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Figure 1 shows the results of a LITD/FTMS experiment in
which cyclohexane was adsorbed at low coverage (~0.03 mon-
olayer) on the Pt(111) surface at 150 K. This figure shows the
intensity of the m/z 56 peak (M — 28, the base peak in the electron
ionization of cyclohexane) and the m/z 78 peak (base peak for
benzene) in the mass spectra which were obtained as the tem-
perature of the Pt(111) sample was increased in a stepwise manner,
as described above. At 150 K cyclohexane is stable on the surface
and is the only species observed in the mass spectrum. As the
Pt(111) crystal is heated to ~180 K, the cyclohexane signal
rapidly falls to O, as shown in the figure. At this temperature,
thermal desorption® and separate Auger electron spectra show that
no thermal desorption is occurring, only surface dehydrogenation.
At 180 K a small amount of benzene is observed, but it is not
produced in substantial quantities until ~270 K. Indeed, further
experiments have led us to conclude that the benzene signal ob-
served in the temperature range of ~180-250 K is due to a surface
reaction of a tightly bonded intermediate caused by the laser-
induced temperature jump.2® While it may be coincidental, it
should be noted that the onset temperature for benzene production
on the surface (~270 K) corresponds closely to onset of recom-
bination and desorption of the hydrogen atoms liberated in the
reaction.

In the temperature range 180-270 K, the only signals observed
in our low coverage LITD/FTMS spectra are due to a small
amount of benzene which is formed by a laser-driven surface
reaction. This suggests that the surface intermediate must be
tightly bonded to the Pt(111) surface and is not desorbed in an
intact manner by the laser-induced temperature jump. In an
attempt to shed light on the nature of this surface intermediate,
we have carried out experiments similar to the one described above
but with initial adsorption of cyclohexene. In these experiments
the starting temperature was reduced to 115 K. At this low surface
temperature, cyclohexene is molecularly adsorbed and is easily
observed in the LITD/FTMS spectra. At the low coverages used
here, as the Pt surface temperature is increased, cyclohexene is
stable up to ~ 150 K, where the surface concentration decreases
in a manner similar to that observed for cyclohexane. That is,
the cyclohexene signal decreases but no new species appears until
the surface temperature reaches ~270 K, where the onset of
benzene production is once again observed. While our previous
work shows that cyclohexene is an intermediate in the dehydro-
genation of cyclohexane, the present results show that cyclohexene
is not the surface species that exists in the intermediate range of
~180-270 K, under the low-coverage conditions discussed here.
We conclude, therefore, that cyclohexene reacts to form another
surface species that is further dehydrogenated.

Additional LITD/FTMS experiments with low coverages of
1,3-cyclohexadiene and 1,4-cyclohexadiene showed that substantial
amounts of benzene were observed in the mass spectra even after
only 2 min at 115 K. This indicates that the activation energy
for conversion of the cyclohexadienes to benzene is very low, and
it clearly eliminates them as candidates for the surface species
in the 180-270 K temperature range of the cyclohexane exper-
iments.

We have now come to the conclusion that this surface inter-
mediate is beyond cyclohexene (C4H,o) in the conversion to
benzene but not yet dehydrogenated to the extent of the cyclo-
hexadienes (C4Hg). These results suggest a stable surface in-
termediate of C¢Hj stoichiometry for the species that exists on
the surface in the temperature range 180-270 K in the cyclohexane
experiments and 150-270 K in the cyclohexene experiments. Two
attractive possibilities for this intermediate are shown herein.
Species I would result from the removal of the three axial hy-
drogens on the surface side of the chair form of cyclohexane. This
has been suggested as an intermediate by vibrational spectroscopy
studies of cyclohexane dehydrogenation on Pt® and investigated
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by empirical electronic structure calculations.?! Species II is an
allylic C¢Hj species that could be easily formed from adsorbed
cyclohexene by the loss of one a-hydrogen.

