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MISSION

The Directorate of Chemical Sciences of the Air Force
O f f i c e  of Scie nti f i c  Resea rch has the m iss i on to encoura ge
and support fundamental research desi gned to increase know l edge
and understanding to stimulate the recognition of new concepts ,
and to provide for early exploitation of their military 1mp h -
cat ions.

The Directorate obtains and maintains for the Air Force a
d iversified program of research at in-hoIlse laboratories as
well as extramurally at un i versity and industrial laboratories .
The Directorate also functions as a dynaiiic interface between
the Air Force and the scientific commun i ty, ensuring the free ,
f u l l , and cons tan t i nterchan ge of id eas from each to the other
through publications , personal con tac ts , meeting attendance ,
and sponsored symposia. In these ways the Directorate hel ps
the Air Force maintain technolog i ca l superiority.
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DEPARTMENT OF THE AIR FORCE : .

AIR F ORCE OF FIC E OF SCIENTIFIC  RESEARCH (AFSC)

TO : FRIENDS OF AFOSR

The purpose of this report is to review some selected program hi ghlights
from the past year. it is an occasion as well for an assessment of the
future . Because of projected resources - in funds and personnel — our
outlook can be an optimistic one.

The Program Review emphasizes the Directorate contract and grant program
as it always has. It is i mportant to realize also that the overall Air
Force research  p rogra m fo r which the Director is responsible is performed
at six in-house l aboratories , as well as at over a hundred extramura l
loca tions. Recently, the Directorate responsibilities were expanded to
i nc l ude atmospheric sciences as well as chemistry . The overall Air Force
research budget is about $15,000,000 in FY 79 for these two disciplines .

Within the Directorate there have also been changes in personnel.
Dr. Frank Wodorczyk left us to Join private industry while Dr. Bob
Osteryoung returned to Colorado State Un i versity. Lt Col onel John Viola
moved to the Electronic Systems Division . Soon to move to another assi gn-
ment in the Plans Office at AFOSR is our able editor , Lt Co lone l Dick
Haff ner. Fort unately , losses in staff are matched by corresponding gains.
Dr . Don U lric h has returned from the Air Un i versity. Captain Russell
Armstrong has joined us from the Air Force Weapons Laboratory. Most
recentl y, Captain Lorelei Krebs has assumed program manager duties follow-
ing completion of her advanced degree requirements. Major William
McKechney transferred from the Directorate of Physics with his duties in
the atmospheric sciences.

Despite the i mportance of an able staff , they do not achieve the rea l
purpose of our program--namely, research of va l ue and i mportance to the
Air Force. We facilitate the contributions of the rea l performers and
seek ra pi d t ransi t ion of the i r res u l t s  to tech nolo gy.  There is no way
to acknowledge the individual efforts of all the hundreds of princi pal
investigators supported over the past quarter century. I would merely
close wi th a ment ion of one of the very best , Professo r Herb B ro i da.
H i s cont r i b ut io ns as a resea rche r and as a teacher of research were t r u ly
remarkable. I am proud that his efforts were supported by this Directorate
as early as 1954, at the Na ti onal Bu reau of Standards , and as recently as
1978, at the Un i versity of California , Santa Barbara . His passing was
sudden and un t imel y ; we a l l  regre t i t very much.

Sincerely,

I

’
.

DONALD L. BALL
Direc tor , Chemical  Sc i ences
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THE SURFACE CHEMISTRY OF LOW WORK FUNCTIO N CATHODES
DR , T1 W , HAAS*

AIR FORCE MATERIALS LABORATORY

WR IGHT-PATTERSON AIR FORCE BASE, OHIO

Whenever a television set is turned on , a process of electron emission
from a low work func ti on oxid e ca thode i s necessa ry for the ope ra tion
of the picture tube . This cathode is typ ically a 3mm diameter sleeve
of n i ckel or nicke l alloy with a small quantity of some compound of
barium , strontium and calcium on the emitting surface as the active
layer. This cathode , as well as othe r types , has been known , used ,
and studied for many decades. The early history of research in this
a rea in cl udes such names as Lan gmi er , Shottky , Richardso n , Dushma n ,
Nottingham , and others. Despite the amount of research expended in
such studies , a generally accepted model for the activation , operation ,
and po i soning of low work function cathodes has not been developed .
Several models have been proposed and ev i dence i n suppor t of one or
the other has been gathered ; however , concl us i ve exper imen ts have not
as yet been reported .

As of ten ha ppens , a combination of need and opportun i ty may resolve
this situation . The Air Force is current ly interested in the devel op-
ment and understanding of imp roved cathodes for spaceborne travelling
wave tube (TWT) applications. TWTs are microwave power amplification
devices used in our satellite systems for commun i cations purposes. TWTs
are also used in other non-space applications such as in electronic
countermeasure systems . Our current interest in cathodes stems from a
need for h ighe r  power and h i gher frequency TWTs, requirements which can-
not be met with current cathodes . The l aws of electron optics i mpose
limi ts on power and frequency domains for these tubes which relate
direc tly to the emission current density of the cathode. improved
cathodes are potentially available but they will not be used in expensive
satelli te systems until eng ineers are convinced of the reliability and
life time of these new tube elements. One step in providing such confidence
is to prove conclusively the correct model for the operating cathode and ,
hence , provide realistic lifetime predict ions. The Air Force Materials
Laboratory , as well as other laboratories , particularly Navy and NASA ,
Is currently engaged In research programs of this type and progress Is
being made rapidly.

_ _ _ _ _  
__________________________________ •
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DIFFERENT TYPES OF LOW WORK FUNCTION CATHODES
COMMONLY IN USE TODAY

~.~.~~~~~~~
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The types of low work f unc t ion ca thodes that I shall d i sc uss here all
have one chemical element in common : barium. Other elements present
in the cathode system acting as promoters , ac ti va tors , supports , etc.
include strontium , calcium , aluminum , n i c k e l , tungsten , zircon i um ,
and others . The exa ct role of these elements i s not known and p roba b l y
varies with the type of cathode . Several types of cathodes (I) are
i l l ustra ted schema tic a l l y  i n F ig ure 1. The most common type and the
one cu r rent ly  used i n mos t A i r  Force spacebor ne TWT s is the ox i de type
(fi gure 1-A) . It generally consists of a nicke l —zircon i um alloy sleeve
with a mixture of barium—strontium or barium-strontium—calcium carbonates.
During activation the carbonates are converted to oxides and some process
takes p lace which  l owe rs the work func t io n to val ues of 2eV or l ess.
Continuous current densities available for such cathodes operated at
about 700-800°C are lOO-2OOni~mp/cm

2.

Another type cathode , and the one of most current interest to the Air
Force , is the dis penser type cathode shown in Figure 1-B. It consists
of a porous tungsten p l ug which has been im pregna ted wi th a compound
of bari um and calcium aluminate . The exact composition varies with
cla i ms of imp rovement s for various s tart i ng composi ti ons. In this
cathode , during activation , a reac ti on occurs in  the pores of the tungs ten
p l ug and bar iu m or bar i um oxide is l i b e r a ted wh i ch mig ra tes to the sur face
resulting in a work function l owering. Typica lly, the dispenser cathode
operated at 900-1050°C can provide continuous current densities of
1-10 Amp/cm2, a considerable gain over the oxide type . The relation
be tween work f unct ion and opera t in g tempera ture  is ana lo gous to the
case of a basketball coach who wants more players to “stuff” the b a l l
in the basket. He may either lower the basket (work function barrier) or
i ncrease his proportion of taller players (raise the temperature).

Other types of cathodes exist as well. One of these being studied at
present includes the Medicus cathode (a nickel matrix type) as well as
variations of the dispenser cathodes . In all cases , bari um is presen t
and appears to be responsible for the work funct ion lowering.

A number of models have been put forth to explain the work function
l owerin g during activation and the subsequent operation of such cathodes.
The two most accepted of these at present are the thin film model pro-
posed firs t by Koller in 1925 and the semiconductor model of Eisenstein
proposed in 1 948. The thin film model (Figure 2) proposed that the work
function l owering is due to the generation of an electro-positive element ,
bari um i n th i s  case , on the surface by some bulk chemica l reaction . This
creates a strong dipole layer which lowers the potential energy barrier
to the escape of electrons so that the emission takes place at lower
temperatures. In this model , lifetime would be predicted by the kinetics
of the reaction generated by barium , the amount of each reactant avail-
able , and the evaporation rate of barium from the surface.

- 
. -

~~~
..,
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THEORIES OF CATHODE NTIVATI(~1

THIN FILM 1~UU
BA BA

I I
0 0

_j I B A B A_

SL~STRATE (W oi~ Ni)

DEFECT F~LTEL
BA BA BA

I I

Two differen t models for operational low work function
cathode. The thin film model postulates a work function
l oweri ng due to the strong dipole l ayer created by a film
of Bari um meta l over oxygen on tungsten or on clean tungsten .
The defect model proposes oxygen vacancies (square in figure)
as a mechanism for adjusting the position of the Fermi leve l
in the bulk material (in this case barium oxide) .

FIGIJRE 2
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The semiconduc tor mode l , Figure  2 , suggests that the active l ayer on the
surface is barium oxi de (BaO). BaO is a semiconductor compound that has
been stud i ed by a variety of techniques . The semiconductor model proposes
that activation is caused by the creation of oxygen vacancies in the
la ttice which adjusts the Ferm i leve l of the material. Lifetime s would
be predicted by poisoning the semiconducting l ayer (analogous to doping
semiconduc tor solid state materials to produce p-n junctions , etc),
eva porat ion of the ac t iv e BaO l ayer , and othe r effec ts which  may i n f l uence
its semiconduc tive properties such as changes in crystallography .

At present severa l experimenta l approaches are being taken to verify a
model of the operational cathode . I will not review the earlier work
in this area , tha t is well covered by Zahm (2), bu t ra ther concen tra te
on the recent applications of surface analysis and characterization
techn i ques. In one experiment , an Auger electron spectroscopic analysis
of a dis penser type cathode was performed -during activation and operation .
(3). Considerable cleaning of the surface took place during this activa-
tion ; e.g., reduction of carbon containment , sulfur remova l , etc. The
bes t sem i quantita tive estimates available from that work led to a model
of one monolayer barium over oxygen over tungsten . The chemica l states
of these elements were not identified in this work. Later , Forma n (4)
inves t i ga ted s i m i l a r  ca thodes and , us i n g low energy Auger spec tra and
chemical changes in these spectra , suggested that the barium was in a
metallic-like state, something of a vote for the thin film model. How-
ever , Haas et al (5) ut i l i z i n g a new techni que , low energy electron
ref lec t ion , inves t i gated changes in the electron affinities of BaO films
on iridium (100) surfaces and obtained evidence in favor of the semi-
conductor model. It is possible that different types of cathodes are
bes t descr ib ed by d i f f e r e n t models .

Experiments in progress at the Air Force Materials Laboratory will hope-
fully shed add i tional li gh t on this controversy. It is well known tha t
x-ray (xPs) and ultra-violet (ups) photoelectron spectroscopies can be
used to define chemica l states and valence band information for solid
surfaces. We are presentl y invest igating these photoelectron spectra
for various dispenser type cathodes . Line shifts in XPS have been
observed in this work , but interpretation is always complicated by solid
state effects. A series of experiments on carefully prepa red standards
will hopefully resolve this problem. Along these same lines , we a re
performing XPS, Auge r , and LEED investigations of barium and BaO films
on tungsten single crystals , the (110) plane being of primary interest.
I t is known from many LEED investi gations that hi gh Index , l ess closely
packed faces of tungsten single crystals tend to facet into more dense
p lanes , with the most densely packed (110) being the most favored in
the presence of oxygen . The heating of cathodes during their operation
in the presence of oxygen may induce micro-facets on the small tungsten
grains in the porous cathode surface so that a model for an operational
cathode may be closely approximated by a layer , or l ayers , of b a r i u m  and
BaO on tungsten (110) sing le crystals.

5
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From meas urement s and ideas such as tho~e ou t l i ned  here , I am confi-
dent that , in the near future , an answer to a very old question - “Why
do low work function cathodes work?” - will finally be obtained. It is
a shame that many of the famous scientists mentioned earl ier who have
worked on th i s  p robl em ~re no longe r alive to share the exc i tement.
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~Dr. Haas has been a research chemist with the Air Force since 1 964.
Presently, he works i n the Mechanics and Su rface I nterac t io ns Branch ,
Non-metallic Materials Division , of the Air Force Materials Laboratory .
His major interest is surface chemistry and phys i cs. Specifically,
Dr. Haas has made major contributions to the field of electron spectros-
copy of surfaces. The work he describes in this article is an excellent
example of the high caliber research conducted “in-house” by Air Force
scientists.
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A STATUS REPORT FROM ABROAD

Major Charles J. LaBlonde*

In the previous AFOSR Chemistry Program Review, Lieutenant Colonel
David W. Seegmiller presented a comprehensive overview of chemistry
in Europe and Israel. His general observations regarding facilities
and costs remain valid and are in fact borne out by the current
chemistry program as monitored at EOARD. At year’s end this program
consisted of a healthy 21 projects, mostly in Israel and the United
Kingdom which were the two areas identified as most cost effective
by Lt Colonel Seegmiller. A number of interesting new projects were
started this year. The following paragraphs will briefly describe
projects in electrochemistry and molecular dynamics, followed by a
short discussion of cd~ference support.

Electrochemistry. There are currently four electrochemistry projects
in Europe, three of which relate to solid state batteries with energy
densities around 200 Wh/kg. Dr. B. C. H. Steele, Imperial College,
London, is Investigating lithium based anodes for potential use in
solid state batteries. Initially he synthesized and characterized a
number of ternary phosphides; based upon voltammetric evidence, the
most promising compound to date is of the form LixMnP. Work is in
progress to further investigate the activity of lithium and the elec-
tronic conductivity as functions cf composition. A drawback noted
to date is the moisture affinity of the ternary phosphides, possibly
due to the high lithium activity. For this reason a small portion
of the project is aimed at synthesis of new materials while the
majority of the project will be directed towards investigation of
lithium transport across solid anode/solid electrolyte interfaces
over a temperature range of 25—300°C.

Many fast ion conductors are known in nature and a few have become
very important In technological applications. But relatively little
is known about the basic mechanisms of ionic transport, the point
defect structure and self—diffusion parameters in these materials.
Such is the basis of a study by Drs. Alan Chadwick and John Strange,
University of Kent, Canterbury, who are studying fast ion transport
in solids. As the project is arranged, Chadwick grows the crystals
of candidate fluorides and makes the conductivity measurements;
Strange , using pulsed NMR , measures T motion within the crystals.
This dual approach allows screening of selected materials at both
macroscopic and microscopic levels, the conductivity being an over-
all measurement while the NMR actually allows closer evaluation of
individual ion dynamics within the crystals. “Atom—hopping” data
obtained from the NMR may be used to calculate conductivity; such
calculations are in good agreement with measured conductivity.
Extensive work has been concluded on LaF3 and work is in progress
on doped rare earth fluorides.

7
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In the laboratory of Professor John B. Goodenough, Oxford University ,
a two—pronged study is under way to: (1) Investigate the thermochemical,
structural and basic electrochemical properties of battery cathodes.
(2) Design, prepare and characterize new materials exhibiting fast
ion transport for use as solid electrolytes or battery cathodes. The
battery cathode materials under study thermodynamically and electro—
chemically are ternary oxides of the type A,LMOn where A is an alkali
metal or hydrogen capable of being inserted in variable concentration
x into a transition metal oxide network MOn to give an electrically
conducting product. A number of these alkali metal oxide bronzes
have already been studied by the Oxford group. Professor Goodenough
has pioneered the field of fast ion transport in network structures
of the type Na3Zr2PSI2O12 which can be used as a solid electrolyte.
He anticipates finding superior network cathode materials also.

In direct support of the Frank J. Seiler Research Laboratory , Professor
Harald A. Øye, University of Trondheim, Norway, is measuring the vis-
cosity of the ternary molten salt system A1C13—LIA1C14—NaA1C14. This
program is a classic example of International cooperation. Oye has a
high temperature viscosimeter which is very likely unique in the world;
Seller requires viscosity data on chloraluminate melts for their molten
salt battery program. Under AFOSR sponsoship the two were brought
together in a very productive effort. In a memo of agreement dated
9 March 1978 the experimental conditions were agreed upon. While
Seller measures density, melting point, vapor pressure and specific
conductivity, Øye determines the viscosity of the melts. The memo
defines specific compositions to be studied.

Molecular Dynamics. This category includes five projects, two of which
are EOARD Low Cost Grants. One of the latter is a study of energy
transfer from N2 (A3E~) and N2(B3112) to metal atoms being conducted by
Dr. Salman Rosenvaks, Ben—Gurion University of the Negev, Israel. He
is applying recently developed methods for: (1) production and moni-
toring of N2(A) and N2(B); and (2) production of metal atoms in low
translational temperature and monitoring their excitation state. The
measurements are carried out as a function of reactant concentration
and total pressure. Energy transfer rates from N2 to specific energy
levels of metal atoms will be calculated from the experimental data.
The information obtained by Rosenwaks will contribute significantly to
understanding the dynamics of electronic energy transfer.

The other Low Cost Grant is held by Dr. A. Ben—Shaul, Hebrew University
of Jerusalem, who is taking a theoretical approach to the analysis,
description and prediction of vibrational relaxation patterns for non—
equilibrium molecular systems , especially those in which disequilibrium
is due to exoergic chemical reactions (chemical lasers) or absorption
of laser radiation. Ben—Shaul is concerned mainly with molecules for
which exponential gap type rate constants are available, mnlecules
such as HF, HC1, and CO. He plans to extend the study to suitable
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polyatomic molecules like CH3C1, CF3C1, CC12Br2, CH~OH and NH3; for
these, “synthesized” exponential gap type rate coefficients will be
used.

Dr. Ian Smith of Cambridge University has completed the first two
years of a five part study of energy transfer and selective chemical
reaction using tunable IR radiation. Early in the study he employed
a flash lamp pumped dye laser to dissociate Br2 and IBr at selected
monochromatic wavelengths; the yield of Br*(2P1/2) at each wave-
length was measured to help identify the unbound electronically
excited states in Br2 and IBr which are responsible for their visible
continuous absorption spectra. This work is now complete. Also
complete is a determination of relaxation rate constants of HCN by
HCN itself and by C02, CO and N2. Work in progress includes further
HCN studies utilizing two different sources of excitation for com-
parison purposes; NO will also be studied . Other areas slated for
study include a systematic investigation of the vibrational to
electronic excitation of Br atoms by transfer from C02, HCN, N20
and NO; reaction and relaxation by free radical atoms; relaxation
kinetics of OH(v 1).

Two projects in direct support of AFWL are being carried out in the
laboratory of Dr. Michael d yne, Queen Mary College, London. In
fact Captain Steven Davis, AFWL, worked with Dr. Clyne for a period
during this year. The older of the two projects involves kinetic
studies of electronically excited interhalogens and halogens. One
result to date has been the development of a new method, using atomic
resonance, to determine absolute Br and Cl atom concentrations above
1013 cm 3. The method has been applied to a determination of the
quantum resolved dynamics of electronically excited BrC1. Whilst
electronic quenching is very inefficient, internal state energy
transfer is rapid and dominates lifetime measurements at pressures
above 50 mTorr. A zero—pressure lifetime for BrC1 .was obtained by
extrapolation; the same lifetime will, be measured under collision— - 

-

free conditions in a specially developed experimental facility.
Chemiluminescence spectra of BrCl from the reaction Br2 + OC1O have
been obtained with partial rotational resolution; populations of
individual vibrational states of BrC1 will be measured. Clyne’s
other project involves kinetic studies of the NF chemical laser.
The excited states a’~ and blE+ of NP are f ormed in a complex
reaction between H and NP2 radicals in a flow system; the rate
constant of this reaction will be measured as a function of tem-
perature. Preliminary work indicated that free N atoms play a
role in this reaction scheme; this will be investigated. NF(alA)
and biP quenching rates will be determined in the presence of
various quenching molecules such as NP2 and HP. The suggested
inversion of NP between a1A and the ground X3Z state viii be
studied; a method for monitoring NP X31’ will be sought.

9
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Conference Support. Each year EOARD receives a large number of requests
for financial support of technical meetings. The requests are evaluated
for Air Force interest and a limited number are selected for low level
support. Support always involves meeting the conference organizers who,
in turn, are more than happy to provide introductions to other prominent
workers in the field. All in all, conference support is a very cost
effective method of meeting the top European names in a given field.
It should be noted that meeting support always involves waiver of con-
ference fees for one or two Air Force attendees, free copies of all
proceedings and acknowledgement of Air Force support in all conference
literature. During the past year EOARD supported the following meetings:

XIth International Symposium on Rarefied Gas Dynamics, Cannes,
France, 3—8 July 1978

IXth International Conference on Photochemistry, Cambridge, UK,
7—9 August 1978

International Conference on Luminescence, Paris, France,
17—21 July 1978

~Major Charles J. LaBlonde is presently the Chemistry Liaison Officer
for the European Office of Aerospace Research and Deve l opment (EOARD) .
EOARD is a detachment of the AFOSR located in London ai ~, among other
things , provides liaison with members of the scientific and engineering
community in Europe , the Near East , I ndia and Africa .

Major LaB lo nde ’s experience inc l udes a tour of du ty a t the A i r  Force
Academy where he taught chemistry and served as deputy head of the
Chemistry Department. Prior to his assignment at EOARD , he spen t two
years in Europe as a participant in the Air Force System Command exchange
program for scientists and engineers.

Majo r LaB lo nde ’s overs eas address is :

EOARD , Ed i son House
223 Old Marylebone Road
London NWI 5th
Uni ted Kin gdom
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AFOSR RESEARCH IN MOLECULAR DYNAMICS

CAPTAIN RUSSELL A. ARMSTRONG

The molecular dynamics program has as i t s  ob jec t ive  the fundamental
understanding of the dynamic interaction of light , atoms , and smal l
molec u les . Th i s is ind eed a very broad objec t ive and encompasses a
la rge area of chemistry and physics (the distinction here being only
one of semantics). The program is divided into four genera l cate-
gories ; chemical lasers , atmospheric chemistry , plume and wake
chemistry and laser assisted dynamics .

The fi rst category is generally aimed at the development of the
sci enti f i c  da ta base from which exis t in g la sers can be i mproved and
new lasers can be developed. Althou gh heavily invo l ved with vibra-
t ional laser cand i da tes in the pas t , the emphasis is now dramatically
shif ting to chemically pumped electronic transition lasers (CElL) .
The most recent breakthrough in this area was the O2(’A)~~I laser
developed by the Air Force Weapons Laboratory (I). In the reaction
scheme , 02

(1A) is generated in the hypoch lor i te reac t ion of bas ic
hydrogen peroxide and chlorine. The reactions following are (in
simplified form)

202(’~) 
-

~ o2(’E) + o2(3z)

02(1E) + 1 2 02
(3E) + 2I (2P312)

I ( 2P
312
) + 02(’A) - ‘  I (2P112) + o2(3z)

‘i (2P112) -÷ i (2P
312

) + 1.315 iiM -

The firs t device was lased in December 1977 at 8 mW cw in a long i tudi nal
flow. That has matured to cw lasing at 100 W in a transverse flow.

The area of atmospheric chemistry invo l ves neutra l -neutral , ion-neutra l ,
ion-ion and cluster interactions. It extends from ground zero through
the ionosphere and thus covers a broad spectrum of research affecting
A ir Force surveillance , detection and comun ication systems . Typica l
of the excellent research in this area is that of the SRI group headed
by Dr. John Moseley, which is studying ion photofragment spectroscopy .
Using a laser-Ion coaxial beam spectrometer (2), sub-Doppler resolution
studi es of 02+, 03+, 03-. Ar2+ and Kr2+ (important in rare gas-ha l ogen
lasers) have generated new useful information of the potential surfaces
of these molecular Ions.

‘I
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Pl ume and wa ke chemistr y involves the study of species presen t in
rocket plumes and wakes and their interaction with atmospheric species .
The infrared signature of missiles at high altitude is primarily due to
hi gh ve l ocity col isions between exhaust and atmospheric species that
result in T÷V energy transfer. These collisions can reach relative
ve l oc it ies of 10 km sec ’1 . The cross sections for T—~’V exc i tation are
known to vary with veloc i ty but until relatively recently, r e l i a b l e
measuremen ts of the abso l ute cross sect ions have been e l us i ve. Recen t
experiments by Dr. John Fenn at Yale have demonstrated the techn i que
of determining these cross sections in a beam apparatus . They have
found that the 

~
02 collisio n with the N gives an exc i tation cross

section of O.1A at 4 km sec”1 and is steepl y risin g with veloc i ty .
Complimentary work by Dr. Al Rahbee of the Air Force Geophysics
Labor atory has recently demonstrated the technique as well. This is
a very frui tful area that has broad imp lication far beyond just the
rocket plume problem.

The f i n a l area of research , laser assis ted dynamics is probably the
leas t directed and certainly the most long term oriented of all of
the research areas . It is an experimental and theoretical effort
probing fundamental interactions of light with molecules or light
in itiated interactions of molecules with molecules. Inter- and intra-
molecul ar energy transfer , energy deposition and relaxation studies are
incl uded . The impact is broad and applicable to all three of the
previously mentioned areas. For example , Dr. Richa rd Zare has recently
reported results (3) of experiments designed to study the interaction
of atoms with orientation selected exc i ted molecules that “remember”
their exc i tatiofl history . He has found some very interesting patterns
of reactivity versus orientation that wil l i mpact the theoretical argu-
ments of collision interactions.

Fu tu re p la ns in the progra m are , of course , dependen t upon the resou rces
availabl e. Some particular areas for potential deve l opment are in
atmospheric response to sudden perturbations; for example , persistent
chemis try after nuc l ear airburst and laser propagation through , and
effects upon the atmosphere includ i ng larger clusters and aerosols.
This la tter problem is principally aimed at the scattering prob l em
and also includes the Intracavity effects in high pressure laser systems ,
where the phenomena are si milar to those in atmospheric environments.
We also are in terested In new work in the area of excime r lasers other
than rare gas-halogen systems. In terms of chemical lasers , we wou ld
l ike to investigate systems that do not require the massive input of
energy associated with discha rges.

.1
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The outline above represents a very limited selection of the AFOSR
molecular dynamics research. Many very exciting and far reaching
research endeavors have not been mentioned simply due to lack of
time and space. We believe our principa l investigators are among the
top scientists in the world. That belief is continuall y reinforced as
the research proceeds.

REFERENCES

1. “Efficient Operation of a 1 00W Transverse Flow Oxygen-Iodine
Chemica l Laser”, D. J. Benard , W. E. McDermott , N. R. Pchelkin ,
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2. “A Laser—Ion Coaxial Beam Spectrometer”, B. A. Huber , T. N. Miller ,
P. C. Crosby , H. D. Zeman , R. L. Leon , J. T. Moseley , J. R. Peterson ,
Rev. Sci. Inst .  48 , 1 306 (1977).

3. “Effect of Reagent Orientation and Rotation Upon Product State
Distribution in the Reaction Sr + HF (v..l ,J) + SrF (v’,J’) + H,”
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CHEM I CAL TECHN I QUES

DENTON W . ELLIOTT

The subtopic of electrochemistry p lays a key role in the Chemica l
Techniques area . Tod ay, c i v i l i a n , industrial , and military activities
are all highly dependent on electrochemica l energy conversion devices.
The military establishment depends on these devices to perform many of
its comun i cation functions such as command , control , and i n f o r mat io n
transfe r , as well as power to prope l and support their various vehicles.
The Directorate of Chemica l Sciences recognizes the relevance of
elec trochemistry to the Air Force and attempts to maintain a significan t
program in the area . A few examples of accomplishments are described
be low.

Prof essor J. I. Ma l oy at the Un i versity of West Virginia , collaborating
with Dr. D. F. Pickett at AFAPL has been investi gating the role of
electrochemically coprec i p itated cobalt hydrox i de and nickel hydroxide
at a nicke l microe l ectrode for purposes of eluc i dating the effect of
cobalt hydroxide on electrode reactions of battery active nicke l hyd roxide.
Hydroxide films were depos i ted onto the electrode surface from boiling
ethano l solutions of nicke l nitrate in the presence and absence of cobalt
nitrate ; their behavior in thirty percent potassium hydroxide solution
was studied by cyclic voltammetry , chronoampe rometry , and chronocoulometry.
In  general , the presence of coprecipitated cobalt hydroxide appears to
render the charge—discharge reaction more reversible , thereby allowing
charging to occur at less positive potentials ; this apparently increases the
charging efficiency by minimizing concurrent oxygen evolution . The micro-
electrode was also used to characterize the cathode deposition process
for the nickel hydroxide.

The microelectrode techniques used in this work have been shown to be
useful in the study of solid film electrodes of this type. Mass trans-
port occurring within the nicke l hydroxide film has been found to determine - 

-
the rate of the charge-discharge process. This observation suggests that
the techn i ques developed may be superior to conventional (Tafel plot)
methods fo r study ing elec t rode k ine t ics in  th i s  ki nd of e l ectrode .

Some insi ght to the improvement of nickel hydroxide electrodes through
coba l t hydrox i de prec ip i ta ti on has been prov i ded by th i s  work. In  general ,
copreci p i ta ti on inc reases poten ti al ra nge over which  chargi ng may occur
and a lso makes the elec t ron transfe r process more revers i b le .  Th us ,
coprecipitated cobalt hydroxide may be viewed as an electrocatalytic
agent. The mechanism of this catalysis is not known . A more detailed
descri ption of the above research may be found in Journal of the Electro-
chemistry Society, Vol 25, No. 7, Jul y 1978.
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At the Un i versity of Buffa ’o - SUNY - , Professor Stan l ey Bruckenstein ,
who pioneered the rotating ring disk electrode in this country , used
this technique in his solid electrode studies , and on phenomena related
to corros i on prevention . A practical and i dea l candidate for a ring—
disk corros i on study of a mu ltip le—phase system was that of a simp le
dental amalgam which is formed by reacting mercury with Ag3Sn.

This amalgam is known to be a three phase system consisting of a tin rich
phase , Sn 7_8Hg, a silver rich phase , Ag2Hg3 and un reacted Ag3Sn(l—6) .
Corros i on in the ora l environment can take place due to electrochemical
cells formed between the anodic tin—rich phase and the cathodic silver-
rich phase , according to

-74gSn7.,8Hg = Sn
2
~ + 7.!.w Hg + 2e (1)

02 + H20 + 2e = 201.1 (2)

or if the saliva is acidic , due to fermenta ti on of carboh ydrates and
saccharides ,

2H~~+ 2 e = H 2 (3)

Any mercury formed by the anodic process is presumed to react with the
excess Ag3Sn , to for m add i t io nal Sn7_8Hg and Ag2Hg3, and the corros i on
continues.

Jorge nsen has shown tha t in wel l  condensed amal gam , the Sn7,,8Hg-
phase forms a coheren t ne twork thro ughout the bu lk , and hence tin
dissolu tion is not limi ted to the surface . The literature on in vivo
and in vitro corrosion products shows the presence of insoluble tin
compounds , SnO and Sn0 *H20 in NaCI solution , and Sn02 and SnS2 in
restorations taken fromLhu man mou ths.  Ev i dence for mercury and s i lver
su l f i d e s  and s i l v e r  chlor i de i s a lso  to be found .

Ring-d isk studies were performed in 0.9% NaCl using an ama l gam d i sk
(35% Ag, 13% Sn , 51% Hg , 0.5* Cu and <0.5* Zn) and a gold ring. Onl y

• tin ions were found to leave the disk electrode providing direct proof
for the selective dissolution of tin during corros i on of dental amalgam
in an in vitro environment.

Successive i n-ED curves indicate that the surface has become more noble;
i.e., ox i dation currents decrease at a given oxidation potential with
t ime , in keeping with the view that surface concentration of the Sn7_8Hg

• phase is decreasin g. There is only a slight affect in the cathodic
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branch of the iD~
En curve , aga in confirming that the corrosion reaction

does not invo lve the Ag2 Hg 3 phase.

These results show that the mercury released by reaction (1) does not
react exc lus ively w i th  unreacted Ag~ Sn to produce Sn7_8Hg. A considerable
port ion of the re leased mercury must also form A g2 Hg 3. S ince no sig-
nificant amounts of s i lve r are oxidized at the disk elec t rode , and tin
cannot accumulate on t he disk electrode surface , some of the soluble t in
spec ies may arise from the unreacted A g3Sn present in the dental amalgam.

This study represents the f i rs t  in v i t ro  study demonstration that soluble
tin species are se lec t ive ly  removed from a corroding dental amalgam.

Add itional information is published in the Journal of Biomed ical Mater ia ls
Research 12, 1 (1978) .

The goa l of battery modeling techniques is to relate a battery ’s physica l
cha racter ics (electrode des ign, separator system , etc .)  to i ts performance
in service . Such a capab ility would allow battery users to select or
design a battery to speci f ic  performance requirements. In add it ion , the
enhanced understanding that i s obtained w i l l  prov ide the battery developer
wi th new approaches to improve battery components.

Professors 0. N. Bennion and J. Newman of the Un ivers i ty  of Cal i fornia ,
Los Angeles and Ber keley , respect ively, have been involved in research
to identify and more c lear ly  describe causes for fai lure in zinc-nicke l
oxide and z i n c — s i l v e r oxide bat ter ies and to propose and tes t ways of
reducing or e l im ina t ing  the negative e f fects .  Under previous A i r  Force
support these researchers completed an invest igation on Zinc electrode
Shape Change in which they determined the cause and suggested solut ions
to the prob lems . Under AFOSR support they have made membrane transport
measurements on the RAI-2 29l membrane. Transference numbers of the K+
ion and the results were recorded as shown in the following table:

Table 1

Concn . of KOH Sp. Conductivity
(mo l/ l i t )  (ohm—cm) 1

8.399 2.0059 x I0~~

9.42 1 3.3259 x l0~~

9.508 2.6886 x 10~~

9.994 2.6335 x lO~~
K (av) ~ 2.6635 x l0 ”~ (ohm-cm) ’1
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They have also measured the reaction profiles for pressed zinc electrodes
d ischarged at various current densities to various depths of discharge .
They found tha t s ign i f icant  errors on d ischarging are associated w i t h
the increase in electrode thickness by swel l ing .  Furthe r work on reaction
prof i les i~ ~~ing underta ken to understand and correct other fa i lu res
involving the zinc electrode.
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SURFACE CHEMISTRY
LT. COLONEL RICHARD W . HAFFNER

Task 2303/A2 is the official designation for the AFOSR Surface
Chemistry program. The objective of this program is to provide new
sc i ent ific concepts and im p rove bas i c unders tand i ng of chem i cal
reactions occurring on surfaces and thus make va l uable contributions
to many mater ia ls  l imi ted technologies v i ta l  to the Air Force such
as solid state , metallurgy , tribology , mechanics and propulsion .

This objective is accomplished by studying the structure and properties
of surfaces and their interactions with gases , liqu ids and absorbed
solids. The principa l areas of investigation currently relate to
corros i on , lubri cat ion and adhesio n .

The corros i on effort is aimed at reducing the structural damage to
Air Force equipment due to corrosion , thereby saving money and improv-
ing mission capability. Generally , the AFOSR Surface Chemistry program
focuses on three main facets of the corrosion problem : direct chemica l
attack , electrochemica l phenomena , and surface protection .

More specifically, AFOSR is supporting research aimed at improving
protective oxide films and inhibi tors for metals such as titanium and
aluminum . Also of interest is the possibility that corrosion can be
controlled by using new surface modification techni ques such as ion
implantation and “laser glazing. ” Adsorption-desorption kinetics of
oxygen -~nd other species on metal l i c surfaces is being s tud i ed by
var i ous techn iq ues. Unders tanding the mass transport of water and
hostile ions through protective paint films is another research effort
related to corrosion of metals.

Because the AFOSR corros ion research program was.rev iewed in detai l
last yea r , the remainder of this report will hi ghli ght the objec ti ves
and accomplishments of the lubrication and adhesions research programs .

At Ford Motor Company, research under the direction of Dr. Lee Mahoney
is bein g conduc ted to inves t iga te deter iora ti on and metal corros i on
phenomena occurring in lubricant systems in oxidat ive environments at
high temperatures . The infor mation to be gai ned from this work can
possibly be used to formulate improved lubricants for Air Force appli-
cations tha t can withstand the effects of thermal aging and oxidation .

Utilizing stirred flow reactor techniques , the scien t ists at Ford are
attempting to determine (1) the kinetics and mechanisms of the oxidative
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and thermal reactions of a synthetic ester lubricant , with and without
antiox i dants at temperatures from 180 - 220°C at various reactio n ti mes ;
(2) the rates of metal corros i on phenomena and the i n fl uence of corros i on
products on the course of oxidative and therma l reactions of the synthetic
ester over the same tempe rature ranges as (1)

To da te, a s tudy of the lengt hs of the inh i bi t ion periods ca used by the
addition of varying amounts of the bisphenol antioxidant , 4,4’-
methy le nebis (2,6-di-ter butylphenol), BPH , on the autoxidation of
pentaerythrity l tetraheptanoate , PETH , in a batch reactor at 180 , 220
and 220°C has been carried out. A kinetic analysis based upon these
results together with preli m i nary resu l ts on the BPH decay and qu inone
methide product formation as a function of time yield the following
genera l equation for the rate of decay of BPH :

d(BPH)t w0 + 2k1 (RO 0H)t
- 

dt = k (QM) k (P)
QM t P t

2 + 2
kBPH (BPH)t 

~~ 2 kBPH 
(BPH)

t

The symbo l w0 designates the rate of radica l formation from the spontane-
ous react ion of molecular oxygen wi th PETH and 2kl (ROOH)t i s the rate of
rad ic al product ion from the decompos it ion of organic hydroperox i des
formed at h i gh BPH concentrations from the react ions of BPH and BPH
antiox i dant active products , QM and P, wi th or gan ic peroxy radic a ls and
at low BPH concentrat ions from react ions of organic peroxy radi ca ls wi th
PETH . The ratios kflM/kBpH and kp/kBPH are the rati os of rate constan ts
for the free radicat hydrogen atom transfer reactions of WM and P to that
of BPH. The genera l validity of this equation and the va l ues of the
various rate constants are bein g obtained from stirred flow reactor
s tud ies .

A study of wear rates at 100°C manifested by pure PETH and by sli gh t ly
ox idized PETH has been completed . At only ca. two per cent oxidation
the wear rate is increased by a factor of ei ght over that of pure PETH .
Th is result together with those from various ancillary studies are con-
sis tent wi th the v iew tha t hydroperox i des , perhaps in combina t ion wi th
a ,y—subst i tu ted di funct ional oxidation products , lead to a rapid corrosive
wear phenomena . The separate and combined effects of model hyd roperox i de
and ‘-z ,y-d i carbonyl compounds on the wear of pure PETH are yet to be
investi gated .

For the last two and one half years , Dr. Sned iker and colleagues at
Battel le Columbus have been studying the effects of oxygen and water
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vapo r on lubr icant f i lms . The approach taken in this program was to
study a fundamental mechanical property of the films--the compressive
rupture strength. Rupture strength measurements are made on a f i lm-
penetration appa ratus deve loped at Battelle (Figure 1). This appa ratus
is so constructed that a sty lus may be incremental ly loaded over a wide
load range until film rupture , detec ted by elec t rica l contin uit y, occurs.
In i t i a l l y ,  fi lms formed from a diester di-2-ethylhexy l sebacate (E— 10 5)
and the solutions of tricresyl phosphate (TCP) in the diester were
stud ied. In addit ion to the f i lm  rupture strength measurements ,
e llipsometry and external ref lect ion infrared spectroscopy were performed.
The substrate in all cases was highly polished ARMCO i ron .

Load

Soluti on

<
~~

lUs

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Electr ica l

- 
- . c Boundary F i lm

Substrate

FIGURE 1

Both stat ic and kinet ic measurements we re made of f i lm strengths of
E—l0 5 and E-105 + TCP solutions. In the s ta t ic  measurements (performed
at tempe ratures rang ing from 20° to 204° C) ,  it was found that the f i lms
have a low—strength component and a high-strength component and that a
kind of phase transit ion occurs at about 93°C at which the hi gh-strength
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component grows at the expense of the low-strength component. The high-
strength component decomposes at about 180° E l l i psornet ric measurements
over the same temperature range confirmed the existence of these transitions.
The kinetic measurements showed tha t major changes in the rate of change
in film strength occur in the temperature range 100° to 120°C.

During the second year of the program, the film penetration apparatus
was mod i f ied to permit repeatable , rout ine measurements under controlled
atmospheres. The appara tus was mod i fied such that the rate of load appli-
cation is automatic. and reproducible.

Experiments carried out in dry and wet air environments indicate that the
presence of water has a strong retard ing effect on the formation of
strong boundary films from both pure ester and TCP solutions. The reaction
rates were observed to increase sharply at temperatures above 105° to 110 °C.

Experiments carr ied out in dry and wet argon environments indicate that
oxygen is essent ial to the formation of compressively strong films . Weak
films found in argon gained strength with exposure to air.

More recentl y, exper iments aime d at providing bas ic information in the
surface chemistry of E-l05/TCP film have been initiated . ESCA spectra
indicated that organic phosphorus compounds may be present in the films .
More ESCA work at higher resolution is needed to confirm this resul t .
This work is now in progress. A lso , infrared spectroscopy in the external
reflection mode is being ut ilized to gain informat ion on organ ic structure
of the f ilms .

Us i ng an ent irely different experimental app roach , Dr. James Lauer ,
Rensselaer Polytechnic Inst i tute , seeks to expand our knowledge of how
and why lubricants fai l  when subjected to extreme boundary conditions.
Dr. Lauer ’ s bas ic objective can be simply stated : understand the bulk
and boundary layer chemical-physical properties of lubricants in simulated
e lastohydrodynamic (EHD) contacts.

A lthough the objective of this research is simple , the approach is not .
Lauer has constructed a rather unique END apparatus wh ich allows him to
ana lyze infrared radiation emitted from the contact zone. A schematic
d iagram of the apparatus is shown in Fi gure 2.

II
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FIGURE 2

Bas ica l ly ,  the EHD unit is an upside—down Four-Ball machine in which
the gold plated test ba ll is rotated about a horizontal ax is  to form
a s l id ing contact at a diamond window mounted in the bottom plate of
a cup containing test fluid. The load (up to 50 kilobar) is applied
by a l ever arm (not shown) resting on top of the test ball at three
point—contacts. A flexible shaft connects the ball to a constant
drive motor. Diamond is an almost perfect window material for the
infrared and has the mechanical strength to withstand the high contact
pressure.

The radia ti on detect in g system cons i sts of a Beck lens , wh i ch gathers
the radiation transmitted by the diamond window over a large solid
angle , a Four ier spectrometer , and necessary in terferometer optics. A
ded icated mini—computer is interfaced with the infrared emission Fourier
int erferometer/spectrometer. This interface allow s data collection and /
storage on a magneti c disc at a rate compati ble wi th the spectrometer
and data processing at the computer rate. A spectra l p lot Is obtained
in two—to—three minutes.

By anal yzing the infrared spectra obtained from the Contact zone ,
phase changes , solub i l i t y  changes , changes of conforrna t ional equi l ibr ia , I’

v iscosi ty and temperature changes have been deduced . For the coming

22

_, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -
,

-
-

- .- - -
~~~~ 

