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of nonadiabatic coupling matrix elements from SA-MCSCF/CI
wave functions will be employed to study the nonadiabatic coupling
between these two adiabatic states. Such an analysis is also
relevant in assessing the role of this avoided crossing in the
collisional dissociation process studied by CB. In this case,
however, some idea of the state of CO+ “initially prepared” is
required for a complete analysis of this pr0b1em.l~
HS assigned to fifth vibrational progression observed in the
photoelecron spectrum3 to the 3%+ state. Increased credence can
be given to this assignment in light of the considerably improved
agreement in the T, evinced in Table 111. The decrease in we and
the increased well depth provided by the FOCI treatment also
favor this assignment. It should be noted that the 3Q+ state
determined at the MCSCF level differs qualitatively from the
FOCI result. The results of HS appear to be (perhaps surprisingly) in better accord with FOCI PEC’s.
In a recent study of NO+ Saxon et a1.I’ considered the possibility
of valence-Rydberg mixing and concluded it was unimportant
for (at least) the 1, 2311states. The good agreement between the
~

~~

______

(19) Desouter-Lecomte, M.; Lorquet, J. C. J Chem. Phys. 1979, 71, 4391.

present ab initio results and the photoelectron spectrum strongly
indicates a similar situation obtains in this case. For the
states
this conclusion is further supported (although the present basis
is inadequate for a definitive conclusion) by the lack of a tendency
toward “Rydbergization” in the (optimized orbital) description
of the 3*2+ state for small R ( R = 2.132 au). The location of
the CO+ Rydberg states (i.e., C 0 2 + plus one orbiting electron)
will be considered in a subsequent study in which the structure
of COz+ will be considered explicitly.
In summary the SA-MCSCF/FOCI wave functions presented
in this work support the assignment of the fourth and fifth vibrational progressions in the photoelectron spectrum of C O given
by Honjou and Sasaki. The importance of an avoided crossing
between the 2211 and 3% states (treated in this work with a
three-state averaging technique) for the collision-induced decomposition of C 0 2 +reported by Curtis and Boyd is suggested.
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Surface Anaiysis of Semiconductor- Incorporated Polymer Systems. 1. Nafion and
CdS-Nafion
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Nafion and CdS-Nafion membranes were investigated by scanning electron microscopy and X-ray photoelectron spectroscopy.
Depending on the preparation method, samples dominated by either cubic or hexagonal phases of CdS can be prepared. Samples
dominated by the cubic form of CdS have very rough surfaces compared to those dominated by the hexagonal form. The
S(2p) binding energies indicate that the surface of the hexagonal form is rich in sulfate ions, whereas the surface of the
cubic form is dominated by the sulfide ions of CdS. A gray-blue deposit formed on the cubic CdS-Nafion surface under
UV irradiation is identified as atomic sulfur

1. Introduction
CdS is an interesting semiconductor and photocatalyst with a
relatively narrow band gap energy (2.4 eV). Studies using colloidal
or powder suspension CdS systems have been reported.’-12 An
alternative approach involves polymer-supported CdS. For example, Meissner et al.” have used membranes consisting of CdS
particles (-40 pm) physically embedded in a polyurethane film
(1) Kalyanasudarm, K.; Borgarello, E.; Gratzel, M. Helu. Chim. Acta
1981, 64, 362.

( 2 ) Borgarello, E.; Kalyanasudaram, K.; Gratzel, M.; Pelizzetti, E. Helu.
Chim. Acta 1982,65, 243.
(3) Matsumura, M.; Sato, Y.; Tsubomura, H. J . Phys. Chem. 1983, 87,
7x97..
--_

(4) Kuczynski, J. P.;Milosavljevic, B. H.; Thomas, J. K . J . Phys. Chem.,

1983, 87, 3368.

(5) Aruga, T.; Domen, K.; Naito, S.; Onishi, T.; Tamaru, K. Chem. Lett.
1983, 1037.

