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I. INTRODUCTION

This is the first semiannual technical report on the
research program entitled "Long Range Materials Research,"

covering the period July 1 through December 31, 1973. Thig

Program 1s composed of four separate programs as follows:

Harmonic Generation and Detection of X-Ray Radiation

2, Superplasticity and Warm Working of Metals and
Alloys

Synthesis of New Types of Catalyst Materials

4. Development of Elevated Te

mperature Electrocrystal-
lization Techniques

Progress in each of the subareas during the initial

portion of this program will be described separately in the
succeeding sections of this report.
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II. GENERATION OF COHERENT VACUUM ULTRAVIOLET
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A. Introduction

A number of programs in our laboratory are now aimed at the develop-
ment of techniques for the generation of coherent, vacuum ultraviolet, and
soft x-ray radiation. A program aimed at the application of this radiation
to sub-micron fabrication and to holographic microscopy is also underway.
These programs are supported by a number of different contracts and grants
from various DOD agencies, from NASA, and from the AEC., During this past
year, funds from the ARPA program were used toward the partial purchase of
a grazing incidence monochromator with a spectral range of 2 )3 through 2000 R.
This instrument, when it arrives, will be used in general suppert of many of
the above programs. In the present report and proposal we summarize the
status of certain of these programs, and note the directions in which they
are likely to proceed during the forthcoming year. For this forthcoming
period, the ARPA funds will be used in part toward the purchase of a tunable
laser to be described below, and in part for salary and equipment costs as-
sociated with the generation of radiation in the several hundred angstrom
region,

A list of publications originating during the previous period is at-

tached as Section H.



B. Conversion from 1,06hp to 3547 &

Although not immediately germane to the subject of this report, we
report progress on an AEC-supported program aimed at efficiently tripling
1,064 radiation to 3547 & radiation., The motivation for this program is
to allow frequencv tripling of lasers having very high peak powers and en-
ergies, The technical basis of the program is nonlinear optical techniques
in phase-mnatched metal vapors, These vapors allow breakdown densities in
excess of 1011 W/cme, as opposed to comparable densities in crystals of at
most 1010 W/cmz. Metal vapor inert gas cells might also be scaled to di-
ameters of 30 cm, thus allowing areas several hundred times greater than

that obtainable using nonlinear crystal techniques,

To date, the largest conversion efficiency which we have obtained in
this program is 2.7%., The present experimental arrangement makes usc of a
concentric heat pipe oven, 40 cm in length, and operated at a pressure of 3
Torr of Na vapor. Scaling options for increased efficiency include increas-
ing the Na pressure, substituting Rb for Na, length scaling, reducing tle
phase-matching ratio by substituting another metal vapor for the prescatiy
employed inert gas, and the introduction of quenching agents for reducing
the lifetime of the excited state, Without going into further detail here,
it seems likely that efficiencies approaching, or in excess of, 0% should

be obtainable with continued experimental effort.




Techniques developed in this spectral region will also be directly
applicable to generation of vacuum ultraviolet and soft x-ray laser rad-
iation, These techniques include the development of sophisticated single
and double heat pipe ovens, studies of focusing properties of metal vapor
and inert gas cells, and a more general understanding of limits imposed by

multi-photon ionization.

C. Generation ¢f Vacuum Ultraviolet Radiation

A summary of experiments which have thus far been performed to extend
the frequency tripling technique into the vacuum ultraviolet is shown i1
Fig. 1. 1In early experiments, we employed a phase-matched mixture of Cd
and Ar in the ratio of 1 part Cd to <5 parts A to generate 1773 R. Ina
second experiment, one photon of 1.06p radiation was mixed with two photons
of.35h7 R to yield an output at 1520 X. Although a third experiment in this
same system allowed the generation of a very weak signal at 1182 R, a much
better technique was soon discovered,

In this newer technique we use a second inert gas as the negatively
dispersive medium. Using a phase-matched mixture of Xe and Ar in a ratio
of about 430 parts Ar to 1 part Xe, we obtained approximately 3% conversion
efficiency from 3547 & to 1182 X,

In attempting to scale this technique to higher efficiency, we have re-
cently encountered a rather severe gas mixing problem., 1In general, it ap-
pears to take as much as 12 to 15 hours for sufficiently homogeneous mixing
of the Xe and Ar to occur., This mekes continuous scans and optimization of

focusing and operating conditions very difficult, We are now developing
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techniques for continuous circulating systems to allow dynamic mixing of
these gases and more meaningful experiments, Unfortunately, this problem
represents a set-back to some of our earlier plans for using high power
radiation at 1182 & to in turn generate soft »-ray radiation, Until the
efficiency of the 114 R conversion process can be improved, or until we
have at our disposal a higher power fundamental frequency driving laser,

we will have to modify our plans and change to an approach not dependent
on having very high power densities at 11¢¢ X. We note, however, that the
aforementioned mixing problem should be solvable within several months, and

might again allow us to proceed along the originally proposed route.

D. Soft X-ray Generation

A number of approaches are available to extend nonlinear optical tech-
niques into the soft x-ray region of the electromagnetic spectrum, Options
include: (1) the cascading of several efficient third-order nonlinear pro-
cesses, for instance, 1.004u - 3547 R 51182 R 2304 R ; (2) the use of
higher order nonlinear processes to allow direct conversion from ultraviolet
frequencies to soft x-ray frequencies; and (3) the use of tunable laser
techniques and resonantly enhanced nonlinear optical susceptibilities to
obtain very high conversion efficiencies in relatively simple experimental
arrangements. It should be noted that any nonlinear optical technique yields
a beam having the same characteristics as the fundamental driving frequency.
It is thus polarized, of picosecond time scale, and diffraction limited,

In recent months we have uncovered a tie between multi-photon ioniza-

tion and nonlinear optical susceptibilities which leads to the prediction




of quite high conversion cfficiencies, allowing that certain experimental
conditions can be obtained., Without gving into unnecessary detail, the

gist of recent analyses is that the same atomic phenomena which leads to

the multi-photon ionization of atoms also leads to the creatjon of higher
order norlinear optical polarizabilities. In a recent theoretical paper,

we have shown that subject to the assumption that, first, the incident laser
power densi*v is bounded by multi-photon absorption to a non-allowed transi-
tion, and, second, the coherence length of the process is determined by an
atomic level close to the generated frequency, that the conversion efficiency
from incident laser power to harmonic power is given by T2/T1 (pfj/ugj) .
In this formula, T: and T1 are the dephasing and decay times of the non-
allowed transition, and pij over “:j is a ratio of certain matrix ele-
ments which in typical atomic systems exceeds 10, Using typical values for
T2 and T1 » We predict conversion efficiencies which are very high — in
fact, in many cases, in excess of :00%., The key to obtaining these high
conversion efficiencies is ¢ tunable laser system which allows the sum of
an even number of photons to be in coincidence with a non-allowed transition,
Analysis shows that withir. certain limits the detuning for the non-allowed
transition, and thus implicitly the linewidth of the pumping laser, does
not enter into the predicted conversion efficiency. Larger detunings re-
quire larger power densities, but yield the same conversion efficiency.
Also, again within certain limits, theory predicts that the same conversion