- -
~~~~~~~~~~~ - - 

-
- -

-4 -~~~-- . -
. i



— -~~~~ w —

year , Lauer plans to investigate such things as changes of f luid
composition along the conjunction line in operating bear i ngs, influence
of polar addi t ives on t he state of non—polar lubricants , f lu id izat ion
of “glassy ” f luids under shear , the influence of boundary surfaces on
lubricants; e.g. ,  gold or plat inum plating, ceram ic bearings.

There is only one adhes ives research program presently ongo ing in the
Surface Chemistry task. Dr. Jar Mo Chen , Martin Mar ietta Laboratories
(MML) is invest igat ing the physica l morphology , chemical composition ,
and crystal lographic structure of aluminum a lloy adherend surfaces in
relat ion to adhes ion durabil i ty under various environmental condi t ions.

In i t i a l l y ,  the research is directed toward c la r i f ying the mechan is ms
involved in both ox ide f i lm  growth and f i lm  degradation . Hopefully,
results from this work w i l l  provide useful guideli nes for improv ing
the adhesion and long term durabi l i ty  of aluminum adherend surfaces,
Specif i ca l ly ,  MML wi ll investigate the factors responsible for the
development of oxide protrus i ons and cell structures that are observed
to form on aluminum surfaces treated by various chemical pretreatments
such as chromic acid anodizing, Forest Products Laboratory etching and
phosphoric acid anodizing. Electrolyte concen t rations , anod ization
vo ltage , and treatment time wi l l be systematically varied and the
results monitored by STEM , Auger , ESA , etc.,  to fol low the formation
process from the early stages of growt h to the point where the final
structure is deve loped .

The MML sc ient ists w i l l  also investigate crystal lographic structure
of the oxide f i lms by transmission electron di f f ract ion . Their objectives
w ill be to: (1) c la r i fy  whether the structures are true oxides or
hydrox i des, and (2) determine the significance of prior observat ion
that the structure of the protrusions is di f ferent from that of the
barr ier layer. An understanding of these factors is crucial to under-
stand ing both the mechanism of f i lm  formation and the behavior of the
f i lm  in host i le (salt water , humidity) environments. Final ly ,  the experi-
mental data obta ined w i l l  be used to develop a model for the growth of - 

-

the observed structures .

A second adhesives research effort , p lanned to start  in May 1 979, will
be d irected by Dr. Chong S. P. Sung of MIT.

The objective of this work is to obtain a basic understanding of the
role of si lane type coupling agents on the adhesion promotion and wet —
strength improvement of metal-polymer adhesive joints. Single crysta ls
of aluminum oxide w i l l  be used as model surfaces on wh ich the si lanes
w i l l  be adsorbed from aqueous or organic solutions. Since a single
crystal of aluminum oxide does not absorb IR in the range of 3-7u , the I 5_
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IR spectra in this range onl y reflec ts the chemica l changes on silanes
and interaction between silanes and aluminum oxide . For thicker films
of s i lanes , Fourier Transform IR transmission spectroscopy will be used .
And for thin films of s i lanes , Fourier Transform IR internal reflection
spectroscopy and ESCA will be used to study the structure of the si lane
f i lms and interact ion between s i lanes and aluminum oxide. When adhesive
molecules are introduced , IR internal reflection spectroscopy will be
utilized to determine if any chemical interaction between coupling agent
and adhes ive polyme r molecule occurs.

In order to correlate the structure of the silane film with the adhes i ve
joint strength of the metal-polymer joint , peel tests (for ductile polymer)
and lap shea r tests (for r ig id  and thermoset polymer) w i ll be performed
and fa il ure mode and locus w ill be anal yzed . The durability of the joints
to the wet environment will be tested and the attempts wi l l be made to
correlate the durability with the structure of the silane f i lms and their
changes during ag ing.
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FLUIDS AND LUBRICANTS RESEARCH
DR4 ANTHONY J. MATUSZKO

For many years therma l stability was perhaps the most i mportant
property for f lu ids  and lubr icants.  Lubricants and hydraul ic fluids
which could withstand temperatures to 350°F were adequate to meet
existing requirements of the Air Force. Petroleum oils and hydrocarbon
ethers and esters fulfilled the needs quite adequately. As ope :ational
and enviro nmental cond i ti ons became more severe, with the advent of
hypersonic vehicles , requirements changed . Fluids and lubricants were
not only expected to withstand higher temperatures but fluidity at
lower temperatures became an i mportant consideration . Exposure to
extremes in pressure presented the need for liquids of low volatility.
Other factors to be considered were ox i dative stabi lity , corrosive ness
of decomposition products and so on.

Through work done at the Air Force Materials Laboratory and elsewhere ,
perfl uoroalky l- and perfluoroa l kylether — substituted s-triazine s (Ii
have been shown to possess excellen t hi gh temperature propert i es and
ox i dative stability.

N

Rf - C  C - R  -

I II
whe re R f = -OCH2(CF2)6H

I CF3
Rf 

- I
or —CF(OCF2CFC F3)0C3F7

an s— triazine
- or - one of severa l other

perfluorocarbon groups

I t was also observed that certain phosphorus—containing additives
increased the lubricity of fluids and some reduced corrosion caused
by metals exposed at hi gh temperatures to perfluor inated flu ds. Based
on these observations , Drs. Paciore k and Kratzer of Ultrasystems Inc.
in Ir vi ne , Ca li f . ,  proposed that sui tably substituted phospha-s—triazines

4
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could very well combine the desirable characteristics of the triazine
ring system with the lubricating and corrosion inhibiting properties
of the phosphorus component within the same compound. Under an AFOSR
contract and using the follow i ng react ion schemes they successfu lly
prepa red the monophospha- and diphospha -s-triazines.

‘[2

NH NH2 II
Rf~~~~ 

~~ N~~~~ 

C~~Rf + R2PC1 3
—.—~~~~~

. Rf~~~~C + 3HC1

an imidoy lamidine a trichlorophosphorane a monophospha—s-triazine

l
~f

Cl Cl 2 NH N N

I, I
R2 

~~
‘ N 

PR2 + RfC 

NH2 

R2 

N’ 

+ 3HCI

an imi dod i phosph i n i c acid an am idine a di phospha-s-triazine
trich lorid e

Rf = perfluoroa l kyl
or perfluoroa lkylether

R = C6H5

The perfluoroa l kyl-subs tituted derivatives were low melting solids
whereas the perfluoroa l kylether-containing compounds were liquids.
Degradative studies showed these compounds to be thermally and oxidatively
stable in addition to exhibiting metal corros i on inhibiting action . These
materials , unfortunately, had vapor pressures which were too high to be
emp l oyed as high temperature fluids. The synthesis of higher molecular
wei ght homologues is in process. It is expected that these new materials
will have l ower vapor pressures and will find wider applications under
extreme operational conditions. •

I.
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Another group of compounds which have rece i ved attention as high
temperature fluids and lubricants are the perfluoroalk y l polyethers (U)

1F Fl F
II I I I

F c c .f.... 0 C CF
3

[,~,
F3 F] F

a perfluoroalky l polyether

Al though these compounds have many desirable properti es , methods for
mak i ng them are limi ted and the compounds whi ch have been made are
generally quite expensive . Some of the problems encountered at hi gh
temperatures with presently available perfluoroa l kyl polyethers are
corros i veness and metal catalyzed oxidative instability. Additives
in most cases have overcome these problems .

AFOSR Chemistry has been looking at new methods of making fluoro-
carbon ethers under a grant with the Un i versity of Texas with Professor
Richard Lagow. Professor Lagow has synthesized and isolated a series of
perfluoro polyethers .

CF3 ~(0~CF2~CF2)n — 0 — CF3

CF3 ~(0~CF2~CF2)m 
— 0 - CF2 — CF3

where n and m = 1-5

He is i n the process of fully characterizing these polyethers and
studying their physical properties. -

New and unique fluorocarbon ether derivative s have been synthesized
under a contract to Dr. Madeline Toy of SAl in Sunnyvale , California.
Thermal and photopolymerization reactions of bis(fluoroxy)difluoromethane
and “Dewar” hexafluorobenzene resulted in oli gomers with molecular weights
in the order of 2600 to 2800 which Included the following groups in the
oligomer chain.
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Other l ower molecular weight products were isolated and i dentified .

The chemistry learned from the studies of perfluoro polyethers and
phospha—s-triazines will be useful in the synthesis of usable hi gh
temperature fluids and lubricants of the future .

4
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AIR FORCE RESEARCH IN STRUCTURAL
CHEMISTRY - AN OVERVIEW
DR. DONALD R. ULRICH

An overview of the Structura l Chemistry task was last presented in
the 21st Annua l AFOSR Chemistry Prograni Review , FY 75 and 76. An
updated report is presented here for FY 78 with an emphasis on research
directions and results. The purpose is to provide the reader with a
progress report of the total program , providing detail where i mportant
and significant results have been obtained.

The Structural Chemis try task consists of subtasks in po l ymers , glass,
solid state chemistry and carbon-carbon materials. The objective of
this task is to relate mechan ica l , therma l, physical , opt ica l , e lectro-
magnetic and environmental properties to structure from the molecular
to microstructional leve l in nonmetallic materials. Emphasis during
the FY 1978 has been on: (1) the p rocessing science of ordered po l ymers
for molecular compos i tes; (2) the process chemistry base for carbon-
carbon compos i tes ; and (3) solid state chemistry for the des i gn of new
electromagnetic materials for microe l ectronic and electro-optic app li-
cat ions.

SOLID STATE CHEMISTRY

The thrust of the solid state chemistry task is directed toward the
understanding of solid state phenomena and microstructures in nonmetallic
electromagnetic materials. The subtask was expanded during FY 1977 and
FY 1978 so that programs are now focusing on cooperative and dynamic
phenomena in molecular solids , the defect ch~mistry of inorganic crystal-
line materials , and the synthesis , reactivity, and charac te ri za t ion of
new molecules and complexes with unique elec tromagnetic properties . A
long—term goa l which this research supports is development of the non-
metallic materials chemistry base in support of microstructura l sciences
for electronic devices.

Professor C rosby ’s research at Washington State Un i versity is addressing
the uti l iza t ion of t ransi t ion metal comp lexes and their charge transfe r
exc i ted states in solids to guide the design of new electronic materials.
Emphasis is shif ting from synthesis and classical spectroscopy toward
the measurement of temperature-dependent phenomena , in particu lar , the
effect of intense external magnetic field s on substances possessing metal
ions with nd6, nd 10 , and 4ffl conf iquratior i s and l i gands wi th extended I!
structures . Examples include the series [Ru(NH 3)5LJ [Cl 04]2, where L
represents pyridine and substituted p yrid ine , and se ts of molecu 1~ s of
the type (Ru (L—L) jI (BF4~2, (R u(L-L-L)2)(8F4)2, and [Ru(L’L) n (Ll L ))
(BF4)2 (n— i , 2, 3; L , L1 — coordinating ligand) .
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In an effort complementary to Professor Crosby ’s resea rch , a new grant
was started with Professor Paras N. Prasad of the State Un i versity of
New York at Buffalo to develop an understanding of both the topochemical
and the energetic (dynamical) requirements for reactivity in the solid
state. The method of investigation , time-resolved Raman spectroscopy
using phonon spectra , has not been emp loyed in the pas t fo r such study.
By judicious choice of a crystalline ma trix into wh i ch the reactive
speci es can be incorpora ted, the proper orien tati on and energy dynam ics
of this molecule can be sel ected to control the course of a solid state
reac t ion . This can lead to the synthesis of novel molecules and polymers
of desirabl e ele ct romagnet ic proper t ies.

Addressi ng the molecular crystal chemistry which is essential for pre-
dicting electromagnetic materi als and transitions, Professor Bernstein
at Colorado State Un i versity has been investigating the phase stabilit y
and sol id  state dynam ics of mo~ecula r solids through the use of Rama n
scattering. In his work on the interaction between light and molecular
crys tals , the exis tence of polari tons in molecular solids was observed
and verified for the first time during FY 1978. Polaritons have been
observed in ionic sol ids , but never before in molecular crystals.
Transverse electromagnetic modes wh i ch are propagating in a crys tal and
have a mixed photonlike and opt ica l phonon like na ture are referr ed to
as polar it ons. He has shown that the coup ling of light wi th the sol id
to form polarization waves is a much weaker effect in molecular crystals
than in ionic systems due to the short-range nature of the intermolecular
forces in molecular solids. He has also shown that the accepted crystal
structures of severa l molecular solids may be incorrect. An example is
triazine. The observation of polariton coupling in Raman scattering has
shown that the crystal does not have a center of invers i on as previously
believed. Polari ton modes can potentially give more information about
solid state phase dynamics than simple phonon modes. Phase transition s
can be studied (by Raman scattering) over a much wider range of wave
vector (reciprocal) space than previously shown . -

The basic mechanisms behind the electro-optica l phenomena in inorganic
crystals such as lithium niobate are intimately connected with the
defect chemistry of the material. A program was started with Professor
Donald M. S-myth at Lehigh Un i versity for a detailed study of the defect
chemistry of li thium niobate by means of high temperature , equilibri um
conductivity measurements on high purity and doped sing le crys tals as
a function of temperature (600-1150°C), oxygen partial pressure , lithia
activity, impurity type and concentration , and lithi um—niob i um stoich i-
ometry . A thermodynamic characterization will be developed and the
results compared wi th alternative , self-consis tent defect models , wh ich
ind ica te that curren t ly accepted models are not in accord with existing
experimental observations.
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GLASS CHEM ISTRY

During FY 1978, the leve l of effort for glass research remained at the
FY 1 977 level . Research focused on the surface chemistry of glass ,
the interaction of glass wi th visible and infrared radiation , and the
rela t ion of s tructure to therma l and opt ical properties.

Professor Hench of the Un i versity of Florida is conducting a study of
g lass , glass—ceramic and silicon nitride (Si 3Ni4) materials aimed at
developing predictive relationshi ps for the lifetime of materials
under various combi nat ions of chemica l, mechanical , and thermal environ-
ments. The primary mechanism of corrosion in glass-ceramic composites
has been ident i f ied as preferen t ial grai n boundary at tack between the
crystals and the glass matrix. A nondestructive infrared reflect i on
spectroscopy (IRRS ) method has been developed to analyze the volume
fraction of crystallization and the chemica l attack. An effect of
volume frac t ion crys tal l i za t ion on the t ime decay of the Auger electron
si gnal of the mobile ions in the glass—ceramics has also been discovered
and the consequence on surface physics of pol y-phase ceramics is being
inves t igated. Dynami c fa t igue measurement s of Li 20-Si02 g lass es y ield
environment sensitive fatigue parameters that can be used for lifetime
predic ti ons when a given mechan ica l s tress is app l ied in the chemical
environment tested . Exploratory studies extending the glass-ceramic
results have shown that infrared reflection spectroscopy can be used
to characterize the glassy film s that devel op on certain Si 3Nk materials
exposed to high temperature oxidation .

Because of the need for very low expansion glasses and glass-ceramics
wh i ch would minimize thermal shock on exposure to lasers , Professor
Mackenzie at the Un i vers i ty of California , Los An geles , has been study-
ing glasses based on Cu20—A~203—S iO2. In the course of heat—treatment ,
a new family of glass ceramics was aiscovered which have negative , zero ,
and small positive expansions and high temperature st~bi 1i ty to 1000°C.
The add it ions of minor amounts of B203, ZnO , and Na20 lower the melting
temperatures of the glass , but do not effect the expansion of the
glass—ceramics.

Professor Mackenzie has i nitia ted research on the optica l properties
of fluoride glasses which transmit in the visible and are known to
transmit at least to about 6p in the infrared . Theoretica l considera-
t ions , however, suggest that fluoride glasses should transmit to beyond
l2~j. Since li ttle is known about the infrared absorption of fluoride
g lasses , experiments were started with the aim of understanding what
controls infrared absorption In these materials. A technique has been
devised for the preparation of large , colorless , transparent samples
based on ZrF2. Preliminary transmission measurement results support
the theoretica l pred i ct ions.
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CARBON—CARBON MATERIALS CHEMISTRY

The Off ice of Nava l Research and AFOSR are joi nt ly support ing a basic
research program in carbon-carbon compos i te materials and structures.
Whil e the focus of the program is on rocke t nozzle app l ica t ions and
environments , the research is establishing the science base which is
ess ent ial fo r the rel i abl e p rocessi ng and perfo rmance of ca rbon mater i als
for nosetips , heat shields , a ircraft brakes and large space structures .
The Structura l Chemistry task in a jointly planned and executed effort
with the Air Force Materials Laboratory is addressing the processing
sci ence of carbon-carbon composites.

This thrust is an example of Air Force basic research reacting quickly
to meet a near—term Department of Defense requirement. It is planned
as a five year effort and will be completed during FY 1981.

The o~jective of the process chemistry program is to understand the
influence of process variations on microstructure formation and com-
posite properties. That is , the precursor and process chemistry data
base for carbon fibers and carbon-carbon compos i tes which is essential
to deveiopici~ ‘~ontrolled microstructures and tailoring mechanical ,
therma l and phys i cal p roperti es w i ll be es tablished. Process chem is t ry
is the key to controlling microstructure , wh i ch is the link between
p rocess i ng and response in a g iven environme nt , and microsco pi c s truc tu ral
defec ts , which limit strength in service .

Since the fiber/matrix interface is considered to be the major influence
i n the format ion of the mesophase and subsequent development of defects

- and microstructures , two fundamental resea rch programs were initiated
in late FY 1977 with Professor Uh l mann at MIT and Professor Diefendorf
at Rennselaer Polytechnic Institute to develop the process-structural-
property relations of carbon fibers and the relation between structura l
fea tu res o1~ the compos i te and the structure of the fibers.

Concurrent compos i te matrix research programs were initiated early in
FY 1978. These , in particular , are clos e ly coord inated wi th the AFML
6.2 (exploratory research) analytica l modeling program for improved
processing. Dr. Gebhardt at Genera l Electric and Mr. Pope at Science
Applications Inc. are providing fundamental data key to the anal ytical
effort.

Professor Diefendorf at RPI is investigating the effects of processing
on carbon fiber structure , longi tudinal and transverse p roper t ies
(modulus , therma l expan’~ion c’,efficient , and strength) , and flaws using
quantitative optica l measurements. Professor Uhlmann at MIT , address-
ing the stabilization and graphitization of acrylic fibers and micro-
struc ture of carbon-carbon composites , has determined the high-tempera-
ture mechanical properties of a number of acrylic fibers used as
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precursors in the manufacture of carbon f ibers . Notable d i fferences
in behavior are seen between fibers containing a weak acid comonomer
and those without such comonomers. The results suggest the develop-
ment of cracks in the fibers during stabi lization . They are suggested
to result from differences in mechanical properties between oxidized
and unoxidized mater ia l .  These res u lts , which have i mportant imp lica-
t ions for the development of improved con t inuous process i ng of acry l ic
fibers to car bon f i be rs , are presently being pursued and extended to
structura l development in carbon-carbon compos i tes.

Dr. Gebhardt is stud ying the chemistry of formation of the graphite
precursor (mesophase) during pressure pyrolysis of the carbon-carbon
matr ices wi th emphas i s on the determ inat ion of v iscos ity, densi ty,
compressibility, and other fundamental proper t ies of a model compound
such as phenanthrene and typ ica l commercial  pitches. These are being
stud i ed as a function of processing temperatures , times , and p ress u res .
Mr. Pope at Sc i ence Applications Inc. is studying the time-temperature-
pressure relationships on the decomposition of coal-tar pitches used as
matr ices w it h considera t ion of rela ti ng chem ica l and k i ne t ic phenomena
to microstructure and the fluid dynamics of processing.

POLYMER CHEM ISTRY

Polymer chem i s try is the lar ges t sub task in the Structu ral Chemi s try
task , si nce polymers are widel y used as s truc tura l, containment and
elec t romagnet ic materials in aircraf t , weapons and weapon delivery
sys tems , and sa tel l i tes. The polymer chem is try sub task consis ts of
two initiatives. One is a corporate effort of AFOSR and the Air Force
Materi a ls Labora tory to develop the p rocessi ng scienc e of ordered polymers
for self—reenforced or molecular compos i tes. The other is the establish-
ment of structural—property relationships in resins and adhesives.
Research covers the range from mater i als for the f uture to those that
are i n operational usage. 

-

ORDERED POLYMERS

The Air Force Offic e of Scient ific Research and the A ir Force Materials
Laboratory are sponsoring extramural and i rthouse research directed
toward the synthesis , characterization and processing of nernatically
(l iquid crystal) ordered rigid rod polymers with the potential of being
used for very hi gh strength, environmen tally resistant self-reenforced
composi tes. The objective is the attainment of mechanica l properties
for a structura l material comparable with those currently obta i ned with
fiber reenforced compos ites , but with significan tly hi gher environmen tal
resis tance and without the use of a fiber reenforcement. Research has
centered on the ri g id rod , extended chain aromatic-heterocyclic polymers.
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Of the aromatic-heterocyclic polymer systems being explored , the para-
ordered pol ybenzoxazoles (PBO) pol ymers have been the most thoroughly
stud i ed. A phase of the FY 1 978 effort has been the successful synthesis
of PBO polymers containing a limi ted number of swivel segments by
Dr. Robert Evers of AFML . Solutions of these swivel polymers exhibit
more des irable p rocessing charac teris t ics such as hi gher molecu lar
wei ght , improved solubi lity , and higher concentration while still dis-
playing anisotropy . This approach is , in part , a res ult of a sta ti s t ical
thermodynamic treatment for mixtures of rodlike particles in terms of
phase equilibria being carried on by Professor Flory of Stanford
Un ivers i ty under AFOSR sponsorship. Professor Flory ’s theory has
been developed for r ig id rod polymers conta i ning sw ive l se gment s and
predicts that solutions of these polymers , as exemp l i f ied by PBO swiv el
polymers , shou ld also exhibi t aniso tropic behav ior simi lar to completely
rigid rod pol ymers. Preliminary characterization results on PBO swive l
polymers ind i cate that an i sotropic behavior in solution occurs as pre-
dic ted by Dr. Flory ’s studies , that unusual polymer morphology is also
p resen t in cas t f i l ms , and — also as predicted - processing is facili-
tated by higher solubility .

AFOSR principa l investi gators , along wi th Dr. Flory , incl ude Dr. Berry
of Carnegie—Mellon Un i versity , Professor Mark of the Un i versity of
Cinci nnat i, and Dr. Wolfe of Stanford Research Institute . Dr. Berry
is investigating the kinetics of polymerization of PBO . A new grant
was in it ia ted wi th Dr. James Mark of the Un ivers it y of Cinc in nat i to
use standard semi-empirica l potential energy func t ions to calcula te
energies of different conformations of relatively ri g id cha in molecules
and interaction energies between such chains in the ordered polymer
systems . The basic goals are molecular understanding of the unusually
hi gh strengths of materials such as the polybenzoxazoles and knowl edge
of how currently available structures could be modified to improve
these strengths.

Looking to future ordered polymer systems , a new contrac tual effor t
was ini tiated with Dr. James Wolfe of SRI International for studies
of step-growth propagation of high molecular wei ght ri gid rod polymers ,
in particular ,. P—p heny lene-2, 6-benzobisthiazole (PBT) . The research
is des igned to contribute to the understanding of the difficulty of
obtaining high molecular weight in aromatic polymers capable of forming
li quid crystalline solutions.

STRUCTURE-PROPERTY RELATIONS IN POLYMERS

The second thrust in po lymer chemistry focuses on establ ishing funda-
mental structure—property correlations in structura l , conta i nment ,
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electromagnetic and environmentally resistant materials. Research
duri ng F? 1 978 was brought to completion on contracts by Dr. Roger
Morgan at the McDonnell Douglas Research Laboratory and Dr. Joseph
Nanevi cz at SRI , International.

The work of Dr. Nanevicz , descr i bed in the comp leted project summary ,
is an examp l e of Air Force basic research systematically generating a
fundamental understanding which is essential to the solution of a current
operationa l problem. The interaction of a synchronous-orbit satellite
wi th its env i ronment ac t iva tes elec tr if i ca t ion and elec tri c dischar ge
p rocesses p roducing elec t romagneti c noise puls es and eff l uents which
deteriorate satellite materials , surfaces and components. Dr. Nanevicz
has systematically investigated the basic processes of satellite electri-
f ica t ion and cha rge transpor t in pol ymers used on external surfaces of
opera ti onal sa tell i tes under dynamic rather than s teady state condi t ions.
The research has revealed and ident i f ied new bulk s torage and discharge
mechanisms which have not been taken into account in current prediction
codes and models for the effects of spacecraft charging.

Pol ymers used by the Air Force are exposed to extreme service environ-
ments in many app lica tions. Dr. Morgan addressed the need to predict
the durabil i ty of these materials ove r long periods wi thout resor t ing
to emp iricism by establishing a detailed understanding of the structure-
property relations of epoxies and polycarbonates and how such relations
are modif i ed by fabrica tion and environmental factors.

There is currently a high level of i nteres t i n this a rea wi th in the
non—defense as well as the defense sectors of industry and government.
For this reason , the findings and conclusions of Dr. Morgan ’s research
on epoxies are summarized in detail in the comp leted projec t s umma ry
of this review. In a cooperative effort with Dr. Morgan , who i nvesti-
gated the per t inen t phys ical phenomena induced and modified by sorbed
moisture in operational epoxy systems, Dr. Karasz at the Un i versity of
Massachusetts stud i ed the correlation between structure , proper t ies and 

- -
water sorption of model epoxy resin systems.

Probably the most significant overall result of Dr. Morgan ’s research
is that it reveals tha t the i mportance of microstructures in controlling
properties and durability in polymers has not been recogn i zed , or under-
stood. Professor Uhlmann at MIT has been conducting research to provide
insi ght into the most important microstructura l features of pol ymers ,
their dependence on processing variables , and their rela tions to mechan i-
cal and optica l properties . Hi gh resolut ion elec tron microscope studies
of amorphous polymers have been carried out on polyvinyl chloride ,
polyethylene terephthalate , polycarbonate , polymethyl methacry la te and
pol ystyrene , using both bri ght field and dark field microscopy . The
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genera l absence of microstructura l features of a s ize  down to the
resolution limit of the electron microscope is indicated . Only ‘ pepper
and sal t ’ features on a scale about 5 Angstroms are seen as character-
istic of the structure . These features reflect simple interferences as
the resolu t ion lim it is app roached , and are seen for sing le crys tal s
and ox i de glasses as well as for the pol ymers . The present results ,
taken together with structural information from light scattering ,
small angle X-ray scattering and small ang le neutron scattering, indi-
cate that glassy polymers should be regarded as having random structures .
The comb i ned results are inconsistent with heterogeneous microstructures
hav ing regions of local ly h i gh order present in large vol ume fractions.

In another area of microstructural i mportance , Dr. Hay of the Celanese
Research Company has continued his research to identify the princip les
underly ing the processing mechanism s of high temperature polymeric alloys.
Si nce many s tabl e Air Force pol ymer sys tems are rela t ively intractable ,
the p rocess i bili ty by al loy ing wi th compa ti ble polymers and monomers to
yie ld combi na ti ons of polymers which are more read i l y  fab r icable and
have high temperature properties similar to the major intractable com-
ponents is being pursued. In comp l ementary research Dr. Karasz at the
Un i versity of Massachusetts has continued his research to determine
the princi ples of pol ymer-polymer compatibility and how mol ecular
structures and morphology govern po l ymeric interactions and their
resultant physical and mechanical properties.

A new grant , which is intimately related to the aforementioned micro-
structure and durability studies , has been co-funded with the Surface
Chemistry task (2303/A2). Dr. Jerome B. Lando and Professor Charles E.
Rogers , Case Wes tern Rese rve Un iversi ty, w i l l  addr ess control le d
s t ruc tura l adhesi Ve in.terphases.

Dr. Jonas of the Un i vers i ty of Illinois continued his nuclear magnetic
resonance stud i es of viscoelas t ic fl u ids and elas tomers under ex t reme
cond it ions of tempera ture and pressure. He has concluded that natural
abundance Carbon-l3 relaxation measurements appear very promising for
studying molecular motions in viscoelastic liquids. Using di (2-ethyl-
hexy l) phthalate (DEHP), t he Carbon- l3 T (the sp in - la t t i ce  relaxa ti on
t imes ) behavior of individ ual carbon ato~lis could be described by us ing
the standard expression for T

~ 
and calculating the approximate reorien-

tation times from the Debye equation . A distribution of correlation
times was not required to describe the Carbon-l3 relaxation behavior
in DHEP at viscosities up to 1 poise and above . -

I n collaboration wi th Dr. Jonas and the Air Force Materials Laboratory ,
Dr. Berry and Professor Markovitz of Carnegie-Mellon Un i versity are

-- — —— 
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investi gating the relation of structure to rheo l ogical properties in
channel sealants , the Air Force integral fue l tank sealants of the
future .

The i r current research is focused on po l ymeric Solutions and dispersions
which are intended to serve as model systems for understanding the flow
and transport properties of the sealants.
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ATMOSPHERIC SCIENCE
MAJOR WILLIAM J. MCKECHNEY

I n contrast to the AFOSR program in chemica l sciences , the Air  Force
atmospheric sciences basic research program is la rgely in—ho use with
the Air Force Geophysics Laboratory as the chief performer. AFOSR
is the manager and does maintain a moderate extramural research pro-
gram. This extramura l p rogram s uppor ts resea rch in a w i de range of
d isciplines under the umbrella of “Atmospheric Sciences”. Several
examples mi ght show the wide variety of research support in under-
standing the physica l p rocesses occurrin g in the atmosphere between
the earth’ s surface and app rox i mately 400 kilometers alti tude .

Support is provided for the work of Dr. Peter Hobbs at the Un i versity
of Washington (Seattle) in investigating the interna l structure and
dynamics of extratropical cyclonic storms . These storms , the low
pressure systems on a weather map, are a complex interaction of various
scales. Unders tandin g their internal struc tu re in t ime and space i s
impor tant for modeling, forecasting, and wea ther mod i f ica ti on purposes .
Dr. Hobbs has organized a yearly six week field measurement program
consisting of instrumented aircraft , doppler and conventional radars ,
a dense rain gauge network , and balloon borne system to measure winds ,
temperatures , humidi t ies , and rain and cloud droplet and ice crys tal
sizes and number densities .

The resul t has been an upgrading of the classica l model of cyclones.
The analysis of air motions , moisture fl uxes and the or ganiza t ion and
structure of clouds and preci p itat ion has revealed a banded natu re in
the p rec ip itat ion both in the warm and in the cold sec tors , the critical
role played by ice crys tals in the prec i pi tat ion processes , the role
played by “genera t ing cel ls ” - hi gh a lt itude clouds whose i ce c rys ta ls
fall ing into lower clouds act as seeding agents , and quantitat ive models
of the precipitation and cloud particulates .

Dr. Vi ncent Wickwa r ’s work at SRI reflects the Air Force ’s interes t in
the dynamics of the upper atmosphere. The interaction of the magneto-
sphere , ionosphere and thermosphere lead to a lar ge depos it ion of energy
and momentum in the aurora l region. This deposition affects the structure
of the local ionosphere and thermosphere and produces dynamic effects
tha t lead to worldw i de changes in the upper atmosphere . Dr. Wickwa r,
using data from the Cha tan ike Incoherent Sca tter Rada r , is able to deduce
these energy depositions and the resultant neutral winds between 85 and
300 km. In the ionospheric F region (165-300 km), the onl y meridia nal
component can be acquired , whereas in the E region (85-150 km), the ent ire
vector can be deduced .
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To da te the analyses have shown that , in aurorall y quiet-time s, the
F-region meridional wind varies qualitatively as expected from solar
heating , flow is to the north in the daytime and southward at ni ght.
There is a net southward flow , wh ich increases with aurora l activity.
Consider able gravity wave ac t iv it y, which appears as large oscilla-
tions , i s ev i dent in much of the da ta. Finally, the first comparison
between this techn ique and w in ds deduced from dopp ler sh i f ted ai r g low
measurements was made . The two methods agreed well except for the
apparent effects of gravity waves. Future analyses will focus on the
E-region winds and the relationship between energy depositions and the
resultant winds.

A th i rd research effor t is aimed at the dynam ics of the intermediate
altitude regime . Dr. Jeffrey Forbes of Boston College will be investi-
gating the tidal structure of the mesosphere and lower thermosphere.
Ori ginally his AFOSR supported research focused on the development of
a model of the thermospheric t ida l s t ruc ture based on the linea r ized
t idal equat ions for a spherica l, rotating , viscous atmosphere wi th
an i sotropic drag. The model was initialized using satellite and inco-
herent sca tter radar tempera tu re da ta and was then used to inves t igate
the tida l structure as a function 0f position , time , and solar cycle.
The fine detail of temperature and winds below 200 km is well represented .
For example , the predominance of the sem i -diurna l tide below 30° lati-
tude in contrast to the predominance of the diurna l tides at mid-
la titudes was correctly predicted .

Currently additional efforts are supported in atmospheric optics ,
atmospheric elec trici ty, t idal theory , aeronomy and ionospheric physics.
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CHEMISTRY ANNUAL BUDGET FOR PAST TEN YEARS

Expenditures
(thousands)

69 $3,338
70 3,169
71 3,205
72 3,210
73 2,512
74 3,080
75 ~ 3,213
76 3,620
77 4,364
78 4,881+

*FY75 total includes $570,449 from Project 9750 for Kinetics
and Thermophysica l Properties Research.

FY78 CHEMISTRY PROGRAM STAT ISTICS

Total number of proposals rece i ved 201
New work efforts initiated 30
Renewals 78
Proposals declined 72
Proposals withdrawn 10
Proposals transferred 2
Mi ni-Grants (one year funding) 2
Conferences and Symposia - 7
Proposals pending dis pos it ion - 7
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CONFERENCES AND SYMPOSIA

The follow ing conferences and symposia were held during FY 78 wi th funds
provided i n part or wholly by the Directorate of Chemica l Sciences as a
means of furthering areas of scientific research of particular interest
to the Air Force.

ACS Sympos i um on the Mechanics of Fracture in Polymers

Dr. K. L. DeVr ies
Anahe i m , California
13-16 March 1978

AFOSR/Air Force Geophysics Laboratory

Chemica l Dynamics Contractors ’ Meeting
Hanscom Air Force Base , Massachusetts
26-27 October 1977

AFOSR/A ir Force Materials Laboratory

Carbon-Carbon Compos i te Process Science
Contractor ’s Meeting

San Antonio , Texas
15—18 April 1978

Gordon Research Conference on Corrosion

Dr. Ellis D. Verink , Jr , Cha i rman
Colby-Sawyer College
New London , New Hampshire
10-14 Jul y 1978

Gordon Research Conference on Elec trochemistry

Dr. Royce W. Murray , Cha i rman
Mirami r Hotel
Santa Barbara , California
23-27 January 1978

Gordon Research Conference on Organometal lic Chemistry

Dr. Paul M. Treichel , Cha i rman
Procter Academy
Andover, New Hampshire
14— 18 August 1978

Joint AFOSR/Alr Force Rocket Propulsion Laboratory

Propulsion Research Meeting
Lancaster , California

-
~~ 3—7 April 1978
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ACTIVE RESEARCH EFFORTS

AS OF 1 OCTOBER 1978

ALPHABETICAL BY PRINCIPA L INVEST IGATOR

Photoionization of Molecular Ronald P. And res
C lusters (RAA ) Joseph M. Ca b
AFOSR-78-3638, 2303/BI Department of Chemical

Engineer i ng
Prince ton Un iversi ty
Pri nceton , New Jersey 08540

A Study of Transport Processes and T. R. Beck
Initiation of Corrosion Under Paint Electrochemical Technology Corp.
Fil ms (RWH) 3933 Leary Way, N.W.
F49620—76-C-0029, 2303/A2 Seattle , Washington 98107

Diagnostics and Chem i ca l App lica t ions Sidney W. Benson
of Multiphoto n Absorption Processes (RAA) Department of Chemistry
AFOSR—77-3279, 2303/Bl Un i versity of Southern California

Los Angeles , California 90007

Elec trochemistry of Solutes in Ell iot R. Bernstein
Chloroa l uminate Systems (DWE) Department of Chemistry
AFOSR-76—2978, 230-3/Al Colorado State Un i versity

Fort Colli ns, Colo rado 80521

Molecular Crystal Chemistry (DRU) Elliot R. Bernstein
AFOSR-77—33l7, 2303/A3 Departmen t of Chemistry

- Colorado State Un i versi ty
Fort Coll in s , Colo rado 80521

Property—Structure-Processing Relation s Guy C. Berry
in Polymeric Materials (DRU) Herschel Markov i tz
AFOSR-77-3401+ , 2303/A3 Department of Chemistry

Carneg ie—Mellon Un i versity
- Pi tt sbur gh , Pennsy lva nia 15213

Reactions and Transfer of Excited Philip R. Brooks
Molecules .(RAA ) Departmen t of Chemistry
AFOSR- 78-3643, 2303/B l Rice Un ivers i ty  -

Houston , Texas 77001 -

•
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Sol id Electrode Studies Related to Stanley Bruckensteir+
Corrosion Prevention , Fuel Cells and Department of Chemistry
Batter ies (DWE ) State Un i versity of New York
AFOSR-78-362 1 , 2303/Al Buffalo , New York 14214

Program to Investi gate Laser Induced P. M. Castle
Synthesis of Chemica l Materials (AJM) Westinghouse R&D Center
F49620-78-C-01l3, 23O3/B2 Westinghouse Electric Corporation

Pi ttsburgh , Pennsylvania 15222

Fast Ion Transport in Solids (OWE) Alan V. Chadwick
AFOSR-77-3427, 2303/DI John H. Strange

Department of Chemistry
Universi ty  of Kent
Canterbury , Kent , U.K.

Ef fects of Surface Morphology and Jar-Mo Chen
Chem ica l Composition on the Durability Martin-Marie tta Laboratories
of Adhes i vely Bonded Alu minum Struc- 1450 South Rolling Road
t u r e s  (RWH) Baltimore , Maryland 21227
F49620—78-C-O097, 2303/A2

Kine tics Studies Involving M. A. A. Clyne
- 
Elec tron i cally-Excited Interhalogens Department of Chemistry
and Halogens (RAA) 

- - 
Queen Mary College

AFOSR-75-284 3, 2303/81 London El 4NS , England

Chem ica l Kinetic Studies Involving NF M. A. A. Clyne
Rad icals (RAA) Department of Chemistry
AFOSR-78-35O7, 2303/Bl Queen Mary College

London El 4NS , England

Nove l Chemica l Laser Systems (MA) Terr i l l  A. Cool
AFOSR-77-3258 , 2303/Bl School of App lied & Engi neer in g Phys ics

Cornell Universi ty
- I t haca , New Yor k 14853

Synthes is and Spectroscopic Investi gat ion Glenn A. Crosby
of Inorganic Materials Possessing Department of Chemistry
Unusua l Electronic Properties (DRLJ ) Washington State Un i versity
AFOSR-76—2932, 2303/A3 Pullman , Washington 99 163

Theoretical Studies of Metal Oxides (RAA) Alex Da lgarno
AFOSR 78-3677, 2303/81 Harvard College Observatory

Cambrid ge, Massachusetts 021 38

45

- -. - ,.‘~~~.- - -.~~~~- -..—



— -~~ - w •-
~~~~~

