Redox Chemistry and Autoreduction of Manganese Porphyrin

in the precipitates from the experiment of pH range from
600 to 9.00 indicates that some of the crystal cells of the
precipitate have been in equilibrium with a different pH be-
fore reaching the final pH of solution, since celf expansion
process takes a certain amount of time.

As a conclusion, X-ray diffraction pattern for the precipi-
tate in uranyl hydrolysis reaction was strongly dependent
on the pH values, where their precipitates were formed as
well as where the precipitates are in equilibrium with. A
layered structure of the precipitates became amorphous
when the precipitate were formed at pH >9.7. Greater solu-
bility for the precipitate formed at higher pH value can be
explained from the fact that the precipitates formed at lower
pH value had a better crystallinity and also that the precipi-
tates formed at higher pH value has a slower rate of crystal-
lization. The thickness of the unit layer of UHPs increases
with the pH values at which the precipitate was synthesized
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as well as the pH values of the solution.
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The electrochemistry and the reaction of non-p-oxoe dimer-forming [5.10,15,20-tetrakis(2.641ich]orophenyl]porphyrinato}
manganese(IID) chloride [(CLTPP)Mn"CL] with tetraethylammonium hydroxide in water [ OH(H.0)] have been inves-
tigated by electrochemical and spectroscopic methods under anaerobic conditions. The stronger autoreduction of (Clg
TPPYMn'"C) by ~OH(H,Q) in comparison with (Me,TPPYMn™Cl by ~OH(CH;OH) in MeCN is explained as the influe-
nce of electronic effects on substituted phenyl groups bonded to meso-position of porphyrm ring and the positive

shift of reduction potential (—0.11 V) for (CsTPP)Mn"'Cl. The autoreduction of manganese(Ill) porphyrin to manganese
(II) by this process is only observed when one axial position is occupied by a ligating solvent and OH coordinates
the other axial site. The results are discussed in relation to the mechanisms for the reduction of manganese(IIl}

porphyrin.

Introduction

Metalloporphyrins can expevience reversible redox reac-
tions in which the site of electron transfer may be localized
at either the central metal or the porphyrin ring. Manganese
porphyrins have several interesting aspects of physical, che-
mical, and biological properties which distinguish them from
other metalloporphyrins.'~* Manganese porphyrins continue
to be of interest as models for the behavior of cytochrome
P-450,~% photosystem I[*~7 and superoxide dismutase,” as
DNA binding and cleavage reagents,” " and as catalysts for
the epoxidation of olefins.””"'* Axial ligation of manganese
porphyrins coupled with redox chemistry is very important
in diverse biological functions.”’~*

Electrochemical studies on the redox properties of manga-
nese porphyrins are numerous® ¥ Manganese porphyrins

have been studied by electrochemical methods in the fields
of electron transfer kinetics and ligand addition reac-
tions2~? counterion and solvent effects,** and porphyrin
substituent effects.”

A kind of metalloenzyme containing manganese as a core
metal mediates the oxidation of water to dioxygen in green
plant photosynthesis by variations in its oxidation and liga-
tion states®* ™ The oxidation of water to produce dioxygen
is presumably less understood. It was recently reported that
the reaction of manganese(Il} tetramesitylporphyrin with
excess methanolic hydroxide ion [ OH(CH,OH)] in ligating
and nonligating solvents resulted in the formation of manga-
nese(Il) which in a slower reaction is oxidized to manganese
(IN.5~% The mechanism for the oxidation of manganese(ID)
to manganese(IIl) is still ambiguous. In that report, because
methanolic hydroxide ion is used, manganese(Il) can be oXi-
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dized by methoxide ion generated from the methanolic hyd-
roxide ion.

In the present study, in order to exclude the existence
of methoxide ion, tetraethylammonium hydroxide in water
[TEAQOH(in H,0)] is used as a source of hydroxide ion.
We investigate the redox chemistry and the stoichiometric
reactions of nen-p-oxe dimer-forming [5,10,15,20-tetrakis(2,6-
dichlorophenyl)porphyrinato] manganese(Ill) chloride [(Cls
TPP)Mn"'Cl] with TEAOH (in H;0) in ligating and nenliga-
ting solvents. We describe the stronger autoreduction of (Cly
TPP)Mn"Cl by OH(H,0) in comparison with (Me,TPP)
Mn"'Cl by OH(CH;OH) in MeCN, this result will be explai-
ned as the influence of electronic effects on substituted phe-
nyl groups bonded to meso-position of porphyrin ring. The
electrochemical and spectroscopic results will be discussed
in view of the factors for the determining the autoreduction
pathway.

