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parameters for 1 given in the Figure 1 caption are in good
agreement with corresponding parameters for related silsesqui-
oxanes (RSiO, 5)g.!!

Hydrolysis of 1in CH,CN with 4-20 equiv of water produces
a clear, colorless gel that dries to a transparent, monolithic glass.
Solution ’Sif'H} NMR spectra'? measured prior to gelation
display resonances in the —101 to =102 ppm region arising from
(=Si0),SIOCHj centers!? and resonances in the =99.5 to —100.5
ppm region arising from (=Si0),SiOH centers!* but no reso-
nances in the =90 to —95 region arising from (==Si0),Si(OR),
centers, R = CH; or H.1314 A 2°Si NMR spectrum measured
after partial hydrolysis of 1 is shown in Figure 2a. The five largest
resonances observed are assigned to [SigO;,](OCH,), (6 —101.41)
and [Siz0,,](OCHj;),(OH) (=SiOH at § —100.17, ortho and meta
=SiOCH; at 6 -101.27 and -101.46, para =SiOCH, at §
-101.35). The smaller —101.33 ppm resonance is assigned to the
four equivalent =SiOCH; silicons in o-[Siz0;,](OCH;)¢(OH),
since its intensity relative to the intensities of the [SizO;,](OCH3)g
and [Siz0,,](OCH;),(OH) resonances is in good agreement with
the value predicted by a random hydrolysis model where all =
SiOCH; groups in the [SizO,,](OCH,;),_,(OH), system hydrolyze
at the same rate.'* Spectra measured after further hydrolysis
(see Figure 2b) are also consistent with this model but are more
difficult to interpret since several resonances are unresolved and
additive chemical shift parameters must be invoked to provide
unambiguous assignments.

We plan to remeasure 2°Si{'H} NMR spectra of hydrolyzed 1
at higher magnetic field strengths in order to obtain higher spectral
dispersion and reinforce the conclusion that hydrolysis proceeds
without degradation of the [SizO,,] core structure and are cur-
rently investigating the course of condensation reactions (2) and
(3) in solutions, gels, and glasses using 2*Si FT NMR and CP
MAS NMR techniques.

Note Added in Proof. Preliminary results indicate that 4 can
be converted into 1 with HC(OCH,;),.

(8) Large well-shaped colorless single crystals of [SiO,,](OCHj); suitable
for X-ray diffraction studies, obtained by sublimation, are at 20 % 1 °C,
triclinic, space group P1-C;! (No. 2), with a = 9.046 (4) A, b = 8.990 (4) A,
¢ =8.546 (4) A, « =99.93 (3)°, 3 =101.24 (3)°, ¥y = 99.42 (3)°,and Z =
1 [a(Mo K,) = 0.5 mm™, peieg = 1.68 g cm™]. Three-dimensional diffraction
data (a total of 3010 independent reflections having 28y, k. < 55°) were
collected on a computer-controlled Nicolet autodiffractometer using gra-
phite-monochromated Mo K& radiation and full 1.0° wide w scans. The
structure was solved by “direct methods” techniques (SHELXTL) and the re-
sulting structural parameters have been refined to convergence® [R(un-
weighted, based on F) = 0.038 for 2164 reflections having I > 3¢(/)] using
counting-statistics weighted cascade block diagonal least-squares techniques
and a structural model which incorporated anisotropic thermal parameters
for all Si, C, and O atoms and isotropic thermal parameters for all hydrogen
atoms.

(9) See paragraph at end of paper regarding supplementary material.

(10) The first number in parentheses following an averaged value of a bond
length or angle is the root-mean-square estimated standard deviation of an
individual datum. The second and third numbers, when given, are the average
and maximum deviations from the averaged value, respectively. The fourth
number represents the number of individual measurements which are included
in the average value.