- - .

Double Layer Structure and Electrode Robert deLevie
Kinetics (OWE) Department of Chemistry
AFOSR-76—3027, 2303/Al Georgetown Un i vers i ty

Washin gton , D.C. 20057

New Laser Dye Systems Based on James N. Demas
Luminescent Transition Metal Department of Chemistry
Complexes (AJM) Un i versi ty of Virginia
AFOSR-78-3590, 2303/B2 Charlottesville , Vir ginia 22901

Development of Practica l MO Techniques Michae l J. S. Dewar
for Pred iction of the Properties and Department of Chemistry
Behavior of Materials (AJM) University of Texas
AFOSR-75-2749, 2303/B2 Aus t in , Texas 78712

Re lation of Structure to Properties in Russell J. Diefendorf
Graphite Fibers (DRU) Department of Materials Engineering
AFOSR-77-3436, 2303/A3 Renesselaer Polytechnic Institute

Troy , New York 12181

Investi gat ion of Elec tron Attachment Jerry T. Dowell
Processes in Polyatomic Molecules (RAA) IRT Corporation
F4962O—77-C -0071 , 2303/B 1 7650 Convoy Court

San D iego , Cal i fornia 92 1 38

Eva l uation of Chemica l Research Relevant Joseph E. Earley
to Current and Projected U.S. Air Force Department of Chemistry
Interests (DWE) Georgetown Un ivers ity
F44620—75-C—0001 , 2303/Al Washington , D.C. 20057

Picosecond Laser Studies of Exc i ted State Kenneth B. Eisenthab
Proton Transfer (AJM) Department of Chemistry
AFOSR—77-3407, 2303/B2 Columbia Univers i ty

- New Yor k, New York 10027

Rates of Surface Reactions (RWH) Edward M . Eyring
A FOSR-77-3255, 23O3/A2 Department of Chemistry

Un i versi ty of Utah
Salt Lake Ci ty, Utah 84112

Time Resol ved Spectroscopy of Reactive W. G. Fateley
Chemical Systems (DWE) Robert M. Hamaker
AFOSR-78-36l7, 2303/Al Department of Chemistry

Kansas State Un i versity
Manhattan , Kansas 66506
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Molecular Beam Studies of Collisional J. 8. Fenn
Exc i tation and Energy Exchange in Department of Engineering Sciences
Polyatomic Studies (RAA) Yale Un i versity
AFOSR-75-2863, 2303/Bl New Haven , Connecticut 06520

One- and Two-Photon Optically Pumped Robert U. Field
Laser Devices : New Chemica l Laser Department of Chemistry
Diagnostics and Kinetic Probes (RM) Massachusetts Institute of Technology
AFOSR-76-3056, 2303/Bl Cambrid ge, Massachusetts 021 39

The Structure and Properties of Paul J. Flory
Polymeric Materials (DRU) Department of Chemistry
AFOSR-77-3293, 2303/A3 Stanford Un i versity

Stanford , California 94305

Kinetic Spectroscopy of Metal Atom/ Arthur Fontijn
Oxidizer Chemiluminescen t Reactions AeroChem Research Laboratories , Inc .
for Laser Applica tions (RAM Princeton , New Jersey 08540
F41+620-76—C-0 l08 , 2303/Bl

Chemical and Physica l Aspects of J. J. Gebhardt
Mesophase Formation During Carbon Re—en try and Environmental Systems
Carbon Composite Processing (DRU) Division
F49620-78-C-0006, 23O3/A3 Genera l Electric Company

Philadelphia , Pennsy l vania 19101

Microscopic Theory of Electronic Thomas F. George
Transitions in Molecular Rate Department of Chemistry
Processes (RAA) Un i vers i ty of Rochester
F49620—78—C-0005, 23O3/Bl - Rochester , New York 1 1+627

Mu lti photon Dynamics: Energy Disposal David M. Gol den
During Decomposition of Molecules (RAA) John R. Barker
F49620-78-C-0l07, 2303/Bl Phys ical Sciences Division

SRI International
Menlo Park, California 914025

Selective Chemical Pumping of Electronic James L. Gole
States (RAA) School of Chemistry
AFOSR-78-35l5, 2303/81 - 

- Georgia Institute of Technology
Atlanta , Georgia 30332

New Materials for Electrochemica l John B. Goodenough
Cells (OWE) Peter G. Dickens
AFOSR—77—3402 , 2303/Al I norganic Chemistry laboratory

Oxford Un i versity
Oxford , OXl 3QR , Engl and
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Energy Transfer in Chemically David 0, Harris
Reacting Systems and in Surface Department of Chemistry
Characterization (RAA) Un i versity of California
AFOSR-77-3)38, 2303/BI Santa Barbara , California 93106

Processing Mechanisms , Structure , and Ian L. Hay
Morphology of Hi gh-Temperature Physics Research Department
Pol ymeric Alloys (DRU) Celanese Research Co.
F1s9620-77-C-0046, 2303/A3 Sumit , New Jersey 07901

Structure-Property-Environmental Larry L. Hench
Relations in Glass and Glass- Department of Materials Science
Ceramics (DRU) Un i versity of Florida
AFOSR-77-32bO , 2303/A3 Ga i nesville , Flor ida 32611

Energy Disposal in Elec t ron i cally Paul L. Houston
Excited Halogen Aton~ and Molecular Department of Chemistry
Oxygen (RAA ) Cornell Un i vers i ty
AFOSR-78-35l3, 2303/Bi Ithaca , New York 14853

NMR Study of V i scoelastic Fl ui ds and Ji r i Jonas
Elastomers Under Extreme Conditions Department of Chemistry
of Temperature and Pressure (DRU) Un i versity of Illinois
AFOSR-77-3l85, 2303/A3 Urbana , Ill i nois 61801

Effect of Structure on Physica l Polymer Frank E. Karasz
I nteractions and Properties (DRu) Polymer Science & Engineering
AFOSR-76-2983, 2303/A3 Univers i ty of Massachusetts

Amherst , Massachusetts 01002

Energy Part i t ionin g and Transfer i n J. V. V. Kasper
H + HI System (MA) Charles Knobler
AFOSR-78—36l2, 2303/81 Department of Chemistry

Un iversity of California
Los An geles , California 90024

Computer Modeling of Pulsed Chemica l Ronald L. Kerber
Lasers (RM ) Elec trica l & Mechanica l
AFOSR—75-2842, 2303/81 Engineering Department

Mich i gan State University
East Lansing, Michi gan 48824

Novel Organophosphorus and Organo— R. Bruce King
nitrogen Derivatives and their Use for Department of Chemistry
the Synthesis of Unusual Transition Un i versity of Georgia
Metal Complexes (AJM) A thens , Georgia 30601
AFOSR-75-2869, 2303/B2
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Post Doctoral Resi dent Research R. W. Kinney
Associateshi p Program (RwIl) Commission on National Resources
F44620-76—C—0084, 2303/08 National Research Council , NAS/NAE

Washin gton , D.C. 201418

Spectroscop i c Determ i nat ion of Inter— William Kl emperer
molecular Potent ials of Gas Laser Department of Chem is try
Components and of Major Atmospheric Harva rd Un i versity
Constituents (MA) Cambridge , Massachusetts 021 38
AFOSR—77—3269, 2303/BI

The Measurement of Vibrational C. E. Kolb
In tensities for Infrared Active M . E. Gersh
Exhaust Plume Species from Aerodyne Research , I nc.
Advanced Propellant Rocket Boosters (RAA) Bedford , Massachusetts 01730
F49620-77-C-0075, 2303/BI

The Quantum Dynamics of Chemical Aron Kuppermann
Reactions (RAM Division of Chemistry and
AFOSR-77-3394, 2303/81 Chemica l Engineering

Califo rn ia Ins t i tute of Technology
Pasadena, Califo rnia 91125

Chemically Modified Electrodes Theodore Kuwana
and Oxygen Electrocatalysis (OWE) Department of Chemistry
AFOSR—78—3672, 2303/Al The Ohio State Un i vers i ty

Columbus , Ohio 43212

Synthesis of Organofluorine Compounds Richard J. Lagow
by Direct Fluori nation (AJM) Department of Chemistry
AFOSR-78—3658 Un i vers i ty of Texas

Aust in , Texas 78712

Controlled Structura l Adhesive Jerome B. Lando
Inter phases (RWH) Charles E. Rogers
AFOSR-78-3692, 2303/Al Department of Macromolecular Sc ience

Case Western Reserve Un i versity
Cleve l and , Ohio 44106

Ana l ys is of Lubricant Films in James L. Laue r
Bearings Under Incipient Failure Department of Mechanical
Conditions (RWH) Engineering
AFOSR—78—3473, 2303/A2 Rensselaer Pol ytechnic Ins titute

Troy , New York 12181

Chemica l Transfer Lasers (RAA) Paul H. Lee
A FOSR-76-2959, 2303/al Department of Physics

Un i versity of California
Santa Barbara , California 93106
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I nfrared Chemliuminescence Studies Stephen R. Leone
of Ion-Molecule Reactions in a G. Barney Ellison
Flowin g Afterg low (RAA) Veron i ca M. Bierbaum
AFOSR-78—3565, 2303/Bl Department of Chemistry

Un i vers it y o~ Colorado
Boulder , Cc.”rado 80309

Energy and Chemical Change (RAA) Raphael D. Levine
AFOSR-77—3135, 2303/Bl James L. Kinsey

Department of Chemistry
Massachusetts Institute of Technology
Cambridge , Massachusetts 021 39

Structure and Properties of Glasses (DRU) John D. Mackenzie
AFOSR-75—2764, 2303/A3 Materials Department

Un i vers ity of California
Los Angeles , Cal ifornia 900214

Time-Temperature Studies of High L. R. Mahoney
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1 0. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS;

The study of surface phenomena at solid electrodes related to electro-
chemica l power sources and corros ion processes was the major goa l of
this research. In particular , three kinds of surface processes were
investigated : (1) Underpotential metal deposition , (2) neutra l species
adsorption and (3) inso l uble film formation , New electroana l ytica l and
elec trochem i cal techn i ques were developed .specifically for the purpose
of studying these surface processes. These techn i ques made it possible
to prepare solu t ions w it h extremely low l evels of po i soning-substances ,
to distinguish between surface and mass transport controlled processes ,
and to perform quant i tativ e studies involving m ic romolar l evels of
e lectroactive species .

