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(as in experiment 1), otherwise it was observed as the failure of the
spectrum of the porphyrin only (no viologen) to pass through the
isosbestic point (experiment 2).

The viologen concentration dependence of this region varies from
one experiment to another and is probably related to the number of
anionic sites on the surface of the cuvette, or more specifically, to
the number of alkali metal cations which were loaded onto these sites.
We do not think that this initial anomaly is due to dissociation of
porphyrin dimers since porphyrin dimers should not be present under
these conditions (Beer's law data, Chapter IV).

Region b) At some threshold viologen concentration, a
concentration range containing isosbestic points began, indicating the
highest viologen concentration where "wall effects" were observed,
leaving monomer and its 1:1 complex as the only species in solution.
Compared to monomer HirCPP4', the 1:1 porphyrin:viologen complex had a
lower absorptivity and a red-shifted Amx. This explains the spectral
changes observed as a function of increased viologen concentration: the
concentration of HZTCPP4' decreased and the concentration of HZTCPP431nﬂ+
(1:1 complex) increased.

Region c) The first isosbestic point was lost at the lowest
viologen concentration where the presence of the electrically neutral
Nﬂﬁ"-HZTCPpaﬂdnﬁ“ (1:2) complex was observed. Since three absorbing
gpecies were present throughout this region, (porphyrin monomer, 1l:1 and
1:2 complexes) no isosbestic was observed. The porphyrin monomer was
detected to very low concentrations due to its high absorptivity.

Region d) At very high viologen concentrations a second region
containing isosbestic points was observed; its first appearance marked
the viologen concentration where all porphyrin was present as either the
1:1 or 1:2 complex. The spectral changes resulted from the conversion
of (MVZ*-H,TCPP*)?" to (MVZ*-H,TCPP*-Mv?*)0 which has, relative to the 1:1

complex, a lower absorptivity and red-shifted absorbance maximum.
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Region e) A point was reached in the titration which indicated
complete conversion to the 1:2 species. What was observed
spectroscopically is that further increase in the viologen concentration
caused no significant spectral change (a slight red-shift was observed).
Increasing the temperature (from 20°C to 50°C), at viologen
concentrations well above this point, caused a slight red shift (= 0.5
nm) which may indicate some change in the organization of the complex.

The set of spectra obtained for experiment 2 resemble those of
experiment 1. These spectra were used in the PCA analysis and are shown
in Figure 48 in the following section.

With the exception of the weakened Soret band, the spectra
obtained in experiment 3 also resemble experiments 1 and 2. Selected
spectra from this titration along with the associated difference spectra
are presented in Figure 45. The labels a-e on the graph refer to the
spectral regions and associated equilibria described in Tables XI and
XII and are exactly analogous to Figure 44.

Figure 46 shows the unusual spectral patterns observed in the
titration of HéTCPP" with MV?* at high constant ionic strength. The
experimental data set contained 80 spectra; representative spectra were
chosen from this set to illustrate the unusual trends which resemble
those observed by other authors {46,51,57) who interpret the increase in
absorptivity at = 422 nm as the appearance of the 1:1 porphyrin:viologen
complex. We question this interpretation as we find that an increase in
the ionic strength results in a blue-shifted spectra for the 1:1 and 1:2
porphyrin/viologen complexes (Figure 55). The 1:1 complex has a me at
approximately 417 nm.

It appears that 1.5 M KCl induces porphyrin dimerization as the
spectral patterns resemble, in their complexity, organic molecule-
induced porphyrin dimer dissociation, analogous to the dissociation of
HZTSPP4' dimers by crown ether illustrated in Figure 28. One plausible

interpretation considered that at this high alkali metal ion
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concentration porphyrin dimers are in equilibrium with monomers;
evidence for this was the broadened and blue-shifted initial spectra.

The progressive red shift and weakening of the Soret Mm as a function

X
of incremental viologen addition could be attributed tc the formation of
porphyrin:viologen association complexes. The absorbance minimum may be
the lowest viologen concentration before dimer dissociation is induced;
higher viologen concentration would induce further dimer dissociation,

hence the sharpened spectrum and the increase in absorbance at the Soret
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Figure 46. Titration of HiTCPP@'with Mv%*; experiment &. "~
-=" indicates 5.00 mM phosphate at pH = 7.0. Each spectrum
illustrated as a solid line indicates an incremental
increase in the_viologen concentration at I = 1.5 maintained
with KC1 and MV®*, [KH,PO,/NaKHPO,] = 5.00 mM, T = 20°C.
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Methods and Analysis by PCA, Constant Buffer Concentration

Experiment 2. As was mentioned earlier, PCA gives information
concerning the number of absorbing species in solution i.e. is "model
independent". However, it does assume Beer's law, meaning that the
resultant "observed spectra" must be a linear combination of the
spectral line shapes of the components.