(6) Thewissen, D. H . M. W.; Tinnesmans, A. H. A.; Eeuwhorst-Reinten,
M.; Timmer, K.; Mackon, A. N o w . J. Chim. 1983, 7, 191.
(7) Meyer, M.; Wallberg, C.; Kurihara, K.; Fendler, J. H. J . Chem. Soc.,
Chem. Commun. 1984. 90.
(8) Matsumura, M.: Hiramoto, M.; Iehara, T.; Tsubomura, H. J . Phys.
Chem. 1984.88. 248.
(9) Ramsden; J. J.; Gratzel, M. J. Chem. SOC.,Faraday Trans. 1 1984,
80, 919.
(10) Serpone, N.; Borgarello, E.; Gratzel, M. J. Chem. SOC.,Chem. Commun. 1984, 342,
(1 1) Rossetti, R.; Ellison, J. L.; Gibson, J. M.; Brus, L. E. J. Chem. Phys.,
in press.
(12) Buhler, N.; Meier, K.; Reber, J.-F. J . Phys. Chem. 1984, 88, 3261.
(13) Meissner, D.; Memming, R.; Kastening, B. Chem. Phys. Lett. 1983,
96, 34.
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and have studied a number of photolysis processes. Kuczynski
et al.I4 prepared dispersed CdS in a Nafion( 125) membrane and
examined its photochemical and photophysical properties.
Such semiconductor/polymer systems are attractive for several
reasons: (1) the photoactive system is held in place and so is useful
in flow systems, (2) the CdS-Nafion system can be removed for
more facile analysis of the reaction solution and regeneration of
the semiconductor particles, and (3) the polymer matrix itself may
play a role in the operation of the system, e.g., by its ion exchange
properties, concentrating some solution reactants and rejecting
others.
Recently, we reported the preparation of CdS-Nafion( 117)
films and showed that the resulting crystal form of CdS (a,
hexagonal, or B, cubic) was determined by the method of preparation.15J6 In the presence of Pt (either chemically deposited
throughout the membrane or sputter deposited) and NazS (sacrificial electron donor), photochemical H2 formation was observed. The activity was substantially higher with @- than with
a-CdS and was comparable to that of colloidal systems.
A better understanding of these CdS-Nafion systems and especially the effect of crystal phase on the catalysis was desired.
We report here our results on the characterization of Nafion itself
(14) Kuczynski, J. P.; Milosavljevic, B. H.; Thomas, J. K. J. Phys. Chem.
1984, 88, 980.