efficiency should be obtainable irrespective of the order of the nonlinear

optical susceptibility which is involved, Thus, again allowing for the

existence of tunable high power radiation, it should be possible to do




direct efficient seventh harmonic or ninth harmonic generation. As part of our

work on the forthcoming program, it will be necessary to develop high power

tunable picosecond pulsed laser systems, Our general approach to this prob-
lem will be to start with a commercially available lower power source, at
perhaps the 10 kW to 50 kW level and to pass this laser radiation through a
picosecond pumped dye laser amplifier. By using this technique we expect

that a peak tunable output power of at least 10 M{ should be obtainable.,

E. Holography in the Vacuum Ultraviolet

One of the interesting applications of short wavelength radiation is
holographic microscopy of sub-micron specimens, Radiation generatecd by a 1
nonlinear optical technique has approximately the same coherence properties
as that of the fundamental frequency laser source, and should be immediately
useful for recording high quality hclograms, Onr general approach to the

microscopy problem is to record a far-field or Fraunhofer hologram of a

small object onto a grainless photosensitive media, and then to uce an
electron microscope and computer techniques to read-out the hologram and
reconstruct the object. Figure 2 shows the general approach for taking a
Fraunhofer hoiogram, For sub-micron particles, the far-field distance may
itself be very small, and spacings on the order of a micron between the
object and the photosensitive surfuce are sufficient to place the object
in the far-field, In the far-field the object does not cast a shadow ind
thus the focused illumination acts as both the object illumination wa' e
and the reference wave, The input laser beam may be tightly focused, and

an additional reference beam is not required. This technique also has.

-10-
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the advantage of not requiring large f-number high precision optics, or
Fresnel lenses, As a first step in the holographic program, we have used
the harmonjcally generated beam of 1182 R radiation to construct a holo-
graphic grating on a polymethyl methacrylate (PMMA) substrate. To date,
holographic fringes with a spacing of 836 R have been constructed. Fringe
construction of this type allows the spatial frequency responsé of different
recordings to be examined and may also have application to sub-micron fab-

rication,

F. Inner-Shell-Depletion X-ray Lasers

One application for a coherent radiation in the vacuum ultraviolet is
the construction of x-ray lasers operating on transitions between a normal
outer state and a selectively depopulated inner shell, Although the popu-
lation of the inner shell will be accomplished by selective multi-photon
lonization, it may be shown that there exists a region of wavelengths in
the vacuum ultraviolet that at sufficient intensity have a higher probability
for photoionizing an inner electron than for an outer electron, Rough esti-
mates indicate that a process of this type will only allow a generated fre-
quency of about a factor of 3, and thus the output may have no practical
advantage over that obrainable by the nonlinear optical techniques described
previously. The scientific interest in this experiment would be in the con-
struction of an early x-ray laser, and in the study of transition probabil-

ities and lifetimes which would help to determine whether other techniques

such as pumping with an x-ray flashl.p are worth further investigation,




In sumnary, we will investigate a number of techniques which allow the
generation of short wavelength Jaser radiation. During the start of the
year principle effort will be concentrated on improving the efficiency of
r the 3547 X to 1182 ] frequency converter, Depending on the success of this

project, we will then proceed to generate higher harmonics using eicher 7

photons of 1182 R to yield 168 R in fonized Li+, or, alternately, if suf-

ficient 1132 & has not been obtained, we will fall back to an easier experi-
ment utilizing 2650 & and ionized Rb. We will also continue analytical work

whictk is now underway to delineate the limits of perturbation theory and in

particular to show the effect >f higher order frequency shifts on calcula-

tions which have thus far been performed., We will begin work on the resonant

processes described previously with particular emphasis on obtaining high ef-
ficiency at lower incident power densities., This work may also have important
application to visible laser techniques; for instance, it may lead to effi-
cient up-conversion of broadband infrared signals into the visil:le, The
holographic program described above will be continued with emphasis on
holography of small objects. According to present plans, we are several

weeks away from the first photograph of a 1000 o object,

=-13-
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A. Introduction

Sodium activated cesium ‘odide CsI(Na) is one of the mos. rugged,

stable and efficient room temperature alkali halide scintillator

materials to come along in recent years (1965). 1Its large x-ray

stopping power relative to the other alkali halides, 1its high conver-

sion efficiency (12%) at its emission maximum of 4200% makes it an

ideal detector of X-rays in conjunction with a photoc
radiographic film or a pnotomultiplier tube.

sensing systems employing zinc sul
extinct(loz).

athode surface,
It has made X-ray
phide or calcium tungstate almost

Its narrow spectral output when bombarded by particles
in the mev. range makes it algo an excellent nuclear particle detec-
(3,19)
tor

In spite of 1ts immenge Practical possibilities and current
uses, little work has been done

on determining the specific luminescent
mechanism in this material.

As experimental techniques become more

refined, it ig becoming increasingly obvious that many of the activated
alkal~halides which vere originally thought to be well understood
as KI(TI) and KCI(TI) need to be re-examined(zo)

studying CsI(Na) 1s that in at least one way,

» such
- Another reason for

it 1s a simpler system
to study than the thallium activated alkali halides. In CsI(Na), the

The luminescent mechanism can thus
be due to a trapping of a center or ¢

crystal by the sodium ion, or the cre
to the introduction of the sodium,

omplex, already existing in the

ation of a center or complex due
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for the intrinsic emission in these crystals(zo). Thus CsI(Na) of fers
the unique possibility of studying centers responsible for the intrinsic
emission in the alkali hal!de: at temperatures higher than normally

observed, withcut the complicating effects of other emissions.

B. Research Progress to Date

A measurement of the temperature dependence of the luminescent
efficlency of CsI(Na) has suggested that the rcom temperature 42004
emission 1s due to a radiative recombination of a trapped hole (Vk
center) with an electron trapped nearby. This resuits from the following
considerations. The luminescent efficiency of CsI(Na) under X-ray
irradiation increases in a linear fashion, with increasing temperature
from liquid nitrogen up to 80°C, after which it begins to decrease.
This is somewhat unusual for activated phosphors which normally have
the opposite temperature dependency of luminescent efficiency. At low
temperatures, under ionizing radiation (x-rays, electrons, etc.),
electrons and holes are formed in the intrinsic alkali halides. The
free holes are spontaneously trapped to form a covalent bond between
two adjacent halide ions (X2 or Vk centers). The electrons can either
recombine with Vk centers giving rise to the characteristic intrinsic
emission or can be trapped at defects already present in the crystal
or created by the radiation. Above a certain temperature, recombina-
tion at nonradiative sites becomes more probable and the efficiency
begins to decrease. These trapping processes allow of the possibility
to have stable Vk centers. Their number is a function of the concen-
tration and of the efficiency of the electron traps. Lamatch et al.(ZI)
have determined that electrons are trapped quite efficently by the
sodium. We have previously observed structure on the absorption edge
of CsI(Na) at room temperature which did not exist on the absorption
edge for a pure crystal. The absorption edge itself is also shifted

to longer wavelengths. In addition, we found that some severely

1=




strained crystals of Csl gave identical emission spectra to crystals
of CsI(Na). The absorption edge data suggests some experiments to be
performed, whereas, the strained crystal results support the (Vk +e)
radiative recombination mechanism. This 1s due to the presence of
defects created by the strains that can trap the electrons. However,
the nature of these traps is still nuclear. These preliminary experi-
ments support our propoied mechanism of recombination of a Vk center
with a trapped.

