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ABSTRACT 

investigated. A technique was developed to analyze the gaseous products of the 

reaction, CO2 and N20, and to quantify the molar amounts of CO2 and N20 evolved 

using infrared spectroscopy. The reaction solution was analyzed by variable 

temperature ultraviolet-visible spectroscopy to give evidence for at least five species 

in the reaction solution. 

The reaction with CO leads to three moles of CO, and one mole of N,O per - -
mole of Pd(NO~)~~. Less than stoichiometric amounts were observed when 

significant amounts of nitrosyl complexes remained in solution, as, for example, when 

L = PMePh2 at low concentrations. 

The initial rate of CO2 e\'olution is dependent upon the concentration of the 

starting material and precedes N~O evolution. The rate of N20 evolution depends 

upon the phosphine ligand and the palladium concentration with no N,O being 

cvolvcd at low Pd(NO~)~I---:! conccntrations. 

The observed initial rate constant for the disappearance of 

Pd(N02h(Pl\lcPh2)~ is 0.04642 min- J (2)<lC, 1.1 x 10--1 M), and the observed initial 

rate constant for the evolution of CO2 is 0.001963 min- J (25°C, 0.95 x 10--1 M), 

indicating the initial formation of the five-coordinate intermediate, PdCO(N02h~, 

prior to CO, evolution. This intermediate subsequently evolves CO, and forms the - -
nitro-nitrosyl complex, Pd(N02)(NO)~. A third intermediate was identified as the 

five-coordinate PdCO(N02)(NO)~. This third species also decomposed, liberating 
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a second mole of CO2 and producing the dinitrosyl complex, Pd(NO)2~' It is 

proposed that the dinitrosyl complex subsequently undergoes bimolecular reactions 

leading to the evolution of the third mole of CO, and to the formation of N,O. - -
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CHAPTER 1 

O-ATOM TRANSFER REACTIONS OF METAL NITRO COtvlPLEXES 

1.1 Introduction 

This dissertation consists of the investigations of exchange reactions of 

palladium (II)-NO, complexes and their reactions with oxidizable substrates. 

Transition metal nitro complexes transfer oxygen atoms to a variety of substrates, 

thereby producing a wide variety of products. The resultant metal nitrosyl 

compounds can undergo further reactions which produce nitrogen-containing gases 

(usually nitric oxide or nitrous oxide and occasionally dinitrogen), or they can be 

reoxidized to the nitro complexes. The mechanisms of the initial reactions have been 

reasonably well-established, but subsequent reactions have been inferred from 

reaction stoichiometry and observed products. The lability of palladiulll (II) 

complexes allo\\'s for facile equilibria to be established and permits many sequential 

reactions to OCCUl". Examples of their varied reactivity include linkage isomerism of 

the N02 ligand and exchange with halides. The linear and bent isomers of metal 

nitrosyls arc electrophiles and nucleophiles, respectively; consequently, they may 

produce hyponitrites which could form nitrous oxide in another O-atom transfer. Of 

the several solvents which were explored for this reaction, CI-ICI] was the solvent of 

choice because of its favorable spectroscopic properties and the ease with which 

reaction intermediates could be isolated. Unfortunately, CHCI] is not an inert 

solvent and may react with palladium complexes under certain circumstances. 
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Incorporation of chloride from CHCl 3 into reaction products was observed in several 

instances. 

1.2 Metal Nitro Catalyzed Alkene Oxidations 

The oxidation of organic substrates by transition metal nitro complexes is an 

important reaction having wide application to stoichiometric or catalytic oxidations. 

The O-atom transfer from transition metal nitro complexes has been found to oxidize 

carbon monoxide, phosphine, nitrite ion, carbon sulfide, nitric oxide, isonitriles, and 

alcohols. A series of studies(\-6) investigated the reaction of a Pd(ll) nitro complex 

with alkenes. Catalytic air oxidation of alkenes, selective alkene oxidation, and the 

involvement of heterometallacylic intermediates were investigated to determine the 

details of the reactivity of the nitro ligand. 

A goal of the air oxidized epoxiclation of alkenes is a method of catalysis 

which utilizes both oxygen atoms of O~. Any stoichiometric coproduct (e.g., alcohols, 

CO2 or 1-1 20, rather than the desired epoxides) is a problem \\'hich reduces the 

efficiency of the catalytic system. Oxidation of the nitrosyl ligand to reform the nitro 

ligand is one approach which could utilize both oxygen atoms of 0,. The nitrosyl

nitro couple will oxidize carbon monoxide to carbon dioxide, phosphines to 

phosphine oxides, and alkenes to various products, as the present studies show. The 

products formed from the oxidation of alkenes included epoxides, ketones, allyl 

alcohols, and nitroalkenes. 
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In the presence of bis(acetonitrile)chloronitropalladium(lJ), alkenes were 

stoichiometrically and catalytically oxidized by air. 0 18 studies(l) showed that the 0 

was transferred from the nitro group. The Pd byproduct after alkene oxidation is 

[PdCl(NO)]n' which O 2 slowly reoxidizes in acetonitrile to reform starting material 

(Scheme 1.1). This oxidation of the nitrosyl compound back to the nitro complex 

provides a basis for utilizing the nitrosyl-nitro redox couple as a catalyst. 