(11) (a) [Si30,;](CH;)s: Larsson, K. Ark. Kemi 1960, 16, 203. (b)
[SigO;;](CsHs)g: Shklover, V. E.; Struchkov, Yu. T.; Makarova, N. N,;
Andrianov, K. A. Zh. Strukt. Khim. 1978, 19, 1107. Hossain, M. A;
Hursthouse, M. B.; Malik, K. M. A. Acta Cryst., Sect. B 1979, B35, 2258.
(c) [Sig0,,](C,H;)s: Baidina, I. A.; Podbenezskaya, N. V.; Alekseev, V. L.;
Martynova, T. N.; Borisov, S. V.; Kanev, A. N. Zh. Strukt. Khim. 1979, 20,
648. (d) [SizgO;,][OSi(CH;);]g: Smolin, Yu. I; Shepelev, Yu. F.; Pomes, R.
Khimiya Silik. Oksidov 1982, 68.

(12) All #Si{'H} FT NMR spectra were measured under gated decoupling
conditions. In order to reduce 7,’s to ca. 2 s, all solutions contained 0.015
M Cr(acac);. The Cr(acac); did not affect the rate or course of the reactions
studied. To ensure accurate integrated intensities, three T’s were allowed
to elapse between observe pulses.

(13) Marsmann, H. C.; Meyer, E.; Vongehr, M.; Weber, E. F. Makromol.
Chem. 1983, 184, 1817.

(14) Klemperer, W. G.; Mainz, V. V,; Millar, D. M., manuscript in
preparation.

(15) If « is the overall fraction of methoxy groups hydrolyzed, the relative
abundance of [Siz0,;](OCH,)s_,(OH), is {8!/[n!(8 - m]}a"(1 - «)*™. The
relative abundance of isomers is determined statistically by symmetry num-
bers.
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“Electronic processes in chemisorption and catalytic action on
a metal surface play fundamental roles in chemistry and chemical
industry but are still hidden in a veil theoretically. We study
theoretically the interaction of a hydrogen molecule with palladium
as a model of chemisorption and catalytic action of a metal surface.
We use sophisticated ab initio theories explained below. The basic
assumption is the local nature of the interaction between hydrogen
and palladium.!”* We will show that even the Pd, fragment shows
chemisorptive and catalytic activities for the hydrogen molecule.
The H, molecule is adsorbed and dissociated very smoothly on
the Pd, “surface” with almost no barrier and shows an equilibrium
with the two atomic hydrogen radicals. The Pd—Pd bond is not
weakened in this process, which is related to the stability of the
catalytic surface. The mechanism of the catalytic activity is
different from the one proposed for a nickel surface.* It is a bond
alternation mechanism in which the dangling bond of the Pd
surface plays an essential role.

We consider first the interaction of a hydrogen molecule with
a Pd atom.>8 It was shown that the Pd atom in the !S(d!®) ground
state shows an affinity to the H, molecule but does not work to
cleave the H-H bond. A long equilateral triangle is a stable form
in which the hydrogen molecule is attached weakly to the Pd atom.
On the other hand, the excited states of the Pd atom, the 1°D(d’%!)
states, are repulsive.

(1) Messmer, R. P,; Salahub, D. R.; Johnson, K. H.; Yang, C. Y. Chem.
Phys. Lett. 1977, 51, 84.

(2) (a) Louie, S. G. Phys. Rev. Lett. 1979, 42, 476. (b) Chan, C. T ; Louie,
S. G. Phys. Rev. B 1983, 27, 3325. (c) Eberhardt, W.; Louie, S. G.; Plummer,
E. W. Phys. Rev. B 1983, 28, 465.

(3) Pacchioni, G.; Koutecky, J. Surf. Sci. 1985, 154, 126.

(4) (a) Melius, C. F. Chem. Phys. Lett. 1976, 39, 287. (b) Melius, C. F;
Moskowitz, J. W.; Mortola, A. P.; Baillie, M. B.; Ratner, M. A. Surf. Sci.
1976, 59, 279.

(5) Brandemark, U. B.; Blomberg, M. R. A,; Petterson, L. G. M.; Sieg-
bahn, P. E. M. J. Phys. Chem. 1984, 88, 4617.