Our first sets of experiments which should be finished by the end
of March, consist of looking at the structure on the absorption edge
of CsI(Na), from liquid helium through room temperature for sodium
concentrations of 0.01 - 0.3 mole percent. This should identify all
of the absorption bands due to the sodium. Also, we plan to look at
the emission and excitation spectra of CsI(Na) and CsI to determine
which absorption bands give rise to emissions. We are planning to
use a theory first advanced by F. Bassini and N. Inchauspg(zz), to
determine the position of these absorption bands in the tail of the
fundamental absorption band. This calculation is in progress.

Experiments to follow these fundamental ones consist of observa-
tions of the degree of polarization of the Vk center emission after
illumination with light to align the Vk centers along their molecular
ax2s and ESR and ENDOR experiments to determine hyperfine interactions.

-18-
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A. Introduction

During these past six mC ..hs we have been engaged in the develop-

ment of high carbon steels (from 0.8 to 1.9%C
phase, FeBC, in the form of
Since

) containing the second
gpheroids dispersed in a ductile «
most steels contain carbon in the range 0.2 to 0.3 perce
high carbon m2terials are a clear deo

-Fe matrix.

nt these
Parture from the nominal compositions

used for strulcural steels and are approaching carbon compositions

commonly thought of as cast irons.

Yet the results already obtained

combinations of thermal-mechanical P
warm working.

0.65 T
m

rocessing, with the key step being
[We define warm temperature to be in the range 0.35 -

» Where Tm is the absolute melting temperature of the material].

The warm range of temperature is important for the following reasons:
(1) The atomic diffusivity is high enough . that microstructural
changes are rapid compared to low temperature;
stresses are relatively high so that fine Spher
microstructures result [previous work has shown

Structures are produced at high stresses(l’z)];

(2) The deformation

oidized cementite (FeBC)
that fine spheroidized
(3) The ductility is
the fairly large

sufriciently great at warm temperatures so that

Strains necessary to produce homogenous microstr
before fracture; and (4) There is no recrystalli

transformation on cooling from warm working temp
temperature.

uctures are possible
zation due to a phase

erature to ambient

i e

The research to date has focused on two mai

n areas of investigation.
In the first area,

we have attempted to optimize the ambient temper-
ature properties of high carbon steels after various e

levated temper-
ature thermal-mechanical treatments.

The goal here is to Produce a

-21-




material with both a high yield strength and good ductility. The
second area of research has been an attempt to optimize the fabri-
cation characteristics of these high carbon spheroidized structures.
The hope here is to develop true superplasticity in such simple, in-
expensive materials after appropriate processing at warm temperature.

E. Ambient Temperature Properties

Our earlier warm working studies have lead to the developmernt of
ultra fine spheroidized structures in eutectoid comnosition steel(l’z)
of commercial purity (grain size = 0.5 microns and particle sizes con-
sider "b'v snaller than 0.1 microns). Such materials were shown to
exhibit ambient temperature yield strengths in the order of 150 to

<80 ksi. The tensile ductility of the fine spheroidized material,
however, was fairly low (about 2 to 4% elongation). In order to de-
termine if the impurity content played an important role in obtaining
such low ductility, we obtained, and are now studying, a high purity
eutectoid composition steel (Fe - .8%C). In the following paragraphs
we describe some of the results obtained in the past six months on
this material.

Fine spheroidized structures have been obtained in the high purity
eutectoid composition steel after warm rolling the pearlitic structure
at 550°C to a true strain of € = 2.0. The warm rolled structure con-
sisted of fine spheroidized particles of Fe3C(“ 0.45um in size) with a
high dislocation density. At room temperature, this material exhibited
127 ksi yield strength and 12% true strain to fracture as slown by
curve I in Figure 1.

To improve the ductility low temperature annealing treatments
(500°C for 100 hrs) were performed on the warm rolled material. This
annealing increased the ductility to 27.5% true strain while the yield
stress dropped to 93 ksi (curve 11 Figure l). This reduction in flow
stress apparently resulted from the annihillation of dislocaticn
tangles within subgrains. Particle coarsening or subgrain growth did

not occur during this annealing treatment.

To improve further the ductility of the annealed material, cold

T
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rolling followed by a heat treatment for Tecrystallization was performed.
Cold rolling was done at room temperature Up to 507 reduction in area and
the recrystallization anneal heat treatment was performed at 700°c for

10 minutes. The cold rolled material exhibited 138 kgi yvield strength
and 10.5% trye strain to fracture at room temperature (curve II1 Fig. 1).
These results show that the material isg sti]] ductile after cold rolling
to 50% reduction in area ang has a high yield Strength. After the heat
treatment of thig cold rolled material at 700°C for 10 minutes, the
material exhibited 77 ksi yield Strength and 31.5% true frcature strain
at room temperature (curve 1V Figure 1).

The (warn rolled), (warnm rolled + annealed) and (warm rolled +

all exhibited fairly high yielq Strengtl,s, 3 very low strain hardening
rate, and very high ductility. After the 500°cC anneal, the particle

Purity eutectoid Composition stee] involving direct heating to 700°C
for 10 minutes after warm working. Thig was done to reduce the dis-
location density within subgrains to allow greater Strain hardening

during cold rolling. It wag hoped that heating followed by cold rolling

lization. The ambient temperature Stress-strain curves for each step
are shown by curves V and VI ip Fig. 1. The intent of thig treatment
was to produce a recrystallized fipe grain size material containing
high angle boundarieg while retaining the fipe spheroidized carbides.
Although thig last thermal—mechanical treatment resulted in the

discussed ip the next Section). Thug far, we are not certain that the

8rain boundaries Created during high temperature annealing are indeed

T




high angle.

Commercial foundry castings of Fe-1.3%C, Fe-1.6%C and Fe-1.9%C
hav: been obtained for the warm working studies. In addition we are
ittempting to obtain high purity heats of the 1.3%C and 1.9%C steels
because of the marked influence of impurities on the mechanical pro-
perties, principally ductility, found in the Fe-0.8%C steels. We have
sucessfully warm rolled billets from each of the commercial puri+ty high
carbon steels by various thermal-mechanical processes. All of the
alloys, even the 1.9%C, are remarkably ductile during warm rolling
once the lamellar Fe3C begins to spheroidize which is very exciting
because it indicates that these materials will have good formability.
Microstructures of the Fe-1.6%C and Fe-1.9%C steels are shown in Figure
2 in the as-cast condition and after warm working. The spheroidization
of the cast structure is nearly complete with a homogeneous distri-
bution of spheroids for the 1.6%C. However, in the case of the 1.9%C
steel the spheroidization is incomplete and fairly inhomogeneous. This
seems to be the result of the much larger regions of massive cementite
in the 1.9%C casting compared to the lower carbon castings and may re-
quire greater strain during warm rolling to completely spheroidize the
cementite. We are greatly encouraged by the high temperature formability
of tne 1.9%C alloy, however, since this composition borders on that
composition region commonly thought of as cast iron. Our results
suggest that investigations into the spheroidization of white cast irons
by warm working may be very worthwhile pursuing. The interparticle
spacing for a given volume fraction of Fe3C can be varied by changing
the warm working temperature, strain rate and strain as well as the
thermal-mechanical hiatory prior to warm working. We are exploring
several of the most promising thermal-mechanical treatments to evaluate
the effect of each of the variables on both the microstiacture and
mechanical properties for these alloys.