Scheme 1.1 

1 0:2 

J 
The mechanism of the O-atom transfer from nitro to olefin could consist of 

nucleophilic attack of a nitro oxygen atom upon coordinated olefin. One possible 

mechanistic step is the intramolecular nucleophilic O-atom transfer involving a 

metallacyclic intermediate (Equation 1.1). 

Another possibility is the intermolecular O-atom transfer of a bimetallic intermediate 

where the 0 of one metal's nitro ligand has nucleophilically attacked an electrophilic 

coordinated olefin, as shown below (Scheme 1.3). 
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In one of these reactions, bis(acetonitrile)dinitropalladium(II) in dry toluene 

or dichloromethane(4) was shown to nitrate alkenes. This fact suggested that, prior 

to the oxidation step, a pre-equilibrium of the nitro to the nitrito isomer occurs. This 

then allows the nitrogen atom of the nitrito ligand to undergo a nucleophilic attack 

on the alkene. The nitro/nitrito equilibrium has been established for several i\f-N02 

complexes(7). 

Evidence for intramolecular attack would be metallacycles. Heteromctal

lacyclobutanes had been proposed as intermediates for metal nitro mediatcd 

oxidations of CO, CS, and NO, but no fully characterized model compounds have 

been reported. rvtetallacycles were isolatcd from some alkene oxidations which havc 

been structurally characterized(·). It was found that cis-Pd(CH 3CN)2(N02)CI partially 

dissociates in CI-ICI.\ to give the chloro-bridged dimer. The second acetonitrile ligand 

is displaced by alkene. A metallacycle is then formed by the internal cyclization of 

the nitro oxygen's nucleophilic attack upon the olefin (Scheme 1.2). These complexes 

are all ill rapid equilibrium on the NMR time scale, as evidenced by the dynamic 

averaging of the acetonitrile signal. At low temperatures, the monomer acetonitrile 

complex is favored. The mixed chloro-nitro complexes are stable towards dispropor

tionation, as shown by the relatively small amount of the dichloro complex prescnt 

in the solutions of the chloro-nitro complex. 



Scheme 1.2 

Pd(RCN)~C1NO~ ~/======7::; [Pd(RCN)CIN02]~ 

N 
~ 
o 

R 

RCN 

RCN 
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The dissociation of the nitrile ligand, the formation of the dimer, and the 

internal cyclization are all facile equilibria present in these systems. This high 

substitutional lability of Pd(lI) precludes the use of double labeling experiments. 

Differentiation by kinetic methods was also not feasible due to the complex set of 

pre-equilibrium reactions. Thus, it was concluded that the observation of metalla-

cycles provides only circumstalltial evidence for the O-atom transfer by way of that 

mechanistic pathway. 

Compared to CO, alkenes are poorer ligands and less easily oxidized(5). 

Phosphines are poor ligands for catalytic alkene oxidation because: (1) their larger 

bulk inhibits alkene coordination; (2) their stronger ligation inhibits phosphine 

displacement by alkenes, and (3) the ease of oxidation of phosphines limits the 

lifetimes of palladium phosphine complexes as catalysts. Conversely, nitriles were 

found to be ideal auxiliary ligands because they are small, labile, and are not easily 

oxidizable. Acetonitrile is a slightly better ligand than benzonitrile, but changing the 
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nitrile ligand has little effect on the lifetime of the catalyst. However, phosphines, 

amines, and other donor solvents severely inhibit catalytic oxidation or stop it 

altogether. 

The oxidation of olefins has been further studied in bimetallic systems. The 

results from a mixture of cobalt and palladium compounds were examined for 

comparison to mono-metallic systems(6) (Equation 1.2). Indirect tests based upon the 

alkene oxidation product distribution (ketone and/or epoxide) were inconclusive in 

differentiating between the intramolecular O-atom transfer pathway and the 

bimetallic open-chain intermediate pathway. 

(Py)Co(TPP)N02 + Pd(RCN)2CI.2 + olefin 

~ (1.2) 

Co(TPP)NO + Pd(ll) + ketolle/epoxide 

It was proposed in the Co/Pd mixed system that a nitro ligand from the Co-

TPP complex transferred to Pd(RCN)2C12 to form the known catalyst 

Pd(RCN)2(N02)C1 (Equation 1.3). This nitro transfer had been shown by N isotope 

scrambling to be a facile equilibrium. It was seen that pyridine, nitro, and nitrosyl 

ligand exchange between cobalt and palladium was facile under the conditions used. 

Other mixed metal systems(il-ll) have been investigated to distinguish between 

a bimetallic (intermolecular) mechanism and a monometallic (intramolecular) 

mechanism. In a mixed cobalt and palladium system, it was proposed that the Pd(lI) 
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co-catalyst activated the olefin to attack by the oxygen of a nitro ligand bound to the 

cobalt. This discussion considers the nitro ligand as a monoanionic ox)'gen-centered 

nucleophile. The replacement of the Pd complex with a Th(lll) co-catalyst changed 

the product to an epoxide by eliminating ,a-hydride transfers promoted by the Pd(II) 

center (Scheme 1.3). These studies concluded that the mechanism of olefin oxidation 

differed between the monometallic system and the bimetallic system. 

The oxidation of a variety of alkenes shows that kinetic paths do exist for 0-

atom transfer from metal nitro groups to alkenes. The results also demonstrated the 

feasibility of using the nitro/nitrosyl couple for catalytic oxidation of alkenes. 