The flow diagram in Figure 23 outlined the PCA process which we
illustrate step-by—step for experiment 2 below. The first step was to
determine the number of unique absorbing species in the data set which,
after eliminating certain spectra due to monochrometer slip error,
comprised 25 spectra each corresponding to a different viologen
concentration. In each sgpectrum, which contained 3200 absorbance
measurements in the wavelength range 385-700 nm, we selected 200
absorbance data points equally spaced along the wavelength scale. A 200
x 25 matrix was constructed from the data and multiplied by its
transpose to give the 200 x 200 data covariance matrix. The
eigenvectors and eigenvalues were calculated from the data covariance
matrix using a published FORTRAN program (138). The subroutines were
adapted and the mathematical analysis was performed by Harry Bell.

In this first part of the process we were interested in the
eigenvalues, shown in Figure 47, which can be related to the number of
principal components (104-112). We have explained our spectrophoto-
metric titration data by two equilibrium equations (2 and 3 in Table XI)
which means that we assume three principal components (absorbing
gpecies).

While there have been studies of methods of determining the "true"
nunmber of components in the presence of noise (106,107,110,112), in
practice it is usually sufficiently easy to distinguish the signal from
noise by visual inspection. Each eigenvalue has the dimensions of
absorbance variance and the data well below the instrumental noise level

are clearly noise. Notice that three eigenvalues are above the "noise
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Figure 47. Three principal components in the spectral data

from experiment 2. Results from the PCA amnalysis of 25
spectra, 200 absorbance data points/spectra. BAbsorbance
data points at equally spaced wavelengths were selected in
the wavelength region from 700 to 350 nm. The "cumulative"
variance was calculated as: (top), the {(largest
eigenvalue) /(2 eigenvalues)}; (second),{(Z two largest
eigenvalues) /(2 eigenvalues)}; (third), {(Z three largest
eigenvalues)/ (2 eigenvalues)}.

level" in Figure 47 indicating three principal components which
confirmed our model of two equilibrium equations and three unique
absorbing species. A "cumulative" variance is shown in Figure 47.
These values are interpreted as follows:

The largest eigenvalue:
was only one component in solution you could account for 95.2% of the

variance.

This means that if you assumed that there
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The two largest eigenvalues: If you assumed that there were two
components in solution you could account for 99.9% of the variance.

The three largest eigenvalues: If you assumed that there were
three components in solution you could account for 100% (99.99%) of the
variance.

If the spectra of each unique component were well resolved from
the spectra of all other unique components, one would expect the
variances associated with the largest eigenvalues to be well resolved
and to unambiguously reflect the number of absorbing species in
solution. However, we have just described a case which could be
interpreted without using PCA. The three absorbing species HZTCPP4',
HZTCPP"—MV2+, and MVZ*'-HZTCPP"'—MVZ" are not spectroscopically well
resolved; therefore, we expect to observe eigenvalues that reflect the
fact that the spectra of the three components are separated by only a
few nanometers. If more spectra had been included in the analysis the
noise level would have dropped, this would have eliminated the ambiguity
of having two eigenvalues with values between le-4 and le-5 (see second
PCA analysis, Figure 52). Under the experimental conditions of this
specific example (low and constant buffer concentration) we know that no
porphyrin dimer exists in solution; therefore, this ig a "test" case in
which we already know that there are three, and only three, species in
solution.

In the analysis of spectroscopic data, the noise level is usually
set between le-4 and le-5 depending upon the number of data points, the
signal-to-noise ratio of the absorbance readings and the reproducibility
of the wavelength. 1In this case the monochrometer drive was beginning
to slip (a problem which became progressively worse), and only 25
spectra were used, which explains the relatively high noise level.

In step 2 we derived the spectral line shape and the
absorptivities for each of the three components. To the best of the

author’s knowledge this has not been done for a three-component system
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as it involves manipulations in three-dimensional space. In what we
believe to be a novel method, developed by Harry Bell and the author, we
were able to reduce the problem to two two-dimensional manipulations by
using spectral data which passed through an isosbestic point. Figure 48
(top) shows the spectrophotometric titration data in experiment 2 which
passed either through the first or second isosbestic point. This
represents the data used in the two following analyses where the process
illustrated in Pigure 47 is repeated for the spectra passing through the
first isosbestic point (Figure 48, bottom left) and for data passing
through the second isosbestic point (Figure 48, bottom right). By this
process we confirmed that the data within each viologen concentration
region containing an isosbestic point is the linear combination of the
absorptivities of only two absorbing species.