The most promising combination of mechanical properties has been
obtained in the 1.3%C alloy; Figure 3 shows the true stress-true strain

curves for this alloy following warm working at 565°C (1050°F) and after
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Figure 2. Carbon replica transmission electron micrographs of the high
carbon steels. Top left, 1.6%C as-cast; top right 1.67C after warm
working; bottom left, 1.9%cC as-cast; bottom right 1.9%C after warm
working. (3750M)
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a subsequent annealing treatment (650°C for 20 min). The as-warm worked
material has a yield strength about 195,000 psi,a 215,000 psi ultimate
tensile strength, and 4% tensile elongation which is a very attractive
combination of properties. The ductility can be improved by annealing
vith a resultant decrease in the yield strength as shown by the second
curve in Figure 3. We believe that even more attractive mechanical
properties can be obtained from not only this 1.3%C alloy by optimizing
the warm working parameters but from the 1.6 and 1.9% carbon alloys where
the amount of second phase is increased. We have successfully rolled
plates of the 1.6%C steel and produced a uniform fine dispersion of

spheroidized Fe3C by a warm working technique. As warm rolled, the

material 1s not ductile at room temperature (as determined by bend tests).
However, following a similiar annealing treatment to that used on the
0.87%C steel, the material is quite ductile (>6% bend ductility) at room
temperature. We are presently machining tensile specimens for more pre-
cise ambient temperature evaluation of the microstructure developed during
these rolling experiments.

The first rolling experiments on the 1.9%C steel (Figure 2, bottom)
did not result in complete spheroidization of the Fe.C but did indicate

3
good formability at warm working temperature. This 1.9%C structure was

very brittle at room temperature, possibly due to a very poor casting
structure.

The above results reveal the wide range of properties we have been
able to obtain in a plain carbon steel by various thermal-mechanical pro-
cessing treatments. We are currently attempting to relate the properties
obtained to the corresponding microstructure especially as assessed by
transmission electron microscopy.

C. Elcvated Temperature Formability Investigation (Superplasticity)

The second area of interest in this investigation is the behavior
of these warm worked structures developed in the high carbon steels (as
a result of warm working) when reheated the deformed at slow straiu rates.

We have studied the potential superplastic characteristics of our fine

sphefoidized eutectold composition (0.8%C) steel at elevated temperature.
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The vesults obtained to date look promising and elongations in the
order of 100 to 160% have been obtained in the temperature range 600
to 700°C (Figure 4). These elongations are in fact the nighest of any
reported to date on isothermal testing of Fe-C alloys(3’4). The stress
exponent, n, (in ng = kan) was found to be about 3 to 3.5 between 650
and 700°C whereas superplastic materials typically exhibit n = 2(5’6).

A comparison of the strength of the fine spheroidized steel with
that of pure iron is given in Figure 5. The comparison is made by
plotting the diffusion compensated strain rate, %, against the modulus
normalized stress, %. The pure iron data is from Watanabe and Karashima(e)
and the modu.us dat; from Kaster(g). As can be seen, at low values of
the diffusion compensated strain rate, the eutectoid composition steel
is only about a factor of two stronger than pure iron. On the same
graph (Fig. 5) we have also plotted some limited data on the strength
of the high purity eutectoid composition steel warm worked to yield a
fine spheroidized structure. It is of interest to note that this
material is almost as weak as pure iron at low stresses; we wculd wish
to attribute this behavior to the fine grain size present in the high
purity eutectoid composition steel (g.s. ~ 5 microns). The higher
strength of the commercial purity 1080 steel than that observed in the
high purity eutectoid steel must be attributed to the presence of im-
purities such as Mn, Si and Cu. Of interest to note, however, was that
the tensile ductility of the pure spheroidized steel was not higher
than that observed in the commercial grade material (~120 percent
elongation to fracture).

In Figure 5, the values of the strain rate and stress at 700°C
are given on the right hand and top portions of the graph respectively.
An important observation to note is that at high strain rates at 700°C
the resistance to plastic flow is only in the order of 30,000 psi.
This would suggest that, even at high forming rates, the power consump-
tion in shaping such fine spheroidized materials would not be very high.

A factor which may have prevented attainment of a superplastic state

in our studies of the fine spheroidized steel (0.80 wt. percent carbon)
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Figure 4. Tensile specimens of 1080 steel. Top, 2ndeformed sample.
Bottom, deformed specimen at 650°C, & = 1.1] x 107 */s to about 160%
elongation (¢ = 0.96). A second neck can be observed just to the left
of the fracture. The formation of multiple necks is often found in
materials with a high strain rate dependence of the stress.
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Figure 5. A comparison of the high temperature strength of a commercial
grade and a high purity fine spheroidized 1080 steel with that of pure iron.
The strain rate is compensated by the diffusivity and the applied stress is
compensated by the modulus to allow comparison to be made at different
temperatures.
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1s that a fair amount of subgrain growth occurred during elevated

temperature testing. Deformed samples revealed grain sizes in the

order of 3-5 microns 1in contrast to the original 0.5 micron subgrain

size. We believe we can Produce and stabilize a fine grain size by

the presence of a higher concentration of cementite than exists in a

eutectoid composition steel. Most superplastic materials consist of

two phases with the second phase

generally in excess of 20 to 30 per-
(10,11)

cent by volume - With this observation in mind, we have prepared

high carbon steels containing, 1.3, 1.6 and 1.9 weight percent carbon.

The mate.Zal will be warm worked in the gamma as well as in the ferrite
range to develop a fine spheroidized structure.
cementite content will be varied from

Such materials should have zzre promising high temperature superplastic

Properties than those obtained earlier from our eutectoid composition

In this manner, the

12.5 to 29 percent by volume.

steel if the low angle subgrain boundaries Present after warm working

can be replaced by high angle grain boundaries.

We therefore propose
to take

our warm worked and annealed fine spheroidized Ligh carbon

steels and cold work them at room temperature. After cold working, the

material will be recrystallized in the ferrite range, with the expecta-

tion that high angle bouniaries will form. The recrystallized material

will be studied for its superplastic tendency at high temperatures as
well as for its low temperature tensile characteristics as was done
on the eutectoid composition steel.
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This portion of the investigation has been concerned with two aspects
of superplastic flow in Pb~Sn eutectic alloys. First, the influence of a
fine precipitate distribution on superplastic flow and fracture is being
investigated. The second and related aspect of the study is the possibility
of strengthening the normally soft superplastic alloys by a precipitation
heat treatment. This would be useful for Improving the strength properties
of superplastic materials following forming treatments.

