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shown in the mechanism of the Lotka model, the intermedi-
ate X, is related to X, through the feedback step. Even
though the feedback step has indirect influence on the cor-
relation functions through the value of the steady state, it
controls the ratio of C,,,,(¢) over Cyy,(8) to be Ak / k; at any
time.

Including the nonlinear terms, we obtain the following ei-
genvalues:

— — ‘M A _ wokzzdn‘%
Aro ( 8/&7; )21 {we— ( 8k§ ],
Ao.1=,{2=—iwo, (3.8)

The effect of the nonlinear terms is to make one of the modes
increase or decrease in an oscillatory fashion depending on
the value of @,,. If d,,>0, the mode with A, , increases oscil-
latorily. It diverges as time goes to infinity. This means that
we have to consider the higher order approximation to dis-
cuss the nonlinear effect. In the present paper, however, we
have restricted ourselves to the first order approximation.
Thus, we consider only the case of d,;<0. When d,,<0, the
mode with A, decreases oscillatorily and the time corre-
lation functions after long time become

Cy 5 (8) = ldy | exp (i ((Uot_?”)],

4 Wo
Cylyz (t) 4k exp(i(wot ~ )], .
3
. - Ak
Cyzyz(t): k 1Cylyl (t)
3

The same argument for the linear system may be applied to
the nonlinear case. We shall extend the present theory to
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describe the dynamic phenomena of negative(and positive)
metabolic control circuits'®*? in the forthcoming papers.
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The pH dependence studies of Raman spectra are reported for water-soluble free-base, Zn, Co and Cu tetrakis (4-sulfonato-
phenyl) porphine in pH 4, pH 7 and pH 13.9 aqueous solution. For free base porphine, the substantial differences are found in
absorption and Raman spectra between pH 4 and pH 7 or pH 10 aqueous solutions due to the protonation at low pH. For Zn
and Co porphyrins, the hydrolysis equilibrium constants are obtained by spectrophotometric titration experiments. The
consistent shifts in Raman frequencies are found at high pH due to the hydrolysis. For Cu porphyrins, instead of hydrolysis
the aggregation effect is detected at high pH through the absorption and Ramsn studies.

Introduction

For many years, the porphyrin has been one of the central

interests in the photochemistry in view of its important roles
in photosynthesis'? and its potential utility as sensitizer in
photochemical system for solar-energy conversion.® Water
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-soluble porphyrins are suitable for in vitro studies such as
visible-light-induced H, evolution from water, as has been
demonstrated recently with the ZnTMPyP* *, the solubility
of porphyrins in aqueous media is enhanced by introduction
of ionic groups such as SO;, COZ, -0°, -N(CH,)3, -NC-H;
(Py) etc.® on the porphyrin macrocycle ring. Some of the
compounds belonging to TPPS families have been studied
here.

Resonance Raman(RR) spectroscopy has been applied ex-
tensively to the study of metalloporphyrins and heme pro-
teins, and has provided useful information about molecular
structure.® The 71 in-plane vibrations for metalloporphyrins
of Dy, symmetry are

I'ip,= 9A13+ 8Azx+ gBurJr 9 B23+18Eu

Excitation in the Soret band (380-420 nm, ¢ =3 x 10%)mainly
enhances the totally symmetric in-plane modes, and nontotal-
ly symmetric modes are sometimes observed. In this sense,
RR spectroscopy is a powerful tool for the selective enhance-
ment of limited number of molecular vibrational modes via
coupling with the electronic transition with which the laser
excitation is in resonance.®

For the possibility of solar energy conversion, the oxida-
tion and the reduction potentials of porphyrins are one of the
important parameters. The correlation between E,,; values
for the first reduction of metalloporphyrins and the cor-
responding free-base proton affinity (pKa) values was found
from previous works.? And depending on the oxidation po-
tential of metalloporphyrins, the pH range of the solution is
confined for the feasibility of water oxidation using the por-
phyrin monocation radicals as relay species.* Thus it seems
relevant to determine pKa values and the pH dependence of
structures of water-soluble porphyrins by absorption spectra
and RR spectroscopy.