(15) Krishnan, M.; White, J. R.; Fox,M. A,; Bard, A. J. J . Am. Chem.
SOC.1983, 105, 7002.
(16) Mau, A. W.-H.; Huang, C.-B.; Kakuta, N.; Bard, A. J.; Campion,
A.; Fox, M. A.; White, J. M.; Webber, S . E. J. Am. Chem. SOC.1984, 106,
6537.
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and CdS-loaded (aand 8) Nafion membranes.
2. Experimental Section
Nafion (Du Pont 117, equiv wt 1100,0.018 cm thick) membranes were used for all experiments. All Nafion films were
cleaned by boiling in concentrated HN03and washing with boiling
distilled water. The films were stored in distilled water.
Films containing CdS (hexagonal and cubic) were prepared
according to methods outlined in the previous paper.16 They were
bright orange and opaque. The CdS crystal structures of these
films were measured by X-ray powder diffraction (XRD). The
crystal size was estimated as 200 A from the XRD line widths.
Scanning electron microscopy (SEM)was done with a JEOL
JSM-35C system.
The films (Nafion and CdS-Nafion) were immersed in a N a 8
(0.1 M) solution with or without irradiation by a 1-kW xenon
lamp. X-ray photoelectron spectroscopy (XPS) measurements
were performed by using a Vacuum Generators ESCA Lab I1
system with Mg Kcr radiation (1253.6 eV). The corelevel binding
energies (BE)were all referenced to the surface hydrocarbon
contamination C(1s) peak (284.5 eV). Before XPS measurements
were taken, all films were dried in a desiccator overnight. The
pressure in the spectrometer chamber was 3 X lo'* torr during
XPS observations.
Powders of CdS (99.999%, Aldrich), CdS04 (Mallinckrodt),
and sulfur (sublimed, Fisher) were used as references.
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3. Results
3.1. Nafion(lI7). The chemical structure of the Nafion film
is given by the following f o r m ~ l a : ~ ~ * l ~
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Figure 1. (a, Top) Broad-scan XPS spectrum of a Nafion film (MgKa
source). (b, Bottom) XPS spectra of Nafion films: (A) F( Is), (B) C( Is),
(C) O ( W .
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XPS of the Nafion gives peaks for F( Is), C( Is), and O( 1s) at
BEs of 688.9,291.3, and 53 1.9 eV, respectively (Figure 1). The
F and C peaks are assigned to the -CF,- species, consistent with
the report of Clark et al.I9 It is more difficult to assign the O( Is)
peak as there may be contributions from both the Nafion and
contaminant adsorbed species. After a brief period of Ar+ bombardment, the O( 1s) peak broadened and its intensity decreased.
No sulfur peak from -SO< was observed with XPS either prior
to or following Ar+ bombardment. Previous studies of Nafion
indicate that sulfonate ions and water molecules form cluster
structures2*22that are distributed heterogeneouslythrough the
film.23 No information exists, however, concerning the presence
of sulfonate groups at the surface. The expected S(2p) peak
intensity relative to that observed for F(1s) would have been
detectable in our experiments on the basis of the overall S/F
atomic ratio of Nafion and the XPS atomic sensitivity factors.24
Thus, the results suggest that the surface concentration of sulfonate
(1 7) Lopa!, M.; Kipling, B.; Yeager, H. L. A d . Chem. 1976.48, 1 120.
(1 8 ) Yeo, R. S. Polymer 1980, 21,432.
(19) Clark, D. T.; Feast,W. J.; Kilcast, D.; Musgrave, W. K. R. J. Polym.
Sei., Polym. Chem. Ed. 1973, 11, 389.
(20) Ostrowska, J.; Narebska, A. Colloid Polym. Sei. 1983, 261, 92.
(21) Eisenberg, A.; Yeager, H. L. ACSSymp. Ser. 1982, No. 180.
(22) Eisenberg, A. Adu. Chem. Ser., 1980, No. 187.
(23) Vasquez, R.; Avalos, J.; Volino, F.; Pineri, M.; Galland, D. J. Appl.
Polym. Sci. 1983, 28, 1093.
(24) Wagner, C. D.; Riggo, W. M.; Davis, L. E.; Muilenberg, G. E.

'Handbook of X-ray Photoelectron Spectroscopy"; Perkin-Elmer: Eden
Prairie, MN, 1979.
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Figure 2. SEM photographs of hexagonal CdS/Nafion and cubic
CdS/Nafion (XSOOO). The cross section is for a cubic CdS/Nafion film
(X200). The left-hand side is the X-ray fluorescence from Cd.

is low relative to the bulk. This point is discussed below in conjunction with the formation of Cd compounds at the Nafion
surfaces.
3.2. CdS-Nafon. Scanning electron microscopy (SEM)of
the CdS films showed a striking difference in the surface roughness
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Figure 3. Cd(3d) XPS spectra of hexagonal CdS/Nafion (A) and cubic
CdS/Nafion (B).
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Figure 4. S(2p) XPS spectra of hexagonal CdS/Nafion (A) and cubic
CdS/Nafion (B).
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Figure 5. (a, Top) Broad-scan XPS spectrum of Nafion film soaked in
Na,S without irradiation. There was no detectable difference in a broad
scan with irradiation. (b, Bottom) S(2p) XPS spectra of Nafion soaked
in Na,S without (A) and with (B) irradiation.