Scheme 1.3 

f\'1-N02 + Pd(r)-2-CH(R) = CH2) --~ Pd-CH2-CH(R)-0-(N = O)-M 

1 
Pd + R-(C = 0)-CH3 + M-NO <!1----H-Pd(TJ-2-CH2 =C(R)-O-(N = O)-M 

1.3 Reactions of Metal Nitro Complexes with CO 

The O-atom transfer from nitrite to carbon monoxide requires a transition 

metal complex to proceed at a reasonable rate(l2). The reaction of CO with several 

metal nitrites has been studied in detail. Nickel nitrites, Ni(N02)2~ (L= PR3), react 

well with CO to produce nickel nitrosyls: 



(1.4) 

When L is triethyl phosphine, the nickel nitro-nitrosyl complex and carbon dioxide 

are the only products at 11°C in benzene(l3). Under these reaction conditions, 180 

labeling of the nitro ligand showed that the label is transferred to the carbon dioxide 

product, and only a limited amount of oxygen scrambling occurs prior to irreversible 

CO2 evolution. Additional studies of nickel N02 complexes(7,12,14,IS) provided more 

detailed kinetic data. For the bis-diphenyl-phosphino-ethane (OPPE) complex, CO2 

was evolved in a one-to-one stoichiometry to the Ni complex (20°C in CH2C1 2)(l:!). 

There was no spectroscopic evidence for any intermediates; only the starting dinitro 

complex and the product nitro-nitrosyl were observed. The overall rate of the 

reaction was second order, being first order in both the Ni complex and the CO. It 

was concluded that the reactIOn was associative, and the rate-determining step of the 

mechanism is the initial association of the CO to the Ni complex to form the five

coordinate monocarbonyl complex. Following this associative step are two fast steps 

comprising the O-atom transfer and subsequent CO2 loss. For the trimethyl

phosphine complex (22°C in benzene)(l4), intermediates were also not observed 

spectroscopically, and the rate of the reaction was again first order in CO and the Ni 

complex. From these observations, it was concluded that the reaction is associative 

and that changes in the phosphine ligands produce only small changes in the rate of 

the reaction. 

22 
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In a more detailed study of the tris-tricyclohexyl phosphine, dimethyl-phenyl 

phosphine, and tris-n-butyl phosphine complexes (CH2C12, 295 K)(7) isotopic 

substitution and temperature-dependent NMR spectroscopy provided spectroscopic 

evidence of reaction intermediates. The reaction of (PCY3)2Ni(N02)2 with 99.6% 

enriched CillO showed that lilO was not incorporated into the nitro-nitrosyl product 

and that the primary oxidation product was C160 180. Temperature-dependent 

JI P{ 1 I-I) NMR studies of ISN substituted nitro complexes showed that nitro-nitrito 

isomerization was dependent on the phosphine ligand and that the O-atom transfer 

between the nitro and nitrosyl ligands did not occur(16). These observations require 

modification of the possible mechanism to incorporate a pre-equilibrium between the 

nitro and nitrito isomer. The nitrito ligand could then be responsible for thc 0 

transfer by way of a fivc-membered metallacylic transition state. It was concluded 

that, once the CO~ was formcd, no additional exchange occurred with the ligands 

remaining on the metal. 

1.4 Reactions of Nitric Oxide with Metals 

The coordination chemistry of nitric oxide (17·19) and the reactivity relationship 

with their structural fcaturcs(2{J, have been well described. The ability of the nitrosyl 

ligand to bind to a metal in two terminal forms, linear and bent, and to interconvert 

between these two forms provides a means for electron transfer between the metal 

center and the nitrosyl ligand. The linear form can be formally regarded as binding 

to the metal as "NO + ", while the bent form can be considered as a complex of "NO'''. 
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The interconversion between these two geometric forms would then result in an 

exchange of an electron pair between the metal and the nitrosyl ligand. The linear 

nitrosyl ligand is susceptible to attack by nucleophiles at the N atom in complexes 

with high vno (> 1800 cm- I
)(21), while electrophilic attack of oxygen at the bent nitrosyl 

ligand can oxidize it to a nitro ligandC!2). A few examples of the reactions that 

nitrosyls can undergo follow. 

Dinitrosyl complexes can undergo intramolecular rearrangement to form the 

hyponitrite CONNO-) complex(9.2J.24.25) possibly by attack of a bent nitrosyl on a linear 

nitrosyl followed by rearrangement of the bonds to the metal. Hyponitrite 

decomposition of the complex could then lead to an O-atom transfer and loss of 

nitroLls oxide (Equation 1.5). 

2 fl'O~-ONfI'0TN,o + LO 

L 

0.5) 

In another example(26.27), the catalytic reduction of nitric oxide by carbon 

monoxide yielded nitrous oxide ancl carbon dioxide. This catalysis proceeded uncler 

mild conditions (Equation 1.6). 

(1.6 ) 

The authors proposed a mechanism in which a dinitrosyl-carbonyl intermediate 

formed the hyponitrite ion intramolecularly, followed by loss of nitrous oxide. The 
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active catalyst was generated from a dinitrosyl precursor by treatment with CO or 

from a dicarbonyl precursor by reaction with NO (Scheme 1.4). 