(6) (a) Nakatsuji, H.; Hada, M. Croatica Chem. Acta 1984, 57,1371, (b)
Nakatsuji, H.; Hada, M. In “Proceeding of the Nobel Laureate Symposium
on Applied Quantum Chemistry”; Smith, V. H., Jr.,, Ed.; Reidel: Dordrecht,
1985, in press. (c) Nakatsuji, H.; Hada, M.; Yonezawa, T., unpublished
results.
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Figure 1. Potential curves for the H-H stretching of the Pd,~-H, system
at different Pd,-H, separations (CAS-MC-SCF method).

We next consider an approach of the H, molecule to the Pd,
fragment as illustrated in the upper-right corner of Figure 1. The
side-on orientation of H, shown there was calculated to be most
stable at R = 2.5 A. The Pd-Pd distance was fixed to 2.7511
A, which is the observed value for the bulk fcc crystal structure.”
In Figure 1, we showed the potential curves for the H-H stretching
motion at several Pd,—H, separations, R. They were calculated
by the CAS-MC (complete active space-multiconfiguration) SCF
method.!  When the distance R is larger than 2.5 A, the potential
of the H, molecule is essentially the same as that of the free
hydrogen molecule. When the H, molecule approaches Pd, at
R =2.0A, the H-H distance becomes longer but the potential
is still very sharp. However, at R = 1.4-1.6 i the potential curve
suddenly (catastrophically) becomes very flat for an elongation
of the H-H distance. At R = 1.6 A, a double-well potential
appears, and at R = 1.5 A, the system becomes considerably more
stable than that at R = 1.6 A. Here, the second minimum appears
at Ry = 1.75 A besides the first minimum at Ry_y; = 0.847 A,
At R =14 A, the first minimum is more stabilized than that at
R = 1.5 A but the second minimum disappears. When the H,
molecule further approaches Pd, up to R = 1.0 A, the system
becomes very much unstable. Thus, a stable adsorption of the
H, molecule seems to occur at about 1.5 A from the Pd surface.
The calculated heat of adsorption is about 15 kcal/mol which is
smaller than the experimental value, 20.8-24.4 kcal/mol, for the
bulk Pd surface.®

In order to obtain a more reliable potential curve of the H,
molecule interacting with the Pd, fragment at R = 1.5 A, we
calculated the potential curve of the ground state by the SAC
(symmetry adapted cluster) expansion method.!'® We also cal-
culated the potential curves of the singlet and triplet excited states
by the SAC-CI method.!! Figure 2 shows the results. In the
ground-state curve, we clearly see two potential minima. The
minimum at Ry = ~0.89 A corresponds to the molecular
hydrogen adsorbed on the surface, and the minimum at Ry_y =
~2.1 A corresponds to the dissociative attachment in the form
of two atomic hydrogen radicals. This calculation suggests the

(7) Weast, R. C., Ed. “Handbook of Chemistry and Physics”; CRC Press:
Cleveland, 1984-1985; F-167.

(8) (a) Roos, B.; Taylor, P.; Siegbahn, P. Chem. Phys. 1980, 48, 157. (b)
Siegbahn, P.; Heiberg, A.; Roos, B.; Levy, B. Phys. Scr. 1980, 21, 323.

(9) (a) Conrad, H.; Ertl, G.; Latta, E. E. Surf. Sci. 1974, 41, 435. (b)
Behm, R. J.; Christmann, K.; Ertl. G. Surf. Sci. 1980, 99, 320. (c) Nyberg,
C.; Tengstal, C. G. Surf. Sci. 1983, 126, 163.

(10) Nakatsuji, H.; Hirao, K. J. Chem. Phys. 1978, 68, 2053.