Underpotent ial deposition , UPD , of thall ium , mercu ry and s i lve r on
gold have resul ted in the determina t ion of accurate adsorpti on isotherms
and highly precise determination of the electrosorption valency, y. y-
val ues for silver show a minimum near surface coverages of 0.5. No
minimum has ever been discovered before. We believe that this minimum
is caused by either a superlattice phenomena and/or a change in double
l ayer structure. Mercury UPD studies established the existence of a
spontaneous coulostatic process that can produce UPD for open circuited
meta l e lectrodes.

Carbon monoxide , selected as a model neutra l species absorbate , was
shown to exist In a number of adsorbed states on p la tinum. When
adsorbed at very cathodic potentials , a portion of the adsorbate
corresponds to a reduced CO species. CO adsorbed at less cathodic
potentials can exist in two forms, the relative amounts of each form
depending on the flux of incom i ng CO. All forms are quantitatively
oxidized to CO2 at anodic potentials. Per iodic , or sin gle pulse ,
oxida tion currents can be observed at constant potential.

Model studies of a classic three component dental amal gam (Ag, Hg,
Sn) demonstrate that only tin dissolves and that a protective silver
chloride film forms. All the mercury remains bound as either a silve r
or tin solid amalgam. Studies on copper—n i ckel alloys (lOOt Cu to O~
Cu) in neutra l chloride media showed that copper is selectively leached
from a thin surface layer of the alloy and that the rate of corros i on is
then determined by rate of dissolution of nickel from the top of this
l ayer. 

0

- 
AFOSR Program Manager; Denton W. Elliot t

~•0

65 

~~~~~~~~~~~~~~~ -~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— -
~~~~ w

COMPLETED PROJECT SUMMARY

I. TITLE : Nuc l eophilic Substitution Reactions of Al kyl , Viny l .
and Aryl Trifluoromethanesulfonates

2. PRINC I PAL INVESTIGATOR : Dr. William 0. Closson

• Department of Chemistry -

SUNY at Albany -

A lbany , NY 1 2222

3. INCLUS I VE DATES: 1 February 1977 - 31 Jul y 1978

4. GRANT NO: AFOSR-77-3241 (Mini Grant)

5. COSTS AND FY SOURCE: $8,264, FY77 
-

6. PUBLICATIONS :

“Nucleophi lic Substitution Reactions of Alk yl , Vinyl , and Aryl
Tr i fluoromethanesulfonates”, William D. Closson , Fi nal Technica l
Report.

7. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS : 4

The main objectives of this research dealt with the unusua l reaction
between lithium phenylacety lide and 2-fluoro-2 ,2-d initroethy l tn-
fl uoromethanesulfonate (triflate or If), shown in equation 1 ,
d iscovered by S. Shackelford at Seiler Research Laboratory . It was
hoped to both determine the mechanism of this

H

Fc (N02)2cH2oTf + 

C” 

(1)

unusual transformation and also broaden its scope so as to extend it
to triflate esters of other 8-nitro alcohols and other lithium
acetylide species. The reason this was felt to be i mportant was that
structures similar to 1 , which would possess a conjugated enyne structure
with attached fluoro and/or nitro groups but without the large ,
relatively iner t phenyl group , would be promisi ng materials for use as
energet ic binders , plasticizers , and crosslinking agents to replace
nonenergetic materials currently used for these purposes. In addition ,
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certai n other classes of reactions of tniflate esters and tn if ly l
der ivatives were to be explored , part ly for the i r poss i ble beari ng
on the mechanism of the react ion i n equat ion 1 and par t ly for their
own intr insic interes t .

The reaction of carbanion type nuc l eophiles with nitro substituted
alkyl trifluoro methanesulfonate (triflate) esters were shown to have
very li mited synthetic va l ue. The usua l result was the formation of
mixtures of tarry materials.

Reaction of aryl tniflates with various nucleophiles appeared to be
limited to nuc l eophilic attack at sulfonyi sulfur and , for strongl y
basic , hindered , nuc leophiles , generation of benzyne. Neither type of
reaction offers si gnificant synthetic utility.

Elec tron-transfer (ET) reactions of several classes of trifluoro—
rnethanesulfonyl derivative s were examined. For alky l and ary l esters ,
the chemistry is very similar to that of the corresponding methane—
sulfonate esters. Trifiuoromethanesulfonamides, however , disp lay a
behavior uni quely different from that of all other sulfonamides. They
undergo reductive cleavage (to amine and triflite ion ) much more easily
than do methanesulfonamides , they cleave via a pre-equi libnium electron-
transfer mechan ism , and the substituent efl&t upon their rates of
cl eavage correlates extremely well wi th a~ constants.

AFOSR Program Manager: Dr. Anthony J. Matuszko
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COMPLETED PROJECT SUMMARY

I. TITLE: Elas tohydrodynamic Lubrication Studies

2. PRINC I PAL INVEST I GATOR : Dr . John N , Crisp
Department of Mec hanical Engineering
Un i vers ity of Dayton
Dayton , Oh io 45469

3. INCLUS I VE DATES : 1 January 1977 — 31 December 1977

4. GRANT NUMBER : AFOSR—77-3229 (Mini Grant)

5. COSTS AND FY SOURCE : $9,937, FY77

6. SENIOR RESEARCH PERSONNEL : Dr. John N. Crisp

7. JUNIOR RESEARCH PERSONNEL : H. E. Bandow

8. PUBL I CATIONS:

“Pressure Distr ibut ion from Measured Film Thickness and Temperature
Data for Elastohydrodynamic Point Conj unctions ,” J. N. Cr isp and
H. E. Bandow , UDSE—TR—78—Ol , Fina l Technical Report (Feb 1978).

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The objective of this investigation was to deve l op a computer program
to deduce the contact pressure distribution from simu l taneousl y measured
film thickness and temperature field data for EHD point contact conjunc-
tions . Measured film thickness and the temperature field data of
Nagaraj 1 , was used to determine the pressu re dis tr i buti on for a specific
case.

The geometry of elastohydrodynamicall y lubricated point contacts usually
prohibi ts the direc t measurement of the pressure dis tr ib uti on wi thi n
such contacts but knowledge of the pressure di stribu t ion i s needed to
understand the behavior of the l ub ri cant and the stress i mposed on the
beari ng surfaces . Given the viscos i ty-temperature-pressure relation-
shi p for the lubricant , Reynolds ’ equat ion has been solved i n fin i te
measured film thickness and temperature distribution . The elasticit y

1, Nagaraj, H. S.. “Inves tigation of Some Temperature-Related
Phenomena in Elastohydrodynamic Contacts Inc l uding Surface Roughness
Effects ,” Ph.D. Thesis , Georgia Ins titute of Technology (Dec 1976).
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rela ti ons for the beari ng surfaces have also been formu la ted to y i eld
the pressure distributi on from the measured film thickness alone . The
pressure distribution was obtained for representative contacts from
measured data and it was found that great care must be taken to make
measurements wi th suf f ic ient  accuracy .

AFOSR Program Manager: R. W. Haffner , LtCol , USAF
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COMPLETED PROJECT SUMMARY

1. TITLE: Chemical Reactions Producing Electronically Exc i ted
Metal Atoms

2. PRINC I PAL INVEST I GATOR: Dr. P. Davidov its
Department of Chemistry
Boston Co llege
Chestnut Hill , MA 02167

3. INCLUSIVE DATES: 1 March 1975 — 30 June 1978

4. GRANT NO : AFOSR-75-2822

5. COSTS AND FY SOURCES : $38,227, FY75; $43,665 , FY76;
$29,314, FY77

6. SENIOR RESEARCH PERSONNEL :

Dr. P. Davidovits Dr. E. J. Johnson
Dr. D. L. McFadden Dr. A. 1. Prenge l

7. JUNIOR RESEARCH PERSONNEL :

Mr. U. C. Srldharan Mr. I. DiGiuseppe
Mr. J. DeHaven Ms. A. Brzychcy

8. PUBL I CATIONS :

“Chemi l uminescence from the Gas Phase Reaction of Atomic Boron with the
Alkali Metal Fl uorides ”, U. C. Sridharan , D. L. McFadden and P. Davidov its ,
J. Chem. Phys. 65, 5373 (1976). 

-

“Production of Neutra l Atoms by Pulsed Laser Heatin g”, A. Prengel ,
J. DeHaven , E. J. Johnson and P. Davidovi ts , J. Appi. Phys., 148, 3551
(1977).

“Chemiluminescence from the Gas Phase Reactions of Atomic Carbon with
PbO” , U. C. Sr i dharan , T. G. DiG i useppe , D. L. McFadden and P. Davidovits ,
Accepted for publication in Chem. Phys. Letters.

“Chemi l uminescence Studies of Boron Atom Reactions with 02, and N20,
A. Brzychcy , J. DeHaven , A. 1. Pren gel and P. Davidovits , Accepted for
publication Chem. Phys. Letters.

“Cross Sections for the Reaction of Boron Atoms with 02, SO2, N20 and
C02”, U. C. Sridha ran , 1. G. DiGius eppe , 0. L. McFadden and P. Davidovits ,
Manuscri pt in preparation for submission to J. Chem. Phys.
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“Beam Studies of the Reaction of Boron Atoms with the Alkali Metal
Fluor ides”, J , DeHaven , A. Brzychcy and P. Dav i dovi ts, Manuscript in
preparation for submission to J. Chem. Phys.

9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The object ive of this research was to study excited metal atoms produced
in the reaction of boron and carbon with metal fluorides and oxides in
an attempt to produce population inversions between electronic states .

Merged fl ow , diffusion and single collision experiments were performed
to measure total reaction cross sections , chemi l umi nescence cross
sections and populat ion d is t r ibut ions in the e lec t ron ica l ly  exc ited
states of reaction products. The basic purpose of these studies was
to gather a body of systematic data in order to understand the reaction
mec hanism and the production of electron i call y exc i ted states for this
i mportant class of non-metal atom reactions. Total cross sections were
measured for the reaction of carbon atoms with lead oxide (PbO). The
cross section is 2O)~

2. The total r~action cj~ ss sections of boron atomswi th 
~2 

and SO2 are res pec t ively l~ and O.8A . The cro~~ sect ions for
the react ion of boron w it h N20 and C02 is less than O.O8~ . The cross
sections for the production of electroni cally exc i ted states of react i on
products were determined for the reactions of carbon atoms with PbO and
bo~on atop~ wi~~ 02, CA~ 

and RbF. These va lues are respectively
5~~L , O .O5~ , 3A and 7A . The population dist r ibut ion in the electron-
ically exci ted product states was determin ed for the reacti ons of carbon
atoms with PbO , and boron atoms wi th CsF , RbF , KF , NaF , and 02.
Popu la ti on i nversion between electron icall y excited states was observed
in severa l reactions.

AFOSR Program Manager: Capt Russell A. Armstrong
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COMPLETED PROJECT SUMMARY

I. TITLE : Structura l Studies of Monomeric Model Compounds and
Re lated Ordered Polymer Systems : The Crystal and
Molecular Structures of Two Model Compounds for
Polybisbenzoxazoles and Polybisbenzthiazoles

2. PRINCIPAL INVEST I GATOR : Dr. Albert V. Fratini -

Department of Chemistry -

Un iversity of Dayton -
-

Dayton , Ohio 45469

3. INCLUSIVE DATES: 15 April 1977 — 14 April 1978

4. GRANT NUMBER : AFOSR-77—3267

5. COSTS AND FY SOURCE : $9,703, FY77

6. SENIOR RESEARCH PERSONNEL : None

7. JUNIOR RESEARCH PERSONNEL: None

8. PUBLICATIONS :

“Structura l Studies of Monomeric Model Compounds and Related Ordered
Po lymer Systems : The Crystai and Molecular Structures of
2 ,6— D iphenylbenzo [l ,2-d:5,4-d ]-Bisoxazole and 2 ,6-D iphenylbenzo
[l ,2—d:4 ,5—d ] Bisthiazole ,” A. V. Frat ini , Final Techn ical Report .

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

Orde red polymer systems are being investi gated by AFOSR and the Air
Force Materials Laboratory as molecular or self- reinforced composites.
The preparation of high strength materials consisting of rod-like
polymers , such as the aromatic polyamides , requires a high degree of
or ientation of the rods. On the othe r hand , the pa raconfigured
a romat ic heterocyclic class of polymers , such as the rod-like
polybenzoxazoles (PBO) and the polybenzthiazoles (PBT), are especially
promising since precipitated films and fibers of these materials
exhibit high tensi le strengths and good therma l oxidative stabilities .

0

p.
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In order to achieve better understanding of precipitated film formation ,
f i lm and fiber morphology , and microstructure in the pol ybenzoxazoles
and polybenzthiazoles , a systematic study of the x-ray crystal structures
of two monomeric model compounds for PBO and PBT were determined. These
compounds embraced the different chemical environments for the repeat
units of those PBO and PBT pol ymers wh i ch had already been synthesized .

The 2,6—Di phenylbenzo(l ,2-d :5,4-d’)—bisoxazole is orthorhombic ,
space group C

~~a, wi th four molecules per uni t cell of dimensionsa =11.370(7) , b = 5.940(3) and c =22.275 A. The molecules s tack along
b in two vertica l columns of differing orientations and ar~ incli ned to
b by an angle of 36°. The repeat distance along b is 5.94A and the per-
pen~ icular distance between adjacent molecules in a particular stack is
3.4A. 2,6-Diphenylbenzo(l ,2-d:4,5-d~)—bisthiazole is monoclinic , space
group P2 1/c , wi th two molecu’es per unit cell of dimensions a =  11 ,041 (3),
b =  6,63~ (2), c =  11 ,720(3) A , and beta = ll2.36(5)°. Molecules stack
most ef f ic ient ly along b w it h an inclination angle of 36.8° , similar to
that observed for the benzob isoxazole. Adjacen t molecules along c
exhibit a crossing pattern with a dihedral angle of 73.6°. Detailed
structure parameters were determined for the bisoxazole and bisth iazole
moieties . The relationship between model compound structures and the
gross packing features of polymer chains in PBO and PBT was also
invest igated.

AFOSR Program Manager: Dr. Donald R. Ulrich
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“Semiclassical Treatment of Electronic Transitions in Molecular
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George, J. Chem. Phys. 61 , 151 0 (1974) .
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- 
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R. 1. Jaffe, K. Morokuma and T. F. George, J. Chem. Phys. 63, 3417
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“Theoretical Study of Isotope Effects in the Quenching of Electron i cally
Excited Halogen Atoms by 112, D2 and HD ,” I. H. Zimmerman and 1. F.
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and 1. F. George , Chem. Phys. II , 259 (1975).

“Ca lculations of Potential Energy Surfaces in the Complex Plane.
V. The 2E+ and 2~ States of HF~ ,” R. L. Jaffe , A. 0. i saacson ,
J. R. Lain g, K. Morokuma and 1. F. George , Theoret. Chim. Acta
(Berl. ) 40, 189 (1975) .

“On I’lonadiabatic Transition State Theory ,” F. J. McLafferty and
T. F. George, Chern. Phys. Lett. 37, 67 (1976).

“Analy tic Structure of the Eigenva l ue Problem as Used in Semi-
class ica l Theory of Electronically Inelastic Collisions ,”
P. Pechukas , 1. F. George, K. Morokuma , F. J. McLafferty and
J. R. La i ng, J. Chem. Phys. 614, 1099 (1976).

“A Note on Semiclassica l Bound States and Correspondence Principles ,”
F. J. McLafferty and T. F. George , J. Chem. Phys. 64, 2778 (1976).

“Theory of Absorption and Emission of Radiation in Molecular Col lisions:
Semiclassical Model ,” J. M. Yuan , T. F. George and F. J. McLafferty ,
Chem. Phys. Lett. 40, 163 (1976) .

“Decoupling Scheme for a Semiclassica l Treatment of Electronic Transi-
tions in Atom-Diatom Collisions: Rea l -Va l ued Trajectories and Loca l
Analytic Continuation ,” A. Komornicki , 1. F. George and K. Morokuma ,
J. Chem. Phys. 65, 148 (1976). -

“Extending Menzel’s Closed Form Approxim at ion for the Error Functi on ,”
I . H. Zimme rman , Ame r. J. Phys. 44, 592 (1976).

“Electronic—to-Rotational Energy Transfer in Molecular Collisions ,”
P. L. DeVries and T. F. George, Chem. Phys. Lett. 43, 391 (1976).

“How Much Do Multiple Electronic Surfaces influence Chemical Reactivity?
F + 112: A Case Study ,” A. Komornick i , T. F. George and K. Morokuma ,
J. Chem. Phys. 65, 4312 (1976).

“A Semiclassical Magnus Approximation to Coupled Space-Time-Dependent
Scattering Equations ,” J. R. Laing and K. F. Freed , Chem. Phys. 19, 91
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“Semiclassica l Theory of Molecular Collis ions in a Laser Field ,”
J. M. Yuan , J. R. Lai ng and T. F. George , J. Chem. Phys. 66, 11 07
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“Quantum Mechanical Study of Electronic Transitions in Cop l anar
Atom-Diatom Collisions : Quenching of Fluorine by H2,” P. L. DeVries
and T. F. George, J. Chem, Phys. 66, 21421 (1977).
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“Numerica l Test of the Semiclassica l Approximation for the Multicurve-
Crossi ng Prob l em: Three-State Model for He+ + Ne Colli sions ,” J. R.
Laing and T. F. George, Phys. Rev. A 16 , 1082 (1977).

“Theory of Molecular Collisions in the Presence of a Laser Field ,”
T. F. George, J. R. Lai ng, J. M. Yuan and I. H. Zimme rman (invited
paper), Proc. Third Europ . Electro—Optics tonf., 1976, SPIE 99, 2148
248 (1977).

“A New Concept in Laser-Induced Chemistry : The Electronic—Field
Representation ,” T. F. George, I . H. Zimme rman , J. M. Yuan , J. R.
Laing and P. L. DeV ries , Acc. Chem. Res. 10, 4149 (1977).

“Semiclass ica l Dynamics on Multip le Electronic Surfaces : Three-
Di mensiona l Treatment of Reactive F + H2,” A. Komornicki , K. Morokuma
and T. F. George, J. Chem. Phys. 67, 5012 (1977). -

“Quantum Mechan ical Theory of Collisiona l Ionization in the Presence
of Intense Laser Radiation ,” J. C. Bellum and T. F. George, J. Chem.
Phy,s. 68 , January (1978).

“Semiclassical Approach to Collision—Induced Emission in the Presence
of I ntense Laser Radiation : An Aspect in the Study of Cooperative
Chemical and Opt i cal Pump ing,” K. S. Lam , 1. H. Zimmerman , J. M. Yuan ,
J. R. Lai ng and T. F. George , Chem. Phys., i n press.

“Computational Study of a Mol ecular Coll i sion Process i n the Presence
of an Intense Laser Radiation Field : Enhanced Quenchi ng of F by Xe
in the 248 mm Li ght of the KrF Laser ,” P. L. DeVries , M. S. Mahlab and
T. F. George, Phys. Rev. A 16 , February (1978).

“Semiclassical Theory of Unimolecular Dissociation Induced by a Laser
Field ,” J. M. Yuan and 1. F. George, J. Chem. Phys. 68, April (1978).

“Theoretica l and Computa tiona l Studies of Electronic Transitions in
Molecular Collisions ,” 1. F. George, Final Techn i cal Report.

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

This research program involved the development of formal theories and
computational al gor i thms suitable to the microscopic descript ion of
electronic transitions in molecular collision systems. Such a descrip-
tion must allow for the dynamic coupling between two or more potential
energy surfaces. The research is divided into two genera l parts, Field-
Free Processes and Laser—Assisted Processes.
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Field— Free Processes: Two genera l approaches were taken , a quantum
mechanical approach and a semiclassical approach. The quantum mechani-
cal approach invo l ves the direct solution of the time—independent
Schröd i nger equation as accurately as possible for an assumed form of
the potential interaction. The main type of process considered in this
approach was the nonreact ive collisio n

+ H2(v,j) -- x(2P312) + H2(v’ ,j’) (1)

where X represents a halogen atom .

For the case where X is the fluo rine atom, the probability of quenching
from the exc i ted 2P1,2 spi n—orbit state is found to be small (-0.1) for
thermal collision energ ies but rises qu ickl y to va l ues greater than 0.5
for hi gher energies provided Av (112) = 0. For chlorine atom the results
are similar , al though the rise in the quenchin g probabili ty at hi gher
energies i s not as great as for fl uorine. For brom i ne atom the quench in g
probability is low for a large range of collision energies if 112 does not
swi tch vibrational states. However , if H2 makes a transition between

- adjacent vibrationa l states , there is a large quenching probability
(greater than 0.5) beginning at the threshold for this transition , wh i ch
reflects a’ resonance behavior in electronic—to—vibra tional energy transfer ,
in accord wi th  experimental results obtainea elsewhere. The results for
iodine coll i sions indica te a low quench i ng probab i li ty regardless of the
v ibrationa l transit ions occurring in 112, somewhat in d isagreement wi th
experi mental resul ts. Resu l ts for brom i ne collisio ns wit h hydrogen
isotopes revea l that HD is a more efficient quencher than 112, and H2 i s
more efficient than D2, in accord w ith a comparison of the energy defects.

The quan tum mechanica l studies of Reaction (1) were extended to include
rotational degrees of freedom. Cross lengths (the two-dimensional analog
of cross sections) were obtained from a coupled-channel calculation
carr ied out in the diabat ic representation . The results revea l ed a particu-
larly strong cross length for quenching with para-H2 (v=o) making a
transition from its ground to its second excited rotationa l state. This
reflects a resonance behavior in electronic-to-rotational energy transfer.

Sem ic lassica l calculations were carried out for collinear Reaction (I)
in parallel with the quantum calculations. Beginning with the case of
fluorine collisions , bot h translation and vibration were assumed to
behave classically. Resul ts from these calculations are in very good
agreement with those from the quantum calculations. For bromine colli-
s ions , owing to the resonance between electronic and vibrational degrees
of freedom , vibra tion had to be treated quantum mechan i cally. - Results
were aga i n in very good agreement with those from the quantum calcula-
tions. -
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The semiclassical approach was then applied to full three-d i mensional
representation s of the chemical reaction

+ H2 ‘. HF(~~~) + H (2)

Results for the rate constants indicate that although F(2P31~) is morereactive than F(2Pl /2), the reaction from F(2P112) is si gnifican t even
for thermal collision energies . Hence, a proper dynamica l treatment
of the F + H2 reactive system should include the effects of the spin-
orbi t splitting in fluorine . -

The H~ sys tem was considered wi th in the sem ic lass i cal approach , and
calculations were carried out for collinear charge-exchange by thç
process

H~~+ H 2 + H ~~+ H (3)

and rear rangement by the process

H~~+ D 2+ H D~~+ D. (4)

Reaction (4) was treated for full three-dimensiona l as well as collinear
collisio ns. Whereas translation is the dynamic motion mainl y responsible
for electronic transitions in Reactions (1) and (2), vibra tion is mainly
responsible for electronic transitions in Reactions (3) and (4).

In order to test the validity of the semiclassical approach beyond the
two-(electronic) state approximation , calcula t ions were carried out for
the process

He~ (ls) + Ne(2p6) 4- He~ (ls) + Ne(2p53s ,2P312) (5)

+ He~ (1s) + Ne(2p53s,2P112). (6)

A parallel quantum coupled—channel calculation was carried out , and the
cross sections from both calculations for Reactions (5) and (6) are in
excel lent agreement over a broad energy range.

Since the semiclassica l approach invo l ves the analytic continuation of
potential energy surfaces (or curves) to complex intersection points ,
an investiga tion of surfaces in the complex plane was carried out within
the framework of ab lnitio calculations. Cal culations were carried out
for the HF’, H~ and FH2 systems in the regions of selected intersection
points , and some estimations of accuracy were established.

Laser-Assisted Processes: The availabil ity of Intense laser radiation
(power density > lOb watts/cm2) has opened the door to a variety of new

4’
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phenomena in the area of laser-’assisted chemistry . For examp le , for
h i g h  enough i ntensity a laser can actuall y i nteract with the dynamics
i n a c o l l i s i o n sys tem, wi th dramatic effects on the mechanism of reaction
and energy transfer. This phenomenon can be viewed as ‘coopera t ive
chem ica l and opt ica l pump ing t , and to ach ieve th i s  the photon ener gy
need not be in resonance with the leve l separations that characterize
the individual asymptotic reactants or products. This observation
motivated the theoretica l study of molecular collision processes in the
presence of intense laser radiation by both quantum mechan i cal and semi-
class ica l approaches , wi th par t i c u l a r  emphas i s whe re the radia t ion f i e l d
comes in to resonance with the electronic degrees of freedom of the molecu-
l a r  system .

In the quantum mechanica l approach , a set of coupled-equations was derived
wh i ch could then be solved for the scattering matrix (S—matrix) . A
spec ial feature of these equations is the appearance of - both f ield-free
potent ial coupl ing and radiat ive coupl i ng , so that special interference
effects are anticipated when both types of coupling are of comparable
strength.

Resul ts were ob tained for the process

Br(2P312) + H2 (v=O) + l’n,j + Br(2P1,2) + H2(v O) 
- 

(7)

restricted to collinea r collisions. fiw is the photon energy , chosen to
be 1.001 times the spin—orbit sp litting in b romine , which is too large
to induce a spin-orbit transition without the cooperative effect of the
c o l l i d i n g H2. The probability for Reaction (7), a t a c o l l i s i o n ener g
of 0.163 eV , shows nonlinear behavior for intensities greater than 10
W/cm2. In this nonlinea r region the probability is more than an order

- of magni tude grea ter than the corres ponding probabil i ty w ith the f ie ld
turned off. The only portion of radiative coupling considered in this
study was the magnetic dipole contribution from bromine . A more realistic
calc u la t ion which  incl udes elec tr ic di pole con t r i b u t io ns wou ld show eve n
more dramatic effects due to the laser field.-

A more r e a l i s t ic ca lcu la t ion was carr i ed out for

F(2P112) + Xe +4~j + F(2P312) + Xe + 4~ (8)

for three-dimensional collisions , where 1~w corresponds to the 248 nm
line of the KrF laser. It is i mportant to realize that there is no net
photon absorption in Reaction (8), and ~iw never comes in to resonance
wi th the two curves correlating to the asymptotic states of interest .
At a collision energy of 0.05 eVA cross sect ions ran ge from a fac tor
of two (for in tensity = 10 GW/cm~) to over an order of magnitude
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(for in tensity — 100 6W/cm2) greater than cross sections calculated
for ReactiQn (8) with the field turned off, As the collision
ene rgy increases , the cross Sections with the field turned on tend
to approach those with the field turned off.