Scheme 1.4 

CO/NO (4:3) 

The reaction of the dicarbonyl with NO produced concomitant formation of CO2 and 

N 20, rather than a simple ligand exchange reaction. The catalytically active species 

is present in steady-state concentration and the appropriate CO/NO ratio must be 

maintained to sllstain the active catalyst. The catalytically active solution contains 

only a single predominant species based upon the observed isosbestic behavior in 

dilute solutions of either the formation of the active species from the catalyst 

precursors, or the decay of the active species to the precursors as the CO-NO 

atmosphere is depleted. Depending upon the ratio of NO to CO, the nitrosyl of 

carbonyl precursor would be formed. It was concluded that the catalytic reaction of 

NO witb CO to form CO2 and N20 could be sustained provided that the NO/CO 

ratio maintained the catalytically active species. 

A disproportionation reaction of NO has been observed in some reactions 

with transition metals where the stoichiometry follows Equation 1.7. 
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3 NO~NO + NO --v' 2 2 (1.7) 

The N02 remains coordinated to the metal center in the products. In one of these 

reactions(28) the mechanism was suggested to proceed by way of the electrophilic 

attack of NO upon the bound nitrosyl ligand of the metal complex. It was suggested 

that this attack was by the ox)'gen end of the molecule. 

In a report of the oxidative carbonylation of alkenes with butyl nitrite and CO 

in the presence of PdCI 2(PhCN)t9
), the observed products in the gas phase included 

CO2, N20 NO, and N2• The generation of dinitrogen was attributed to two sources. 

One source was a previously known radical decomposition of nitrogen oxides in the 

presence of organic compounds. One experiment showed that a pre\'iously 

unreported decomposition of nitrous oxide with the palIadium catalyst had occurred. 

It was concluded that the propylene ligand was a poor competitor to the NO ligand, 

allowing the NO ligand to be reduced to N20 (Equation 1.8) and, subsequently, to 

N2 and O 2 (Equation 1.9). The alkene ligand, ethylene, was concluded to be a 

stronger competitor for the ligands NO and N20, causing their displacement and 

prohibiting the pathway towards full conversion of the nitrogen oxide to N2 and 02' 

(1.8) 
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(1.9) 

1.5 Solvent Effects of CHClJ on Reactions of Metal Complexes 

The decomposition reactions of chloroform reactions have been studied 

extensively for several reasons. First, multiple photon dissociation studies of 

deuterated and tritiated chloroform mixtures have shown isotopic selectivityClOJI) and 

can be used for efficient removal of tritium from contaminated heavy water from 

fission reactor D 20 inventories. The determination of the primary dissociation steps, 

isolated from downstream reactions, are complicated by the level of excitation of 

chloroform. Pyrolysis, shock tube or multiple photon excitation give different levels 

of excitation. The products formed may depend on the level of excitation(·m. Two 

different initial steps have been proposed for the decomposition of chloroform: 

hydrogen chloride elimination (Equation 1.10) or chlorine atom loss (Equation 1.11). 

CDC(,,----f> :CCI2 + DCI (1.10) 

CDC(,,--r> "'CDCI2 + Cl '" (1.11) 

The carbon-containing products will then undergo reactions typical of either 

carbenes (Equation 1.10) or radicals (Equation 1.11). For this study, the important 

issue is whether chlorine atoms or Hel are produced. In one study(33), the pKa of 

chloroform was estimated to be 24, thus providing a qualitative measure of the 

hydrogen ion concentration in chloroform. 
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Examples of the reactions of chloroform with transition metal complexes can 

be found in the literature. Metal hydrides(34) frequently decompose in chlorocarbon 

solvents in a radical reaction<3S). In a mixed metal cluster consisting of palladium, 

platinum, and cobalt, [Co(CO)4r was displaced by chloride in a chloroform 

solution(36). A palladium eta-l-cyclopentadienyl complex was shown to undergo two 

types of reactions in chloroform(37) (Scheme 1.5). At _20DC, the cyclopentadienyl 

protons are replaced by deuterium from CDCI3 with concomitant formation of 

CHCI3. At room temperature, the entire cyclopentadienyl ligand is replaced by 

chloride. 

Scheme 1.5 

COCI) COCI) 

Pd~R(TJ-I-C5H5)---£)Pd~R(TJ-I-Cs05) -------fp> Pd~RCl 

-20°C RT 
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All syntheses uSll1g phosphine ligands were performed under an inert 

atmosphere of dried and deoxygenated N2 or He using standard Schlenk techniques. 

The chloro-palladium complexes were prepared from K2PdCl 4 supplied by Engelhard 

Industries. Several palladium chloride salts were also prepared from recovered 

palladium, as described below. The nitro-palladium complexes were obtained from 

K2Pd(N02)4' prepared as described elsewhere(38). The phosphines were used as 

obtained from Strem Chemical, Newburyport, Massachusetts. The gases CO (CP 

grade, I'vlatheson), CO~ (CP grade, I'vlatheson), N20 (USP grade, Linde) were used 

as obtained. All solvents were Reagent Grade or better. Chloroform and methylene 

chloride were purified as noted for each experiment. The reaction conditions for 

experiments involving IR and UV monitoring are described in their respectivc 

sections. The solvent was purified by several freeze-pump-thaw cycles, by bubbling 

with inert gas, or by distillation from P20 S under an inert atmosphere followed by 

storage of the distilled solvent over a mixture of Na2C03 and Na2S20) prior to usc. 