Experimental

Materials. 5,10,15,20-tetrakis(2,6-dichlorop henyl}porphy-
rin [(ClkTPP)H,] was synthesized by the method of Lindsey
et al. and manganese [(CL,TPP)Mn"CI] was inserted by the
standard route.””~* (Cl;TPP)Mn'"'CIQ, was prepared by the
reaction of (Cl,TPP)Mn''Cl with anhydrous AgCQ, in hot
toluene® Anhydrous acetonitrile, methylene chloride, and
other solvents (Aldrich) were used as received from the sup-
plier. Tetraethylammonium hydroxide (TEAOH) {Et,NOH,
Aldrich, 20 wt.% in water [ OH(H,0)]) was used as recei-
ved. Samples of (CL,TPP)Mn" were prepared by the electro-
chemical reduction of (CIL,TPP)Mn"'Cl or by the reduction
of (Cl,TPP)Mn'"'Cl with amalgamated zinc in toluene in a
Vacuum Atmospheres glove box. (CL,TPP)Mn™OH was pre-
pared by established procedure. Tetrabuthyl-ammonium
perchlorate (Bu,NCIO,) was used as a supporting electrolyte.

Instrumentation and Methodology. The cyclic volta-
mmetric measurements were accomplished with a three-ele-
ctrode potentiostat (Bioanalytical Systems, Model CV-27) and
a Linseis Model LY 18100 recorder. A platinum-wire elect-
rode separated from the analyte compartment by a medium
porosity glass frit was used as the auxiliary electrode. A
Ag/AgCl electrode supplied by BAS was used as the refere-
nce electrode, and the potential is approximately —45 mV
relative to a saturated calomel electrode (SCE). A 3.0 mm
diameter glassy carbon was employed as the working elect-
rode for the redox reactions of manganese porphyrins. All
working electrode surfaces were highly polished with AlO,
paste prior to each experiment. The reproducibility of indivi-
dual potential values was +5 mV. The various oxidation
states of manganese were electrochemically generated via
controlled-potential electrolysis using CV-27 potentiostat with
a three electrode system in a 1-mm quartz cuvette containing
a Pt mesh working electrode. Absorption spectra were recor-
ded on a Hewlett Packard 8452A Diode Array spectrophoto-
meter interfaced to a computer. The reaction solutions of
(CLTPPYMn"C1 with OH(H.O) were prepared under an ar-
gon atmosphere and placed in a UV-vis cuvette with rubber
septum and sealed with parafilm.

Results
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Figure 1. Cyclic voltammograms in MeCN (0.1 M Bu,NCIO,)
of (top) 1.0 mM (CLTPP)H. and (bottom) 1.0 mM (CL.TPP)Mn"™Cl
at 2 glassy carbon electrode (scan rate, 0.1 Vs "). The oxidations
of (CLTPP)H, and (CL,TPP)Mn™Cl (dot line). the reductions of
(CLTPP)H, and (CLTPP)Mn"'C] (solid line).

Electrochemical and Spectroelectrochemical stu-
dies for Manganese Tetra(2,6-dichlorophenyl)porphy-
rins. Figure 1 illustrates the cyclic voltammograms for (Cl.
TPP)H, and (CL,TPP)Mn"'Ci at a glassy carbon electrode in
MeCN (0.1 M Bu,NCIO,). The formal potentials (™) for ma-
nganese porphyrins are summarized in Table 1. The oxida-
tion and reduction of manganese porphyrins is well establi-
shed to be either metal or ligand centered. The first oxida-
tion potential {+ 1.46 V vs. SCE) for (CL,TPPYMn'"'C] in Table
1 is slightly positive of those for (Me . TPPYMn"'C] and (TPP)
Mn™ClO,. The fisst oxidation of (CLTPPYMa"Cl (A, =476
nm) in MeCN gives a manganese(IlI) porphyrin n-cation ra-
dical (Cl,TPP )Mn"'CI (A,...=388 nm. 487 nm) by one-elect-
ron transfer with ligand centered which is consistent with
previous reports,™ Unfortunately the second oxidation poten-
tial for (CITPP)Mn"'CI couldn’t be measured in MeCN. but
it should be slightly positive of those for (Me, . TPP)Mn"'C]
and (TPP)Mn"'CIO,. The more positive potential for the oxi-
dation of (CILTPP)Mn"'Cl comes from the electronic effects
of the substituted groups at ortho-position of phenyl group
bonded to meso-position of porphyrin ring.