Turn i ng to the semi-c lass ica l  ap p roach , where at leas t one nuclear
degree of freedom is assumed to behave classicall y-, expressions were
der i ved for the S—matrix , whose evalua tion invo l ves the integration
of classic al trajectories propagating on electronic-field surfaces.
Such surfaces include both the field—free potential interaction and
the radiative coupling between the field and the molecular system.
The semiclass ica l approach was applied to Reaction (7) for collinear
col l i sio ns , yielding results in excellent agreement with those from
the quantum mechan ica l calculations . -

An important aspect in the overall study of laser—assisted processes is
the representation of the laser field. Instead of the Fock representa-
t ion it is possible to choose a cohe rent state, and th i s was exp lored
for the case where all molecular degrees of freedom are treated quantum
mechanically and the case where at least one nuc l ear degree of freedom
is treated classically. It was found that the introduction of the
rotating wave approximation was necessary to y i eld a trac table  solu t ion ,
and this solu tion was capable of describing only single—photon processes ,
not mul -tiphoton processes. This prob l em is still under investi gation .

Severa l other problems also under investigation include the explicit
considera t ion of a laser l i n e w i d th , un i molecu l a r  decay ind uced by
in tense laser radiation and bound—continuum interactions. This last
proble m invo l ves top ics such as collision— induced ionizat i on and
spontaneous emission in intense laser radiation .

AFOSR Program Manager: Capt Russell A. Armstrong-
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9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

In the course of this work , severa l dist inct advances in areas of gas-
phase chemica l kinetics can be identified .

We have shown how the use of a modified Gorin model transition state can
be used to embody the data from neutral rad i cal-radica l interactions to
ion—molecule processes. The former use has si mplified the interpolation
and extrapolation of data of interest for pyrolyses and other combustion
processes , as well as for processes of i mportance in the understanding of
tropospheric and stratospheric pollution . The latter use hel ps to under-
stand gas—phase ion-molecule kinetics , which is the baseline for under-
standing of solvation effects on ionic chemistry .

We have modified our VLPP (Very Low-Pressure Pyrol ysis) techn i que so as
to perform all analysis with molecular beam samp lin g phase-sensitive
detection and have applied this to severa l i mportant prob l ems.

S p e c i f i c a l l y , we have determined the heat of formation of ally l rad i cals
by both equilibrium and kinetic experiments. This radical serves as a
prototype for stabilized systems. We have also measured the comb i nation
rate for ally i rad i cals and applied our previous l y mentioned model to this
process.

We have measured rate constants for allyl and benzyl radicals reacting
with HI and thus have begun to remove the uncertainty cost on iodination
methods for measurement of bond dissociation energies.
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We have made a study of the thermal dissociat ion of severa l vinyl
ethers and studied the kinetics of the ‘CH2CHO rad i cal as a companion
to our experiments in the new area of infrared photochemistry.

We have constructed an infrared CO2 TEA-laser and used i t in some pre-
li minary work on the dissociation of ethylvinylether , which we have shown
to decompose by two competing pathways . By introducing the concept of
study i ng a molecule with two pathways , espec ia l ly  such diverse pa ths as
exhibi ted by ethylvinylether , we have opened up a new way to obtain dynamic
information from these types of processes.

AFOSR Program Manager: Russell A. Armstrong, Cap t , USAF
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7. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The objective of this research was to determine the quantitative relation-
shi ps between glass structure , relaxa t ion processes , and annealing treat-
ments in the transition range of noncrystal line solids . It was intended
that this research would contribute a better understanding of the glass
transition phenomena and generate information for the control of the
glass transition temperature and , thereby , polymer processing and the
resul tant engineering properties .
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In vi ew of a critique by DiMarzio (J. App l . Phys. 45, 4143 (1974))
of the standard thermodynamic treatment of the glass transition by
Dav ies and Jones , a reexamina t ion of tha t trea tmen t was made , and
i ts or ig ina l  concl usions reaf f i rmed.  Exam ina t ion of calor i met r i c
data on quenched and annealed glasses and on the crystalline phase
shows that a major part of the liquid 11 confi gurationar’ spec i f i c  hea t
and entropy arise from non—confi gura t iona l  fac tors , specifically a
dependence on structura l state (fictive temperature) of (1) lattice
vibra tional frequencies (2) anharmoni city (3) the numbers of molecular
groups capable of participating in secondary relaxational motions.

A study of the influence of annealin g (as measured by the fictive
temperature) on the strength of dielectric loss in glasses was stud i ed
on six molecular liquid glass—formers . A remarkable sensitivity of
di electric loss to fictive temperature was found (1—3 per cent per
degree fic tive). This sensitivity decreased as the temperature of
measurement decreased. It was not possible to determine whether the
changes in the 8-relaxation region were greater than the changes in
the back ground loss. The thermodynamic implications of these results
for the glass transition were pointed out .

AFOSR Program Manager: Dr. Donald R. Ulrich
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J. Chem. Phys. 66, 548 (1977) .
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“Formation and Deactivation Processes in Electronic Transitions , Chemically
Pumped Lasers”, J. I. Steinfeld , Final Technical Report.

9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The present research program was concerned with measurement of the rates
of formation of excess populations of electron i cally excited small molecules ,
particularly in chemiluminescent metal + oxidant reactions , and characteri-
zation of the deactivation processes which tend to relax these excited
states. One of the mot i vations for these investigations was the possibility
of finding a suitable candidate for a chemically-pumped , electronic tran-
sitIon (i.e., visible - wavelength) laser system. Although such a system
was not developed in the course of this work, a great deal of Information
on the pertinent reaction and relaxation rates was obtained , Initiall y,
this program was under the joint direction of Professors J. L. Cole and
J. I. Steinfeld at M.I.T.; Professor Gole moved hIs part of the research
to the Georgia Institute of Technology during the final year of the grant. •
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For convenience , we list here the principa l findings arising from the
overall research program.

1. Aluminum - Ozone Reaction. The reaction of aluminum with ozone
produces the ~~~ X4r’ emission spectrum of A lO , Coup ling between
the B2~~ and A

211 levels of AlO Is a tt r i b u ted to per turba t ions ,

2. Lanthanum-Oxidant Reactions, Reactions of lanthanum with ox i dants
(02, NO?, N20, 03) results in chemlluminescent emission from the A2IT ,
B2r~, C

2JT , and i n the la tter three ins tances the D2Z+ states of LaO .
The dissociation energy of LaO and a potential function for its D2E+
state have been deduced from the data. The electronic state distribution
in the La + 02 reaction was shown by Levine and Ben—Shaul to follow a
simple zero-surprisal form.

3. Reactions of Silanes and Boranes with Oxidants. The reactive systems
B2H6 + 03, F2; B5H9 + 03, F2; and S12H 6 + 03, F2 were stud i ed . The
B2H6 + 03 and B5H9 + 03 systems yield primarily B02* with some B0*. The
B2H6 + F2 and B5H9 + F2 systems yield HBF* and BH*. The S12H6 + 03 system
is believed to yield HSIO. The reaction of disilane (Si2H6) with F2 is
characterized by strong emission from the A2~~ — X2JI transition of S1F ,
the A(2B1) - X (2Ai) transition of SIF3, and the A2A - X211 t rans i t ion of
S i l l .  By cont ras t , the p r i nci pal emiss ion from monosi lane - chlor ine or
d i s i l a n e  — chlorine reactions is the A” - 1A ’ transi tion of HSiC I . An
a ttempt was made to run the B5H9 + F2 reaction in a laser cavity, but
stimulated emission was not observed .

4. Scandiu m and Yttr ium Oxidation Reactions. The reactions of Sc
and Y wi th 02 are characterized by emission from the A2~I and the previously
unobserved A’2~ states of ScO and YO. The reactions of Sc and Y with
N02, P420 and 03 result in emission from the A2!! and 32~~ states of
ScO and Y0. Dissociation energies of ScO and YO[Dg(YO)>7.49 eV] were
deduced from the data.

5. TItanium—Oxidant Reactions. The reaction of Ti with O2~ NO2, and
N20 results In chemliuminescent emission from the B3!! and C~~ states.
From analysis of the temperature dependence , we conclude that Ti (5F)
exc i ted atoms are the most likely precursors of the C3~ state .

6. Chemilum inescent Reactions of the Group I I IB Metals. The reactions
of scandium , yttrium , and lanthanum with F2, C12 , Br2 , SF6, CIF , and
lBr have been stud ied under “single collision ” conditions using a beam-
gas arrangement. The observed chemi lum inescent spectra were primari ly
attributed to emission from the metal monohalides . Dihal ide emission
was also observed In the Sc-Br2 and Sc-Cl systems. We found extremely
selective production of monohalide exci ted electronic states in both
the scand i um and yttrium reactions. The lanthanum reactions are
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characterized by relatively moderate sel ective excitation of monohalide
exc i ted states. The selective feature dominating the scandium and
yttrium monohalide spectra has not been observed by previous researchers.
On the basis of molecular orbital theory , energy conservation , and known
spectra for scand i um and ~ttr fum fluoride , the select i ve emission feature
is assigned to a - or - ~ band system. We have determined
the molecularity with respect to oxidant for all reactions studied ,
mon i toring chemiluminescen t Intensity ver!us oxi dant pressure. All
reactions producing metal monofluoride were found to be first order with
respect to oxi dant while reactions producing the monochloride or mono-
bromide are found to be “faster than first order.” This behavior was
explained in terms of the kine tics of metastable excited states. The
production of ScCl2 and ScBr2 also occurs via a “faster than first order”
process. Based upon mechanistic considerations entailed in the kinetics
of rnetastable excited states, the radiative lifetimes of the selectively
populated exc i ted states of ScCl , ScBr , and YCI are estimated to be on the
order of 2 x lO~~ seconds. Analysis of the temperature dependence for six
representative reactions ind i cates that selective excited state formation
of the metal monohal ides proceeds by a direct mechanism with negligible
activation energy. From the short wavelength limits of the chemilum inescent
spectra , lower bounds to the dissociation energies of the monohal ides were
determined . For some of the chemiluminescent reactions studies , we found
evidence for “super—relaxation ” on collision .

In the reactions of Group I I IB metals with F2 and NO2, cross sect i ons
for excited—state metal monoha lide formation considerably exceed those
for monoxide formation . The experimentall y determined cross sections were
compared with total reactive cross sections , calculated on the basis of
mechanistic models used to describe the oxidation reactions of Group I I 1 B
atoms . Based upon this comparison , the ratio of excited state to ground
state formation (quantum yield) was determined to be not less than 0.1
for the monoha l i des.

7. Optica l Model for Surface Crossing . Several approaches were investi-
gated to the prob lem of calculat ng the rates of collision-induced relaxa-
tion between molecular electronic states. Following a classica l trajectory
(surface-hopping) study of 12* B3Ito~÷ 

3flg (dissociative), the same system
was analyzed using an equivalent optical potential model which yielded a
great saving in computation time . This model was also applied to the
N2* B3!! (A3z, W3~) system , but difficulties were encounted with ~ ~ 0
systems, such as CN A2!!. The Landau-Zener calculation of the probabilities
employed In the optica l model was also compared with more recent semi-
classical scattering theories .

8. informatIon—Theoret ic Anal ysis of Deactivation Rates. The Information-
Theoret ic treatment of nonequilibrium processes , due to Levine and
Bernstein , has proven to be remarkably useful for characterizing relaxa-
tion processes , and severa l aspects of applying these methods
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were invest i gated in this program. A set of state—to—state rates for
V—V relaxation in HF was calculated by the “Surprisa l Synthesis ” method
(work performed at Air Force Weapons Laboratory , Kirtland AFB), and the
nonlinea r master equation governing V-V equilibration in HF was solved
using exponential-gap rate constants , In collaboration with Professor
R. 0. Levine.

9. Spectroscopy and Deactivation of CM A2!!. Laser action has been
observed from the CN A state produced by photodissociation or electric-
discharge pumping, and this system has also been suggested as a promising
cand idate for a chemically—pumped laser system. Since little is known
about the quenching of this state, severa l investigations were undertaken .
Some 39 bands of the “Berkeley” atlas of the CN A2!! - X2� transition , along
with 16 bands measured at high resolution by R. Bacis of the Un i versity
of Lyon , were reana l yzed with a least-squares techn ique , allowing for all
(A2!! ‘u X2E) and (A2n 32Z) perturbations. This provided mixing coefficients
for the perturbed levels in the A state. Attempts to carry out monochro-
maticall y excited fluorescence experiments on selected levels of the CN A
state were, however , inconclusive .

10. Near-Resonant Electronic Energy Transfer. In collaboration with
Dr. D. Sutton of the Aerospace Corporation , a measurement was carried
out of the rate constant for the nearly resonant (~E = 16 cm ’) energy
transfer process ,

NF(a1
~) + B (”S3,2) -~ NF (X 3E) + Bi (2D312).

The measured val ue, I x lO~~ cm
3 molecule 1 sec 1 (c 200 A), is one

of the largest that has been observed for such a process~ Since both
optical transitions are highly forbidden , a simple dipole interaction
model cannot account for this observation . A technically important
example of such a process is the chemically pumped 02*(’A) - I atom
transfer laser recently developed at AFWL.

11. Multiphoton CO2 Laser Vibrational Heating of Metastable Electronic
States. Biacetyl molecules , prepared in the triplet metastable state by
Intersystem crossing from the ‘A

~ 
electronic state which in turn is exc i ted

by irradia tion with the 457.9 nm line of a cw Ar~ laser , were pumped by
an Intense C02 laser pulse which excites the system vibrationa lly. Changes
in the luminescence characteristics of the electron i cally excited molecules
induced by the Infrared pulse were studied in various visible spectral
regions, In the region characteristic of the blacetyl phosphorescence, a
fast decay of the phosphorescence was observed . A burst of delayed
fluorescence was observed in the fluorescence region of the biacetyl ;
this signal was characterized by a very fast rise time . Both the
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fluorescence and phosphorescence signals exhibited the same decay time .
Attenuation of the CO2 laser beam resulted in an increase of the decay
time and in a decrease of the amplitudes of the fluorescence si gnal.

The experimental results were explained in terms of mixed sing let-
triplet vibron ic wave functions , characterizing the triplet vibrational
manifold , with vibrational energy exceeding the 1Ay~

3Au energy separa-
tion . A calculation of the decay times as a function of the absorbed CO2
laser energy , which is based on~a recent model for delayed fluorescence ,
gave good agreement with the experimental data. This is the first
well—cha racterized example of reverse intersystem crossing resulting
from multiple infrared photon exc i tation of vibrationa l modes, which
are then converted into electronic excitation .

AFOSR Program Manager: Russell A. Armstrong, Capt , USAF
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9. ABSTRACT OF OBJECT I VES AND ACCOMPLIS HMENTS:

There is a continuing need , both in the Air Force and in industry ,
for new electromagnetic devices which will permit accurate and
rel iabl e environmental mon i toring, si gnal processing as well as
certain process contro l functions . Such devices often require , in
turn , new ma ter ia l s  wi th elec tronic and magn et ic p roper ti es wh i ch
are hi ghly ~erisiti ve to specific environmental stimuli and whose
response can be predicted and controlled to within specified limits.
Tra ns i ti on metal  comp lexes , wi th thei r excep t ionally hi gh capaci ty
for systematic molecular structure variations , coupled with their
known a b i l it y to par t i c ip a te in strong i n termol ecu lar  electron ic and
magnetic interactions in the solid state, are prime candidates for
meeting these requirements. The main object i ves of this research
program were to explore this potential by preparing new organic-
transition meta l complex systems with scientificall y i n teres ti ng and ,
ultimately , technolo g i c a l l y  useful  proper t ies and , as a resul t of
systematic synthesis and solid state property investigations , to
develop guidelines that might be useful in the desi gn of molecular
systems of this type to achieve specific desired solid state property
objectives .

The pri ncipal focus of the work has been on the preparation and study
of u —donor-acceptor compounds derived from the in terac t ion of the
organic donors , tetrathiafulvalene and tetrathiotetracene , wi th
bis(I ,2—ethylened ithiolene) metal complexes as the ui —acceptors.
These new compounds have been studied using electronic conductivity,
magnetic susceptibility, and various other types of sol i d state p roper ty
measurement techniques . In addition , the crystal structures have been
characterized using single crystal x-ray diffraction methods. The results
have been used to obtain information regard i ng the electronic and magnetic
interac tions occurring in the solid state and to derive synthetically
useful structure—property relationships . V

AFOSR Program Manager: Dr. Anthony J. Matuszko
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8. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

Feasib i l i ty studies for the development of an el ec t roni c chem ica l
laser from phosphorus chemiluminescence . Phosphorus chemiluminescence
is very unusua l in tha t the metal vapor reacts with oxygen under
atmospheric conditions without any increase in temperature . A large
nu mber of el ect roni c exci ted species have been i den t i f i e d  as f l a me
componen ts , states of HPO , P0, and P0 excimer. Some of these r
elec t ronic a l l y  exc i ted sta tes are a t ener gy levels in the vacuum uv
region . The aim of this project was to exp lore whether an inverted
pop u la ti on of elec t r o n i c a l l y  exc i ted species e i ther , I) exists among
the in termedia tes of the phos phorus chem i luminescence  reac t ion or , 2)
can be generated by excitation of atomic and molecular species added
to the flame . The project was divided into two sections:
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i) Elec tronic exc i tation of Na , K and NaK by an oxygen-deficien t wh i te
phosphorus chemil uminescence. Severa l apparatus were designed and con-
structed using un i versity facilities to provide for the addition of a
stream of Na and K and the i ntermetal l ic alloy NaK carried by an i nert
gas into a reaction vessel containin g the phosphorus chemiluminescence .
The table summarizes the experimental results:

OBSERVED ASSUMED
A CHEMICAL
A SPECIES TENTATIVE ASSIGNMENT COMMENT

5765.3 NaK 8~ll — — — - -+  X~~ Very strong, approx.
103 over P-
chemi luminescence

5787.6 K (7s)
2
S 1/2 -——÷ (4 )

2P° Identification of both

2 
p 
2 

1/2 chem ica l species and
5806.0 K (7s) 5 1/2 - -—÷(4

~~) P3,,2 the transition is
assumed posi t ive

2 °
p
1/2

2 Posi t ive assignment5920 Na (3P) 
2 ° 

+ 
~~~~~ 1/2

p
312

2 °

7670 K (li
p) 

-. (4s)~ S 
Posi t ive assi gnment V

2~°

ii) An investigation of laser ligh t amplification on traversing
phosphorus chemilu m inescen t flames usi ng 1 i g~’t i n the 280-500 nm region .
The experimental set-up used the freq..ency doubled output of a Molectron
DL 200 tunable dye laser , pumped by a UV 400 Nitrogen Laser , direc ted 

1#through a beam splitter. The main beam traverses one hundred phosphorus
flames, and the intensi ties of the two beams are measured with two
photomultip liers and a dua l channel Boxcar Averager PAR 162 with
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Sampled Integrator Model 163 and Gated integrator Model 164 with Sampling
Head Model S—5. The ratio was taken and the output was recorded on an
XY plotter. An i dentica l ratio of the outputs of the laser beam was
recorded with no phosphorus flame . The intensities of the normalize d
lase r beam wi th and wi thout the phosphorus flame was compared . Under
room temperature and atmospheric pressure , scattering from the intertaces
of the flames was the dominant effect. We estimate a flux of 3 x 10 0

photons per pulse at 290 nm through an intersection of 4 x 109 P4
molecules , so that we are at the detectibi lity limit of the experiment.
I t appears with the presen t experimental set—up under certain conditions
there i s suggesti on of amp l if i cat ion bu t because of the scatterin g at
the interfaces no definite conclusion can be drawn . Initial attempts
were also made to obtain laser induced fl uorescence from components of
a single phosphorus flame both at atmospher ic and reduced pressure
conditions.

iii ) Concl usion . I n the case of the li ght amplification studies
the conclusion is to dispense with the multiple flame des i gn and
thereby eliminate li ght scattering at the interfaces . The obvious
solu tion is to enclose the flame in a heat p i pe oven where pressure,
temperature , and the concentration of the reactants can be regulated .
I n the chemi-exc i tation experiments of Section i) the two emission
l ines at 5787 and 5806 A wh i ch we have tentatively assigned as excited
state - excited state transitions of K are good cand i dates for lasing.
The other emissions , the 5765 A emission tentatively assi gned to NaK
and the Na and K doublets have lasing potent ial depending on the
mechani sm of exc it at ion . The phosphorus flame and the atomi c and
molecula r composition of the NaK stream are extremely suscept ible to
pressure and temperature changes and , as in the light amplification
studies , the obvious next step is to confine the system in a heat pipe
oven where these variables can be strictly control l ed . Considering the
broader aspects, the project has achieved chemi-exc i tation of atomic and
molecular species by interaction with phosphorus flame components. This
in teraction can be extremely efficient Judg ing from the very strong
intensity of the 5765 A NaK emission . Also there appears to be a
preferential excitation of selected e1e~ t ron i c t ransi t ions , depending
on the experimental conditions of the system studied .

AFOSR Progrem Manager: Russell A. Armstrong, Capt USAF
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9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The objective of the research was to study new fluorination techniques
and their utilization in making fluorocarbon ol i gomers and polymers.

A number of specula t iv e efforts which have been recent ly successful
in this laboratory offer opportunities for new research efforts in
the coming few years. One of the most surprising ~as the development
of the ability to preserve metal-carbon bonds during direct fluorina-
tion . Initially, it was found that the low temperature fluorination of
bistri methylmercury gave low yields (7%) of bistrifluoromethylmercury :

Hg(CH
3)2 

+ F2/He_~
2~j~~# Hg(CF3

)2+HgF2+CF4+CF3H+CF2H2+CFH3
Subsequen t ly the react ion of fluorine wi th tetramethylsila ne produced
a series of fluorinated silanes :

Si (CH 3)4 + F2/He ~~~~~~~~~~~ Sl (CH3)x(CH2F)y (CHF2)z~ X + + Z 4

I t was qu i te encouragi ng that the overall yield of poly fluorotetramethyl-
silan es was 70-80% indicating that at least that percentage of carbon-
silicon bonds survived the fluorination process.

The most exc i t in g experimen t so far i n fluorina t ion of organometal l ic
compounds was the synthesis of tetrakistrif luoromethyl germane in 63%
yield on a two gram scale from tetramethy l germane. Also under milder
cond i tions it became clear that partially fluorinated tetramethy l-
germanes similar to the silane materials could be Isolated under con-
ditions differen t from those used to optimize the y ield of Ge(CF

3
)4.

I t was found that the oxidation of sulfur can be controlled such that
fluorina tion to a four coord i nate is possible. Carbon disulfide was
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reacted with fluorine at low temperatures to produce difluoromethy l ene-
b is(sul fur)tri fluoride :

CS2 F2/He SF
3
CF2SF3

—120°C

More extreme conditions may be employed to prepare the compound
(SF5)2CF2 if the six coordinate product is desired . A number of
previous studies of the oxidation of carbon disulfide using other
fl uorination techniques has been reported . However , the isolation of
practica l quant i t ies of SF3CF2SF3 has not been previously reported .

Recent work in this labora tory has also been focused toward the hi gh
temperature fluorination and cleavage of high molecular we i ght
fluo rinated polyethylene oxide to produce new discrete hi gh boili ng
polyether materi als. Controlled direc t fluorination of polyethylene
oxi de resul ts in the production of an oligome r which has a degree of
pol ymerization of about 40 units and is composed of a mixture of non-
funct ional , monofunct ional , and dif unctional pol yethers of the per-
fl uorogl yme structure:

RCF2O(CF2CF2O)nCF2R’

0 0
where n ~ 40 R = F, CF3; C 

- F; R’ = F, CF3. C - F

These materials have been partially separated , but their full character-
iza tion has taken a temporary back seat to the synthesis of slightly
lower molecular wei ght perfl uoro polyethers. By raising the fluori-
nation temperature to 1200, to promote fragmentation , the synthesis
of a series of perfluoro polyethers was reported . A range of products
was characterized.

AFOSR Program Manager: Dr. Anthony J. Matuszko
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COMPLETED PROJECT SUMMARY

1. TITLE : Chemical Transfer Lasers

2. PRINCIPAL INVEST I GATOR : Dr. Paul H. Lee
Department of Physics
Uni versi ty of Californi a
Santa Barbara , CA 931 06

3. INCLUS I VE DATES : 15 Octobe r 1975 — 14 Octobe r 1977

4. GRANT NUMBER: AFOSR 76-2959

5. COSTS AND FY SOURC E : $49,960, FY76; $7,046, FY71; $52 ,000, FY77

6. SENIOR RESEARCH PERSONNEL :

Dr. W. D. Sl afer
Dr. David J. Benard

7. PUBLICATIONS :

“Efficient Chemica l Production of Metastable Alkaline Earth Atoms ”,
0. J. Benard , W . 0. Slafer , Chem. Phys. Lett. 43, 69-72 (1976) .

“Chain Reaction Chemiluminescence of Alkaline Earth Catalyzed
N~O—CO Fla mes”, D. J. Benard , W. D. Slafer , and J. Hecht , J. Chem.
PFiys. 66, 1 012-1016 (1977).

“Mechanism of Chemilum inescent Chain Reaction in Mg Cata l yzed
N2O—CO Fla mes”, D. J. Benard and W. D. Slafer , J. Chem. Phys. 66,
1 017— 1 020 (1977).

“Experimental Investigations and Gain Measurements of Alkaline Earth
Ca talyzed N20+CO Flame s”, D. .3. Benard , W. D. Slafe r , J. Hecht , and
P. H. Lee , presented at Th i rd Summer Colloquium on Electronic Transition
Lasers , Snowmass V i lla ge, Colo rado (7—10 Septembe r 1976). Published in
Elec tronic Transition Lasers II , eds. L. E. W i lson , S. N. Suchard ,
J. I . Stein feld , MIT Press , Cambridge , Mass. , Chapters 11- 7 (1977).

“Efficie nt Chemica l Generation of Metastab le Alkaline Earth Atoms”,
W. D. Slafer , D. J. Benard , and P. H. Lee , presented at Th i rd Summer
Col l oquium on Electronic Transition Lasers , Snowrnass V i lla ge, Colo rado
(7-1 0 Septembe r 1976). Published in Electronic Transition Lasers II ,
eds. L. E. W ilson , S. N. Suchard , J. I . Steinfeld , MIT Press , Cambridge ,
Mass., Chapter 11-8 (1977). 4
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“Energy Transfer and Excime r Formation in a Flowing Afterglow of Mg
Metastables”, D. J. Benard , P. J. Love and W. D. Slafer , Chem. Phys.
Lett., 48, 321-326 (1977). Presented at the IV Conference on Chemica l
and Molecular Lasers , St. Louis , Missour i , (April 1977).

“Modulated Transmission Spectroscopy of Gaseous Chemi-Excited Ca and
Sr Monox i des”, D. J. Benard , W. D. Slafe r , P. J. Love and P H. Lee ,
A ppi. Optics 16 , 2108-2115 (1977).

“A Mechanistic Study of Potential Chain Reaction Supported Metal Oxide
Chemic al Lasers”, D. J. Benard , W. D. Slafe r , presented at the Annua l
Electrochemical Society Fall Meeting, Atlanta , Georgia (October 9-14 ,
1977).

“Efficient Meta l Hydrid e Arc Source”, W. D. Slaf er , D. J. Benard , sub-
mitted to App l. Phys. Lett. (1978).

“Laser Induced Fluorescence Spectra of KMg”, D. J. Benard , W. D. Slafer ,
submitted to Chem. Phys. Lett. (1978).

8. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

The objectives of the program were to obtain increased understanding of
the metal - H20 - CO fla me reaction system by a study of paramet r i c
variations in reacting conditions using a laser gain technique and to
optimize the optical performance of the flame system. The flames are
generated in a fast flow low pressure apparatus by reacting Mg, Ca or Sr
atoms with a premixed flow of N20 and CO. The resultant chain reaction
is cha racterized by a hig h densit y and efficie nt producti on of exc it ed
metal atoms . The reaction mechanisms are determined by spectroscopic
and laser probing techniques . Separate measurements were made of the
radia t ive lif et imes, reacti ve cross secti ons , branch in g rat ios us i ng
pulsed dye laser techniques and a flowing afterflow apparatus .

Duri ng the period of this grant , metal oxida t ion flames such as Ba p l us
N2O were intensively studied as. laser candidates . It was determined
that adding CO to a 14 plus P120 fla me , where M is Mg , Ca and Sr , had
several In teresting effects , incl uding efficient production of M (triplet
P) metastable species. The production of triplet species appeared to be
essenti ally 100 percent efficient , but the rnetastables were subject to
quenching and further reaction . Coproduction of CO2 with M~ was demon-
strated usin g CO2 laser Induced fluorescence techniques. Results showed
that the MO reservoir state is much more stable in the li ghter MO spec i es.
The i dentity of the reservoir state remains unknown but may be pol yatomic ,
such as (MO)2. It was concluded that there are no useful invers i ons
inheren t in the M plus N20 plus CO flames and that laser potential , If 4
any , in such flame systems lies with their use as M* generators. A

L
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means of extracting the energy in M* by stimulated emission could occur
by selective reaction of the M ground state , by energy transfer , or by
exc i rner formation .

AFOSR Program Manager: Russell A. Armstrong, Capt , IJSAF
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COMPLETED PROJECT SUMMARY

I. TITLE : Solid Propellant Additives from Pentaborane-9

2. PRINC I PAL INVEST I GATOR: Dr. Amos J. Leffler
Department of Chem is try
Villanova Un i versi ty
Villa nova , Pennsylvania 19085

3. INCLUSIVE DATES : 1 April 1977 to 30 June 1978

4. GRANT NUMBER : AFOSR 77-3301 (Mini Grant)

5. COSTS AND FY SOURCE: $9,969, FY 77

6. SENIOR RESEARCH PERSONNEL : Dr. Michael S. Spritzer

7. PUBLICAT I ONS:

“Solid Propellant Additives from Pentaborane—9 ,” Amos J. Leffler and Michae l
S. Spr i tzer , Final Techn ical Report.

8. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

The aim of this research was to find suitable means of converting
pentaborane—9 into air stible material s containing i ron , chrom i um , or
copper in h i gh yield whl:, would serve as solid propellant additives .
The most convenient synthetic routes to new compounds from pentaborane
are through metallatlon us rg alky l lithium compounds or by bromination
at room temperature. Both approaches were taken in this work.

The electrochem ical behavior of pentaborane-9 and its reactivity with ~
acetylenic halides were stud ied. Although pentaborane-9 is i tself not
electroactive it does react with other electrochemically generated species .
It was found that methyl iod i de, iodobenzene, chromium hexacarbonyl ,
di rnanganese decacarbonyl , and I ron pentacarbonyl generated electroactive
species that reacted with pentaborane—9. The reaction of pentaboryl lithium
and propargyl chloride and wIth l ,4-dlchlorobutyne-2 y ielded mix tures of
nidocarborane polymers and some hi gher boranes. The propargyl chloride 

H
reaction product reacted with anhydrous cobaltous chloride and cyclo-
pentad lenyllithium to give a mixture of cobal taboranes and cobal tacarboranes
wh i ch were not separable. An attempt was made to prepare phenylpentaborane
but the product could not be Isolated .

AFOSR Pr6gram Manager: Dr. Anthony J. Matuszko
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COMPLETED PROJECT SUMMARY

I . TITLE : An I nvestigation of Charge Transport Modes in Nickel
Hydroxide Electrodes

2. PRINC I PAL INVEST I GATOR :

Dr. Joseph 1. Ma l oy Current Address:
Department of Chemistry Department of Chemistry
West V i rg inia Un ivers it y Seton Hall Un i versi ty
Morgantown , WV 26505 South Orange , NJ 07079

3. INCLUSIVE DATES : 15 May 1 976 — 30 May 1978

4. GRANT NUMBER : AFOSR 76—2987

5. COSTS AND FY SOURCE : $9,996, FY76

6. SENIOR RESEARCH PERSONNEL : None

7. JUNIOR RESEARCH PERSONNEL : Daher 1. Wardy

8. PUBLICAT I ONS :

“Microelectrode Studies of Electrochem icall y Copreci p i tated Cobal t
Hydroxide i n N i ckel Hydroxide Elec trodes”, D. F. Picke tt and J. T.
Ma loy , J. Elec trochem. Soc., 125, 1 026 (1978).

“Low Temperature Studies of the Effect of Cobalt Hydroxide Additives
in Nickel Hydroxide Elec trodes”, D. T. Wardy and J. T. Ma loy , to be
submitted to .3. Electrochem. Soc. V

“Low Temperat’~re Elec trochemical Studies on Nickel-Cobalt Hydroxide
Elec trodes”, D. 1. Wardy , Ph. D. Disser tation , WVU , in preparation .

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The role of electrochem ica lly coprec i p i tated coba l t hydroxide in the
electrochemica l behavior of the nicke l hydroxide electrode has been
investigated at a nickel microelectrode in alkaline solution .

Nickel and coba l t hydroxide films were deposited onto the nickel 
V

electrode surface by the cathodic deposition process deve loped at AFAPL
using boili ng ethano l solution containing either Ni (NO~)2 or a m ix ture
of Ni(NO~)2 and Co(NO~)2; the behavior of these film electrodes in 30%
KOH sol ution was studied by cyclic vol tammetry , chronoamperometry , and
ch ronocoulometry.
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In general , the presence of coprecipitated cobalt hydroxide i n small
quantities (ca. 10 mol %) appears to render the charge-discharge reac’ ion
more reversible (by usua l cyclic voltammetry criteria). This allows the
cha rging of the nickel hydroxide elec trode to occur at less pos i t ive
potentials , thereby minimizing concurrent oxygen evolution during the
charging process.

The presence of large quantities of copreci p i tated cobalt (Ca . 50 mol %)
appears to have an oppos i te effect. It appears that the oxygen over-
vol tage on film electrodes containing large quantities of cobalt is less
than is observed on film electrodes containing little or no added cobalt.
Thus , concurrent oxygen evolution during the charg ing process appears to
be an even more serious problem when the concentration of coprecipitated
cobalt exceeds the opt i mum 10-20 rno l % range .

When the optimum range of coprecipitated cobalt is emp loyed , char g ing
takes place most efficiently in the vicinity of O.2V vs. SCE. When no
coba l t i s added , the effic i ency , as measured by the rat io of char ge
del ivered to cha rge recovered , falls from a maximum of 90% to 60% and the
potential of maximum efficiency shifts to O.3V vs. SCE.

Low temperature cyclic vol tammetry studies have been performed to confirm
these observat ions. At reduced temperatu re, the oxygen overvol tage is
increased because the rate of the electrode reaction Is decreased. This
allows the charging current to be dis t i ngu ished from the current used to
merely decompose the electrolyte.

The AFAPL cathodic deposition process was investi gated by cyc l ic
vol tammetry s tudies a t a n ickel mi c roelec trode and by scann i ng elec t ron
microscope stud i es on nicke l plaque material containing potentio—
statically deposited nickel and cobalt hydroxides . The cyclic voltammetry
studies were useful in the characterization of the proper electrode con-
di tions for the deposition of battery active hyd roxides . The scanning
el ectron microscope investigation was used to study the nicke l -cobalt
composition of the deposited hydroxides as a function of impregnation
bath solution composition .

AFOSR Program Manager : Denton W. Elliott
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COMPLETED PROJECT SUMMARY

1. TITLE : The Relation Between the Chemical and Phys i cal Structure
and the Mechanica l Response of Polymers

2. PRINC I PAL INVEST I GATOR : Dr. Roger .3. Morgan
McDonnell Douglas Research Laboratories
McDonnell Douglas Corporati on
St. Louis , MO 63166

3. INCLUSIVE DATES : 1 April 1976 to 30 June 1978

4. CONTRACT NUMBER : F4462O~76—C—0075

5. COSTS AND FY SOURCE: $13,780, FY76; $13,780, FY7T; $50,337, FY77;
$41 ,191 , FY78

6. SENIOR RESEARCH PERSONNEL : James E. O’Nea l

7. JUNIOR RESEARCH PERSONNEL: None

8. PUBLICATIONS AND PRESENTATIONS: V

“Relationship of Structure , Fracture Processes and Mechan i cal Response
of Polymer Glasses”, R. J. Morgan , presented at Gordon Research Conference
on Deformation and Fail ure Mechani sms i n Polymers and Composi tes , Santa
Barba ra , CA , January 1977.

“The Morphology and Failure Processes of Epoxies”, R. J. Morgan , Ed ucati onal
Semi nar presented for the Soci ety of Plas t ic Engineers , held in conj unct ion
wi th P itt sburgh Conference on Analy t ical Chemis try and App lied Spectroscopy ,
Cleveland , OH , March 1977.

“The Network Structure and Microscopic Failure Processes of Epoxies”, V

R. J. Morgan and J. E. O’Nea l , presen ted at the American Physica l Society
Meet ing, San Diego , CA , March 1977; Bull. Am. Phys. Soc. 22, 368 (1977).

“Microscopic Flow and Failure Processes in Polymer Glasses”, R. J. Morgan
and J. E. O’Nea l , presented at Nonlinear Viscoelast ic Behavior of Molten
and Solid Polymers Symposi um of the American Chemica l Society Meeting,
Chicago , 1977; Org . Plas t. Coat. Preprints (ACSI 37, (No. 2), 1+80 (1977);
also Polym. Sd. and Eng. (in press).

“The Microscop ic Fail ure Processes and their Relation to the Structure 
V

of Amine—Cured Bisphenol-A-Di glycidyl Ether Epoxies”, R. J. Morgan and
.3. E. O’Neal , .3. Mater. Sd. 12 , 1 966 (1977).
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“The Dur ability of Epoxies”, R, .3, Morgan and J. E. O’Nea l , Pol ym.
Plas t. Tech. and Eng. 10(1), 49 (1978) ; also McDonnell Doug las keport
MDC QO63T , August (1977). 

V ________________

“Epoxies as Compos i te Matrices ”, R. J. Morgan and J. E. O’Nea l , presented
at Hi gh—Perfo rmance Compos i tes—Chemica l Aspects Symposium of the American
Chemical Society Meeting , Anahe i m , 1 978; Orq. Plast. Coat. Preprints (ACS)
38, 485 (1978).

“The Structure , Modes of Deformation and Failure and Mechanical Properties
of Diaminod i phenyl Sulfone Cured Tetraglyc i dyl 4,4’Diaminod i phenyl Methane
Epoxy”, R. J. Morgan , J. E. O’Neal , and 0. B. Mille r , J. Mater. Sci. (in
press).

“The Modes of Deformation and Failure of Pol ycarbonate”, R. .3. Morgan and
J. E. O’Neal , Polymer (submitted) .

“The Effect of Thermal History and Strain-Rate on the Mechanica l Properties
of Die thy lene Triamine—Cured Bisph enol—A- Diglyc i dyl Ethe r Epoxies”,
R. J. Morgan , J. App l. Polym. Sci. (submitted).

“The Effect of Moisture on the Phys i ca l and Mechanica l Integrity of
Epoxies”, R. .3. Morgan , J. E. O’Nea l , and 0. L. Fanter , J. Mater. Sci .
(to be submitted).

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The aerospace i ndustry ut ilizes polymers i n numerous app l i cati ons which
i nc l ude matr i ces for composi te materials , adhesives , trans parencies ,
sealants , and ins u la tors for heat , sound and electr i ci ty. In many of
these app licatio ns the polymeric materials are exposed to extreme service
envi ronments. The need to predic t the durabil it y of these materials
requires a detailed understanding of their structure-property relations.

I n this research program our studies were concent rated on crosslinked
epoxies , hi gh-Impact strength polycarbonate and polybenzoxazole (an
aromatic heterocyclic pol ymer). The overall objectives of this program
were to study (I) the chemica l structure and phys i ca l arrangement of the
macromolecules in the bulk , (2) the modes of deformation and failure ,
(3) the structural parameters that control the modes of deformation and
failure , (1+) the effect of the modes of deformation and failure on the
mechan i ca l properties , and (5) how these structure-property relations
are modified by fabrication procedures and the service environment.

Diethylene triam ine cured bisphenol—A-d iglycldy l ether (DGEBA-DETA) epoxies
consist of intramolecularly crosslinked molecular domains interconnected
by less hi ghly crossl Inked regions. These DGEBA—DETA epoxies are relatively
ductile and deform and fall by a crazing process. Diaminod l pheny l su l fone
cured tetraglyc i dyl 4,4’dlamlnod l pheny l methane (TGDDM-DDS) epoxies exhibit
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homogeneous crossl ink densities. These epoxies are not highly crossl inked ,
despite the tetra functionality of the TGDDM molecule , because steric and
d iffusional restrictions inhibi t the cure reactions. The TGDDM—DDS epoxies
can microscopically deform by both crazing and shear banding.

The pert i nent bas i c physica l phenomena ind uced and/or modified by sorbed
moisture that affect the durability of epoxies have been investigated.
Sorbed moisture acts as a plasticizer and a swellin g and solvent crazing
agent to epoxies . The phys i ca l and mechanica l integrity of the epoxies is
deteriorated by certain thermal-moi sture exposure comb i nations.

Factors cont rollin g the toughness of polycarbona te were inves t i gated . In
tension the toughness of polycarbonate is controlled by the ease of shear—
band deformation and the resultant strain-hardening characteristics of the
cold—d rawn material together with the characteristics of surface crazes
which form prior to macroscopic necking. The effects of strain-rate and
environmental exposure on the surface craze characteristics are reported .

Polybenzoxazole (PBO) is relative l y duc tile at room-temperature . The
presence of sulfuric acid in P80, which is eliminated only on decompos i-
tion of the polymer near 500°C , suggests that this acid is strongl y
associated with the rod-like macromol ecules and may affect their aggrega-
tion characteristics.

1 0. EXTENDED ABSTRACT OF EPOXY DURABILITY RESEARCH:

Two epoxy systems were studied: (1) diethy lene triamine-cured bisp heno-
A-d i glyc i dyl ether epoxy (DGEBA—DETA) and (2) diamino—di phenyl sulfone-
cured tetrag lyc i dy l 4, 4’ dia minod i phenyl methane epoxy (TGDDM-DDS).
DGEBA-DETA epoxies exhibit considerable microscopic flow during the
fail ure processes and 15—20% extension to break 25°C bel ow their gloss
transition temperatures (Tg). Reversible thermal annealing cycl ics ,
above and below I , produce reversibl e changes in the macroscop ic y i eld 

V

stress of DGEBA-D~TA epox i es, which are a result of free-volume changes.
These epoxies , however , exhibi ted little swelling in organic solvents.
The lack of swellin g, the ductility , and the free-vol ume dependence of
the mechanical properties of the DGEBA-DETA epoxies can be explained if
these glasses possess a heterogeneous crossl ink density distribution .
I t is suggested that these glasses consist of regions of high-cross l ink
dens it y interconnected by free—vo l ume—dependent , low-cross 1 inked or non-
crossl inked material with the latter material cont rolling the flow prop-
erties. This morpholog ica l model is consistent with Morgan ’s bri ght—
fi eld transmission electron microscope observations. Films stra i ned
direc tly i n the elec tron microscope revea~ed a network of interconnected
6-9 nm diameter particles . These particles remained !ntact and flowed
past one another during the flow processes . It is suggested that these
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particules are molecular domains that are intra-mo lecular ly crossl inked
and form during the initial stages of polymerization .

The fracture topographies of the DGEBA-DETA epoxies can be interpreted
in terms of a crazin g fa i lure process. The coarse in i t ia t ion regi on
of the fracture topography of these epoxies , which has a mica-like
appea rance , is at the center of a cavity and is surrounded by a
smooth , mirro r-like , sl ow crack-growth region . The mica-like structure
results from void growth and coalescence through the center of a
sim ultaneously growing, poorly deve l oped craze , which consis ts of

L 

coarse fibri l s. The diameters of the broken fibr il s depend on the
rela tive rates of craze and void propagation . The smooth , mirror-
like region results from crack propagation either through the center
or along the craze-matrix boundary interface of a thick-well-deve l oped
craze consis t i ng of fine fibrils.

The TGDDM-DDS epoxies are not highly cross-linked systems , despite the
tetrafunc ti onali ty of the TGDDM molecule , and exhibit 15-20% extension
to break 25°C below their Tg ’s. Steric and diffus i on~ l restrictions
inhibi t the cure reactions for glasses prepared from > wt% DOS. (For
all the epoxide groups to react with prima ry amines requires 54 wt% DDS.)
For glasses wi th ~ 30 wt% DOS , un reacted DDS molecules act as plas ticizersand lower the Tg~ 

Aggregates of these unreacted molecules recrystallize
in the epoxy glass and have been identified by electron diffraction and
X—ray emission spectroscopy . The elimination of unreacted molecules
duri ng the later stages of the cure produces stress—rai sing microvoids
in these glasses.

No evidence was found for heterogeneous crosslink-density distribut i ons
in TGDDM—DDS (15-35 wt% DDS) epoxies on strainin g fil ms in the elec tron
microscope. However , transmission electron m icroscopy reveals that the
poor network produced for lower DDS concentrations (10-15 wt% DDS) breaks
in to ‘1-. 2.5 nm particles which are approximately the size of the TGDDM
epoxide molecule.

TGDDM-DDS (12-35 wt% DDS) epoxies predominantly deform and fail in
tension by a crazing process as ind i cated by fracture topography
studies. These glasses also deform to a limited extent by shear banding
as indicated by unique , regular , ri ght-ang le steps in the fracture
topography ini tiation region . The shear-band mode of deformation
becomes more predominan t with increasing temperature and is the primary
mode of deformation during the initial stages of fracture just below T~ .
Fracture topographical features also ind i cate that mixed modes of deforma-
tion that invo l ve both shear banding and crazing can occur in these
epoxies. The shear-band mode of deformation enhances the high-temperature
ductility of these TGDDM—DDS epoxies.
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The pertinent basic phys i cal phenomena induced and/or modi fied by
sorbed moisture that affect the durability of the aforementioned
epoxies were investigated. The conclusions are as follows : (1)
epoxies are plasticized by sorbed moisture , and their Tg ’s are lowered
to a greater extent than predicted from free—vol ume considerations;
(2) moisture diffusion in epoxies can be adequately described by Fick’ s
laws of diffusio n with non—Fickian diffusion with accelerated moisture
sorpt ion occurring, however, in environments that cause microvoid or
crack format ion in the epoxies; (3) local swelling stresses generated
by the sorption of moisture in epoxies cannot be predicted accurately
wi thout detailed knowledge of the epoxy network structure and the moisture
d istribution within the network; (4) sorbed moisture enhanced the craze
cavi tation and propagation processes in the epoxies by plasticization ;
and (5) comb i ned thermal —moisture exposure can deteriorate the phys i ca l
and mechanica l integrity of epoxies. With reference to (4), the craze
cavi tat ion stress is more suscept ibl e to sorbed moisture than Tg , par-
ticularly when m icroscop i c regions of h i gh—moisture concentration are
present in the epoxy . Therefore , modification of T9 by sorbed moisture
alone cannot be utilized as a sensitive guide to predict deterioration
i n the mechanical response and durability of epoxies . In discussing (5),
for certain condi ti ons , moisture clusters form in epoxies which on subse-
quen t elimination produce stress—raising microvoids in the glass that
reduce the tensile strength by n~ 25%. Thermal spiking causes enhanced
moisture sorption because of the breaking of crosslinks and further growth
of fabrica tion-induced surface micro-cracks.

AFOSR Program Manager: Dr. Donald R. Ulrich

11 4

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— — —.___
iI-i- . V .~~~~~~~~

— -_ . —;7
J 

- . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 ~~~~~~ :~



-~~~~~~~- w- — - - .

I,

!~-

COMPLETED PROJECT SUMMARY

1. TITLE: . Chemical Physics of Charge Mechanisms in Nonmetallic
Spacecraft Materials

2. PRINC I PAL INVESTIGATOR : Dr. Joseph E. Nanevlcz
Electromagne tic Sciences Laboratory
SRI In ternational
Men lo Park , Califor nia 94025

3. INCLUSIVE DATES : 15 May 1977 — 30 September 1978

4. CONTRACT NUMBER: F1+462O-77-C—01l3

5. COSTS AND FY SOURCE: $16 ,875, FY77; $27,957, FY78

6. SENIOR RESEARCH PERSONNEL: Mr. Richard C. Adamo

7. JUNIOR RESEARCH PERSONNEL : None

8. PUBLICAT IONS : None at this time

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The interaction of a synchronous—orbit satellite with its environment
activates electrificatio n and electrica l discharge processes producing
electromagnetic noi se pulses and effluents which deteriorate satellite
materials , surfaces and components. The objective of this effort was
to perform research to understand the mechanisms underlying spacecraft
charging in pol ymeric dielectrics .

The charge deposition and transfer properties of polymer materials
are determined by the characteristics of the materials themselves as
well as by both past and present conditions to which the materials are
exposed . Polymer materials on external surfaces of operational space-
craft are subjected to constantly chang in g charged particle and solar
Illumina tion environments. Tempora l variations of internal and external
electric fields and curren ts in exposed surface polymer materials can
therefore be quite complex , part i cularly on a spinning spacecraft.

Several series of laboratory experiments were performed In wh ich samp l es
of typ ica l spacecraft polymers (e.g., Kapton and Teflon) were exposed to
monoenergetic electron beams with en~ rgies from I to 20 keV and beam-
current densities from 1 to 10 nA/cm . At the same time , these samples
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were exposed to illumination from a solar simulator modulated at a
rate of from 1 to 10 rpm to simulate conditions on a spinning space-
craft.

During these tests , both external electric-field and bulk sample current
were monitored and recorded . The observed waveforms were complex and
var i ed cons i derably in both amp litude and waveshape over the range of
test conditions for each sample material. Of particular interest is
the fact that under certain electron—beam condi~~ions, part icularly at
lower beam energ ies , periodic repeatable curren t transien ts were
observed dur in g sample illum i nat ion at si mu la ted veh i cle sp in rates V

of one to a few rpm. These transients did not occur at higher simu-
la ted spin rates or under conditions of steady illu mination or darkness.
This phenomenon may be responsible for the sp i n synchron i sm of electric al
transients that has been observed by in-orbit instruments.

Addi ti onal parametric labora tory studies of these phenomena were made
to obtain data for comparison with presently available theoretica l and
computer model predic t ions of expected material behavior under actual
space conditions.

AFOSR Program Manager: Dr. Donald R. Ulrich
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COMPLETED PROJECT SUMMARY

1. TITLE : Parameters Affecting the Preparation of 3-Fluorosalicylalde-
hyde Via the Reimer-Tiemann Reaction

2. PRINC I PAL INVEST I GATOR : Dr. Pau l A. Pinke
Corporate Research Center
UOP I nc.
Des Plaines , Illinois 60016

3. INCLUS I VE DATES: 1 May 1977 — 30 September 1977

4. CONTRACT NUMBER : F49620-77-C-0l04

5. COSTS AND FY SOURCE: $28,993, FY77

6. SENIOR RESEARCH PERSONNEL: Mr. Michae l 0. Tufano

7. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The object ive of this research was to study the parameters affecting
the Reimer-Tiemann reaction of ortho-fluorophenol (o-FP) whereby
3-fluorosa licylaldehyde (3—FSA) is made. An improvement in the yield
of 3—FSA by the Reimer—Tiem ann method would make it a more practica l
manufacturing procedure . Reduc i ng the cost of 3-FSA manufacture would
lower the cost of a cobalt chelate utilizing 3—FSA called fluomine ,
which is useful for concentrating oxygen from our atmosphere. A fluomine-
based breathing system was being considered by the U.S. Air Force for use
in aircraft . The use of the Reimer-Tiemann reaction for the manufacture
of 3-fluorosalicy laldehyde (3-FSA) from ortho-fluoropheno l (o-FP) was
looked at in greater detail. Substantial improvements were made in both
the yield of 3-FSA and in the recovery of unreacted o—FP . These improve-
ments have resulted in a manufacturing cost estimate for 3-FSA of
$5l-66/lb. The other method developed by UOP , a four-step Claisen route ,
afforded a manufacturing cost estimate of $58/lb. These are both improve-
ments over the current manufacturing cost of $81-400/lb.

AFOSR Program Manager: Dr. Anthony J. Matuszko
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COMPLETED PROJECT SUMMARY

I. TITLE : Organosilicon Compounds and Organosilicon Polymer
Intermediates

2. PRINC I PAL INVESTIGATOR: Dr. Dietma r Seyferth
Department of Chemis try
Massachusetts Institute of Technology
Cambridge , Massachusetts 021 39

3. INCLUSIVE DATES : 1 October 1975 — 30 September 1978

4 GRANT NUMBER: AFOSR-76-29l7

5, COSTS AND FY SOURCE : $33,000, FY76; $36,768, FY71; $38,400, FY78

6. SENIOR RESEARCH PERSONNEL:

Dr. 1. F. 0. Lim
Dr. W. Høl derich

7. JUNIOR RESEARCH PERSONNEL:

0. Dagan i D. C. Annare lli
C. K. Haas S. C. Vick
C. P. Duncan M. L. Shannon
J. L. Lefferts P. Holl

8. PUBLICAT I ONS:

“Halomethy l -Meta l Compounds. LXXVII I. Cyclohexyl- and B-Phenylethyl
(trihalomethy l) Mercury Compounds as Dihalocarbene Precursors at Room
Temperature”, D. Seyferth , C. K. IIaas and D. Dagan i , J. Organometal.
Chem., 104, 9 (1976).

“Halomethyl-Metal Compounds . LXX IX. The Generation of I sopropylidene
Carbene by the Organomercury Route”, 0. Seyferth and D. Dagani ,
J. Organometa l. Chem., lO’4 , 145 (1976).

“Mol ecular Struct ure and Bonding of a Silacyclopropane , Dlmethy l-
disp lro [blcyclo(4.l .O]heptane -7,V-silacyclopropane-3,7”-bicyclo
[4.l.O]hep tane”, G. L. Delker , Y. Wang, G. D. Stucky , R. L. Lambert , Jr.,
C. K. Haas and 0. Seyferth , J. Amer. Chem. Soc., 98, 1779 (1976)

“Evidence for the Generation of a Disilacyclopropane in Solut ion”,
0. Seyferth and D. P. Duncan , J. Organometal. Chem., i l l , C21 (1976).
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“I ,l—3 ,3—Tetramethyl—2 ,2,4,4— tetrakis(trimethy lsilyl)— l ,3—
disilacyclobutane and Its 1 ,3-Digerma - and 1 ,3-Distanna Ana logs:
Unexpected Products from the Reaction of Bis(trim ethylsily l)
bromomethyl lithium with Dimethyldiha lo Derivatives of Silicon ,
German ium and Ti n”, D. Seyferth and J. L. Lefferts , J. Organometal.
Chem., 116 , 257 (1976).

“Dimethy ls i ly l ene Transfer from Hexamethy lsilirane to Olefins ”,
D. Seyferth and D. C. Annarelli , J. Organometal. Chem ., 117, C51
(1976) 

—

“l ,l—D imethy l—3,3—bi s (trimeth y l s i ly l )—l—si l ire ne, a Stabl e
Si lacyclo propene”, 0. Seyferth and 0. C. Annarel li , J. Amer. Chem.
Soc ., 98, 6382 (1976).

“7,7-Dimethyl—7-siladi spiro [2 3.2.1] heptane Derivatives. The First
Silacyc l opropanes”, D. Seyferth , R. L. Lambert , Jr. , and 0. 1. Annarel li ,
J. Organometal. Chem., 122 , 311 (1976).

“Novel Two Atom Insertions into the Silacyclopropane and Silacyc lo—
propene Rings ”, D. Seyferth , D. P. Duncan and S. C. Vick , .3. Organometal.
Chem., 125, C5 (1977).

“The Preparation of a l ,2-Disilacyc lobutane and a 1 ,2—Disilacyclobu t-
2-ene by Dimethy lsilyle ne Insert i on into the Silacyclopropane and
Silacyclopropene Rin g Systems. New Silacyclopropenes”, D. Seyferth
and S. C. Vick , .3. Organonietal. Chem ., 125, Cll (1977).

“Two Atom Insertions in to the Silacyclopropane and Silacyclopropene
Rings : Mechanis t ic Considera t ions”, D. Seyferth , S. C. Vick ,
M. 1. Shannon , 1. F. 0. Lim , and 0. P. Duncan , J. Organometal . Chem. ,
135 , C37 (1977). V

“The Reaction of 2~~—Dich loroa ll yl1 i thium with Aldeh ydes, Ketones and
Other Organic Substrates. An Example of Electronic Control of
Regloselectivity in the Reactions of an Ambident Nuc l eophile”,
0. Seyferth , G. .3. Murphy and B. Mauze, .3. Amer. Chern. Soc., 99, 5317
(1977). 

—

“The Reactions of ~~ 1—D ichloroa 1lyllI thlum with Halides of Silicon ,
German i um , Tin and Mercury , and wi th Tri phenylborane. Equilibri um
vs. Kine tic Control of Regiose l ectivity ”, D. Seyferth , C. J, Murphy
and R. A. Woodruff, J. Organometal. Chem., 141 , 71 (1977). 

- 
V

“Synthesis of l ,8—Bis(trimethylsllyl—) and l ,8—Bis(trime thylstannyl)
naphthalene . The Relative Steric Effects of Carbon , Silicon and Tin
In the l ,8—BIs(trlniethylelement)naphthalenes ”, D. Seyferth and S. C.
VIck , J. Organouneta ,. Chem., 1111 , 173 (1977). -
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“Reactions of Bis(trimethy lsilyl )bromomethy llithium and Iris
(tri niethylsilyl )me thy ll ith ium. The Synthesis of Alpha—Bro movinyls llanes”,
D. Seyferth , J. L. Lefferts , and R. L. Lambert, Jr. , J. Organometa l.
Chem. , 142, 39 (1977). 

V _____________

“Organolithi um Routes to 1 ,2—Disubs tituted Ethylene Derivatives . An
Attempted Synthesis of l ,2-Di lith loe thylene”, 0. Seyferth and
S. C. Vick , J. Organometal. Chem., 144, 1 (1978).

“The Reactions of l ,l—Di methyl—2 ,3—bis( trim et hy l sil yl )—l —si lirene
and Hexamethylsi l i rane wi th Dime thy l Sulfox i de. Inser tion of
Di methylsilanone into the Silirene and S i 1i r~ne Rings”, D. Seyferth ,
1. F. 0. Urn, and D. P. Duncan , .3. Amer. Chem. Soc ., 100, 1626 (1978).

“The Extraordinary Reactivity of the Ring Si—C Bonds in 1 ,1—
Di methyl—trans—2 ,3-bis (2’2’-dimethy l cyc l opropylidene)—l-Sila cyclopropane”,
0. Seyferth , C. K. Haas, R. L. Lambert , Jr., and D. C. Annarelli ,
J. Organometal. Chem., 152 , 131 (1978).

“Reactions of Hexameth ylsllirane with Primary and Secondary Phosphines
and wi th Chlorophosph i nes”, W. Hdlderich and D. Seyferth , .3. Or ganornetal.
Chem., 153, 299 (1978).

“Hyper-reactive Organosilicon Compounds: Silacyclopropanes and
Silacyc lopropenes”, D. Seyferth , R. L. Lambert , Jr. , D. C. Annarel li ,
S. C. Vick , 1. F. 0. L im , D. P. Duncan and M. L. Shannon , Science-
Ciencia , 5, 144 (1978).

“Reactions of Silacyclopropanes with l ,2-Dipolar Reagents”
Diazomethane and Methylenetrlmethylphosphorane”, 0. Seyferth , D. P.
Duncan , H. Schmidbaur and P. Holl , J. Organometal. Chem., 159, 137 V
(1978).

“Organosilicon Compounds and Organosilicon Polymer Intermediates ”,
D. Seyferth , Fi nal Technical Report. V V

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS:

A. Silacycopropanes and Filacyclopropenes

1) Development of the chemistry of the newly discovered (under
AF-AFOSR-72-2204) hexarnethylsilacyclopropane .

a) I ts use as a source of dimethyls i l ylene under exceptionally
mild conditions.
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b) Inser tions into its SIC 2 ring: diazomethane ,
dime thyls i ly lene , “two—atom” i nsertions of activated olefins ,
l ,3-d i enes , terminal acetylenes , aldehydes and ketones , imines ,
di methylsilanone , elemental sulfur.

c) fragmentation reactions with chlorophosph i nes

d) ring-open i ng reactions with primary and secondary
phosphi nes and a mercaptan

e) its use in the generation of R
3~

-SiMe
2

2) Preparation and first isolation and characterizatio,~ of 
F

silacyclo propenes (Ia—c) 
V

R ______
R R 1

\ / a Me~Si Me1Si
C=C .1 .1

\ / b Me
3
Si Me

3
C

/\ c Me
3
Si CH1

CM., CH
‘ 3 dMe C CM

3 3
e Me

2HS1 Me
2
HSi

(Noteworthy is the unexpectedly high thermal stability and
the high reactivity of these compounds.)

Development of the chemistry of silacyc l opropene la :

a) ring-opening by alcohols and water

b) insertion reactions Into its SiC 2 rin g: dime thy l-
silyle ne, “two—atom” Inser tion reactions of activated olefins , V

1-3-die nes , terminal acetylenes , aldehydes and ketones, dime thylsilanone.

c) Oxidation under very mild conditio ns by Me2SO to give
Me2S I O  as a trappable intermediate .

‘S
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3) Preparation of the first disilacycloprop ane , Ii

i Me2 
I I

~~~~~~~~~~~~~~~~~~~~~~

B. Halogenated Organometallics

(Completion of projects begun under AF-AFOSR-72-2204)

1) Reactions of ~~~-d ich lor oa11 yll ithi um with element halides .