(Figure 2) of the cubic and hexagonal crystal forms. Large
peak a t 169.6 eV, which, after Ar' bombardment, decreases in
particles were observed for the cubic film, while the hexagonal
intensity and broadens. According to our results for the films and
fdm surface was flat and no particles were observed. Examination
the reference materials, and after comparison with binding energies
of a cross-sectioned film by S E M showed no distinguishable
reported for cadmium and sulfur compound^,^'-^^ we assigned the
morphological differences between the two crystal forms in the
Cd(3dsi2) 405.6-eV peak to the CdZ+ion of either CdS or CdS04
interior of the Nafion. X-ray fluorescence analysis of Cd in the
and the S(2p) 161.7-eV peak to the Sz- ion of CdS. The higher
cross-sectioned films (Figure 2) showed that, in both, Cd was
BE peaks [S(2p) 168.9, 169.6 eV] are assigned to surface sulfate
dispersed reasonably uniformly throughout the Nafion, with a
species. The 406.4-eV BE for Cd in the hexagonal film is discussed
slightly higher concentration near the outei surface.
below.
The XPS of bulk reference samples were measured. The CdS
3.3. N a p Effect. As described in a previous paper,16 we used
and CdS04 powders both gave a Cd(3d5l2)BE of 405.4 eV. With
a
Na,S
(0.1 M) solution as a sacrifical reagent when measuring
regard to the S(2p) region, CdS04has a peak at 168.5 eV assigned
the photochemical hydrogen formation. In this section, the effects
to the sulfate ion, and CdS has peaks at 161.6 and 169.2 eV. We
of Na2S OR Nafion and cubic CdS-Nafion films with and without
assign the former to the s2- ion and the latter to a surface sulfate
species. The results are in good agreement with o t h e r ~ . ~ ~ J ~irradiation are shown.
3.3.a. Nafion 117 . After soaking in a Na,S solution (with or
Sublimed sulfur powder shows a peak at 163.3 eV.
without irradiation) for three hours the films turned light grey.
The XPS results for both films are shown in Figure 3. The
Figure 5 shows a broad scan XPS. Nafion and S(2p) peaks are
cubic CdS film (B) has a Cd(3d512) BE of 405.6 eV, while the
observed. The BEs of C( 1s) and F(1s) are similar to those of the
hexagonal CdS film (A) has a peak at 406.4 eV. After Ar+
fresh Nafion film.
bombardment of the hexagonal CdS film for a short time, the
As seen in Figure Sb, both the irradiated and unirradiated
integrated Cd(3d512) intensity increases. For the cubic CdS film,
samples show S(2p) peaks at 161.8 and 169.0 eV, with the latter
Ar+ bombardment left the Cd(3d512) peak unchanged.
more intense. These are assigned to sulfide and sulfate species,
Figure 4 shows XPS for the S(2p) region. The cubic CdS film
respectively. After a 30-s Ar+ bombardment, both peaks disappear
(B) has peaks at 161.7 and 168.9 eV. The higher BE disappears
with Ar+ bombardment. The hexagonal film (A) has only one
(25) Furuyama, M.; Kishi, K.; Ikeda, S. J. Electron Spectrosc. Relaf.
Phenom. 1978, 13, 59.
(26) Lichtman, D.; Craig, Jr., J. H.; Sailer, V.; Drinkwine, M.Appl. Surf:
Sci. 1981, 7, 325.

(27) Gaarenstroom, S. W.; Winograd, N. J. Chem. Phys. 1977,67, 3500.
(28) Lichtensteiger, M.; Webb, C.; Lagowski, J. Surf: Sci. 1980, 97, L375.
(29) Amalnerkar, D. P.; Badrinarayanan, S.;Date, S.K.; Sinha, A. P. B.
Appl. Phys. Lett. 1982, 41, 270.
(30) Outka, D. A,; Madix, R. J. Surf.Sci. 1984, 137, 242.
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TABLE I: XPS Peak Ratios
ratio'

c&dS
(hexagonal)

P-CdS
(cubic)

Cd2'Nafion

Cd(3d,p)/F(l~)
S(2P)/F( 1s)
C(ls)/F(W

0.04
0.026
0.10

8.40

0.06

1.60
0.10

0.10

Nafion
~~

Without relative atomic sensitivity adjustment.

so:-.