The infrared spectra were obtained using a Perkin-Elmer model PE-983 

infrared spectrometer connected to a Perkin-Elmer model 3600 Data Station for 

control and manipulation of the spectra. The cell utilized for analysis of gases was 

equipped with 5-mm thick glass windows attached with epoxy resin to the cell body 
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which had a path length of 106 mOl. Time course series were performed by the 

repeated analysis of the head-space gases by sampling at regular intervals (e.g., every 

5, 10, or 15 minutes). A time course would start at a specific time and would run for 

a particular length of time. Assay series were performed by the repeated analysis of 

the head-space gases, normally started the day following the reaction. An assay series 

would not necessarily have regular time intervals between samples and would be 

stopped when absorbance values for the product gases were at, or very near, baseline 

values. 

Spectra of solid samples were obtained from 4000 to 300 cm"1 using KBr, and 

from 400 to 200 cm"1 as a Nujol mull between CsI plates. IH (250 MHz) and 31p 

(101.2 ~'IHz) NMR spectra were obtained on a Bruker WM 250 NMR spectrometer 

equipped with a variable temperature probe. Elemental analyses were obtained from 

Desert Analytics, Tucson, Arizona. The ultraviolet-visible absorption spectra were 

obtained on an On-Line-Instrument-Systems Cary 15 modified for data station 

control and analysis. 

2.2 Synthesis and Solution Properties of Palladium Complexes 

2.2.1 Palladium Recovery 

The reaction products from previous palladium reactions were accumulated. 

The palladium was reclaimed using the procedures given in Figure 2.1. 

The accumulated sample was reacted with aqua regia, a 3:2 mixture of HCI 

and HN03. The resulting dark green-red solution was filtered from 1.034 g of a 



Figure 2.1. Flow chart of palladium waste reclamation 

"'Waste"' Material 

1 HCI/HN03 

Dark Green Solution and Yellow Solids 

1 NH40H 
HCI, until acidic 

No Precipitate {PdCI2 'H20 IPd(NH3).jICI2 Pd(NH3hCI2 ppt expected} 

~ Excess NH40H 

Dark Red Flurry Precipitate 

! Fire over Fischer Burner 

Black Powder - Pd~ {(NH4)21 PdCI61 red ppt 

PdO 

t 
Pdo ami Pd~ 

1 
10% H2/N2 550°C 
Cnol under CO 

IICI/HN03 (PdO insol) 
HCI, conl' 
HCI, dilute, NH4CI 

Yellow Orange Material (K2PdCI.j) 1 PM,Ph, 

PdCI2(PMePh2)2 

Pd02'H20 PdO} 

Pd~ 

PdCI2(PMePh2)2 

HBr 
HCI/HNO.1 
HCI, cone. 
HCI, dilute, MCI 

Yellow Solids 

PMePh2 K2PdCI6 357 cl11- 1 

K2PdCI4 335 cm- I 

PdCI2 340 CI11-1 

w 
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yellow-orange insoluble material. The acidic solution was made basic by the addition 

of NH40H followed by HCI until the solution was just acidic to pH paper. A 

precipitate, Pd(NH3)2C12' was expected(39) but did not form. Excess NH40H was 

added and a dark red fluffy precipitate, possibly (NH4)2[PdCI6](4o), formed in the 

solution. The precipitate was filtered from the solution and fired over a Fischer 

burner in the air to give 10.3 gm of a black powder. The black powder was soluble 

in concentrated hydrobromic acid and insoluble in other acids and aqua regia. By 

reactivity and by IR spectroscopy the black powder was identified as palladium (II) 

The palladium oxide was placed in a tube furnace and heated to 550°C under 

a 10% H/N;! stream and then cooled under a CO stream. The resulting powder was 

a mixture of Pdo and PdO, which were separated by aqua regia. The PdQ dissolved, 

and the insoluble PdO (22% recovered) was separated by filtration. The soluble 

material was repeatedly dissolved in aqua regia and boiled to dryness. The solids 

were then dissolved in concentrated HCI and evaporated to dryness. Dissolution of 

the acid soluble material in dilute HCI/NH.jCl gave a yellow material. This yellow 

material reacted with PMePh2 in aqueous acetone to give PdCI 2(PMePh2h as 

described belo\\'. The palladium oxide was also converted to PdCI,(PMePh,), by . ~ . 

initial dissolution in boiling hydrobromic acid followed by the reaction sequence 

discussed above. 

The yellow solid which was insoluble in aqua regia was dissolved in hot 

hydrobromic acid. The hydrobromic acid was boiled off, and the solids were 
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redissolved in hydrobromic acid. Evaporation of the acid, followed by dissolution in 

aqua regia, evaporation of the solvent, and, finally dissolution in dilute HCI/KCI, led 

to a number of palladium chloride salts, including K2PdCI4, K2PdCI6, and PdCI 2• The 

different salts were crystallized from the solution during concentration and were 

characterized by comparing their far-IR spectra with literature values (Table 2.1). 