To date, the majority of experiments have been carried out on the Pb-
Sn-Au system. The alloy composition is the Pb-Sn eutectic composition with
about 0.1% Au. Samples are melted, cast, and then cold rolled to produce
an equiaxed grain structure, with average grain size of 3u. Aging the
alloys in the temperature range 120 - 160°C prior to cold rolling causes
AuSn4 precipitation with an average precipitate spacing of about 0.1p. The
flow properties of these alloys are being evaluated using stress relaxation
techniques, tensile tests, and carrying out dynamic studies in the scanning
electron microscope using a special tensile stage. The results obtained
thus far are listed below.

Stress relaxation tests have been carried out at room temperature over
a range of relaxation rates (strain rates) of 107. The data for pure Pb-
Sn and Pb-Sn-Au (aged for a variety of times at 120° or 160°C) show similar
characteristics. Namely, at low relaxation rates (low stresses) Newtonian
viscous deformation is observed (directional diffusion creep) and the flow
stress is increased the dominant deformation mode is grain boundary sliding
and superplastic flow is observed. At high stresses recovery-work hardening
creep associated with the generation and motion of dislocations is observed.
At low stresses the Pb-Sn arnd Pb-Sn-Au data superimpose whereas in the
superplastic flow region and recovery work hardening creep region the Pb-~
Sn-Au samples have a flow stress about twice the Pb-Sn samples at the same
strain rate. Although the flow stresses differ, the maximum strain rate
sensitivify is the same for the two alloys, being about 0.33-0.4. This
strengthening of the Pb-Sn~Au precipitate hardened alloys in the super-

plastic flow region does not result in any noticeable change in the
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mechanism of plastic flow.

The scanning electron microscope date suggest

that the predominant deformation moue 1is grain boundary sliding for both
alloys. The only grain deformation observed is localized to the region
of the grain boundaries and is assoclated with the preservation of coher-
ence between grains.

The origin of the increase in the flow strength of the Pb-Sn-Au
alloys is as yet undefined. Two possibilities are (1) a slight change
in diffusivity with addition of Au to the Pb-Sn alloy and (2) an influence
of the AuSn4 precipitates on the accomodation deformation accompaning grain
boundary sliding. The weak stress dependence of the strain rate during
superplastic flow means that a small change in diffusion coefficient will
be translated into a similar magnitude change in flow stress at constant
strain rate. That is, if the diffusion coefficient were to change by a
function of three, we could expect to see a two-fold or so change in flow
stress. The second possibility listed above relates to the influence of
the AuSna pPrecipitates on the plastic deformation which must accompany
grain boundary sliding if grains are to maintain coherency. The acommoda-
tion deformation may take place either by diffusional flow or grain
boundary sliding. There is considerable data in the literature to suggest
that a fine distribution of precipitates or dispersed particles may alter
the local flow characteristics for either of these flow conditions. Pre-
sent work is directed to examining the various possibilities listed above.

One further aspect of the study involves the influence of AuSn4
precipitates on the fracture properties of Pb-Sn-Au alloys. It is observed
that the total strain to failure is lower in the precipitation hardened
alloys (about two or three times less than that observed for ®b-Sn alloys
tested under identical conditions). Scanning electron microscope studies
to date indicate considerable porosity generation in the Pb-Sn-Au alloys
during superplastic flow. 7This feature probably accounts for the de-
creased ductility. Work is underway to establish the cause of this porosity

and determine what influence it may have on the formability of the Pb-Sn-Au
alloys.
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A. Introduction

The following three individual research reports encompass research
done in J. P. Collman's laboratory under collaborative supervision by
Michel Boudart and is concerned with the preparation and study of hybrid
heterogeneous-homogeneous hydrogenation catalysts. The initial stage of
this project has addressed several problems: the synthesis of silated
ligands and their transition metal complexes, methods for attaching these
silated homogeneous catalysts to porous silica, studies of the reactivity of
the resulting catalysts by kinetic analyses and physical studies of these
substances by electron microscopy.

The first and longest report is by Makoto Takeda, who was visiting
Stanford from the Mitsubishi Chemical Company. Takeda prepared a
series of silated ligands and their transition metal complexes. Using an
atmospheric pressure apparatus for determining the kinetics of catalytic
hydrogenation, Takeda established a reproducible and well behaved rate
law for these reactions and made comparisons between these catalysts
and a traditional commercial rhodium on alumina. Future work will
include studies of rhodium on silica as this should make a better comparison.

Marrocco attempted to reproduce Takeda's results and; although this
reports suggests difficulties in reproducing these active catalysts, most
recent studies (since December 1 and therefore not included in this six
month report) demonstrate that the same active catalysts can be produced
and that the problem with inactivity stems from peroxide impurities in the

olefins which were employed. Marrocco's electron microscopy studies

-38-




suggest the presence of metal crystallites in these new catalyst systems

and raisc a serious question concerning the actual structure of the active
catalysts. We intend to address ourselves to this question by examining
substrate reactivities, the effect of low levels of poisoning, and the use

of chiral ligands. Initial synthetic studies of chiral ligands are included in
Takeda's report.

Howard Heitner (a postdoctoral who has gone to work at the DuPont
Photo Products Laboratory) has described some sulfur bearing hybrid
catalysts. His report emphasizes substrate reactivity patterns as criteria
for differentiating classic heterogeneous catalysts from the new hybrid
homogeneous-heterogeneous catalysts and provides Preliminary evidence
suggesting the presence of homogeneous analogues in his systems,

In its present state the principal investigatol'rs do not consider that
this work is in a final publishable form since major questions remain to be
answered. Future work will be directed toward the areas of selective
catalyst poisoning, the use of chiral ligands, substrat; reactivity studies,
and the synthesis of chelating silated ligands (these shoulc;»\render the hybrid
catalysts more stable towards the formation of metallic aggregates).
During this time, we shall also begin to study conducting surfac:a‘s as a
preclude to our eventual work on electrochemical catalysis. Before that
work can be carried out, we must have firmly in hand well established

methodologies for preparing hybrid homcgeneous-heterogeneous catalyst

materials.
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B. Preparation and Characterization of Hybrid Homogeneous-

Heterogeneous Catalyst Materials:. I. Synthesis and
Catalytic Activity

M. Takeda

~r

Introduction

In the past few years supported metal complexes have attracted
attention as potential catalysts, as means of studying the comparisons
of homogeneous and heterogeneous catalysts, and as models for enzyme
systems. L-¢

Attempts to use polystyrene (Biobeads SX-2) and silica gel (Cabosil
HS-5) as supports have been studied in the Collman groupz’ o)
Biobeads SX-2, polystyrene-2% divinylbenzene copolymer have been
found to be mobile enough to allow ligands attached to the polymer to
act as chelates (eq. l-l)z’ 5 However, Grubbs and his co-workers3
reported there is much less chelation, i.e., less mobility of the polymer
structure in the 20% crosslinked than in the 2% crosslinked copolymer.
Using the 20% crosslinked polystyrene they have found the effectiveness
of the polymer-attached (CZHS)ZTiCIz as a catalyst for hydrogenation of
olefins is enhanced by a factor of about six over the correspondingly

reduced titanocene dichloride or benzyltitanocene dichloride (eq. 1-2).