0.10
bAssigned to

TABLE 11: XPS Peak Ratios for CdS and Nafion Films Containing
Cubic CdS
cubic CdS-Nafion
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Figure 6. S(2p) spectra of cubic CdS/Nafion soaked in Na2S without
(A) and with (B) irradiation.

from both films, indicating they are concentrated on the Nafion
surface. Apparently, some of the S2- ions from the Na2S are
oxidized to the sulfate species, which may also be responsible for
gray coloring. While the effect of sulfate ions on the photolysis
process is not known, oxygen dissolved in the Na2S solution does
poison the photoproduction of hydrogen.
3.3.6. CdS-Nafion. The cubic CdS films were used for these
experiments because of their high activity for hydrogen generation
when platinized.16 Na2S treatments were performed as in the pure
Nafion experiments.
The cubic CdS films became covered by a gray-blue layer
during irradiation, but the solution was clear and no precipitate
was observed. This colored layer was removed by washing the
film with boiling water. XPS of the irradiated film showed a
spectrum indistinguishable from that of the fresh cubic CdS film.
N o new peak was observed due to the gray-blue deposit. Without
irradiation, the gray-blue layer was not formed, and the S(2p)
XPS had peaks at 161.7 and 169.0 eV (Figure 6). The 161.7-eV
peak is assigned to the S2- ion and the 169.0-eV peak to the
surface sulfate species.
4. Discussion
Hexagonal CdS and cubic CdS films are strikingly different
as revealed by both S E M and XPS measurements. We will
concentrate this discussion on the XPS results.
Before washing, all of the films exposed to Na,S are dominated
in XPS by S(2p) associated with sulfide. After being washed for
1 h at 100 OC, the hexagonal CdS films show no S2-ions in the
XPS results and a Cd(3d5/2) BE 1.0 eV higher than that of the
cubic CdS film. Furthermore, the line width of the Cd(3dS,,)
peaks on hexagonal and cubic CdS films are 2.3 and 1.4 eV,
respectively.
The Cd(3d) BE for the washed hexagonal film agrees very
nicely with that measured for a Cd2+ion-exchanged but unsulfided
film (BE = 406.4 eV and line width = 2.4 eV). In the latter the
Cd2+ ions are bound to cation exchange sites of Nafion. The
relatively high BE is ascribed to a final state relaxation effect;
cation exchange sites in Nafion are not very polarizable, so that
core holes formed in Cd ions localized a t these sites are not
efficiently screened.
The surface atomic ratios (Cd/F, S / F , and C(Nafion)/F)
calculated from the XPS peak areas are listed in Table I. The
results indicate that the cubic CdS film has a higher surface
concentration of Cd and S than the hexagonal film. It is interesting that the surface of the hexagonal film and the ion-exchanged
Cd2+-Nafion film show similar C d / F ratios. This, coupled with
the high BE and broad line width for the Cd, suggests that the
Cd is not present as sulfate. Rather, the sulfate may be associated
with the Nafion leaving the Cd2+in the same state observed prior
to sulfiding. In passing, it is also noteworthy that the hexagonal
films were subject to greater surface charging than the cubic films
but about the same as for Nafion alone.