A

While it seems likely from our experiments that the surface
species that is stable in this intermediate range is of C4Hj stoi-
chiometry and may be I or II, we should stress that we have no
direct evidence of the structure of this surface intermediate at this
time and further studies by other surface spectroscopies are needed.
Such studies will be greatly facilitated by the present results, which
provide a well-defined temperature range and conditions for
formation of the stable C¢H, surface species. We have also shown
here, for the first time, that benzene is not formed in substantial
amounts until the surface is heated to ~270 K, coincidental with
the onset of recombinative desorption of the surface hydrogen
produced in the reaction. These experiments also clearly dem-
onstrate the potential of the LITD/FTMS technique for rapidly
surveying the chemistry of complex adsorbate species.
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Control over bulk molecular architecture is a critical challenge
in the design of new materials.! In the field of new inorganic—
organic composites, aspects such as phase continuity, domain size,
and molecular mixing at the phase boundaries greatly influence
the optical, physical, and mechanical properties of the composite
material.2  Qur interest in chemistry at the inorganic—organic
interface has led to the design and preparation of new, homoge-
neous, optically transparent composite materials displaying a
remarkably high degree of mixing between the two chemically
dissimilar phases. These transparent composites are synthesized
through a synchronous application of the aqueous ring-opening
metathesis polymerization (aqueous ROMP)?® of cyclic alkenyl
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Figure 1. Comparison of SEM images (oxygen plasma etched) showing
morphology and domain sizes of composites formed (a) by incorporating
a preformed polymer (cellulose acetate, 30% by weight) into the inorganic
network and (b) by synchronous formation of the organic polymer
(poly(7-oxanorbornene-4,5-dicarboxylic acid), 30% by weight) and the
inorganic network.

monomers and the hydrolysis and condensation of tetraalkyl or-
thosilicates (the sol-gel process).'#?

Sol-gel technology provides an attractive alternate route to the
preparation of inorganic—organic composites.* The basic sol-gel
process involves the sequential hydrolysis and polycondensation
of metal alkoxides (usually tetraethyl orthosilicate (TEOS) or
tetramethyl orthosilicate (TMOS)) in aqueous acid or base with
a mutual cosolvent to form inorganic gels which can be dried to
produce monolithic glasses.” The mild conditions offered by the
sol-gel process allow for the incorporation of preformed organic
polymers into the glass matrix to form composites possessing
properties of both inorganic glasses and organic polymers.*
However, due to the poor solvating properties of typical sol-gel
formulations, homogeneous polymer solutions can only be obtained
by using a limited number of polymers.*¢ Compounding this
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limitation, our experience has shown that several initially soluble
polymers precipitate once gelation begins, resulting in uncontrolled
phase separation and heterogeneous, opaque materials. Examples
of these difficulties are provided by examining ROMP polymers.
Their facile preparation,” high degree of functionality,® and ex-
tensive T, range (ca. —100 to 250 °C)” make polymers derived
from ROMP processes seemingly ideal candidates for use as
composite polymers (eq 1).
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Unfortunately, the preformed polymers were not compatible
with the sol-gel solution. Poly-2 and poly-5 are completely in-
soluble in organic solvents. Poly-3 and poly-4 are soluble in organic
solvents, but precipitate immediately upon addition of water to
the solution. Poly-1 (hydrolyzed to the corresponding diacid under
reaction conditions) remains soluble in the sol-gel solution, but
phase-separates rapidly as gelation proceeds, resulting in a brittle,
heterogeneous mixture possessing little mechanical integrity.

In an effort to circumvent the solubility and homogeneity
problems associated with preformed polymers/sol-gel formations,
we have investigated the formation of inorganic—organic simul-
taneous interpenetrating networks (SIPNs), wherein both inorganic
glass and polymer formation occur concurrently (eq 2).

Ru*?/NaF
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The aqueous Ru?* (Ru(H,0)4(tos);) and Ru’* (K,RuCly)
ROMP catalysts are stable to the sol-gel conditions (neutral to
acidic aqueous solutions), and both ring-opening polymerization
and glass formation proceed in almost quantitative yield.'®
Polymer to glass ratios as high as 1:2 have been obtained in most
cases with no evidence of polymer precipitation or phase separation.
It should be emphasized that this simultaneous route allows for
completely intractable and insoluble polymers (poly-2 and poly-5)
to become homogeneously embedded within these sol-gel-derived
glasses.

Scanning electron microscopy (SEM)'! studies indicate that
the SIPN technique improves composite morphology by mini-
mizing the phase separation between the inorganic glass and the
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organic polymer. Contrast between the two phases can be best
achieved by etching away (oxygen plasma)!? the organic polymer
to leave behind the textured glass surface, revealing cavities left
by the polymer. Comparison of an etched SIPN composite with
a transparent composite made from a preformed polymer (cellulose
acetate) clearly displays a smaller domain size for SIPN com-
posites over those materials derived from preformed polymers
(Figure 1).