While the first oxidation potential for (CL.TPPYMn"OH
(see Figure 2). which exchanges chloride ion in (CL.TPP)
Mn"'Cl for hydroxide ion, changes to +1.21 V from + 1.46
V for (CKTPP)Mn™Cl. The oxidation product of (CL.TPP)
Mn""OH seems to be (CLTPP)Mn'*(0) or (Cl,TPP)Mn"(OH),
by one-electron transfer with metal centered rather than li-
gand centered. The species (CL,TPPYMn"(Q) or (C), TPP)Mn"
(OH), shows a Seret absorbance at 425 nm which is consis-
tent with previous results on manganese(IV) porphyrins.™
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Table 1. Voltammetric Redox Potentials for Manganese Porphyrins in MeCN (0.1 M (Bu,N)CIO,]

Substrate E" (V ps SCE)
(S) (Pz + )Ml‘l"'f(P - .)Mnill (P+ .)Mnlll,;(P)Mnlll (P}Mn"',-’(P)Mn" (P}Ml‘l"/(P ')M]‘l“' {P - ')M]'l"f'(Pz - }Mnu 1‘ef"
(TPPYMn"'C1 - - -0.23 —147 - 1
(TPP)Mn"'CI0, +1.51 +125 -0.19 - - 1
(Me,TPP)Ma"Cl +1.40 +1.11 -0.30 —-152 —1.98 2
(CLTPP)Mn"'Cl - +1.46 —0.11 -1.34 -170 w
(CLTPPYMn"'CIO, - +149 —-0.08 —133 —1.68 w
“Indicates that 1: ref. 30. 2: ref. 35, w: this work
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Figure 2. Cyclic voltammogram in CH.Cl. (0.1 M Bu,NCIO;}

of 1.0 mM (CLTPP)Mn™OH at a glassy carbon electrode (scan
rate, 0.1 Vs ).

The UV-visible spectra of (ClLTPP)Mn™OH and the products
of its first and second oxidation in CH,Cl, are similar to
those of (Me , TPPYMn""OH.»~%* The second oxidation of (Cls
TPP)Mn"OH ({the first oxidation of (CI,TPP)Mn™¥(O) (+1.42
V in CH.Cl) produces a spectrum with a Soret ahsorbance
at 420 nm by the controlled-potential oxidation. The spect-
rum is typical of manganese(V) species which exhibits chara-
cteristic Soret position, and the product of its second oxida-
tion may be (CKTPPYMn*(OXCl) by one-electron transfer
with metal centered.

It was well known that manganese(IIl) porphyrins undergo
three-step one-electron reductions. The results for the elect-
rochemical reduction of manganese porphyrins are also
shown in Figure 1 and Table 1. The first reduction potential
(—0.11 V vs. SCE) for (CI;,TPP)Mn"'Cl is also slightly positive
of those for (Me, TPPYMn™Cl and (TPP)Mn"'CIQ,. The cont-
rolled-potential reduction of (CHTPP)Mn™C] with optically
transparent thin-layer electrode gives the visible spectrum
of lower valent states, The first one-electron reduction
(—0.11 V) yields (CIL,TPP)Mn" in MeCN, and the second
reduction (—1.34 V) of (CLTPP)Mn"'Cl provides a UV-vis
spectrum assigned to the anjon-radical porphyrin of manga-
nese (CLTPPIMn". (C),TPP)Mn" formed by controlled-po-
tential electrolysis of (CL,TPPYMn"!Cl shows a characteristic

ABSORBANCE

WAVELENGTH (nm)

Figure 3. UV-vis absorption spectra of an MeCN solution of
(dot line) (CLL,TPP)Mn"'Cl (0.02 mM) and (solid line} product for-
med by the reaction (CLL,TPP)Mn"'Cl with excess OH(H.0} un-
der an argon atmosphere.

Soret position at 436 nm. The third reduction (—1.70 V)
of (CI,TPP)Mn"Cl {the one-electron reduction of (CLTPP )
Mn'"} provides the visible spectrum ascribed to the dianion
porphyrin of manganese [(CL.TPP* )Mn"].