S(Zp)/Cd(3dSd

CdS
powder

untreated

soaked
in Na,S

soaked and
irradiated

low BE peak

0.18

0.19

0.25

0.25

0.05

0.02

0.12

0.02

for S
high BE peak

for S

From the C d / F ratio for the Cd2+-Nafion system (Table I),
an expected S(2p) XPS intensity can be calculated, assuming one
Cd2+is equivalent to two Nafion ion exchange sites. The expected
sulfur intensity is a least a factor of 3 below our detection limits.
This is consistent with the conclusion that the surface sulfonate
concentration in Nafion is relatively low.
As indicated above, washing in boiling water changes the surface
concentrations for the hexagonal but not the cubic samples. The
data of Table I were taken after washing for 1 h. If instead the
samples were washed for only 30 min, the C d / F ratio was 0.12
for washing a t 100 "C and 0.46 for washing at 25 OC. The
Cd(3dS/,) BE was at 405.4 eV, as observed for bulk cadmium
sulfide and cadmium sulfate. This is consistent with the above
picture and indicates that, for the hexagonal samples, the surface
Cd is mobilized during washing and moves either into the film
bulk or into solution. For the cubic case, washing in boiling water
has no detectable effect on the XPS spectra, suggesting that the
large CdS particles are not subject to this removal process.
Next, we explore the identity of the gray-blue layer (identified
below as atomic sulfur) that develops on the cubic CdS film upon
irradiation in the Na2S solution. This deposit is not polysulfur
since the S(2p) BE is 161.6 eV, which is not consistent with that
for polysulfur (163.3 eV). Table I1 gives XPS-determined S/Cd
ratios for several samples. This ratio for untreated (no Na2S and
no irradiation) cubic CdS is similar to that for powdered CdS,
while the remaining samples show excess sulfur. That Na2S
exposure without irradiation does not produce this blue-gray layer
suggests that it is also not due to S2,-. When CdS or platinized
CdS is irradiated in Na2S, S2- ions have been shown to form and
the solution yellows.12 We have found, however, that
is
unstable (the yellow color disappears) and is oxidized to SO4,in the presence of oxygen. Thus, S2- may also be eliminated as
a candidate.
We now turn our attention to atomic sulfur. XPS results have
been reported from S/Ni(100)31 and S / A g ( l l 1)32systems in
which atomic sulfur was deposited on the crystal surfaces by
decomposition of preadsorbed H2Sand electron-activated H2S,
respectively. The observed BEs for these atomic sulfur layers were
162.1 and 161.8 eV, respectively, both of which are close to our
observed S(2p) BE and overlapping heavily with S2-. Thus we
suggest that the gray-blue deposit is due to an atomic sulfur
species, formed by the reactions
CdS
2H+

+
+ hv

2e-

e'

H2

(2)

S(deposit)

(3)

s22-

(4)

+s-

S2- + 2h+
s2-

h+

(31) H o , P.;Hardegree, E. L.; White, J. M., to be published.
(32) Tibbetts, G. G.; Burkstrand, J. M. J . Vac.Sci. Technol. 1978, IS,497.

J. Phys. Chem. 1985,89, 52-57

52

In this model, reaction 3 is faster than reaction 4, if atomic sulfur
accumulates. Atomic sulfur has not been found in colloidal or
powder suspension systems containing a sacrificial electron donor,
so that there seems to be a direct involvement of the host Nafion.
Finally, since the S/Cd ratio for the irradiated cubic CdS sample
approaches that for CdS powder after a short period of Ar+
bombardment, the atomic sulfur layer appears to be, at most, a
few monolayers thick.
As indicated in Table 11, the surface of the cubic CdS film
soaked in Na2S solution without irradiation is covered with excess
S2- ion of Na2S. Surface sulfate species is also present. The data
indicate that the S2- ion of Na2S or H2S is strongly adsorbed on
the CdS-Nafion surface and is oxidized to sulfate (Figures 4 and
6) without irradiation.
5. Conclusions
On the basis of the results reported here, we draw the following
conclusions:
(1) The concentration of surface cation exchange sites in Nafion
is small.