Experimental

H,TPPS, CoTPPS, CuTPPS and ZnTPPS (Midcentury
Chemical Co., Posen, I1) we-e checked by Cary 219 UV-Vis
spectrometer and used without further purification. The
emission spectra were recorded by fluorometer built in our
laboratory using Xe-lamp, photometer and scanning Jobin
-Yvon H-20 visible monochromator. Raman spectra were ob-
tained using Spectra Physics 165 Ar* laser via 135° back-
scattering from the spinning nmr cell. The scattered light
from the cell was collected by f= 1.2 camera lens and focused
onto the 1 meter McPherson 2061 monochromator with 608
MI prism disperser using f=30 cm planar convex lens. A
Thorn EMI 9658 photomultiplier tube, cooled to -10°C with
EMI FACT MK 50IH cooling system, was used as a detec-
tor. The EG&G PAR 1140 C amplifier/discriminator and
1140 photon counting system were used for photon counting.
The analog signal from the photon counter was changed to
digital signal by A/D converter. A computer and plotted by
Roland 830 XY digital plotter.

Results and Discussion

pH-dependent protonation of Hy(TPPS). While the
emission and the absorption spectra of free-base porphine at
pH 7 and pH 10 aqueous buffers are similar, at pH 4 the
substantial differences are found in the absorption and the
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Table 1. Absorption Spectra for Metallo-TPPS?

Band B Q(1,0), 0,0}

Sample pH
H,TPPS pH 4 434(10) 645(1), 594(_0.35)

pH 7 416(20) 644(0.28)%, 586(0.40), 550(0.53), 516(1)
CoTPPS pH 7  428(30) 575(0.37), 542(1)

pH 13.9 432(25) 590(0.48), 555(1)

H = =

CuTPPS pH 7  413(34) 574(0.16), 539(1)

pH 13.9 404(27) 582(0.24), 545(1)

21430) 5 ——

Z0TPPS pH 7 421(3): 594(0.40), 555(1)

pH 13.9 423(30) 604(0.60), 564(1)

7 Peak wavelength in nm; numbers in parentheses are peak heights
relative to Q0,0); ® At pH 7, Q bands split into Qv(0.0), Qv(1,0),
Qx(0,0) and Qx(1,0) in increasing wavelength order because of sym-
metry change from Dyy, (pH 4) to Doy, (pH 7).
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Figure 1. RR spectra of H2TPPS in pH 4 (bottom) and pH 7 (top)
aqueous buffers obtained using the 457.9 nm Ar* line. Conditions:
laser power 50 mW, slitwidth 6 cm™!, scan rate 0.5 cm™1/s.

{ cm-')

emission spectra (Table 1). In the absorption spectra the B
band (Soret band) shows a red shift from 416 nm to 434 nm
with the decrease of the pH values. The pKa; and pKa,
values are both 4.8. Therefore at pH 4 the major species are
H,P** form.” The corresponding equilibria are as follows;

H~* H*
H,P <= H,P 2 H,pP** (P : porphine)
pKa, pKa,

The most distinctive difference in absorption spectra be-
tween pH 4 and pH 7 is that at pH 7 there are four separate
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Table 2. RR frequencies and Band Assignments of Metallo-TPPS

1, 1988
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Samp}s H,;TPPS CoTPPS CuTPPS ZnTPPS
¢ Band assignmegrs pH4 pH7 pH7 pH13.9 pH7 pH13.9 pH7 pH139
& (phe), Aqg 1587 1592 1595 1592 1593 1594 1594 1589
v (Cp-Cp), Ayg 1530 1542 1563 1560 1556 1556 1546 1542
v (CpCyp), By 1472 1490 - 1492 1490
v (Ca-N), Agg 1373 1362 1368 1364 1361 1362 1349 1343
v (Cp-phe), Ayg 1225 1234 1240 1237 1236 1236 1236 1233
phe 5(C-H), Ay, 1014 1003 1083 1065 1084 1081
v (phe), Arg 982 964 1010 1003 993 1000 997 987

2 Notations used for band assignments are the same as those used in ref. (13) and (14).
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Figure 2. RR spectra of CoTPPS (bottom), CuTPPS (middle) and
ZnTPPS (top) in pH 7 aqueous buffers obtained using the 457.9 nm
Ar* line. Conditions: laser power 50 mW, slitwidth 6 cm™!, scan
rate 0.5 cm™1/s.

bands around Q band(weakly allowed transition band around
500-700 nm) region compared to two separate bands in the
same region at pH 4 (Table 1). The origions of these bands at
pH 7 are Qx(1,0), Qx(0,0), Qy(1,0), Qy(0,0) in wavelength
decreasing order (D, symmetry).?