2) Synthesi s of cz-bromovinysi lanes

C. Mis cellaneous

I) Attempted synthesis of l ,2—dilithioethy lene
(unsuccessful , but Interestin g chemistry).

2) Synthesis and i somerizatior, of 1 ,B-bis(trimeth yls il y l ) 
V

naphthalene :

Me Si SiMe Me Si

~ i Me3

L~j1~~J 
V

AFOSR Program Manager: Dr. Anthony J. Matuszko
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V COMPLETED PROJECT SUMMARY

1. TITLE; Molecula r Energy Transfer by Col lisiona l Processes
Characteristic of Gas Lasers

2. PRINC I PAL INVESTIGATOR: Professor Hyung Kyu Shin
Department of Chemistry
Un i versi ty of Nevada
Reno, Nevada 89507

3. INCLUS I VE DATES: 1 January 1972 — 31 December 1976

4. GRANT NUMBER: AFOSR 72—2231

5. COSTS: $56,530, FY72; $31 ,3O9, FY75; $8,856, FY76

6. SENIOR RESEARCH PERSONNEL : (Visiti ng Professors)

Dr. Y. H. Kim
Dr. J, Keizer V

7. JUN I OR RESEARCH PERSONNEL:

A. W, Young
A. Takagi
F. Bowers

8. PUBL ICAT IONS:

“Exc i tation of Mol ecular Vibration on Co ll ision . Simultaneous Vibra-
tional and Rotational Transitions in H2 + Ar at Hi gh Collision
Velocities ”, H. K. Shin , .3. Phys, Chem., 76, 2006 (1972) .

“Temperature Dependence of Vibra tiona l Transition Probabilities for
02, Nz, CO , and C12 in the Region Below 300°K”, H. K. Shi n , J. Chem.
Phys ., 57, 3484 (1972).

“Temperature Dependence of the Probability of Vibrational Energy
Transfer Between HF and F”, H. K. Shin , Chem. Phys. Letters, 14 , 64 (1972) .

NOTE : This grant was completed In FY77; however , the sumary was
received too late to be Included in the FY77 Chemistry Program
Review.
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“Dc—excitation of C02(0O°l) by Hydrogen Fl uorides”, H. K. Shi n ,
J. Chen.~ Phys. 57, 3484 (1972).

“Vibra tion—to—rotation Energy Transfer in H20, D20, and NH 3”,
H. K. Shi n , .3. Phys. Chem., 77, 346 (1973).

“Comparison of the WKB and Purely Classica l Methods for Vibrational
Transition Probabilities ”, H. K. Shin , Chem. Phys. Letters, 18 , 359
(1973). —

“Nonadjacent Vibrational Transitions in Molecular Collisions: Interface
Between One- and Two-Quantum Excitation Processes”, H. K. Shi n , .3. Phys.
Chem ., 77, 1 394 (1973).

“V ibration—to-Rotation Energy Transfer in Hydrogen Fluoride : Effects of
the Dipole-Dipole and Hydrogen Bond Interactions ”, H. K. Sh in , J. Chem.
Phys., 59, 879 (1973).

“V ibrationa l Transitions in Atom + Diatomic Systems : Use of the
Lennard—Jones Potential” , H. K. Sh in , J. Phys. Chem., 77, 1666 (1973).

“Simu l taneous Vibrationa l and Rotational Transitions in Hydrogen + Argon
at Hi gh Collisio n Ve l ocities: Collisions at Nonzero Impact Parameters”,
A. W . Young and H. K. Shin , Chem. Phys. Letters, 21 , 267 (1973).

“V ibrational Transitions in Anha rmonic Oscillators ”, H. K. Shi n , .3. Phys.
Chem., 77, 2657 (1973). 

-—

“Vibra tional Deexc i tation of HF(v=l) in HF + Ar: I mportance of Rotationa l
Transit ions ”, H. K. Sh in and A. W. Young, J. Chem. Phys., 60, 193 (1974) .

“Vibra tion-to-Vibration Energy Transfer in Near-Resonant Coll ision s”,
H. K. Shin , .3. Chem. Phys., 60, 1064 (1974).

“Temperature Dependence of V -
~ R , 1 Energy Transfer Probabilities in CO

(0001) + HF/DF”, H. K. Shi n , J. Chem. Phys., 60, 2167 (1974).

“Temperature Dependence of the Probability of Vibration—Vibration-
Rotation Energy ~~~-s?er in HCI(v—2) + HC1 (v 0) ~ HC1 (v”l) + HC1 (v=l)”,
H. K. Sh in , J. Chem. Phys., 60, 2305 (1974).

“Simu l taneous Vibrational and Rotationa l Transitions In HF + Ar”,
H. K. ShIn , .3. Korean Chem. Soc., 18 , 12 (1974).

“A Collision Model for the Vibrationa l Relaxation of Hydrogen Fluor i de
at Low Temperatures”, H. K. Shi n , Chem. Phys. Letters, 26, 450 (1974).
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“The Breakdown of Local Equilibrium in Coupled Relaxation Processes:
Transla tional Non—Equilibrium During Vibrational Relaxation ”, J. Keize r ,
J. Chem. Phys., 61 , 361 (1974).

“Interference Between Two Adjacent Collisions in Vibrat~onei l Relaxation ”,
H. K. Shin and J. Keizer , Chem. Phys. Letters, 27, 611 (1974).

“Vibra tion-to—Vibration Energy Transfer i n N2 + CO in the Temperature
Region 1000 - 3000°K”, H. K. Shi n , J. Chem. Phys., 61’ , 2474 (1974).

“V ibratior ~al Deactivation of l4F(-v~ l~ in the H20 + HF Dimer: HF(v=1) +
H20(000) -~- HF(v=O) + H20(00l) + AE”, H. K. Shin , Chem. Phys. Letters,
32, 218 (1975).

“Effect of Two- i mpact Collisions in HF + H”, H. K. Shin , Chem. Phys.
Letters, 32, 63 (1975).

“I ntermolecular Vibration-to-Vibration Energy Transfer in HF/DF (v’l) +
HF/DF(v 1) -÷ IW/DF(v=O) + HF/DF(v=2) through the formation of Dimers”,
H. K. Shi n , IEEE J. Quantum Electron ., QE— lI , 679 (1975).

“Effects of the Multi p lici ty of I mpacts on Vibration-Translation Energy
Transfer in Colli near Coll i sions”, H. K. Shi n , J. Chem. Phys., 62, 4130
(1975).

“V ibrational Energy Transfer”, H. K. Shin , Modern Theoretica l Chemistry,
Vol . iii , Dynamics of Molecular Collisions , edi ted by W. H. Miller , Plenum
Pubi . Corp., 1 976.

“Idealized Collis ion Model for Reactive Scattering: Energy Dependence
of the Cross Section for CH 3 I + K 4- CH3 + KI” , H. K. Shi n , Chem. Phys,
Letters, 34, 546 (1975).

“Effects of Three—Particle Collisions on Collision—I nduced Light Scattering ”,
H. K. Shin , Chem. Phys. Letters, 35, 218 (1975).

“Vibra tion-Vibration Energy Transfer In HF Dimers”, H. K. Shi n , .3. Chem.
Phys., 63, 2901 (1975).

“Vibra tional Energy Transfer in H2 + He”, H. K. Shin , Chem. Phys. Letters,

ll. ~ 
143 (1976).

“Energy Dependence of the Cross Section for CH3 I + K CM + KI near
Threshold” , H. K. Shin , Chem. Phys. Letters, 38, 253 (l97~).

“Vibrational Energy Transfer In OF + DF”, H. K. Sh in , Proceedings Army . -

Symp . on High Energy Lasers , Redstone Arsenal , Ala. 5.
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“Temperature Dependence of the Vibrat ion-Vibrat ion Deexcitation
Rates of HF(v=n) + HF(v—O) -‘ HF(v—n-l ) + HF(v— l) for n — 2 - 5” ,
H. K. Sh in and Y. H. Kim , J. Chem. Phys., 64 , 3634 (1976) .

“Temperature Dependence of Intrano lecular Vibrational Energy Transfer
in C02 : C02(00°l) + Ne/C02 -~ C02 (nm’O) + Ne/CD 2”, H. K. Sh in ,
Chem. Phys. Letters, 40, 316 (1976).

“Model of Hydrogen-Bond In teraction s near the Equilibrium Configuration :
Application to Vibrational Energy Transfer in DF(v—n) +

H. K. Shi n , J. Am. Chem. Soc., 98, 5765 (1976).

“Vibra tional Relaxation of Hydrogen Fluorides: HF(v=1) + F -
~ HF(v”O)

+ F”, H. K. Sh in , Chem. Phys. Letters, 43, 4 (1976).

“F-Atom Deexc i tation of DF(v—l): Isotope Effect”, H. K. Shin , Chem.
Phys. Letters, 46, 260 (1977).

“Direc t Non-Stepwise Multiple Quantum Excitations in Translation-
Vibra t ion Energy Transfer”, Y. H. Kim and H. K. Shin , J. Korean Chem.
Soc., 20, 97 (1976).

“I ntramolecular Vibration-Vibration Energy Transfer in Carbon Dioxide ”, 
V

V A . Takagi , H. S. Thes is , Un iversi ty of Nevada , 1972.

“Direct Multiple Quantum Transitions in Translation-Vibration Energy
Transfer”, V. H. Ki m , PhD Thesis , Un iversity of Nevada , 1972.

“Vibrational Deexcitat ion of HF(v 1) in HF + Ar: I mportance of
Rotational Transitions ”, A. W. Young , PhD Thesis , Un i versi ty of Nevada ,
1974. 

V

9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

The major objective of this project was to devel op theoretica l models V

for the calculatio n of transition probabilities in collisions of atoms
and molecules . New methods were developed , and exis t ing techniques
were refined to provide both a quantitative and a qualitative interpre- 

V

tation of the mechanisms and dynamics of molecular collisions . Special
V emphasis was given to the problem of deriving explicit expressions for

energy transfer probabilities , so their dependence on pertinen t collision
parameters could be readil y determined . Whenever possible , the V

theoretical study was tested against experimental data , not only for
demonstrating the utility of the theoretica l formulation for the prediction
and correlation of experimental results , but also for explaining the
observations and using the discrepancies between theory and experiment V
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to further refine our understanding of energy transfer processes . The
most i mportant investigation carried out during the tenure of this
grant dealt with the vibrationa l energy transfer processes in hydrogen
fluo r ide mol ecu les , which play major roles in chemica l laser operation .
In this inve s t iga ti on, we considered the self-relaxa tion of HF(l)/DF(1),
near-resonant vibration-vibration energy transfer processes in HF(n) +
HF(O) and DF(n) + DF(0), v ibrational energy transfer in C02(oo°i) +
HF/DF , and F—atom deexc i tation of HF/DF. In addition , the following
aspects of molecular collisions were also investigated : vibration-
rotation energy transfer in H20 and UH3 , near-resonant vibration —
vibra tion energy transfer in N2 + CO , i ntramolecular vibration-rotation
energy transfer in HF + Ar , sim ultaneous vibrational and rotationa l
transitions in H2 + Ar , semiclassical approach to vibra t ional energy
transfer in H2 + He , and translational energy dependence of the reaction
cross sections of alka l i-methy l iod i de reactions.

The major ac t ivi ty under this grant was the study of the vibrational
energy transfe r in hydrogen fluoride molecules. One of the systems
invest igated was the self-relaxation of hydrogen fluoride over wide
temperature ranges. Vibrational relaxation times of HF were calculated
on the basis of the vibration-rotation energy transfer theory over the
temperature range 300 - 4000°K. We have shown that the vibrational
reiaxatlon of hydrogen fluoride molecules can be rigorous exp lained in
terms of the mode l of vibratio n-to-rotation energy transfer when the
effects of dipole-di pole and hydrogen-bond interactions are included .
Stat is t ical l y the coll iding molecules spend more t ime in those orienta-
tions for which the dipole-dipole and hydrogen—bond attractions are
large , thus causing the molecules to exchange their energies eff icientl y.
Below l000°K, the relaxation t ime becomes very short showing a strong
negative temperature dependence , which can be attr~buted to the contri-
butions of suc h attractive forces. Over the entire temperature range ,
the agreement between calculation based on the v i,ration—rotat ion energy
transfer theory and experimental data in both the magnitude and tempera-
ture dependence of ~~brationa l relaxation time wa~ found to be good.

At temperatures below 300° K, the contribution of hydrogen-bond attraction
becomes Important. Because of this contribut ion , the colliding molecules
can form a nonrigid bond and undergo oscil latory motion about their
equilibrium orientations. Such sticky coll isions are shown to be pri-
marily responsible for the removal of the vibrational energy of HF(l) and
lead to a negative temperature dependence of energy t ransfe r probability.
The model has been extended to study near-resonant coll isions HF(n) +

HF(0) -
~ 

HF(n—l) + HF(1) and DF(n) + DF(O) + DF(n— 1) + DF(l) for n — 2 - 5
in the temperature range 200 - 2000°K. We have shown tnat the formation V

of a nonrigid hydrogen bond Is important at lowe r temperatures , while the
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complete rotational motion is responsible for the removal of vibra-
tional energy at highe r temperatures. For the latter case, the
vibra tion-rotation energy transfer mechanism was used . At a given
temperature the sum of these two contribut i ons determines the efficiency
of near-resonant vibrationa l energy transfer processes . The rate
coefficient k for HF(n) + HF(O) ~~- HF(n-l) + HF(l) ,  where n = 2 and 3,
shows a strong negat ive temperature dependence at low temperatures where
the nonrigid dime r mechan i sm is of primary importance; after reaching a
minimum va lue it then increases with rising temperature . For n = 5, no
such dependence is found. At higher temperatures the rotationa l motion
of HF is primari ly responsible for the remova l of energy mismatch. Another
interesting result found was at low temperatures the rate coefficient
decreases wi th n , but incr eases at higher temperatures . These two
differen t n—dependent regions are separated approximately at 300°K; at
this tempera ture , k for n = 3 is shown to be the largest. In the
neighborhood of room tempera ture , the dependence of k on n is very sensi-
tive to a small change in temperature . The maximum k occurs at either
n = 3 or 4 , but nea r 400°K, k can even be an increasing function of n.
F~r OF systems , however , k always increases with n over the temperature
range 200 - 2000°K, although the incrcase is much smaller at lower
temperatures. The hydrogen-bond interaction model has also been used in
the study of HF(1) + H20(000) -÷ HF(O) + H20(OO 1) in the temperature
range 300 - 500°K. V

Another important study involving hydrogen fluorides carried out under
the support was the F—atom deexcitation of HF(l) /DF ( l). We have developed
a rigorous semiclassica l app roach to determine deexci tation rate coeff icie nt s
of these collisions with special emphasis on the temperature dependence of
rate coefficients and isotope effect. Nea r room temperature , k of HF(l)
+ F -+ HF(O) + F is small but it rapidly increases with temperature . At
temperatures above 150G° K, k is very large wi th the magnitude 10 13 cm 3/
mole-sec. We have found that DF(1) relaxes two to three t imes faster
than HF(l) in the range 1000 

- 3000° K.

We a1so studied the energy transfe r In CO2 + HF/DF in the temperature
range 300 - 2000°K. The calculation based on the vibration-rotation
energy transfer theory shows the efficient deexc itation of C02 (O0° l).
The calculated va lues are in agreement with laser-exc i ted fluorescence
measurements around 350°K. From a comparison with experimental data
It was predicted that the (fInal) deexc ited states of CO~ are (OO°O) 

- 

V

and (0l~ O) , respectively, for the C02 (00°l) + HF and C02(O0 °l) + DF
collisions. The vibration-rotation theory ~ias used to study the tem-
perature dependence of the near—resonant process HC 1 (2) + HCI(0)
HC1(l) + HC1(l) . Since the hydrogen—bond interaction is weak in these
molecules , the dime r mode l was not considered for this process.
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Extension of the energy transfer theory has been made to other polar
molecu les such as H20 and NH3 over wide temperature ranges. Calcula-
tions showed that deexc i tation probabilities are large in these
co l l is ions , and fur thermore, D20 was shown to be less efficiently
deexcited than H20 in the seif-deexc i tation processes.

Another area of research was the development of an impulsive col l ision
model to study the translational energy dependence of the reaction cross
section of all the alkali-methyl iod ide reactions , the reactions which
have been extensively investigated by molecular-beam kinet ic ists.  For
CH 3 I + K ± CH3 + 1(1 the model gave reaction cross sections in good agree-
ment with experimental data in the pre- and post—maximum energy regions.
In all reactions of the famil y, the cross section increases sharply with
the translational energy showing an Arrhen i us—like positive energy
dependence for the energy just past threshold and then takes a maximum
va l ue. I n the post—maximum region the cross section decreases slowly
with the translational energy .

The impulsive collision model was extended to study the dependence of
vibration-translation energy exchange in nonreactive collisions on the
numbe r of i mpacts. For the collinear collisions C—B + A , the total
number of impacts that a sin9 le coll ision can have is n = 90°/4 ) , where ~ 

=

arc tan [mB (mA+mB+m
C
)/mAmB]~

12 ; for nonin tegra l values of 90°/4), n is
the interger which just exceeds the noninteger va l ue 90°/4). The model
was applied to H—F + F, F-H + F, Cl—H + Cl , Br—H + Br , I—H + Cl , and
severa l other hypothetica l systems with particular emphas i s on the
dependence of energy exchange on the number of i mpacts. Comparison with
exact trajectory calculations at high collision energies showed a
diminished i nelasticity as the result of repeated Impacts between A and B
in a sin gle col l ision .

A rigorous semiclassica l approach was developed to study vibra tiona l
energy transfe r in H2. + He by use of the a priori interaction potential
including all nonzero impact parameter coll isions. The calculated va lues

V of the rate coefficient were found to be in excellent agreement with V

experimental data available In the temperature ranges 60° - 450° K and
1350° - 3000°K.