Reactivity of Manganese Tetra(2,6-dichlorophenyl)
porphyrin with Hydroxide Ton. The reaction of (Clx
TPP)Mn''Cl with hydroxide ion (TEAOH in H,O) under an
argon atmosphere has been investigated in MeCN or CH.Cl,
as solvents. Table 1 shows that the redox potentials of (Cly
TPPYMn"'CIO, are very simifar to those of (Cl,TPPYMn"'CL,
and also the reaction of (CLTPPYMn'ClO, with hydroxide
jon (TEAOH in H.O) are very similar to that of (Cl,TPP)
Mn™Cl. Therefore, the results of (ClsTPP)YMn"'C] are explai-
ned in this study. The reactions have been monitored by
UV-vis spectroscopy, where the spectral changes accompany-
ing the reactions could be associated with changes in the
oxidation and ligation states of (Ci,TPP)Mn™Cl. Figure 3 il-
lustrates UV-vis spectra of 0.02 mM (CLTPPYMn"'Cl (A=
476 nm) and the reaction product [A(A.. =444 nm)] of 0.02
mM (CLTPPMn!C] with excess (0.2 mM) hydroxide ion
[ OHH;0)] in MeCN.

In order to identify intermediates in the reaction of (Cly
TPP)Mn"'Cl with ~ OH(H0), the UV-vis spectral changes on
addition of mole ratio of manganese porphyrin to hydroxide
jon are studied in MeCN solutions. Figure 4 illustrates UV-
vis spectra of reaction products obtained from the mole ratio
(1:1) of 002 mM (CL,TPPYMn¥'Cl to 0.02 mM hydroxide
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Figure 4. UV.vis absorption spectra of reaction products obtai-
ned from the mole ratio (1:1) of 0.02 mM (CL,TPP)Mn"'Cl to
002 mM hydroxide ion [ OH(H:0)] in MeCN (spectral scans
were taken at 60 sec intervals). and (dot line) a solution of (Cl,
TPP)Mo"CL.
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Figure 5. UV-vis absorption spectra of reaction products obtai-

ned from the mole ratio (1:2) of 002 mM (CLTPP)Mn"C] to

004 mM hydroxide ion [ OH(H,)] in MeCN, and (dot line)

a solution of (Cl,TPPYMn"CL

ion [ OH(H:0})]. Figure 4 shows a decrease in the Soret
position (A,..=468 nm) of the initial product with concomi-
tant increase in absorbances at both 436 and 476 nm. The
initial product [B(A..~468 nm)] converts to a species (C)
(Amu=436 nm), and the starting compound (Cl,TPP)Mn"'C)
(Amw=476 nm) is regenerated. There is seen isosbestic poi-
nts (443, 472 nm) which demonstrates the ahsence of any
long-tived intermediates.

Figure 5 shows visible spectra of reaction products obtai-
ted from the mole ratio (1:2) of 0.02 mM (CLTPP)Mn"'Cl
to 0.04 mM hydroxide ion [ OH(H,0)] in MeCN. The reac-
tion products are [A (A,.=444 nm)] and a species [C
(Aww =436 nm)]. The arrows in Figure 5 indicate that the
titration of an acetonitrile solution of (CL,TPPYMn"'Ct with
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aliquots of *OH(H.O) gives the increase of a Soret absorba-
nce at 444 nm with the decrease in absorbance at 436 nm.
The titration of (CLTPP)Mn"'Cl with excess OH(H,0) only
yvields the reaction product [A (A, =444 nm)]. This result
indicates that the reaction of (CLLTPP)Mn'"C] with OH(H,0}
in MeCN makes initially {CL,TPP)Mn" (A,.»=436 nm), and
then produces the adduct {[(CL,TPP)Ma" (OH)] } (A, =444
nm) obtained from (CL,TPP)Mn" and free OH(H.0) in
MeCN. The reaction of (CLLTPP)Mn"'Ci with excess OH(H,
0) in the presence of pyridine or imidazole in MeCN as
a ligating solvent also gives the oxidation state of manganese
complexes [(Cl,TPP)Mn''py) or [(CLLTPP)Mn" (OH)] .