The use of silica gel as a support has been reported by Deuel, et. al.

Working with silica gel having 22.5 mp diameter and 150 mZ/g surface

area they obtained 0.32 meq/g of OBu by the reaction of chlorinated silica

gel with' n-butanol in the presence of a base (eq.2-1). The problems with

9




Scheme 1.

F'unctionalization of Polystyrene
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Scheme 1.

Functionalization of Silica

2-1. Deuel, et. al., 1959

SiOH + sOCl, 4%’;- = SiCl + SOCl, + HCl

SiCl + n-BuOH 228§, T SiO-nBu + HCl. base

VAN

2-2. Parr and Grohman, 1971

| i
[ z SiOH + CLsSi __@_ CH,Br — = SiO'Si—@—CHZBr

(porous glass) (0. 08 meq Br/q)

[
Z Si-0-8Si -@_ CH,Br + LiPPh, —> = Si-O-Si-@CHZPPhZ

2-3. Allum, et, al., 1972

B . Toluene b
= SiOH + (Et0)351CHZCH2P®2 — :SxO?xCHZCH2P®2

(1.0-1, 4 wt%P)

the approach are (1) the hydrolytic instability of the Si-O-C linkages
formed and (2) the removal of the base-HCI salt from the silica gel6.

The approach to get hydrolytically stable Si-C bonds has been

=t e

developed by Parr and Grohmanlo. Their approach is to react R-SiCl3

with the silanol groups on the glass surface (Bio-Glass 2500) forming

2 Si-O-S-R (eq. 2-2).



This report is concerned with the synthesis of the attached complex
catalysts on silica gel (Cabosil HS-5 and Grace 62) and their catalytic !
reactions, primarily hydrogenation of olefins and benzene.

Results and Discussion

1. Syntheses of Supported Rhodium Complexes

Scheme ]II shows the preparation of the silated phosphine ligands.
The reactions proceeded by irradiation of an equimolar mixture of
diphenylphosphine and vinylsilanes under mild conditions and produced no
observable side products (by nmr). The products were isclated by
fractional vacuum distillation (yield 81 ~ 83%),

Scheme I11.

Preparation of Silated Phosphine Ligands

ki HP®,, hy CHy
cszoslx - CH=CH, T CZH50§1(:HZCHZP®Z = L (3)
CH, CH,
}\i (81%)
colorless liqg.
bp 136-138°/0.13mm
HPO,, W .
((,ZHS)3051-(.,H=CHZ T VT ((:ZH5)351(:}12(3142}30)Z £L (4)

1b (83%)
colorless liq.
bp 130-132°/0.05 mm
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Scheme IV shows the preparation of several rhodium complexes

with silated phosphine ligands. The dimer [Rh(CO)ZCl]Z reacted readily

with the silated phosphines to form the phosphine carbonyl chlorides
[LRh(CO)Cl] in 91-93% yields (eq. 5). The cyclooctadiene (COD)
rhodium dimer, [Rh(COD)Cl]Z also reacted with the phosphines to give
monomeric complexes in 85-88% yields (eq. 6).

Dodecacarbonyltetrarhodium [Rh4(CO)4] reacted with the phosphines
in hexane under a stream of nitrogen to give Rh4(CO)4LZ and unidentified
compounds (eq. 7). Purification by chromatography on silica gel gave
low yields (37%-61%) of the analytical pure compoundslg and 7b,

A

Scheme 1V,

Preparation of Rhodium Complexes with Silated Phosphine I.jgands

OH

r.t., 30min,

1/2 [Rh(CO)ZCI]Z + 2L LZRh(CO)Cl + CO
L:Ll{ (93%)
L=L* 3b (91%)

/\ﬁ-‘

CHZCI2
1/2 [Rh(COD)Cl]Z + L — LRh(COD)C1

r.t., 10min
I 9EY 8 ’5\2‘ (85070)
L=1L* 5b (88%)

hexane, N2 flow
Rhy(COYyp + 2L 71y *  LzRh(CO),

L=L 7a (61%)
L=L* 7b (37%)

CH3

I
L= CZHSOS'L CHZCHZP@Z, L¥= (CZHSO)3SLCI{

CH3

ZCHZP(DZ




The supported catalysts were Prepared by reacting the metal

compounds with silica gel (Cabosil HS-5 or Grace 62) in refluxing
toluene (Path A, Scheme V), or by reacting the phosphinated silica
gel with the organometallic complexes (Path B, Scheme V). Tables
l and 2 present the conditions and results of the preparation of the
several suoported complexes. Table 2 also shows the preparation of
the supported complexes with a sulfur ligand.

Scheme V,

Preparation of Supported Catalysts

. LRh(COD)CI
= Si0H toluene, reflux
(Path A)
L ?H3 :
toluene, reflux 25i08i CH,CH,P®_Rh(COD)Cl1
| 27727 72
(Path B)
CH
3
v
(,:H3 benzene
= SiO?iCHZCHZP®Z rRh(COD)Cl]z
CH3
o,
E = CZHSOE;:iCHZCHZPQZ
CH
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Table 2. Preparation of Supported Catalysts from Functionalized Silica

Gel and Metal Complexes

MT-I1-23
OC,H

CH,pp, Selusme . .l Cil Sé:H PO

2°°2 r.t.,N.flow CIRIEY ity SR W,

2
48 hr. OCZH5

= SiOH + (CZHSO)3SiCHz
(Grace-f2)

P, 0.95%

MT -I1I-25

Procedure identical to MT-1I-23 except reflux for 18 hr. P, 0,97%.

MT-11-28

= Si0Si CH,CH,P®, + [Rh(coD)C1], -#’ﬂzf—‘}‘f;- : SxO?xCH CH,P@Rh(COD)Cl

OCZH OCZH5
(P, 0.97%)

Rh, 2.88%; P, 0.98%; Cl, 0.987%.

MT-II-4 & -9

toluene, NZ |OCH3

2 SiOH + (CH,0),CH,CH,CH,SH reflux, T8 b7~ = SIOSiCH,CH,CH,SH
(Cabosil HS-5) OCH,
MT-I1-4, $:0.79%, C:1,87%, H:0.43% (-Cabosil-SH )

MT-I1-9, S:0.63%, C:1.20%, H:0. 29%, (=Cabosil- SH

zl
MT-11-5 lOCH3

i 1'Bz,r.t., | hr = T 8
Cabosil- SI-«Il + L"Rh(COD)C1 ELN. lhr — (= SlOl&CHZCHZCHZS)Bh(COD)

3 OCH, L

(L":Pph3)
Rh:1.39%, S:0.71:, C1:0.39% (=Cabosil-SCl)
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MT-I11-10 OCH3

1)Bz, r.t., 2 hr

|
Cabosil-SH, + L'"Rh(COD)Cl gygat—rtqi—s ( = SlO?lCHZCHZCHZS)lTh(COD)
OCH L"
3
Rh:0.77%, S:0.44%, C1:0.23%, P:0.34% (=Cabosil-SC,)
MT -11-6 BEH (COD)
Cabosil-SH, + [Rh(COD)CY], 4)BZ: Tty Lhr g oboP o s e
1 2 Z)Et3N. 3 hr s i 27272 “Rh”
OCH, (COD)
Rh:2.16%, S:0.79%, C1:0.74%, N:0.32% (=Cabosil-SD)
MT-11-13 SCH
Cabosil-SH., + Rh(CO)ClL 1Bz, r.t., 1hr s1o§iCH3 CH_CH_S)Rh(CO)L"
2 22)E,N, 18hr | - Sl Ak iy 2
: ocH,

Rh: 0.82% (=Cabosgil-SV)
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2. Hydrogenation of Olefins and Benzene by Homogeneous and Supported

Rhodiwn Complexes

Tables 3, 4, and 5 show the results of hydrogenation of olefins and
benzenc by various catalysts. Details of the apparatus and the procedure
used are given in the Experimental Section.