(11) Nakatsuji, H. Chem. Phys. Lett. 1978, 59, 362; 1979, 67, 329.
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Figure 2. Potential energy curves of the ground and excited states of the
Pd,-H, system as a function of the H-H distance of the H, molecule at
1.5 A from the Pd, fragment (SAC and SAC-CI methods).
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Figure 3. Schematic orbital correlation diagram for the interaction of
H, and Pd,.

existence of a smooth equilibrium between molecular hydrogen
and two atomic hydrogen radicals on the metal surface, i.e.,

H, = H- + H-

On the surface 1.5 A apart from the metal, the dissociative form
is more stable than the molecular form by 2.2 kcal/mol and the
barrier height is 5.6 kcal/mol. However, since the motion along
the metal surface was not energetically optimized, the actual
barrier could be smaller. We note that at the second minimum,
the Pd-H distance is ~1.5 A, which is close to the experimental
internuclear distance of a free PdH molecule, 1.529 A.12

(12) Huber, K. P.; Herzberg, G. “Molecular Spectra and Molecular
Structure. IV. Constants of Diatomic Molecules”; Van Nostrand Reinhold
Co.: New York, 1979.
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From these results, we conclude that the interaction of the
hydrogen molecule with palladium is attractive and that the Pd,
system is the smallest possible system that shows the catalytic
activity for the dissociative adsorption of the H, molecule. The
H, molecule with a binding energy of about 104 kcal/mol is
dissociated, with almost no barrier, into two atomic hydrogens
on the Pd, “surface”, like on an extended surface.

From Figure 2, we see that the excited states of the Pd,—H,
system are well separated from the ground state, throughout the
process, by more than 50 kcal/mol. There is almost no chance
for the excited states to participate in the dissociative process.
Therefore, we conclude that the mechanism of the dissociative
adsorption of the H, molecule on the Pd surface is different from
that proposed for a Ni surface by Melius et al.*

Then, by what mechanism does the Pd, show such a catalytic
ability? In Figure 3, we have shown a schematic orbital correlation
diagram of the Pd,—H, system. It is based on the analysis of the
natural orbitals of the MC-SCEF calculations. The left-hand side
is the MO’s of H,, the right-hand side is the valence MO’s of Pd,,
and the center is for the Pd,H, system. Two interactions are
important. One is the electron transfer from the é,(d-d*) MO
of Pd, to the antibonding MO of H,. This transfer works to
weaken the H-H bond. The other is the electron back-transfer
from the bonding MO of Hj, to the bonding ¢,(5s—-5s) MO of Pd,.
This back-transfer also works to weaken the H-H bond. These
interactions increase as the H, approaches the Pd,, and finally
lead to a cleavage of the H-H bond. Other implications of this
diagram are that the d electrons are important in the newly formed
Pd-H bond and that the Pd—Pd bond is not weakened (rather
strengthened) by the adsorption of H,. The last point is because,
on the Pd, side, the electron goes out from the antibonding 6, MO
and comes in to the bonding 5, MO. This aspect seems to be
important in relation to the stability of the catalyst, implying that
the Pd atom is not exfoliated as a PAH molecule from the metal
surface. We note that these 4d; and 5s AO’s constitute the
so-called “dangling” bonds of the metal surface. This mechanism
may be simplified as the bond alternation mechanism shown below.

/ N — \
— P ———Pd— —Pé-—-—.Pd._

We have obtained a density profile which confirms such a bond
alternation.

The present result that even Pd, has catalytic activity for the
H, cleavage shall suggest a design of the palladium catalyst not
as a solid but in a more “molecular” form. Molecular beam
experiment will also be interesting.