A significant drawback associated with the sol-gel process is
removal of the cosolvent, excess water, and liberated alcohol.
Xerogels routinely shrink 70-80% during the drying process,>!3
which precludes molding processes and can introduce a high degree
of stress within materials. Because of this shrinkage, gels must
be dried at unreasonably slow rates to avoid cracking and de-
formation of the gel.> In an effort to overcome the problems
associated with xerogel formation, we have synthesized tetra-
alkoxysilanes from SiCl, and the strained, cyclic alkenols 2 and
5.4 By employing polymerizable monomers such as monomers
2, 3, 4, or § as the cosolvent, the tetraalkoxysilane derivative, and
a stoichiometric quantity of water, all components of the composite
solution contribute to either the SiO, network or the organic
polymer. Since both the cosolvent and the liberated alcohol
polymerize, gel drying is unnecessary and no gel shrinkage occurs
(Scheme I).

Since the nonshrinking formulations are essentially bulk po-
lymerizations, kinetic studies of the ROMP rates and condensation
rates at high monomer concentrations were studied in order to
verify simultaneous completion of both reactions. At high con-
centrations, the polymerization of alcohol § shows first-order
behavior between 4.0 and 7.0 M (k = 1.9 X 10°2s!). At higher
concentrations (pertinent for the bulk polymerization of 6), sig-
nificant deviation toward faster rates is observed. Consistent with
these observations, the ROMP of 5 is greater than 90% complete
after 1.5 min. It is most convenient to match the sol-gel rates
with these ROMP rates by adjusting the concentration of the
condensation catalyst (NaF). For example, in the absence of
ROMP catalysts, the condensation of compound 6 with stoi-
chiometric water can be varied from several seconds to several
days by simply adjusting the NaF concentration. To match the
above ROMP rates, gel times of 1.5-2.0 min at 60 °C can be
achieved by using NaF solutions near 50 mM. Significant de-
viations from these matched rates result in systems that approach
the homopolymerization limits: uncontrolled polymer precipitation
when the ROMP rate is greater than the condensation rate, or
brittle glasses which shrink (due to unreacted monomer evapo-
ration) when the condensation rate is much greater than the
ROMP rate. Under ideal reaction conditions, a transparent
glass—polymer composite is obtained with no observable shrinkage.
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Low molecular weight caged substances, inactive precursor
molecules that can be activated photochemically, are useful tools
for biochemical studies.' Photolabile acyl enzyme adducts are
also of interest in triggering enzymatic reactions.> We now report
a general approach to the construction of caged proteins based
on methodology that allows site-specific incorporation of unnatural
amino acids into proteins.5” This development should make
possible a broad range of time-resolved experiments relevant to
protein folding, protein—-protein and protein-ligand interactions,
catalytic mechanisms, and protein conformational studies. Here
we describe the construction of a photoactivatable phage T4
lysozyme (T4L) containing an aspartyl 8-nitrobenzyl ester (NB-
Asp) in the active site.

T4L is a stable, well-characterized enzyme whose 1ysis of
Escherichia coli cells provides a convenient and sensitive assay
for catalytic activity.® Aspartic acid 20 (Asp 20) and glutamic
acid 11 (Glu 11) oppose one another across the binding cleft floor
and are essential for catalytic activity.®® It has been proposed
that Glu 11 of T4L donates a proton to the interglycosidic oxygen
of 8(1—4)-linked NAM-NAG residues of the cell wall and that
the incipient oxonium ion decomposes to give a truncated poly-
saccharide and a carbocation which is stabilized by Asp 20.1° An
aspartyl B-nitrobenzyl ester was therefore introduced at position
20 to produce a catalytically inactive (caged) lysozyme. Upon
irradiation, nitrobenzyl esters are known to undergo rapid (on the
order of milliseconds'!) conversion to the free acid plus o-
nitrosobenzaldehyde. Irradiation of the inactive, NB-Asp-con-
taining lysozyme thus generates a fully active protein.

Because suppression of the Asp 20 amber mutant is carried out
in vitro, it was necessary to verify that protein synthesized in vitro
is the same as protein synthesized in vivo. T4L!2 was expressed
and purified to homogeneity from the cell-free coupled tran-
scription—translation system of Zubay'? programmed with the
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