On the basis of its Soret position, it can be concluded
that the species (A) is assigned to [(CL,TPP)Mn" (OH)] .
because the Soret absorbance for the species (A) formed
from the reaction of (CL,TPPYMn"'Cl with excess OH(H.O)
is equivalent to that produced by the reaction of (C),TPP)
Mn" with OH(H.0). As different experiments, the titration
of (CIsTPP)Mn" obtained electrochemically or chemically
with excess OH(H.0) in MeCN produces the growth of
a new Soret position at 444 nm with concomitant decrease
in Soret absorbance at 436 nm of {CI,TPP)Mn", The species
(C) of the absorbance at 436 nm is assigned to (C),TPP)Mn'
(probably coordinated by one MeCN), which is prepared in-
dependently through the electrochemical reduction of {Cl«
TPP)Mn"'CL. The species (B) of the absorbance at 468 nm
may be assigned to (CLL,TPP)Mn' (OH) which is initially pro-
duced by the exchange of chloride ligand for hydoxide ion
in the reaction of (CL,TPP)Mn"'Cl with OH(H.0).

The spectrum change of (CLTPP)Mn'"C] (A,..=478 nm)
in the presence of excess OH(H,0) in CH.Cl. as a nonliga-
ting solvent only yields [(CLTPP)Mn" (OH)] (A, =470
nm) by the exchange of chloride ligand for hydoxide ion.
the spectrum of (CLL,TPP)Mn"'Cl (A,..=478 nm) in CH.Cl.
is changed to (Cl;,TPP)Mn"Cl(MeCN) or [(CLTPP)MnM"
(MeCN),]™ (An,=476 nm) on addition of MeCN in CH.Cl,
ot in MeCN solution. Meanwhile, in DMF or DMSO as other
ligating solvents, the spectrum of (CL,TPP)Mn"'Cl (A, =478
nm) in CH:Cl; is changed to [(CL,TPPYMn"(DMF),]" (A, =
466 nm) and [(CLTPP)Mn'"YDMSO).])" (A,.=464 nm) on
addition of DMF or DMSO in CH.Cl, respectively.

The reaction of (CI,TPP)Mn"Cl with excess OH(H.O) in
the presence of MeCN or pyridine in CH.CL, yields (CL.TPP)
Mn'OH) (A..,=468 nm) as the initial product, and slowly
converts to [(CLTPP)Mn"(OH)] (A,..=444 nm). The reac-
tion of (CLTPPYMn'"'Cl with excess OH(H.O) in pyridine
as 2 ligating solvent yields the species (CLTPP)Mn'(py) or
L{CLTPP)Mn" (OH)] , because pyridine solvent seems effec-
tively to trap hydroxy radical generated from the reaction
of (CLTPPMn"'C! with OH(H.0)™

Discussion

In nonligating solvents such as CH,Cl, (CL,TPP)Mn"C]
does not dissociate and forms five-coordinate manganese(IIl)
porphyrin. However, in ligating solvents or when potential
ligands are present, the six-coordinate Mn™ form is yielded
by the ligation of solvent or potential ligand to manganese
center. (CIyTPP)Mn"'Cl could be present as (CL.TPP)Mn"'Cl
{(MeCN) or [(CLTPP)Mn"(MeCN),]' in MeCN sctution due
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to the slightly blue shift of Soret position from 478 nm in
CH:Cl; as a solvent to 476 nm in the presence of MeCN
in CH.Cl; or in MeCN as a solvent.

The possible mechanism of (ClTPPYMn'"C] with "OH(H;
0) in MeCN as a ligating solvent may be summarized in
terms of Scheme 1 (where Sol=ligating solvent, and the
ellipses represent the porphyrin ring). The use of “"OH(H,0)
excludes the existence of “OCH; which may be generated
from “OH(CH,0H) used as a source of hydroxide ion in
the previous studies®~% Three intermediates, (ClsTPP)Mn™
(OHX(Sol) (A.x=476 nm), (CKLTPP)Mn"(Sol) (A =436 nm)
and [(CL,TPP)Mn" (OH)]~ (A..=444 nm), have been direc-
tly observed during the reaction. The favored products are
five-coordinate rather than six-coordinate Mn" forms, and
six-coordinate Mn' forms in ligating media. The autoreduc-
tion of (CI,TPP)Mn"Cl in the presence of ~OH(H,0) is de-
pendent on the prior coordination of ligating solvents to (Clg
TPP)Mn"'C] as an axial ligand. The role of the solvent as
an axial ligand is explained by experiments in the nonliga-
ting solvent in the presence of MeCN or pyridine, where
manganese(Il) form is yielded.