In step 3 we illustrate how the spectral line shapes and
absorptivities are derived from the eigenvalues and eigenvectors by a
"visual" optimization process.

Figure 49 (top) shows the preliminary results of the principal
component analysis of experiment 2 using only those spectra at viologen
concentration increments which pass through the first isosbestic point.
The coordinates are the coefficients of the first two principal
eigenvectors of the data covariance matrix. What must be determined are
two points in this plane (two pair of coefficients). 1In this graph, any
ray emanating from the origin defines a spectral line shape; each x,y
point along a ray defines both the line shape and the absorptivity.

The upper and lower wedge regions are simply domains in which the
resulting component spectral shapes are nonnegative at all wavelengths.
One component must be located in the upper wedge region and the other
component in the lower wedge region (defining the line shape and
absorptivity of each component). The two data matrices (200 x 5 and 200
x 9) were used to find the domains where all absgorptivities are non-

negative (to locate the two wedge-shaped regions). Between the wedge
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regions are projections of the data onto this plane with coordinates
(Vi'e1,vi'e2), where Vi is the ith absorbance spectrum, e, is the
eigenvector associated with the largest eigenvalue, and e, is the
eigenvector associated with the second largest eigenvalue. Also
indicated is the "most likely" locus for the two components.

The first component (HZTCPPA') must be very near the most dilute
spectrum hence near the inner edge of the wedge, i.e. the spectrum and
absorptivity of monomer HZTCPP4' is nearly resolved; however, remember
that the initial spectrum (no viologen) does not pass through the
isosbestic thus cannot be used in this analysis. The second component
should have a spectral line shape which most closely matches the
corresponding component from the second isosbestic point (since they are
one and the same). Thus, the pair of data sets with isosbestic points
offers a binocular view on the second component spectral line shape.
Indeed, we found that a pair of rays could be located for the second
component so as to achieve a remarkable congruence of the monocomplex
spectral line shapes as shown in Figure 50 (top).

Figure 49 (bottom) shows the corresponding plot for the second
igsosbestic point indicating the locus of the upper "most likely™
component whose spectral shape most closely matches the second component
of the first isosbestic mentioned above. The lower component is thought
to be near the spectrum of largest concentration (near the inner edge of
the wedge).

Figure 50 (top) shows the resulting spectral line shapes of the
three components normalized to unit area. The wavelength scale was
selected to illustrate the match of the middle component which
corresponds to the spectroscopically unresolved I~Iz'1'CPP"':MV'2+ 1:1
association complex.

Absorptivities can be derived from the spectral line shapes of the
components if the spectrum of monomeric HZTCPPA‘ (the spectrum

containing no Mﬁy) and its concentration are known. The other two
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components are then scaled such that the curves cross at the observed
isosbestic points. Figure 50 (bottom) shows the resulting
absorptivities after scaling the curves by this method.

Once the absorptivities of the three absorbing species have been
derived, the solution concentrations can be found directly by straight
multi-variable linear regression. Explicitly, each spectrum from the
titration is a linear combination of the spectra of the three
components; therefore, at each MV concentration studied, the observed
spectrum was decomposed into its component spectra. Since the
absorptivities of each of the components have been determined from the
principal component analysis, the solution concentration of each can be
determined directly. The results in the form of a speciation plot are
compared in Figure 51, from both PCA and NLLS analysis (which was shown
in Figure 42). The markers show the results of PCA and the curves show
the results of nonlinear least-sqguares analysis. Note the very good
agreement between the two methods which lends support to the model of

equilibrium equations (2 and 3) defined in Table XI.

Analysis by PCA, Constant Ionic Strength

Experiment 3. The example presented above was a "test case" for
the data acquired at constant ionic strength shown in Figure 42. Unlike
the data in experiments 1 and 2, which were readily fit by NLLS analysis
yielding plausible values for all parameters and acceptable agreement
between individual experiments, the data acquired at constant ionic
strength were extremely poorly behaved for reascns outlined previously.

Figure 52 shows the eigenvalue plot of the 48 sgpectra which
comprise this data set. There are clesarly three components standing out
above the noise level, indicating three principal components in solution
over the course of the titration analogous to that observed for
experiment 2.

The spectra passing through the first and second isosbestic points

with their corresponding eigenvalue plots are shown in Figure 53; notice
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Fiqure 51. Speciation plot comparing the PCA with the NLLS
analysis for experiment 2. Lines represent the fraction of
each component in solution calculated from the association
constants determined by NLLS analysis; markers represent
values calculated directly from PCA where the fraction of
each component_in solution is represented by. B = ﬂéTCPP

¢= HZTCPP “-uv?*, and a = MV*-H,TCPP* -
that in each case only two species are in solution within these regiomns.
Figure 54 shows the eigenvector coefficient plots with the
indicated "most probable" loci for each component. Since a greater
number of concentration points were included in the analysis, and since

the monochrometer error was less, the noise level is lower than that

obtained for experiment 2.
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Figqure 52. Three principal components in the spectral data
from experiment 3. Results from the PCA analysis of 48
spectra, 200 absorbance data points/spectra. Absorbance
data points at equally spaced wavelengths were selected in

the wavelength region from 380 to 450 nm.