2.2.2 Synthesis of PdCI~~ 

K2PdCl4 + 2L --f> PdCl2L2 + 2KCI (2.1) 

A typical synthesis of the dichloro complexes (L= fvlDP. Di\'lP, EDP. DEP, 

TPCP) follows. 0.7 to 1.1 ml110le of K2PdCI~ was dissolved in a stirred solution of 

25 ml of distilled water and 10 1111 of acetone. The orange-red solution was bubbled 

with N2 for one-half hour, and the reaction was carried out under N 2. When PdCI 2 

was present, it appeared as an insoluble red material. Two molar equivalents of 

phosphine were syringed into the solution against a countercurrent of N~. The 

solution turned light yellow. and a solid appeared within 5 minutes. The reaction 

was stirred for 70 to 90 minutes. The solution/suspension was extracted three times 

with 15 1111 portions of CH 2CI:! to give a colorless aqueous solution and an orange

yellow organic solution. The combined CH:!CI 2 extracts were dried with sodium 

sulfate, decanted from the sodiul11 sulfate, and concentrated by N:! flow to approxi

mately 10 ml. Twenty ml of petroleum ether were carefully added by pipette to give 

a two-phase system which slowly diffused together overnight. A first crop obtained 
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Table 2.1. Observed Infrared Frequencies (cm- l ) for Selected Palladium Complexes 

V pd-C1 
a N02 

IJ.-a 

K2PdCI4 335 

K2PdCI6 357 

PdCI 2 340 

K2Pd(N02)4 355 

PdCIiPMePh2)2 349 

PdCI(N02)(PMePh2)2 340 

Pd(N02)2(PMePh 2)2 328 1424 

(1421)b 

Pd(N02)2(PMe2Ph)2 1389 

Pd(N02)2(PEt2Ph)2 1399 

Pd(N02)2(TPCP)2 1419 

a _ Spectra taken by nujol mulls between CsI plates 

b _ v1S1'\ in parenthesis 

IJ.-s rho 

1333 819 587 

(1309) (812) (571) 

1327 817 578 

1328 818 580 

1320 816 568 
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in this manner gave yields of 76% (L=TPCP), 74% (L= EDP), 47% (L= I'vlDP), and 

37% (L= DEP). Further crops of crystals were obtained by concentration of the 

mother liquor and rediffusion of another layer of petroleum ether. The concurrent 

growth of orange and red crystals occurred. Manual separation and repeated 

recrystallization resulted in the desired bright yellow crystals and samples of the red 

or orange materials. 

The yellow crystals, L= MOP, had one absorption at 349 cm·1 (Table 2.1), 

characteristic of PdCl~~ (lit., 350 cm-1(42»). When present, traces of unreacted ligand 

were identified by a weak but sharp absorption at 850 em-I. The purified complexes 

were identified by IH and :lIp NMR (Table 2.2) and elemental analysis (Table 2.3). 

The yellow crystals of PdCl~~ thus obtained had an IH NMR spectrum correspond

ing to the cis isomer belo\\' 243 K and a mixture of the cis and trans isomers at 243 

K and above. No free phosphine or phosphine oxide was observed in the purified 

complexes. Temperature effects on the cis/trans ratios observed in the IH NMR 

spectra are discussed below. 

The red crystals which were manually separated had elemental analysis 

consistent with rd~CI~~, for L= Orv!p and TPCP (Table 2.3). For L=TPCP, the II-I 

Nrv!R showed a 13 Hz doublet very similar to that of the cis dichloro PdCI~~ (Table 

2.2) at 243 K and 298 K. 

The orange crystals obtained with DMP had a IH NMR spectrum (243 K) 

corresponding to the cationic [PdCl(PMe2Phh]C1 complex, a broad signal at 1.87 

ppm, and a 13.1 Hz doublet at 1.74 ppm, possibly due to that of the red Pd2C14~ 



Table 2.2. Observed NMR Values for Palladium Compounds 

Compound Temp.a 

223K 
298K 

298K 
223K 

PdCI(N02)(PMePh2)2 
Pd(N02)iPMePh2)2 
PdCI2(PMe2Ph)2 

298K 
223K 

PdCI (N02)(Pl\le2Pll)2 
Pd(N02)2(PMe2Ph)2 
Pd2CVPMe2Ph)2 243K 

PdCI2(TPCP)2 
Pd CI (N 02)(TPCP)2 
Pd(N02)iTPCP)2 
PdCJ2(PEtPh2h 
PdCI(N02)(PEtPh2)2 
Pd(N02)2(PEtPh2)2 

293K 

s - singlet, d - doublet, t - triplet 

Isomer 

CIS 

trans 
CIS 

trans 
trans 
trans 
CIS 

trans 
trans 

1.96 
2.04 
1.96 

2.05 
2.11 
2.55 
2.00 
1.92 
1.76 
1.755 

1.77 
1.28 
2.06 
1.84 
1.90 
1.79 
1.82 

2J r 
1'-11 

11, d 
3.7, t 
11.6, d 

broad 
13.2, d 
broad 
3.7, t 
3.8, t 
3.6, t 
11.6, d 

broad 
11.1, d 
broad 
3.7, t 

3.8, t 

13.1, d 
13.2. d 

8.2 
19.3 

5.4 
4.2 
-4.7 
6.2 

22.3 
16.6 
14.6 
19.7 
17.4 
16.0 

a - Unless otherwise noted, the probe temperature was 295K and the specific 
isomer is listed. 

b - The IH chemical shifts are referenced to tetramethylsilane. 
c - The coupling constants are reported in Hz. 
cI - The 31p chemical shifts are reported with respect to 85% H 3P04. 
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Table 2.3. Elemental Analysis of Selected Compounds 

% Analysis 
Compound C 

PdCI2(PMePh2)2 54.22 (54.08) 

Pd(N02)2(PMePh2)2 52.28 (52.17) 
52.41 (52.17) 