The reduction of the initial intermediate (Cl,TPP)Mn"
(OH)(Sol} to form the manganese(Il) porphyrin probably ce-
quires the electron transfer from “OH to manganese(IIl) wi-
thin intramelecule. Possible mechanisms are discussed in
the previous reports,® but they are still ambiguous. Mecha-
nisms involve an inner sphere electron transfer from coordi-
nated ~“OH to manganese(IIl) by homolytic Mn-O bond clea-
vage, or nucleophilic attack on coordinated OH by free

OH. From UV-vis spectra of reaction products from the
mole ratio (1:1) of (CLLTPP)Mn"'Cl to " OH(H,0) in MeCN
that shows a decrease in the Soret position (An..=468 nm)
of the initial product with accompanying increase in absorba-
nces at both 436 and 476 nm, reasonable mechanism may
be an inner sphere electron transfer from coordinated ~OH
to manganese(Ill) by homolytic Mn-O bond cleavage which
would yield hydroxy radical(*OH) rather than a nucleophilic
attack on coordinated “OH by free "OH.

The hydroxyl radicals that are yielded in the reaction
could self-react to form hydrogen peroxide (HOOH). HOOH
generated from the combination of hydroxy radicals reacts
with free “OH or coordinated “OH to manganese(II) porph-
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yrin to produce "OOH, which rapidly decomposes by the
reaction with MeCN as a solvent.* Therefore, unfortunately
free HOOH that are produced in the reaction of (CI,TPP)
Mn"'Cl and  OH(H,0) can't be detected in MeCN solutions.

The electrochemical potential for the first reduction of (Cle
TPP)Mn"'Cl to give manganese(Il) is —0.11 V., but —0.23
V for (TPP)Mn"Cl and —2.30 V for (Me,,TPP)Mn"Cl. The
positive potential for the reduction of (CL,TPP)Mn"'Cl comes
from the electronic effects of the substituted groups at ortho-
position of phenyl group bonded to meso-position of porphy-
rin ring. This result indicates that (CILTPP)Mn"'Cl may be
a stronger oxidizing agent than (Me,TPP)Mn'"'C| for the oxi-
datton of hydroxide ion, and (Cl,TPP)Mn"™Cl easily reduces
to manganese(Il) by coordinated OH {(as a reducing agent)
to core metal of manganese(lll} porphyrin. It has reported
that the oxidation potential for OH in aprotic media shifts
to negative upon addition of transition metal complexes.”®
This negative shift of oxidation potential for OH is proposed
to be due to the stabilization of hydroxyl radical by metal
ion ligation via formation of a d-p covalent bond. The reac-
tion of (Me, TPP)Mn"'Cl with excess OH(CH,OH) gives a
species [(Me, TPP)Mn"(OH)] , which slowly oxidizes to
[(Me,-TPP)Mn™(OH),] "> However, in this study the reac-
tion of (ClsTPPYMn"Cl with excess OH(H,0) makes a spe-
cies [(CLTPP)Mn"(OH)]", which is considerably stable and
doesnot oxidize in the reaction sotutions. The electrochemical
and spectroscopic resulis estimate the importance of the
axial ligands and the reduction potential of manganese por-
phyrins in determining the oxidation states of manganese
porphyrins. The autoreduction of manganese(IIl) porphyrin
to manganese(Il) by this process is only observed when ' OH
can coordinate one axial site, and the other axial position
occupied by a ligating solvent.
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The vibartional energy levels of triatomic van der Waals complexes, ¢.g., He-I, and He-Cl., are studied theoretically.
Not only because a weak bond exists in these systems but also because the excited states are of interest, very
accurate numerical methods are required to determine vibrational structures of the complexes. The self-consistent-
field (SCF) and the configuration interaction {CI) methods are employed to study several low lying bound states.
Particularly the useful but approximate SCF method is extensively studied by comparing its results with those of
in-principle-accurate CI method. It is found that the SCF method produces reasonable vibrational energy levels when

Jacobi coordinates are utilized.

Introduction

The van der Waals complexes, 7e., molecules having at
least one chemically weak van der Waals bond, have attrac-
ted a lot of attention both experimentally and theoretical-
ly.'~2 Experimental techniques such as high-resolution IR
absorption spectroscopy, Fourier-transform infrared spectros-
copy, and microwave spectroscopy provide a2 wealth of infor-

mation on the geometrical and vibrational structures of van
der Waals complexes. In many weakly bound molecules the
deviation from harmonic behavior is very large even for
ground vibrational state. It is to obtain the vibrational energy
level structure of the complexes from the given potential
energy functions and to interpret the level structure in terms
of vibrational dynamics involved. The need for theoretical
methods arises from the very rapid progress in experimental