However when remaining two of four central nitrogens

(two nitrogens already have protons) are protonated at pH 4,
the molecular symmetry is changed to Dy;,. Thus at pH 7 two
separate bands are assigned to Q(1,0) and Q(0,0) Q(1,0) is the
vibronic overtone band of Q(0,0).2 In addition, the absorption
spectra of free base at pH 4 is similar to those of correspon-
ding metalloporphyrins, especially in the Q band region
(Table 1). This is also due to the fact that in metallopor-
phyrins the molecular symmetry is Dy, because two protons
on the central nitrogens are substituted by a metal.?

The Raman spectra taken at pH 4 and 7 are shown in
Figure 1 and Table 2 lists the Raman frequencies. At pH 4
the enhancement pattern and the frequencies are quite dif-
ferent, especially 982, 1225, 1373, 1530 cm™ bands com-
pared with pH 7 or pH 10 buffers. These results stem from
the core size (the distance from the center of the porphyrin to
the pyrrole nitrogen) expansion and the » -conjugation
change between the phenyl groups and the porphyrin macro-
cyle due to the protonation on the central nitrogens at low
pH.! There is not much difference in absorption, emission
and Raman spectra between pH 7 and pH 10 buffer, which
indicates that the major species are the same in two different
buffers.

Structure Sensitive Bands. Prev10us crystal structure
studies show that core sizes are 1.949 A, 1.981 A and 2.045
A for non-coordinated Co, Cu, Zn(TPP) compounds.!*2 The
bands which show the inverse linear relationship with the
core size increase (Figure 2) are (C,-N) band around 1368
cm ! and (C4-Cp) band around 1563 em™, by analogy to the
previous works on metallo-TPP compounds.’®** The other
bands do not show consistent shifts because they are mainly
the vibrations involving phenyl groups.

Estimates of the core size have been derived from the
observed frequencies by use of the linear relationship d=A-
v /k, where vis the frequency, d is the Ct-N distance (the
core size), Acm™! A- 1) and A(A) are the best-fit parameters.
The 1560 cm™ band has been found by Stong et al.'® to cor-
relate with the core 51ze with the parameter values A =7.950
A and £=262.5 cm™ A%, From these values and above equa-
tion, the core sizes calculated for Co, Cu and ZnTPPS in pH
7 buffer are 1.996, 2.026 and 2.060 A respectively. These
values are higher than those of non-coordinated Co, Cu and
ZnTPP compounds. However, they are close to the coor-
dinated core size values 2.075 A for ZnTPP(H,0) and 1.987
A for CoTPP(pip),."! The core size for Cu analogs is not
known, and the difference between the calculated and the
observed values may be due to the different phenyl group
substitution on porphyrin macrocycle. From these results
and previous coordination works, it is inferred that CoTPPS
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Figure 3. RR spectra of CoTPPS (bottom), CuTPPS (middle) and
ZnTPPS (top) in pH 13.9 aqueous solutions obtained using the 457.9
nm Ar* line. Conditions: laser power 50 mW, slitwidth 6 cm1, scan
rate 0.5 cm™1/s,

( cm~-1)

exists as 6-coordinated form and Zn and CuTPPS exist as
5-coordinated form.!® The axial ligands are either water or
hydroxide molecules (see the following section), depending
on pH.

The 1368 cm™ C,-N stretching mode is sensitive to both
the spin, the oxidation state of the central metal and the axial
ligands.}”%° This band also shows inverse linear relationship
(see Table 2) as the metal size increase. However, the quan-
titative calculation is not made for the core size.

pH-Dependent Equilibrium of metallo-TPPS. Metal-
loporphyrins can hydrolyze by the loss of one or two protons,
which is formally equivalent to the removal of a proton from
a coordinated water at low acidities. The previous studies are
focused on the trivalent water-soluble metalloporphyrins (eg.
Fe(Il), Co(Ill), Cr(IIl), Rh(I), and Mn(Ill), which have
pKa, and pKa, values in the range of 4-8 and 8-12 respective-
ly.16- 212 The quantitative analysis on hydrolysis of divalent
water-soluble metalloporphyrins has not been made so far.
Thus the spectrophotometric titration experiments in vari-
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ous pH solutions are carried out to determine the hydrolysis
equilibrium constants.
The results are as follows:

For Co(Il):
MP (H,0), = MP(H,0) (OH")+H* pKa,=12.3
MP (H,0) (OH") = MP(OH);- +H* pKa,=15.2
For Zn(Il):
MP (H,0) = MP(OH")+H* pKa,=13.4

M =metal P = porphine

The absorption spectra at pH 7 and pH 13.9 are tabulated
in Table 1. The pKa values are higher than those of trivalent
metalloporphyrins, which denote that the divalent metal ox-
idation state is responsible for the difficulties of the hydroly-
sis reaction compared to the trivalent metalloporphyrins.
Raman spectra are reported to obtain the informations on the
structural changes due to the hydrolysis reaction at pH 13.9
and pH 7. At pH 13.9, for ZnTPPS the percentage ratio be-
tween ZnTPPS(H,0) and ZnTPPS(OH") species is 23%:
77% and for CoTPPS the major species is CoTPPS(H,0)
(OH") (93%), the residual species existing as CoTPPS(H,0),
and CoTPPS(OH)?" forms. The Raman spectra (Figures 2, 3
and Table 2) show that the frequencies of the porphyrin skel-
etal modes are decrease as the pH increases. This fact is due
to the structural changes and the core size differences caused
by hydrolysis reaction on the axially coordinated water mol-
ecules. Probably the stronger binding by the hydroxide mol-
ecule causes the core size expansion, which results in the
decrease of high frequency porphyrin skeletal modes (Table
2).1314.17 These changes are similar to those in non-water
-soluble metalloporphyrin caused by ligation without spin
-state changes. For CuTPPS the same experiment was at-
tempted. However, instead of hydrolysis reaction the ag-
gregation phenomena is detected as the pH increases. The
absorption changes especially in Soret band as pH increases
are opposite to those of Co and Zn TPPS’s (Table 1). The ab-
sorption spectra at higher pH are similar to those when small
increasing amounts of NaCl salt was added to the pH 7
aqueous solution, which was known to facillitate the ag-
gregation reaction (salt aggregation).?! And the water soluble
copper porphyrins are known to be the most sensitive to ag-
gregation reaction from previous analysis on other types of
porphyrins.? The Raman spectra (Figures 2, 3 and Table 2)
also show that the RR frequency shifts in CuTPPS are dif-
ferent from those of CoTPPS and ZnTPPS. The slight up
shifts (1-2 cm™) at high pH are due to the fact that aggre-
gated molecules may tighten the double bond on the porphy-
rin macrocycle through the dimer formation.?* Therefore we
conclude that at higher pH CuTPPS forms aggregated mol-
ecule through the absorption and Raman spectra analysis.
Acknowledgement. This work was supported by the Mini-
stry of Science and Technology fund.
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The feasibility of the reduction of nortricyclanone (1) as a chemical probe for testing the proposed radical mechanism for
NAD-dependent horse liver alcohol dehydrogenase (HLADH) reactions has been examined using computer graphics model-
ing. The results of this study suggest that the radical ring-opening of this probe molecule may involve too substantial a gen-
metry reorganization for the molecule to serve as a chemical probe in detecting the possible presence of the radical intermedi-
ates in the HLADH reactions. This result suggests that one should exercise caution in extrapolating results obtained from
chemically based radical probes in the solution phase to the topologically constrained systems such as enzyme-substrate reac-

tons.

The detailed description of chemical mechanism and the
transition state structure for the hydrogen transfer step in
the NADH-dependent alcohol dehydrogenase reactions has
been a subject of continuing debate. The key mechanistic
question is whether the hydrogen transfer between the coen-
zyme and the substrate carbonyl functionality occurs in a sin-

T Present Address-Distributed Chemical Graphics, Inc. 1326 Carol
Road, Meadeiohrook, PA19096 U. S.A.

gle step as a hydride or in two steps as an electron followed
by a hydrogen atom. The structural and kinetic data, and in
vitro modeling information available on this enzyme-coen-
zyme system, while substantial, has not yet resulted in a
general consensus in support of one of the proposed mech-
anisms.’

Definitive interpretations of various kinetic data obtained
for the actual enzyme reactions have been problematic since
the hydrogen transfer step is not always the rate-determining