PelCIiPMe2Ph)2 42.41 (42.32) 

Pel2CI4(PMe2Phh 29.52 (30.46) 

PelCI 2(PEtPh2h 55.62 (55.57) 

Pel (N 02)2( PEt Ph 2)2 53.39 (53.69) 

PelCI 2(P( 4-CI-Ph)3)2 46.77 (47.59) 

Pel2CI~(P( 4-CI-Ph))2 40.18 (39.82) 

a Lot 1 material (see page 39) 
o Lot 2 material (see page 39) 

Found (Calculated) 
H 

4.59 (4.54) 

4.54 (4.38) 
4.48 (4.38) 

4.98 (4.89) 

3.54 (3.51) 

5.27 (5.00) 

4.94 (4.83) 

2.71 (2.66) 

2.26 (2.22) 

37 

N 

4.25 (4.68)° 
4.04 (4.68)0 

4.18 (4.47) 
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(13.1 Hz doublet at 1.79). At 298 K, only a broad signal at 1.77 ppm was observed. 

This behavior is similar to that of a solution of PdCI2~ with excess phosphine added 

(see below). The elemental analysis of this material gave results consistent for the 

dichloro PdCIiPMe2Ph)2 (42.26% C, 4.96% H, found). 

Solutions of PdCI2~ (L= MOP and DMP) were prepared in COCI3, and the 

ratios of trans to cis isomers at 293 K were determined to be 1.79 and 0.46, 

respectively. Addition of free phosphine to the NMR sample solutions led to the 

following observations. At R T, for L= MOP and OMP, single broad peaks at 2.05 

and 1.77 ppm. respectively, were observed. Cooling of the samples to 223 K led to 

the resolved signals for the cis dichloro complex and the cationic [PdCILJ]CI complex. 

No neutral trans complexes were observed under these conditions at either 

temperature. 

2.2.3 Synthesis of Pd(N02)2~ 

K2Pd(NO-) .. + 2L--1> Pd(N02)2L2 + 2KN02 (2.2) 

A typical synthesis of the dinitro complexes (L= MOP, OMP, EOP, OEP, 

TPCP) follows. 0.500 gm of K2Pd(N02).j (1.356 mmole) was added to an ace

tone/water mixture (40/5) against a countercurrent of N? to give a stirred yellow 

solution with some insoluble red PdCI2 suspension. Two-mole equivalents of the 

phosphine were slowly added dropwise, and the solution changed from light yellow 

to amber or orange. The solution was stirred for one hour. Several portions of 



39 

CH2CI2 were added to the resultant solution and separated from the aqueous phase. 

The combined organic phases were dried with sodium sulfate, decanted, and rinsed 

from the sodium sulfate. Concentration of the organic phase to 15 to 30 ml by N2 

flow was followed by careful addition of approximately 35 to 50 ml of petroleum 

ether to the top of the CH 2C1 2 phase to establish a two-phase system which diffused 

under N2• The solution was decanted from the resultant light yellow crystals which 

were rinsed with petroleum ether. Additional crops of crystals were obtained by 

concentrating the mother liquor and rediffusion of more petroleum ether. Each crop 

of crystal was examined by IR and compared to previously prepared material. The 

recrystallized materials were obtained in yields of 79% (L= TPCP), 66% (L= EDP), 

59% (L= DMP). ancl 48% (L= MDP). The products were identified by elemental 

analysis (Table 2.3), and IH and 31p NMR spectroscopy (Table 2.2). Two lots of 

material were prepared for L= MDP and are indicated as Lot 1 and Lot 2 (Table 

2.3) ancl were lIsed in different experiments. 

An equimolar solution of PdCliPMePh2)2 (31.2 mg, 5.43xlO-2 mmol) and 

Pd(N02)2(PMePh2)2 (30.3 mg, 5.49 x 10-2 mmol) was prepared in CDCI3• Spectra 

were recorded four minutes, three hours ancl forty-five minutes, and four days after 

mIXIng. The ratio of the dichloro, the chI oro-nitro, and the dinitro complexes 

changed from 42:19:39 to 18:66:17 to 15:70:15, respectively, during this time. All 

signals were observed to be triplets indicating trans geometry for the complexes. For 

this reaction (Equation 2.3), the equilibrium constant was calculated to be 21.8 using 

the clata after four days. 
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(2.3) 

2.2.4 Variable Temperature IH NMR 

An NMR tube was prepared with frozen CHCI3 under N2" A single crystal of 

PdCI2(PMe2Ph)2 was placed upon the frozen solvent against a countercurrent of N2. 

The tube was placed in the probe at a temperature of 223 K. After one hour, the 

solution thawed sufficiently to obtain a spectrum. Only the signal for the cis isomer 

was observed. Trans isomer was not detected after two hours at 223 and 233 K. and 

only began to appear after 15 minutes at 243 K. The procedure was repeated with 

the Dl\-1P complex with similar results. 

Spectra of PdCI,(Pl\lePh,), at various temperatures were obtained as follows. - - -
CDCI) was freeze-pump-thaw degassed twice and frozen under N2 in an NMR tube 

equipped with a septum. Five crystals of the dichloro complex were added agGinst 

a countercurrent of N2 to the top of the frozen solvent immersed in a dry-ice/acetone 

bath. The tube was transferred to the probe at a temperature of 233 K. Spectra 

were recorded as thc tcmperature was increased from 223 K to 293 K and then 

decreased to 233 K. Adequate time was allowed between spectra to allow equilibra-

tion. The line integration values were used to determine the ratio of trans to cis 

isomers which wcre plotted as two lines, one for the increasing temperature ratios 

and one for the decreasing temperature ratios (Figure 2.2). 