Lastly, we briefly summarize the calculational method used.
The accuracy of the method was tested for the PdH molecule.!>15
The Gaussian basis set for the Pd atom is a (3s3p3d)/[3s2p2d]
set and the Kr core was replaced by an effective core potential.!6
For hydrogen, we used the (4s)/[2s] set of Huzinaga—Dunning!’
plus p-type functions which are the first derivatives of the [2s]
set. The Hellmann-Feynman theorem is then essentially satisfied
for the force acting on the hydrogen nuclei.!* In the CAS-
MC-SCF calculation,® we used a modified version of the GAMESS

(13) To confirm the accuracy of the present calculational method, we
carried out the CAS-MC-SCF calculation of the PdD molecule. The ground
state was 23_* in agreement with experiment. The calculated values of the
equilibrium geometry, vibrational frequency, dissociation energy, and dipole
moment are 1,570 A (1.529 A), 1496 cm™ (1446 cm™), 54 keal/mol (~76
kcal/mol), and 2.81 D (1.977 D), respectively, with the values in the par-
entheses being the experimental values.!>!# The present result may also be
compared with the result of Pacchioni, Koutecky, et al.’+*

(14) Malmberg, C.; Scullman, R.; Nylen, P. Ark. Fys. 1969, 39, 495.

(15) Pacchioni, G.; Koutecky, J.; Fantucci, P. Chem. Phys. Lett. 1982, 92,
486.

(16) Hay, P. J. J. Am. Chem. Soc. 1981, 103, 1390.

(17) (a) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293. (b) Dunning, T.
H., Jr. J. Chem. Phys. 1970, 53, 2823,

(18) (a) Nakatsuji, H.; Kanda, K.; Yonezawa, T. Chem. Phys. Lett. 1980,
75, 340. (b) Nakatsuji, H.; Hayakawa, T.; Hada, M. Chem. Phys. Lett. 1981,
80, 94. (c) Nakatsuji, H.; Kanda, K.; Hada, M.; Yonezawa, T. J. Chem. Phys.
1982, 77, 3109.

program'® and adopted 8 (lower) X 2 (upper) active orbital spaces
for Pd,H,. The SAC and SAC-CI methods'®!! include a much
larger amount of electron correlation than the MC-SCF method.
More details will be given elsewhere in the literature.
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The modification of double-helical DNA by electrophiles which
results in cleavage of the DNA backbone has played a useful role
in the chemical sequencing of nucleic acids.! Certain natural
products such as CC-1065,% mitomycin, and anthramycins* react
with specific sequences of double-helical DNA by electrophilic
attack. One approach for the design of synthetic sequence-specific
DNA cleaving molecules would be attachment of electrophiles
to sequence-specific DNA binding molecules. Proper positioning
of the electrophile near nucleophilic centers on DNA such as N3
of adenine in the minor groove of DNA or N7 of guanine in the
major groove of DNA would require some understanding of the
molecular structure of the DNA binding unit complexed to the
DNA double helix.> We have shown previously, by footprinting5’

(1) (a) For example, dimethyl sulfate alkylates N7 of guanine in the major
groove of DNA, Maxam, A. M,; Gilbert, W. Methods Enzymol. 1980, 65,
499-560. (b) Lawley, P. D.; Brookes, P. Biochem. J. 1963, 89, 127-138.

(2) Hurley, L. H.; Reynolds, V. L.; Swenson, D. H,; Petzold, G. L.; Scahill,
T. A. Science (Washington, D.C.) 1984, 226, 843-844 and references cited
therein.

(3) Ueda, K.; Morita, J.; Komano, T. Biochemistry 1984, 23, 1634-1640
and references cited there. (b) Komano, T.; Ueda, K.; Nucl. Acids Res. 1984,
12, 6673-6683. (c) Tomasz, M.; Lyman, R.; Snyder, J. K.; Nakanishi, K.
J. Am. Chem. Soc. 1983, 105, 2059-2063.

(4) (a) Petrusek, R. L.; Anderson, G. L,; Garner, T. F.; Fannin, Q. L,;
Kaplan, D. J.; Zimmer, S. G.; Hurley, L. H. Biochemistry 1981, 20, 1 111-
1119. (b) Graves, D. E,; Pattaroni, C.; Krishnan, B. S.; Ostrander, J. M,;
Hurley, L. H.; Krugh, T. R. J. Biol. Chem. 1984, 259, 8202-8209.

(5) Arrows indicate potential sites for electrophilic attack at N3 of adenine
and O2 of thymine in the minor groove of the B DNA helix.
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