1) Reproducibility of Hydrogenations with Supported Catalysts.

The kir.ctic data described later indicate that the reproducibility of
the hydrogenation is quite good if the catalyst of the same batch was used
and previously activated under hydrogen. However, the induction periods
of the first reaction may differ dramatically depending on the time elapsed
since synthesis,

Figure | represents two runs, MT-I1-20 (25 days after synthesis) and
MT-II-27 (46 days after synthesis) using the same batch of catalyst
(MT-11-14), After the first run, 5 mmol more l-decene wzs added and
each hydrogenation was continued (MT-11-20-2 and MT -1[-27-2). This
figure demonstrates the following:

a) There is a big difference (about one order of magnitude) in the

periods of the first runs.

b) Rates of the second runs are about ten times larger than the first

runs,

c) The reproducibility of the rates (especially of the second runs) is

quite good.

These three points indicate that the supported complex catalysts are

partially deactivated on standing with possible oxygen concentration, but
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are reactivated by atmospheric hydrogen. Agitation of the solution was
affected by a shaker or a 4 cm Teflon coated magnetic stirring bar. The
shaker gives very efficient agitat}on of hydrogen, and hydrogen absorption
rates of up to ca. 50 ml/min have been observed with Rh/AlZO3 without
any apparent limitatiou due to hydrogen diffusion control (cf. MT-I1-18
and MT-II-19),
The repeat runs in Figure 1, MT-]I-20 (agitation by the shaker) and
MT-11-27 (agitation by the stirrer) show that the stirrer is sufficient for
the reactions up to approximately 4 ml/min. The kinetic study (section 2-(5))
also substantiates that the reactions dealt with in this pPaper are not
diffusion controlled even when magnetically stirred,
The catalyst can easily be separated by simple filtration and reused
with little change in activity (see MT-11-17, MT-11-20 and MT-I1-21).
Table 6 demonstrates that little rhodium is lost from the support
during catalysis under mild conditions (HZ:I atom, 3 days). Under more
severe conditions (HZ:46 psi, 4-6 days, or especially in the hydroformylation)
Proporticnally more rhodium is lost from the catalyst.
2) Comparison of Supported and Homogeneous Rhodium Complex Catalysts
Table 7 compares the reduction rates of 1-decene by supported and
homogeneous rhodium catalysts. The order of activity is approximately
as follows: Cabosil-C >Cabosil-B>> C>>B 27Cabosil-A%: A
(A:LZRh(CO)Cl, B=LRh(COD)CI1, C=L2Rh4(CO)lo. chszOs:iC:;{ZCHZP¢Z)
CH3

Note the striking difference in activity of B and C when supported

and the lack of such difference with A,

-58-




[able 6,

Rhodium Loss from the Support During Catalysis

Time Rh(%) After Rh Loss

Catalyst (Rh, %) Reaction No, Condition (day) Latalysis (%)
Cabosil-B (1.66) MT -1-45 HZ' 46 psi 6 1,42 12.9
("abosil-Is (0.93) MT-1-58 X 4 0.73 21.5
Grace-B (1.14) MT-11-20 HZ‘ 1 atm 3 1.11 2.6
(1, 0.37 (P, 0.34;
Cl, 0.39) Cl, 0. 34)
Cabosil-C (8.41) MT-1-48 HZ' 46 psi 1 8.22 2.3
" MT -1-59 " 4 6.33 24.7
" MT-1I-1 CO, 25 psi 12 3.38 59. 8
H,, 25 psi




Table 7. Comparison of Supported and Homogeneous

Rhodium Complex Catalysts

Catalysta 5 1-Decane Solvent Rate
(Rh g.atom x 10, Rh(%)) (minol) (ml) (mmol H, /hr)
(HZ' 46 psi) ‘
Lth(CO)C1(=A)(10, -) 2.6 THF(3) 0. 024 !
Cabosil-A Benzene (0, 5) 0.009
LRh(COD)C1(=B)(10,1.94) p 0.006
Cabosil-B (5,1, 63) 5 il 5.40
Cabosil-B (2.5, 0,93) 2.5 Benzene (10) 3.88
LZRh4(CO)10(=C)(Z.5,-) " THF (10) 1.95
Cabosil-C (2. 5,8.13) i Benzene (10) 9.03
(HZ, 1 atm)
B (2.5, -) 5.0 Benzene (20) 0.127
Cabosil-B' (2.5, 2.88) i " 7.28 ;
|
Cabosil-C (2. 5, 8. 13) 2 ' 9.09 |

a) See Table 1,
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3) Effect of Rhodium Content on Catalytic Activity,

Figures 2-1 and 2-2 shows that the activity for hydrogenation
increases with increasing rhodium content. This trend is the reverse
of platinum on alumina catalyst as studied by Hussey, et al. 29

4) Reduction Rates of Other Olefins.

A rursory study of the rates of reduction of various substrates by

Cabosil-B catalyst shows the difference of the reduction rates between

2, 3-Dimethylbutene

two, three and four substituted olefins is quite large,
is not hydrogenated even under 46 psi hydrogen,
Substrate: 1-Decene) l-methylcyclohexane) benuene) 2, 3-dimethylbutene

Rate: (3.88) (0.082) (0.006) ( 0.001)

The literature results are not sufficiently clear to enable a comparison

with heterogeneous analogs.

5) Kinetic Study, CH3
1
For the kinetic study, Grace-B, (=SiOSiCUZCHZP(DZ)Rh(COD)Cl
|
CH3
(MT-1I-14; Rh 0.95%) was used after previous activation by 1 atmosphere

hydrogen, The standard conditions are as follows:

Catalyst: Grace B (1.19 mM), 1-Decene: 0.238M, Benzene: 20 ml,

Temp. : 25°, HZ: 665 mm,

(i) Dependence on temperature.

