that bothsad
and ruf conformers coexist in solution. Bothsad and ruf
deformations cause similar downshifts of the structure-sensitive
lines6a since the calculated degree of nonplanarity for thesad
conformer (1.082 Å) is similar to that of theruf conformer
(1.475 Å). Spectroscopically, the frequencies of the two types
of nonplanar conformers would not be distinguishable because
of the near degeneracy of their frequencies. Other vibrational
lines may allow one to conclusively determine the types of
distortion that occurs in solution.
In summary, Ni(TPP) in solution coexists in at least two

distinctive conformers whose macrocycles differ in terms of
nonplanarity. This accounts for the asymmetric shapes of the
structure-sensitive Raman linesν8 andν2 and their change with
temperature and excitation wavelengths. Two thermodynamic
models, a two-state and a three-state model, are proposed to fit

the van’t Hoff plots of the intensity ratios of the sublines,
showing that the nonplanar conformer is energetically favored
by about 2.0 kJ mol-1. The nonplanar conformer in the two-
state model is most likely either a purelyruf conformer or a
conformer composed of a mixture of bothsadandruf deforma-
tions. Although there is no direct evidence for the additional
sadconformer proposed in the three-state model, the possibility
finds support from the molecular mechanics calculations. The
most stable conformer of Ni(TPP) probably consists of mainly
a ruf deformation because displacement along theruf coordinate
for metallotetraphenylporphyrins requires almost no energy as
long as theruf deformation is less than or equal to 1 Å.11
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