The PCA analysis yields additional and independent confirmation
that the increased buffer concentration induces some phenomenon other
than porphyrin dimerization, such as a spectral line shape change. If
the porphyrin dimer equilibrium existed in experiments 2 and/or 3, it is
highly unlikely that this species would have gone undetected in the
principal component analysis. The result would have been four principal

components, rather than the three which were observed.

It is of interest that not only the absorptivity of the porphyrin
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monomer, but also the absorptivity of the porphyrin/viologen association
complexes are strongly dependent upon the buffer concentration. The
upper graph in Figure 55 shows the normalized spectral line shapes
derived from PCA; in the lower part of this figure we compare the
absorptivities of the three components obtained for experiment 3 with
those obtained for experiment 2. The spectrum of the 1:1 and 1:2
association complexes observed at constant ionic strength are both blue-
shifted, broadened and weakened relative to the analogous complexes
observed at constant (low) buffer concentration. The broadening and
weakening is consistent with our observations in Cunapter IV, that the
absorptivity of HZTCPP4' is strongly dependent upon the alkali metal
cation concentration due to a buffer-induced spectral line shape change.
It is interesting that the spectra of the porphyrin/viologen complexes
are more blue-shifted than the porphyrin monomer (relative to the
spectra of the complexes and monomer at 5 mM phosphate).

In Pigure 56 the speciation plot comparing the results from the
PCA and NLLS analysis of experiment 3 is shown. It is immediately
apparent that the results from the two analyses do not agree. In the
following discussion I will rationalize the source for the discrepancy
between values calculated by the two methods and the reason why we trust
the values calculated via PCA over those calculated via NLLS.

Table XIII presents a summary of the association constants as
determined by each of the two methods, PCA and NLLS, for experiments 1,
2, and 3. Equilibrium constants calculated from PCA yield an individual
value for each viologen concentration. When the calculated value is
plotted versus the viologen concentration the expected constant function
with value equal to the equilibrium constant is obtained for experiment
2. For experiment 3 an unexpected result is obtained, the equilibrium
"constant" is again linear when plotted versus the viologen
concentration; however, the slope for K, is positive indicating that

as the buffer is diluted, the equilibrium is shifted towards higher
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TABLE XIII

EQUILIBRIUM CONSTANTS CALCULATED BY NLLS AND PCA

Equilibrium Equilibrium
Experiment Constant K, Constant K,
Description
NLLS PCA NLLS PCA
Constant Buffer
I Experiment 1 3171%47 N.A. 1085 N.A.
Constant Buffer
Experiment 2 3350x260 2200410 68+7 1002
Constant Ionic
Strength 594+150 1217+350 38+11 140%21
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values (shifted towards lower viologen concentrations). The slope
obtained for K1 was nearly zero, thus the reported value is a constant;
in order to report one number for K, we averaged the values determined
within the viologen concentration region containing the second
isosbestic point. The variable equilibrium "constant" observed for K,
in experiment 3 can be explained by the greater incremental dilution of
the buffer within this viologen concentration range. The observation
that K, is not, in fact, constant at constant ionic strength implies
that the overall ionic strength is less important than the absolute
buffer concentration in determining the equilibrium constant.

In the NLLS analysis the model assumes that each equilibrium
constant can be described as a single value which explains the failure
of this method at constant ionic strength. In contrast, the spectral
line shapes and absorptivities derived from principal component analysis
appear to be reasonable and consistent with our model concerning the
effect of two experimental variables, buffer and viologen, on both the
spectra and equilibrium constants. In addition, the values are seen to
be consistent in relative magnitude with other porphyrin studies
summarized in Table X; although the presence of a complex with
stoichiometry higher than 1:1 has not been previously recognized. At
higher salt concentrations the equilibrium is shifted towards complex
dissociation which is also in agreement with the literature.

It is apparent from this work that the effect of the buffer on the
spectra and speciation of anionic tetraphenylporphyrins is a subject
which is little understood, and deserves more attention. It appears
that the equilibrium constants are dependent upon the cation
concentration in ways more complex than can be corrected by the Debye-—
Hiickel equation. This means that the constants are only valid under the
same conditions which they were measured. This principle also applies
to porphyrin absorptivities and may indicate a reevaluation of some of

the reported data in the literature.
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