Rates were measured at three temperatures ranging from 5-25°

for 1-decene hydrogenation in benzene. On plotting the log of thc rate

data versus 1/T we obtained a straight line (Figure 3). This indicated

that our reaction is not diffusion controlled. From Figure 3, a value



Rate of H2 Uptake (mmol/hr)

15

10

/ Second run

First run

} /—"" o cmm—
= I Benzene reduction x 10
/ i 8 (second run) A
@ i
’{L i I 1
0,5 1.0 1.5 2.0 2.5 3.0

Rh(%) on silica gel

Fig. 2-1. Activity as a Function of Rhodium Content

Conditions Catalyst: 2.5x 10"

o]

> Rh g. atom

1-Decene: 2.5 mmol
Benzene: 10 ml

Hz: 46 psi

Cabosil-B, O Cabosil-B (Solvent THF)
Grace-B, o Cabosil-B'
Cabosil-B" (see Table 3)
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Fig. 2-2. Activity as a Function of Rhodium Content

Catalyst: 2.5x 10" Rh g.atom (second run)
l-Decene: 5 mmol

Conditions

Benzene: 20 ml

HZ : 665 mm
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0.6 |
0.5 p
!
I Ea=5,7 Kcal/mol
1 0.4
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! 0.3
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! ' g 'l & i o 'l
3.3 3.4 3.5 3.6
LIT

Fig. 3. Arrhenius plot for hydrogenation rates at 665 mm Hz.
1.19 mM Rh, 0.238 M -ldecene in benzene. l
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for the apparent activation energy, Ea, of 5.7 Kcal/mole is obtained. This
value is good agreement with the activation energy, 5,7-6.5 Kcal/mole

for the hydrogenation of cycloalkenes in the liquid phase on a platinum-
alumina catalystzg. For comparison, the activation energy for the
homogeneous hydrogenation of cyclohexene with RhCl(PPh:;)3 is 22.9

K cal/molelg, and for the gas phase hydrogenation of ethylene with

Pt/SiO2 ‘5 9 KCal/mole“.

(ii) Dependence on cataly st concentration.

From results under standard conditions using various catalyst
concentrations (0. 3-1.2 mM), it is clear that the plot of rate against
catalyst concentration is linear with zero intercept (Fig. 4).

(iii) Dependence on hydrogen pressure.

A linear relationship was also found between hydrogen pressure and
rate of hydrogenation for 250-665 mm pressure of hydrogen (Fig. 5).

(iv) Dependence on l-decene concentration

Fig. 6 illustrates the plot of rate of hydrogenation against 1 -decene
concentration. The rate does not increase linearly with increasing olefin
concentration. The plot of the reciprocal of this rate against the
reciprocal of the olefin concentration (Fig. 7) is lincar with a positive
intercept on the y-axis.

(v) Discussion of kinetic results.

The experimental data for the hydrogenation of 1 -decene in benzene

solution with supported rhodium complex, f{it a rate law of the form,

_a{Rh] [H,] [Decene]

d[HZ]ﬂt " T 1+P [Decene] (8)

where a and P are constants.
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[Rh] (mM)
Fig. 4. Dependence of the rate of hydrogenation of [Rh]
at 25°, 665 mm H,, 0.238 M l-decene in benzene

(20 ml).
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Fig. 5. Dependence of the rate on hydrogen

pressure at 25°, 1.19 mM Rh, 0,238 M

l-decene in benzene (20 ml).
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Fig. 6. Dependence of the reduction rate on [1-decene] at
25°, 1.19 mM Rh, 665 mml—lz in benzene (total

volume, 21 ml).
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Fig. 7. Plot of reciprocal of rate of hydrogenation of 1 -decene
against the reciprocal of 1-decene concentration in
benzene (total volume, 21 ml) at 25°, 1.19 m M Rh,

665 mm HZ'




The most generally satisfactory mechanism for the hydrogenation
of olefins using RhCl(PPh3)3 is that proposed by Wilkinson, et al., 19
which is summarized in Scheme V.

Scheme V

Kl
(Cat.,) + HZ (Cat.) (HZ)
(Path B)
Kz \ kl
~
; lefi
olefin = pren
~
~
~ ~
'
(Cat.) (Olefin) _rl;_’ (Cat.) + Paraffin
2
(Path A)

The rate of this reaction conforms to the rate expression,

(k'Kl + k"Kz)[Hz] [Olefin] [Catalyst]
R=

(9)
1 + K| [H,] + K, [Olefin]

Our rate expression (8) is of the same form as (9) if Kl=0,

and the path (A) mechanisin in Scheme V is operative,

Hence, our rate expression can be written as follows:

k"Kz [HZ] [Olefin] [Catalyst]

1 + K, [Decene]




3. Hydroformylation of l-Hexene with Supported Rhodium Complexes

The phosphine complexes of rhodium, e.g., RhCl(CO)(P®3)3, are

reported to be highly reactive in addition to being considerable more
stable and selective compared to COZ(CO)83Z. However, the Primary
disadvantage is in the separation of the soluble catalysts from the

reaction products, Therefore, the heterogeneous catalyst is industrially

very attractive,

Our Preliminary experiments shown below suggest that our supported
catalysts are not so reactive and that much rhodium comes off from the

support as illustrated in Table 6.

MT-]II-1
. -5
T Cabosil-C(Rh 8.41%, 1.25x 10 g . atom) Aldehydes
(2.5 mmol) C\J/Hz(l/l) 50 psi, r.t., 10 hr (2.72%)
Benzene (10 ml) &/ﬁ =2.2

MT-I1-2
: Cabosil-B (Rh 1.63%, 2.5 x 1075 g . atom)
( ifisexe“f) 0 —  Aldehydes

* " (0. 05%)

4. Studies Directed Toward the Asymmetric Reduction with Supported

Chiral Rhodium Complexes

Recently, a number of transition metal complex catalysts for stereo-

selective homogeneous hydrogenation have been developedzs. Knowles,

et al,, 33'got optical yields up to 90%, in the catalytic reduction of

@-acylaminoacrylic acids to @-amino acids using rhodium complexes

with chiral phosphines.
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asymmetric reduction using rhodium phosphine complexes the chiral
center does not have to be on phosphorus. Using the rhodium complex

with the chiral phosphine &z in Scheme VI (’L.'?J is now available from

l
l A recent report by Dang, et al,, & indicates that in order to obtain
l

Strem Chemicals Inc., $22.00/g in 1 g lots), optical yields in the range
of 70-80% were obtained in the reduction of B-substituted a-acetamido-
acrylic acids. They attributed the high stereoselectivity of this reaction
to the conformational rigidity of the diphosphine chelating the rhodium.

This study was initiated to get Practical catalysts for asymmetric
reduction and evidence that our supported rhodium catalysts are working
i in the form of the complex rather than metallic rhodium,

Scheme VI shows the synthesis of the chiral rhodium complex
sup[;orted on silica gelvlv.z\. The catalyst &zhave found moderate activity

for the hydrogenation of 1-decene in benzene solution at 46 psi H

2.
MT -I1-60
-5
Catl3 (Rh 1.78%, 2.5x 10" ° g, atom)
(lz-.Dsefrfr;%U Benzene (10 ml) Decane (100%)
H2 46 psi, 25°, 20 hr. CHX (0. 02 mmol)

Rate = 0, 54 mmol Hz/hr.

The second run (MT-11-60-2) obtained by adding 2.5 mmol of

l-decene after the first run (MT-1I1-60) was completed, yielded a second

rate = 3,34 m mol H2 /hr.
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