We also investigated the following problems in molecular col l isions.
The importance of rotational transitions In the vibrational deexcitat lon
of HF(1) in HF + Ar collisions was stud ied by a semiclassica l three—
dimensional approach. The temperature dependence of intra~olecu1ar
vibra tiona l energy transfer in c02(oo°i) + Ne/C02 ± C02(nm 0) + Ne/C02
was investigated. An analytic approach was developed to study vibra tion-
vibration energy transfer in near—resonant collisions; the model was
app lIed to Cl + M, where M — N2, NO , 02, and D2. The 0 1 vibratIona l
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transition probability of an anharmonic oscillator was formulated
using the potential function which is a sum of quadratic and cubic
terms in the vibrational coordinate. The problem of vibrationa lly
and rotat ionally inelas t ic scattering processes Vin H2 + Ar for nonzero
i mpact parameter was investigated in the collision vel ocity range 106 -

~~~, cm/sec by use of the sudden approximation . The Interference between
one— and two-quantum excitation processes in 0 ~~- n vibra t iona l transi-
t ions taking place in molecular collisions was investi gated . A ri gorous
comparison of the WKB eva l uation of the quantal approach to vibrationa l
energy transfer with the purely classica l theory was carried out. The
temperature dependence of vibrational energy transfer for 02, N2, CO
and Cl 2 at temperatures below 300°K was investigated. Interference
effects in the collision of a molecule with two incident particles was
invest i gated using the classica l approach to vibrationa l energy transfer.
Also invest i gated were translationa l nonequ il ibr i um during vibrational
relaxation and collision-induced light scattering.

AFOSR Program Manager: Russell A. Arms trong, Capt , USAF
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P. L. Altick and H. K. Shin , J. Chem. Phys., 68, 3973 (1978).
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and Translational Motion in HC1 + C l” , H. K. Shin , J. Chem. Phys .,
68, 5265 (1978)

“Vibrational Relaxation of Water Molecules near Room Temperature”,
I-I. K. Sh in , J. Chem. Phys., In press.

“Molecular Energy Transfer Studies”, H. K. Shin , Final Techn i cal Report.

In Preparation:

“Deexci tation of D20(O10) near Room Temperature”, V. H. Kim and
H. K. Shin.

“Vibrational Relaxation of Diatomic Molecules in Condensed Monatomic
Media”, H. K. Shin.

“Vibrational Relaxation of van der Waals Molecules”, H. K. Shin.

9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The major concern has been with vibrational energy transfer in molecular
collisions -Involving hydrogen halides and water molecules at low tempera-

V tures. As the temperature of the collisIon system is l owered, the
reduction of thermal energy l eads to the appearance of a number of
Interesting phenomena that are obscured or nonexistent at higher
temperatures . One such phenomenon , which is of particular i mportance
to the study of molecular energy transfer is the man i festation of
intermolecular attraction . When the colliding molecules approach each
other at low temperatures, they spend more t ime in those orientations 

V

for which the attraction Is strong . If attractive forces are suff i
ciently strong (Eattr>>kT), the colliding molecules can form a weakly
bound complex. In collision systems involving vibrationally excited V

molecules , the formation of such a complex can lead to efficient
relaxation through intracomplex energy transfer. Since the subunit
molecules cannot undergo free translation and/or rotation , conventional
vibration-translation and/or vibration-rotation energy transfer theories
are no longer useful , and new theories will have to be formulated.
During the support period , we have developed such a theoretica l approach
recognizing the formation of loosely bound complexes .

1

To understand the details of energy transfer processes in the complex,
it is essential to determine energy levels of the newly-formed bond .
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An analytica l approach to determine the levels by use of the Lennard-
Jones potential In the WKB method has been devel oped. Specific systems
considered are rare gas molecules and argon-hydrogen halide complexes.
The former molecules are chosen to establish the method since experi-
mental data are available for them. We have determined spectroscop c
constants and energy levels of the bond of all these molecules and
complexes , and found that results are in good agreement with experi-
mental data . We have also predicted val ues of 

V such constants for
complexes for which no experimental data are available.

Energy transfer probabilities of OF (v=l) + DF(v 0) -. 2DF(v O) in the
temperature range of 200 - 400°K have been calculated recognizing the
presence of strong attractive forces and formation of a OF dimer. V
Probabili ties are large and exhibit a sharp negative temperature
dependence below 300°K, the res ult which can be att rib uted to the
transfer of energy to the oscillatory motion of OF in the dimer.
The model has also been used to study the vibrational relaxation
of H20(OlO). Large va l ues of the v2—deexcitation probability found
near room temperature are incompatible with earlier sound-absorption V

data , but are in agreement with recent results obtained with laser
exc i ted fluorescence techniques . At present experimental data on the
v2—deexcita tion of D20(O1O) are not available , but the presen t model

V 
gives deexcitation probabilities which are somewhat smaller than that V

of H20 over the temperature range of 200 - kOO° K. Another system
V investigated based on the complex formation is HC1 (v=1) + Cl. The

attractive energy between the colliding partners is significantly less
than that of OF or H20, but the energy transfer can be exp lained in
terms of the model.

V The model described above works for low-temperature relaxation processes.
As the temperature increases , the role of weakly bound complexes becomes
less important and an entirely different model will have to be used . V

The change iii energy transfer mechanism has been demonstrated for
H20(OlO) cal culating deexcitation probabilities over 1 000 - 4000°K by

V use of vibration-rotation energy transfer theory . Probabilities are
found to be large and are comparable to that at V temperatures near
300°K obta i ned with the model of complex formation . The comparison V

V shows the appearance of a probability minimum near 600°K.

We have Investigated intramolecular vibration-vibration energy transfer
in C02(OO° i) + H2/D2 to determine the most efficient energy transfer V

pathway. Over the temperature range of 100 - 2500°K, the intra—
molecular process (0001 + 1000) is found to be the dominant process
in both collision systems. Another system Investi gated is the F-atom 

V
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deexcitation of DF(v.’l). Near room temperature , the deexcitation
rate constant is small but Increases rapidly with increasing tempera-
ture . It is also found that the system relaxes faster than HF + F
over the temperature range of 100 - 3000°K.

An approximate solut i on of the time-dependent Schrlidinger equation V

was developed for vibration—vibration energy transfer In a colline ar
collision of two diatomic molecules . This work has been undertaken
to obtain the solut ion for an arbitrary form of interaction potential.
Also undertaken is a full quantum mechan i ca l treatment of vibration-
translation energy transfer in an atom-diatom collinear collision
empl oying a simple step potential for which the resulting coupled
differential equations were solved exactly. 

V

AFOSR Program Manager: Russell A. Armstrong, Capt , USAF
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9, ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The major thrus t of this prog ram was in the di rec t ion of exp loration V

of new methods fo r vapor izi ng and studying the reacti ons of the h ig h
boiling elements , for the main part the hi gh boiling transition elements.
Thermal vaporiza t ions of tungsten , molybdenum , rhod ium , ruthen i um ,
titan i um , zircon ium , and thorium were successf u l ly  carr ied out . Each
of these metals makes bis-arene sandwich compounds with benzene and
substituted aromatic compounds , of varying stabilities. The less
stable ones are usefu l in further organometal lic syntheses emp loying
these metals. For examp le , from t i tan ium atoms in benzene or toluene
one makes a b is-arene compound which reacts readily with cyclooctate-
traene to make eithe r the bis-cyclooctatetraene titanium or the tris-
cyclooctatetraene bis-titanium. Bis—arene molybdenum and tungsten
compounds were prepa red with halogen , rnethoxyl , carbe thoxyl , and
dime thylamino substituents. Compounds of this type had not been available.

Electron transfer properties of metal atoms were examined in their
i nteractions with water and acetone. This led to a new reactivity
ser i es , significan tly differen t from the standard potentials for the
metals. This is a natura l consequence of the very substantial differences
i n heats of vaporization of the metals. This is interestingly illustrated
by the finding that copper and zinc have the same potential as atoms ,
and that the well known difference V I f l  reactivity of the metals must then 

V

be due to the large difference In heats of vaporization rather than V

electron c effects. This atom potential series will be useful in examining
all electron transfer reactions of metal atoms .

The reaction of magnesium atoms wi th CO2 produces CO 2 rad icals which
in the presence of olef ins add to make succinic ac ids . Such a bis-
carboxylation of the unsaturated linkage is a new type of reaction .
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It has been demonstrated that an ent irely new type of heterogeneous
catalyst has been prepared , a supported catalyst with molecularly
defined active sites . This is a highly significant finding of great
generality. The catalyst prepa red has single rhod i um atoms as the
active sites. The method of preparation is such that it is clear it
can be extended to include all the other transition metals , and f urther
it should be possible to make catalysts with active sites consisting of
dia toms , either the same or different ones , or triatoms in any combina-
tion , etc. If this speculation proves to be correct , the f i eld of
heterogeneous catalysis will have available a grca t variety of new
ca tal ys ts , and furthe r , the mechanisms of heterogeneous reactions will
become accessible because the concentration and composition of the
active site will be known , thus making possible , through kinetic studies ,
the composition of the transition states in heterogeneous catalysis.

Succinimidyl radica l chemistry was explored for the first time . It
proved to be a hi ghl y unusua l radical in a number of its properties .
Further the system proved to be very intri guing because it was found
that two different electronic states of succ inimidyl could be produced
in thermal chain reactions , depending on the energetics of certain
steps. This notion may have b road si gn i f ica nce in other radical sys tems .

AFOSR Program Manager: Dr. Anthony J. Matuszko
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S. Yomoda and 1. H. Sperling , .3. App I. Polym. Sci., 21 , 2609 (1977).

“Effect of Grafting on Phase Vol ume Fraction , Composi t ion , and Mechan i cal
Behavior : Epoxy/Poly(n-butyl acrylate) Simultaneous Interpenetrating V 

-Networks”, P. R. Scarito and L. H. Sperl ing , accepted Polym. Eng. Sci.

“Application of Kan i g ’s Staining Techn i que to the Study of Simultaneous
Interpenetrating Network Morphology by Transmission Electron Microscopy ”,
N. Devia, J. H. Llpko , and L. H. Sperling, submitted to Polymer Letters.

“A Proposed Generalized Nomenclature Scheme for Multipo l ymer and
Multlmonomer Systems”, L. H. Sperling and E. M. Corwln , to appear in
Advances in Chemistry Series , issue to be edited by S. L. Cooper.
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“Morphology and Mechanical Behavior of I someric Graft Copolymers and
Interpenetrating Pol ymer Networks ”, L. H. Sperling , Fi nal Technical
Report

8. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The objectives of the research were to synthesize severa l interpene-
trating pol ymer networks (IPNs) and to develop correlations among
synthetic detail , morphology and physical and mechanical behavior.
The accomp l i shments included the following:

(1) Con trolled Grafting of Simultaneous Interpenetrating Polymer
Networks . This research , wh ich el ucida ted the rela t ionshi p between
polymer 1/polymer 2 compa t ibi l ity and del i bera te ly int roduced graf t
si tes , were accepted for publication by Polymer Science and Engineering.
From an engineering point of view , the cont rolled morphology produced
usi ng epoxy/acryl i c combi nat ions y i elded ve ry tough, nove l plastics.

(2) Novel Staining Techniques for Saturated Two-Phased Polymers.
Up till now, the on ly good s tai n ing techn ique for pol yblends ut i l ized an
osm ium tet roxide at tack on polyme r contai ni ng double bonds. The research
under this cont rac t showed how this method cou ld be successf u l ly extended
to carboxyl or ester containing systems such as acrylics or methacrylics.

(3) Polymer Blend and Interpenetrating Polymer Network Nomenclature .
A major stumbling block in the development of multicomponent polymer
systems has been an inadequate nomenclature .

(4) The first experiments on decrossl inking of interpenetrating
polymer networks were done.

AFOSR Program Manager: Dr. Anthony J. Matuszko 
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8. PUBL ICATIONS:

“ Indirect Chemiluminescence Activated by 1 ,2-Dioxetanes ”, N. J. Turro ,
P. lechtken , G. Schuster , .3. Orell , H. C. Steinmetzer and W. Adam.
J. Amer. Chem. Soc ., 96 , 1627 (1974).
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“Quantum Chain Processes. A Nove l Procedure for Measurement of Quenching
Parameters”, N. J. Tur ro , N. E. Schore , H. C. Steinmetzer and A. Vekta.
J. Amer. Chem. Soc ., 96, 1936 (1974).

“Peroxyoxalate Chemiluminescence Chemiexc i tation of Hi gh Energy Exc i ted
States on Acceptor Molecules”, P. Lechtken and N. .3. Turro . Molecular
Photochemistry, 6, 95 (1974) .

“Tetramethyl-l ,2-Dioxetane”, N. J. Turro, P. Lechtken , N. E. Schore ,
G. Schuster , H. C. Steinmetzer and A. Yetka. Accounts Chem. Research,
7, 97 (1974).

“Chemiluminescence of Tetramethyl l ,2-Dioxetane. Measurement of Activation
Parameters by a ‘Non-Destruct i ve ’ Method”, H. C. Steinmetzer, A. Yekta and
N. J. Turro. .3. Ame r. Chem. Soc., 96, 4677 (1974).

“Elec tronic Excitation Transfer in Pol ymers I” , H. C. Steinmetzer and
N. J. Turro. J. Amer. Chem. Soc ., 96, 4677 (1974) .

“Energy Transfer Mechan i sms in Pol ymer Systems II” , H. C. Steinmetzer
and N. J. Turro . J. Amer. Chem. Soc ., 96, 4679 (1974).

“A Facile and Effective Chemilum inescent Demonstration Experiment”,
A. G. Mohan and N. J. Turro . J. them. Ed., 51 , 529 (1974).

“Chemfexc i tation of Acetophenone via Dewar Acetophenone”, N. J. Turro ,
G. Schuster , .3. Pouli quen , R. Pettit and C. Mauldin. J. Ame r. them. Soc .,
96, 6797 (1974).

“Solution - Phase Photochemistry of Cyclobutanones ”, D. R. Morton and N. J.
Turro . Adv. Photochem., 9, 197 (1974).

“Dark Ini tiation of Photodegradation ”, .3. E. Gu i lle t , B. Hauvenaghel-
Defoort , T. Kil p, N. J. Turro , H. C. Steinmetzer and G. Schuster. Macromol .,
7, 942 (1974) .

“Single t Sensitized Formation of Triplet Acetone from Tetramethyl—1 ,2-
d i oxe tane”, W. T. Baron and N. J. Turro . Tetrahedron Letters, 3515 (1974).

“Photochemica l Reactions as a Tool in Organic Syntheses”, N. J. Turro
and G. Schuster. Science, 187, 303 (1975).

“A Classif ication of Photochemica l Reactions”, W. G. Dauben , L. Salem
and N. .3. Turro . Accounts Chem. Research, 8, 41 (1975). V

V “Photosensitization and Oxetane Formation ”, N. .3. Turro . Progress In
Photobiology, Proc. VI Internl . Congr. Photobio. . Bochum , ed. G. 0.
Schenck , 010 , 1974 .
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“Mechanism of the Interact ion of n ,-n~ Exc i ted Alkanones with Electron—
Rich Ethyleries”, N. E. Schore and N. J. Turro. J. Amer. them. Soc.,
97, 2482 (1975).

“Nove l Fluo rescent Probe for Micellar Systems . l ,3—Dia lkyli ndoles”,
N. E. Schore and N. J. Turro. J. Ame r. Chem. Soc ., 97, 2488 (1975).

“Energy Storage and Release. Direct and Sensitized Photoreactions of
Benzva lene”, C. A. Renner , T. J. Katz , J. Pouli quen , N. J. Tur ro and
W. H. Waddell. J. Amer. Chem. Soc ., 97, 2568 (1975).

“Quantum Chain Processes. Direct Observation of High Quantum Yields in
the Direct and Photosensitized Excitation of Tetramethyl-1 ,2-Dioxetane”,
N. J. Turro and W. H. Waddel l . Tetrahed ron Letters, 2069 (1975).

“Chemiexcitation Mechanisms . The Role of Synrietry and Spin-Orbit
Coup ling in Diradicals ”, N. J. Turro and A. Devaquet. J. Amer. them. Soc.,
97, 3859 (1975).

“Energy Migration . The Energy Hopp ing and Self-Quenching Reaction Involv-
ing Carbonyl Chromophores”, G. Schuster and N. J. Turro . Tetrahedron
Letters, 2261 (1975).

“Relat ive Emission Eff ic iencies of Deuterated Benzenes ”, W . Wadde ll ,
C. Renner and N. J. Turro. Mol. Photochem., 6 , 321 (1974) .

“Structure-Reactivity in the Quenching of the Fluorescence from
c*-Diketones”, B. Munroe , C. -C. Lee and N. J. Turro . Mol. Photochem.,
6 , 271 (1974) .

“Mechanisms of Energy Storage and Release. Chemilumine scent Va l ence
I somerizations. Evide nce for a Dewar Benzene Intermediate in a
Biscyclopropenyl to Benzene Rearrangement”, N. J. Turro , G. B. Schus ter ,
R. C. Bergman , K. J. Shea and J. H. Davis. J. Ame r. them. Soc., 97, 4758
(1975).

“A Case for the Concept of ‘Masked ’ or ‘Crypto ’ Electronically Exc i ted
Sta tes”, N. J. Turro. The Excip lex, eds. M. Gordon and W. Ware ,
Academic Press , New York , 1975, p. 165.

“Steric Effects In Sing let and Triple t Electronic Energy Transfer to
Azo Compounds”, C. C. Wamser , R. 1. Medary , I. E. Kochevar , N. J. Turro
and P. L. Chang. J. Ame r. Chem. Soc ., 97, 1+862 (1975).

“Mechanistic Photochemistry of 1 -Adamanty l acetone”, R. B. Gagosian ,
J. C. Dalton and N. .3. Turro . J. Amer. Chem. Soc., 97, 5189 (1975).

“An Unusually Stable 1 ,2-Dioxetane”, C. B. Schuster , N. J. Turro , et. al.
J. Amer. Chem. Soc ., 97, 7110 (1975) .
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“PhotofragmentatiOn of Tetramethyl-l ,2-dioxetane”, P. Lechtken and
H. C. Steinmetzer. them. Ber., 108, 3159 (1975) .

“Pyrene Fluorescence Life ti me as a Probe for Oxygen Pene tra t ion of
Micelles ”, H. W. Gei ger and N. J. Turro . Photochem. Photoblo., 22 ,
273 (1975). —

“Organic Photochemistry , 1974”, 0. R. Brewer, I. E. Kochevar, G. B.
Schuster , .3. E. Shields and N. J. Turro. Molec. Photochem., 7, 85
(1976) . —

“Quantitative Aspects of the Photochemfstry of I someric Retinals
and Visua l Pi gments”, W. H. Waddell , R. Crouch , K. Nakanish i and
N. J. Turro. J. Ame r. Chem. Soc., 98, 4189 (1976).

“Thermolysis and Photochemistry of Cyclic Azo Compounds. A Novel
Chemi l uminescent Reaction and Alternate Route to Dewar Benzene”,
N. J. Turro , C. A. Renner , W. H. Wadde ll and 1. .3. Katz. J. Amer.
Chem. Soc., 98, 4320 (1976).

“Kine tics and Thermochemistry of the Rearrangement of Benzvalene to
Benzene. An Energy Sufficient but Non-Chemiluminescent Reaction ”,
N. J. Turro, C. A. Renner , T. J. Katz, K. B. Wiber g and H. B. Connon .
Tetrahed ron Letters, 46, 4133 (1976).

“On the Mechanism of Photocycloaddition of Aromatic Thiones (n,IT*
Tri plet) to Multiple Bonds”, N. .3. Turro and V. Rarnamurthy . Tetrahedron
Letters, 28, 2423 (1976) . V

“Photoluminescence of Bicyclo[2.2.1]Heptan-2-One (Norcamphor) and Related
Molecules”, W. H. Waddel l , N. J. Turro and C. Farrington . Molec. Photochem.,
7, 1+75 (1976).

“Reaction of Stra i ned Acetylenes with Molecula r Oxygen . A Novel Chemi-
l uminescent Reaction , Evidence for a Dioxetane , and a Mechan i sm for
Thermal Generation of Sing let Oxygen”, N. J. Turro , V. Ramamurthy ,
K. C. Liu , A. Krebs and R. Kemper. J. Amer. them. Soc., 98, 6758 (1976) .

“Salem Diagrams as a Device for the Elucidation of Photochemica l Reaction
Mechanisms . Applica tion to the Cleavage of Cyclic Alkanones”, N. J. Turro,
W. E. Farneth and Alain Devaquet. J. Amer. Chem. Soc., 98, 71+25 (1976).

“Time Resolved Infra red Laser Photochemistry and Spectroscopy : the
Methyl Fluoride Sensit i zed Decomposition of Tetramethy l-l ,2-diV oxetane .
An Example of Infra red Laser Induced Electronic Exc itation”, U. E. Farneth ,
G. Flynn, R. Slater and N. J. Turro . .3. Amer. Chem. Soc ., 98, 7877 (1976).
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“Competing Photocyclization and Photoenolization of Pheny l c~-Diketones”,P. J. Wagner , R. C. Zepp , K. C. Liu , H. Thoma s , T. J. Lee and N. .3. Turro .
J. Amer. them. Soc., 98, 8125 (1976).

“Ki netic and Spectroscopic Investigation of a Quantum Chain Reaction”,
P. Lechtken , A. Yekta , N. S. Schore, H. C. Steinmetzer , W . H. Waddell
and N. J. Turro . Zeit. Physik. them., Neue Fol ge , 101 , 79 (1976).

“Thermal and Photochemical interconversion of Severa l l ,3-Naphtho
(C4H4) Hydrocarbons. Tests of the Woodward-Hoffman Rules”, N. J. Turro ,
V. Ramamur thy, R. M. Pagn i and J. A. Butcher. J. Org . Chem., 42, 92 (1977).

“Triarylmethane Dye Photochromism: Spectroscopy and Photochemistry of
Brillian t Green Leucocyanide”, M. W. Gei ger , N. J. Turro and U. H. Waddell.
Photochem. Photobio., 25, 15 (1977) .

“Molecular Photochemistry 120. On the Nature of the Capturable Singlet
Trimethylenemethane Intermediate in the Decomposition of 7-isopropylidene
-2,3-diazanorbornene”, H. S. Pla tz, D. R. Kelsey , J. A. Berson , N. J.
Turro and Manfred Mirbach. J. Amer. them. Soc., 99 2009 (1977).

“Chemiluminescence Associa ted with Sing let Oxygen Cleavage of Cyclo-
propenes ; the Dioxetanes Derived from Tn -  and Tetrapheny l cyclopropene,”
G. U. Griffin , I . R. Politzer , K. Ish kawa , N. J. Turro , and H. -F. Chow.
Tetrahedron Letters, 1287 (1977) .

“Energy Transfer Processes,” N. J. Turro. Pure App i. Chem., 49, 405
(1977) . —

“Fl uidity and Oxygen Penetration of Lipid Vesicles Studied by Fluorescence
Probes ,” H. W. Gei ger and N. J. Turro . Photochem. Photobio., 26 , 221
(1977) .

“Quenching of the 1n,~r~ of Alkanones by Unsaturated Compounds ,” N. C. V

Yang, M. H. Hui , 0. M. Shold , N. J. Turro , R. R. Hautala , K. Oawe s and
.1. C. Dal ton. J. Amer. Chem. Soc., ~~~~~~, 3023 (1977) .

“Hi ghlights of Organic Photochemistry ,” W. Cherry , M. F. Chow, H. .3.
Mirbach , H. F. Mirbach , V. Ramamurthy and N. J. Turro. Mol. Photochem.,
8(2), 175-211 (1977) . 

-

“Fluorescence Probes for Mice llar Systems ,” N. J. Turro , H. W . Ge iger ,
R. R. Hautala and N. E. Schore. Micell izat lon , Solubilizatlon and
MicroemulsIons, ed. K. 1. Mit tal , Plenum, New York, 1977, p. 75.

“Synthesis of a-Peroxylactones by Direct Oxygenation of Ketenes . V

Evidence for an Intermediate ,” N. J. Turro , V. Ito , M. F. Chow, U. Adam,
0. Rodrlquez and F. Yany. J. Amer. Chem. Soc., 99, 5836 (1977). V
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“Source of Inefficiency in Photochem ica l Tr ip let  Cycloaddition and
Hydrogen Abstraction Reaction s ,” N. J. Turro and V. Ramamurthy .
Mol. Photochem., 8(3), 239—253 (1977).

“Energy Storage and Rel ease. Direct and Sensitized Photoreactions of
Dewar Benzene and Prismane ,” N. J. Turro , V. Ramamurthy and 1. J. Katz.
Nouveau J. Chimie , !, 363 (1977). V

“Structural and Dynamic Studies of Materials Possessing High Energy
Content ,” N. .3. Turro , Fin al Tech ni cal Repor t. V

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS :

The technology related to reconnaissance , informat ion retrieva l, comun i-
ca t ions , radia t ion detect ion and other areas requ ire and wi l l  advance as our
knowledge of excited molecules and their emission properties expands.
Novel la ser uses , novel laser des ign and advancement of the state of the
ar t of photochem is try depends heav i ly on both techni cal , theoret ical and
exper imental deve lopments. The goa l of this resea rch was to provide a
theoretica l and experimental basis for the understanding of the properties
of exc i ted molecules and their emission characteristics. What was sought
was the eluc i dation of the available mechanisms for thermal and photo-
chemistry activation of selected hig h energy content materials wh i ch are
chemiluminescent. Several novel chemi 1 uminescent organic reactions were
d iscovered and thoroughly investigated . A particular emphasis was directed
toward the identification of chemiluminescent systems which might have the
highes t l i kel i hood of providing a framework for the deve lopment of operat-
ing chemical lasers which emi t in the v is ib le spectral range. The thermal
chem is t ry and photochemi st ry of d i oxetanes and of vale nce isomers of
benzene have been inves tig ated. V 

The chemistry of singlet oxygen was
explored to develop simple and conven i ent means of producing this species.
An i mportant devel opment has been the discovery that the catalytic therma l 

V

generation of singlet oxygen from ground state (trip let) oxygen may be
feasible. The possibili ty of using singlet oxygen in developing chemica l
lasers was also explored. Finall y, the mechan isms of electronic energy V

transfe r and oxida t ion in polymers is being investi gated with the goal of
provid ing a fundamental understanding of these processes that will allow V

the systematic and rational deve lopment of strategies for stabilization
of polymer systems .

AFOSR Program Manager: Dr. Anthony J. Matuszko
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Inorganic Syntheses.

“Dodecamethylcyclohexasllane ,” R. West, L. Brough and U. Wojnowski , sub-
mitted to the Inorganic Syntheses.

“Characterization of Organosil icon Infiltrated Porous Reaction Sintered
SI

3
N 14,

” K. S. Mazdi yasni , R. West and L. D. David , submi tted to J. Amer.
Cer. Soc. -

“Nmr and Esr Observation of Hindered Rotation in ~~~-tetra-tert-buty I—
dis ilane and the Corresponding Disilanyl Radica l,” D. A. Stanislawski ,
A. C. Buchanan III and K. West , submitted to J. Ame r. Chem. Soc. V

“Cyclic Polysilanes . X I I I .  Ring Closure Reactions of ~,w—D lch loroper-
methyl pol ysilanes ; the Preparation of Heterocyclic Phenylphosphinoper—
methylsilanes (PhP) SiMe2)~~,” R. 1. Oakley , 0. A. Stanls lawsk l and
R. West , submi tted Po J. Organometal. Chem..

“Chemica l Reactions and Properties of Organosi licon Compounds Related
to New Materials ,” K. West , Final Technical Report.

9. ABSTRACT OF OBJECTIVES AND ACCOM PL ISHMENTS:

Research during this grant was concentrated on the chemistry of poly-
silanes , especially cyclic permethylpolys ilanes and their derivatives .
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The synthesis of permethy lpol ysi lanes has been studied i n deta i l ;  the
reaction between diniethyld ichlorosi lane and sod ium—potassium al loy leads
ma i nl y to polymer along with some (Me2Si)5, (Me2S i)6 and (Me2Si) 7.
Depolymerization of the polyme r by an “unzi pp ing” mechanis m genera tes
the s ix—ring (Me2 Si)6 .  Admixture of phenylmethyldich loros ilane wi th
dimeth-y ldichlorosi lane leads to a polymer wh ich does not undergo
depolymerization , and which may be useful as a source of strong silicon-
carbi de fiber by thermolysis.

In related syntheses , tert— butylmethy ldich lorosi lane was shown to condense
wi th  NaK to g ive three isomers of the four-membered ring (te rt-BuMe Si) 4 .
These are air-s table and relative ly inert unlike (Me2S1)4. A number
of substituted five- and six-membered permethylcyclosilanes , RSi 5Me9and RS i6Mell, have been synthesized and their anion-radicals studied by
electron spin resonance spectroscopy . Charge-transfe r complexes between
cyc l ic  and linear permethyl polysilanes and pi-e l ectron acceptors have
been discovered and studied spectroscopically. Finally, a seri es of
cycl ic compounds containing phosphorus as well as silicon in the ring

V have been synthesized. Some of these compounds serve as ligands to
transition metals , forming stable complexes .

In other work under the grant , polyl it h i at ion of hydrocarbons was
investigated leading to the species t3Li4, CH3C 3Li 3, (CH3)2C3Li2 and
CH3C5Li 3. The use of these compounds in the synthesis of unusua l hydro-
carbons and organometal lic compounds was exp lored. Finally, two kinds
of rearrangement reactions of tris-organosilyl hydroxylamines were dis-
covered and investigated: (1) reversible exchange of organosil yl 

V

groups between oxygen and nitrogen :

K Si SiR ‘ R ‘Si S iR3
\ / 

3 3 
\ /

‘ 
3

N—O Z N— O

/ V /
R3Si R3Si

and (2) Irreversible thermolysis to s i loxysi laza nes :

R3SI SiR 3 V R
/ -. 

- 
I

N—O ~‘—~~ R3Si—N—S 1R 2—O—S1R 3.
/

R3S1

AFOSR Program Manager: Dr. Anthony J. Matuszko
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Beams by Laser Spectroscopic Techni que
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“Laser Spectroscopy of Supersonic Molecular Beams : App l icat ion to the
NO 2 Spectrum”, R. E. Smalley , B. L. Ramakr lshna , D. H. Levy and L. Wharton ,
J. Chem. Phys . 61 , 1+363 (1974). V

“The Fluorescence Excitation Spectrum of Rotationally Coo led NO2”, - 
-

R. E. Smalley , D. H. levy and I. Wharton , J. Chem. Phys. 63, 1+977 (1975) .

“Laser Spectroscopy wi th Supersonic Free Jets ”, R. E. Smalley , D. H. Levy , 
V

and L. Wharton , Laser Focus 11, 40 (1975) .
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“The Fluorescence Excitation Spectrum of the HeNO2 van der Waa ls
Comp lex”, R. E. Smalley , D. H. Levy , and L. Whar ton , J. Chem. Phys.
64 , 3266 (1976).

“The Fluorescence Exc i tation Spectrum of the HeNO2 van der Waa ls
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66, 2750 (1977).
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P. S. H. Fitch , D. H. Levy , and L. Wha rton , J. them. Phys. 66, 3778
(1977). 

—

“Molecular Optica l Spectroscopy with Supersonic Beams and Jets”,
R. E. Smally, D. H. Levy and L. Wharton , Acc ts. them. Res. 10 , 139
(1977). 

—

“The Fl uorescence Excitation Spectrum of s-Tetrazine Cool ed in a Super-
sonic Free Jet”, R. E. Smalley , D. H. Levy , and L. Wharton , .3. Mol.
Spectroscopy 66 , 375 (1977) .

“The V ibrational Relaxation of 1 2 by H2 in a Supersonic Jet”, P. S. H.
Fi tch , D. Levy and L. Wha rton , them. Phys. Lett. 48, 132 (1977).

“Laser Spectroscopy in Supersonic Jets ”, D. H. Levy , R. E. Smalley
and L. Whar ton , i n Chemica l and Biochemical Applications of Lasers,
ed i ted by C. B. Moore (Academic Press, New York , 1977), Vol. II , Chap. 1.
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“The Fl uorescence Excitation Spectrum of s-Tetrazine tooled in a Super-
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K. E. Smalley , D. H. Levy , and L. Wharton , submitted to J. Chem. Phys.

“Laser Spectroscopy in Supersonic Molecular Beams”, K. E. Smalley ,
I. Wharton , J. A. Blazy , P. S. H. Fi tch , H. S. Ki m , and D. H. Levy ,
Laser Spec troscop~~l8, 59 (1976).
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9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS :

The objecti~ es of this research were four fold: extend the technique of
spectroscopy in jets to species that require well control l ed high tempera-
ture sources for their preparation ; examine the dispensed fluorescence
from species formed by photo-decomposition ; demonstrate Raman scattering
as a means to study vibrational spectra of hi gh temperature on van der
Waa ls mol ec u les; examine the ki net ics of for ma t ion of cl usters and
nucleation in supersonic jets.

The major accomp lishments achieved in the performance of this research
effor t a re as follows :

(1) The des ign , development and exploitat ion of f i rs t  and second
generation apparatus for studying the spectroscopy of ultra cold molecules
by laser induced fluorescence . This technique was the first joining of
supersonic jets and laser op ti cal spec troscopy for the s im p l i f i ca t ion of
comp lex opti cal spec tra , for the observa t ion of new van der Waa ls molecules ,
and for the observa t ion of photo~chem ic a l processes.

(2) The flu2rescence exc i tation spectrum of NO was measured in the
reg ion 5708-6708 A using a tuneable dye laser as an ~xc i tation source .
The NO2 was cool ed to a rotationa l temperature of “ 3 K by expansion wi th
ar gon as a carrier gas through a supersonic nozzle. This cooling drasti-
cally reduced the rotational structure and thereby permitted a cl ear
separation and analysis of 140 vibronic bands found in this 1 000 A region
of the spectrum.

(3) The He1 2 van der Waa ls comp lex was prepared from a dilute mix-
ture of iodine in helium at a pressure of 100 atm by supersonic expansion
through a nozzle into a vacuum Laser-induced fluorescence excitation
spectra were recorded for the + ~ trans it ion of He12 as well as corre-
spondi ng spectra for the He21 2 

and 12 molecules In the expanding gas.

(1+) The spectrum of the HeNo2 molecu le was identi fied as a weak V

broad fea ture n~ 1.5 cm 1 to the high frequency side of the K (0) line of
the NO2 vibronic ori gin. The ‘~O.8 cm

1 wid th Is due to lifetime broadening ,

~ 1O 11 seconds , and must be due to the dissociation of the complex.

(5) The vibrationa l energy distribut ion in the photodissociation
products of He1 2 has been shown to obey the propensity rule 1~v = -1
by observation of fluorescence of the daughter 1 2.
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(6) The van der Waals molecule NaAr has been prepared in a super-
sonic expansion of sod i um vapor plus a few percent argon in a helium
carrier gas. The fluorescence exc i tation spectrum of the X2Z+ + A2TI
opt ical t ransi ti on has been analyzed and the vibra t ional and rotat ional
spectroscopic constants have been derived from this analysis.

(7) The fl uorescence excitation spectrum of the ‘B3~ 
(v ’ = 0) +

1 Ag (v~ = 0) transition in s—tetrazine has been observed and measured .
The sample was cooled to a rotational temperature of <1K by expansion
in a supersonic free jet. In this way the rotational structure arising
from asymetry split low J lines could be observed .

(8) The vibrational relaxation of 1 2 by H Vhas been studied in a
supersonic free jet. It was observed that the add ition of 5?~ H2 to theV hel ium car ri er gas grea t ly reduces the concen t ra t ion of X 1 Z~ (v” = 1 ) 1 2 

V

in the jet as compared to the concen tration in a pure helium carrier.
From this observa t ion we have determi ned that the avera ge vib rat ional
relaxa t ion c ross sec t ions of H2 is 7.1 times as large as that of helium.

V (9) The 0-0 band of the B -
~
- X v i s ib le  spectrum of iodine has been

observed in spite of its very small Franck-Condon factor. The expected
satellite band of the van der Waals molecule He1 2 was not observed , and a
mechan i sm is sugges ted to account fo r the absence of the van der Waa ls

V spectrum.

V 

(10) The rotational structure of the fluorescence excitation spectrum
of the B (v’ = 10) ÷ X (v ’ = 0) t ransi t ion of the van de r Waa ls molecu le
He12 has been measured and analyzed .

(11) Van der Waals comp l exes between s-tetrazine and a number of
light gases have been observed and cha rac terized by laser spectroscopi c
studies of a free supersonic expansion of s—tetrazine in a helium carrier 

V

gas. The observed complexes are of the form X-s tetrazine and X2-s-
tet raz ine where X = He , H ,, and Ar. The spectra are consistent with the
X species in both types o.~ complexes bei ng bound on or near the out-of-
plane C2v axis on the top and/or bottom of the s-tetrazine ring.

(12) The van der Waals molecule Ar 1 2 has been p roduced in a supe rson ic
V expansion of 1 2 in mixed argon-helium carrier gas, and its fluorescence
exci tation spectrum has been observed. Spectra of the complex are only
observed when the iodine stretching vibration Is exc i ted to v ’� 12 in the
exc i ted ~ electronic state. Above this va l ue the intensity of the van der
Waals spectrum is observed to be an oscillatory function of the Iod i ne V

vibra tional quantum number.

AFOSR Program Manager: 
V 
Russell A. Armstrong, Capt , USAF ~~V V
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“Lifetimes of lBR (B3110+) by Laser-Excited Time-Resolved Fluorescence ,”
J. J. Wr ight and M. D. Havey , J. them. Phys ., 68, 864 (1978).

“Lifetime Measurements of A 3111 Vibra tional levels of IC I ,” H. D. Havey
and J. J. Wrigh t , J. them. Phys ., 68, 4754 (1978). V

9. ABSTRACT OF OBJECT I VES AND ACCOMPLISHMENTS:

The in terhalogens are attractive candidates for chemically pumped
elec tronic transition lasers . First , most of these molecules could
be produced in an electron i cally excited state by a chemica l reaction . 

V

Second, because the 3~ state potential wells are displaced from the
V ground X1~ potential wells , the Franck-Condon factors favor a partial

V inversion between low-lying vibrational state l evels of the 3fl state
and high-lying vibrational levels of the ground state. Third , the

V spin—forbidden nature of the transition means that the decay rate may
be less than the chemica l reaction rate. This is necessary if the

V system is to store energy during the chemica l reaction until a large
enough inversion is atta i ned to produce a net gain. For the same
reason , quenching rates must be less than the chemical reaction rate.

This work was undertaken to investigate the lifetimes of the metastable
states of some of the interha logens. The interhalogens lBr and lC l
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were chosen for ini tial investigation because they are stable.
However, they exis t in equilibrium wi th ‘2 and ei ther Br2 or Cl 2
and the absorption and fluorescence spectra of 1 2 and Br2 overlap
those of IBr and I d .  Conside rable effort went into devising a
scheme of frac t ional dis t i l la ti on at liquid nitrogen temperatures
to reduce the 12 and Br2 fluorescence to an acceptable level.
Unfortunately, the scheme did not lend itself to measurements of
quenching rates and so only qualitative info rmation can be presented .
For both Id (A3ji1) and lBr(B 3T10) the self—quenching rate was very
large and suggested that fluorescence was quenched by nearly every
collision . The measured lifetime of the B~II0 state of IBr is so
short (‘t..5p sec) that it is doubtful it could exceed a reaction time
unless the densities were very hig h but then collisional deact i va-
tion would dominate. The lifetime was independent of vibrationa l
level. In the A 3111 state of Id , on the otherhand , the life time
varied wi th vibrational level between 130 and 325 psec. There was a
strong suggestion of a perturbation between v ’ = 9 and v ’ =

V 1O These
lifetime val ues are consis tent w it h the requ irements for a chemicall y V

pumped laser but the large quenching rates do not favor such a system.

AFOSR Program Manager: Russell A . Armstrong, Capt , USAF
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