(2) The small CdS particles at the surface of the hexagonal
CdS films are subject to dissolution in boiling water, whereas the
large CdS particles at the surface of the cubic CdS fdms are stable
in boiling water.
(3) After extensive washing, the surface of films containing
cubic CdS remains dominated by sulfide ions of CdS, whereas
the surface of films containing the hexagonal form are altered,
leaving surface sulfate associated with the Nafion and Cd2+associated with cation exchange sites.
(4) Adsorbed sulfide ions on Nafion and CdS-Nafion are
oxidized to sulfate ions at 300 K in the presence of oxygen.
(5) The gray-blue deposit formed on cubic CdS-Nafion surfaces
under irradiation is identified as atomic sulfur.
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Algorithms for finding local minima, maxima, and saddle points on surfaces, starting from an arbitrary point, are presented.
These algorithms are based on making a local approximation to the surface in the form of a rational function constructed
from the local first and second derivatives of the surface. All parameters of these algorithms required for stepping across
the surface are determined in nonarbitrary ways. The convergence of these procedures to the desired stationary point is
shown to be quadratic. Applications for stationary-point searches on two model surfaces are also given for illustrative purposes.

Introduction
Finding stationary points (minima, maxima, and saddle points)
on energy surfaces is important in chemical physics because they
correspond to equilibrium geometries and transition states and
because the classical equations of motion connecting such points
can be used to describe the reaction dynamics. For a surface
E ( x l r . . . , ~ depending
n)
on independent variables (xi),a stationary
point is characterized by aE/dxi = 0, that is, by vanishing slopes
for all variables. In addition, a minimum corresponds to a point
having positive curvatures d 2 E j a x ) > 0, for all variables and a
maximum has aZE/8x; < 0. For a saddle point of order p, there
exist p variables relative to which the curvature is negative; it is
positive relative to the remaining ( n - p) variables. In molecular
quantum chemistry the a b initio determination of first and second
derivatives of the energy with respect to geometric variables,
though laborious, is within reach.' An algorithm that systematically and efficiently locates stationary points starting from an
arbitrary point and using local first- and second-derivative information is given in this paper.
There exists extensive literature in numerical analysis regarding
the search for extrema on multidimensional surfaces. References
2-6 describe techniques for minima and saddle point searches.
(1) Banerjee, A.; Jensen, J.; Simons, J.; Shepard, R. Chem. Phys. 1984,

87, 203. J~rrgensen,P.; Simons, J. J . G e m . Phys. 1983, 79, 334.

(2) Fletcher, R. "Practical Methods of Optimization"; Wiley: New York,
1980 and references therein.
(3) Simons, J.; Jmgensen, P.; Taylor, H.; Ozment, J. J . Phys. Chem. 1983,
87, 2745.
(4) Cerjan, C. J.; Miller, W. H. J . Chem. Phys. 1981, 75, 2800.
(5) Bell, S.; Crighton, J. C. J . Chem. Phys. 1984, 80, 2464.

The highlights of the algorithm presented here are that all optimization parameters are calculated in an ab initio manner and
the procedure is quadratically convergent with the stability
characteristics of a saddle-point search being the same as those
of a local-minimum search.

General Discussion
For a surface of n independent variables, the Taylor expansion
allows one to explore the neighborhood of a point xo
E ( x ) = Eo + g+x

+ Yzx+Hx + ...

(1)

Here the step vector x = ( x , , ..., x,) gives the displacement away
from x,, the gradient vector g and hessian matrix H contain
elements of first and second derivatives of E with respect to the
( x i ) calculated at x,. The Newton-Raphson (NR) procedure
allows one to step toward a stationary point of E , near x, by
approximating the expansion of eq 1 in the neighborhood of x,
quadratically
c

= E ( x ) -EO = g+X

+ !L~x+Hx

(2)

and imposing the stationary requirement &/axi = 0, giving

Hx+g=O
(3)
T~ facilitate the
of the NR algorithm and those developed
in
paper, without any l m of generality, it is useful to tranSforln
to new displacement variables in which the Hessian matrix is
(6) Lootsma, F. A., Ed. "Numerical Methods for Non-linear
Optimization"; Academic Press: New York, 1972.
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