A similar procedure was followed for a recrystallized crop of 

PdCl(N02)(Pl\lePh 2)2 obtained from an equimolar mixture of dichloro and dinitro 
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complexes. The line integration values were used to determine the relative 

percentages of the different complexes present (Figure 2.3). The ratio of the trans 

to cis isomers was determined from the line integration values and plotted as two 

lines, one for the increasing temperature and one for the decreasing temperature 

(Figure 2.2). All complexes with a nitro ligand showed trans geometry. 

2.2.5 Discussion 

The accumulated palladium "waste" was converted into usable chloride 

complexes by several procedures. Aqua-regia insoluble waste material was found to 

be soluble in hydrobromic acid. Subsequent treatment with aqua regia and KClled 

to the isolation of K2PdCI 6• K2PdCl~, and PdCI 2. The aqua-regia soluble waste 

material was converted to PdQ after precipitation as a red solid under basic 

conditions and firing to a black powder (PdQ). Two methods were tried in attempts 

to form phosphine complexes from PdQ. Initial reduction of the oxide under a 10% 

1-1 , atmosphere in a tube furnace gave aqua-regia soluble material which was used 

to synthesize PdCl 2(Pi\lePh2h. The oxide was preferentially converted to usable 

material by initial dissolution in hydrobromic acid followed by repeated evaporation 

from aqua regia and HC!. 

The crystals of the PdCl2~ complexes obtained by the recrystallization 

procedure described above were shown to be the cis isomer for L= MOP by the 

dissolution of several crystals at 223 K to give the 11 Hz doublet of the cis isomer 
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as the only signal (Table 2.2). The temperature of the solution was 253 K before the 

trans triplet was observed. 

The geometry of solid PdX2~ has been investigated by several different 

techniques. By solid state J3C NMR, a powder sample (L=DMP, X=CI) recrystal

lized from ethanol was found to be a mixture of cis and trans isomers(43). An X-ray 

diffraction study (L= DMP, X = CI) showed that it had cis geometry<-l-l). A series of 

ten complexes (L= (4-Z-C6H-l)nP(CH3h.n' X = CI, N3) were found to be cis complexes 

by I R spect roscopy<45). 

Consistent values of trans to cis ratios were obtained when increasing and 

decreasing the temperature between 233 and 293 K (Figure 2.2). The temperature

dependent ratio was used to calculate the Keq for each of the temperatures, and a 

plot of In(Keq ) versus l/T gave values for delta HO of 4554 (285) cal/mol and delta 

So of 16.65 (9.92) cal/(K mol). These values compare well to the literature values 

of delta H(>' 4.6 (0.1) kcal/mol, and delta S(>' 20.2 (0.1) eu(46A7). These studies 

indicated that the isomerization proceeds by a solvent-assisted, consecutive 

displacement of the neutral ligands. The initial association of a solvent molecule, or 

another basic ligand, L', generates a five-coordinate intermediate from which L 

would dissociate and lead to the other geometric isomer after reassociation of Land 

dissociation of L'. Two other mechanisms were also implicated, the consecutive 

displacement of the anionic ligands, favored in polar solvents, and the fluxional 

rotation of a five-coordinate intermediate, which contains a unique M-L', that is 

favored when the ligands are similar in coordinating ability(48). Regardless of the 
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mechanism, the association of a base to form a five-coordinate intermediate is the 

initial step. 

The isolation and purification of PdCI2L:z complexes is complicated by the 

appearance of different colored crystals upon recrystallization. These crystals include 

the yellow neutral dichloride, PdCI2L:z, an orange cationic phosphine rich species, 

[PdCIL3]CI, and red neutral phosphine deficient dimers, Pd2CliL)~. 

The neutral red dimer, Pd2CI4(L)2' was obtained by manually separating 

crystals obtained from the recrystallization of PdCI2~' L= DI\'IP, and TPCP. For 

L= DMP, the IH NMR spectrum of the dimer (Table 2.2) showed a 13 Hz doublet 

at 1.8 ppm at both 243 K and 293 K, similar to the cis-dichloro-complex (1.76 ppm, 

11.6 Hz). The elemental analysis (Table 2.3) for Pd2CI4~ was slightly low for C, but 

this fit better than any other reasonable molecular formulation. This type of complex 

is well-known and easily prepared from the reaction of tetra-chloro-palladate with 

PdCI 2(L)/1(J). The heterobimetallic complexes with Pd and Pt are also easily 

prepared(50). 

The orange cationic species, [PdCI(L)3]CI, can be observed in NMR spectra 

by adding free phosphinc to the dichloro-complcx. It was also observed in the 1 H 

NI\1R of orange crystals obtained from a recrystallized crop of PdCliPMe2Phh Its 

NMR spectrum consists of a doublet and triplet in a (1:2) ratio at lower tempera

tures (223 K) or of a broad singlet at room temperature (Table 2.3). For 

PdCI 2(PMePh2)2' the addition of any MDP at room temperature collapses the signals 

of the cis and the trans isomers into a broad singlet. Cooling the solutions to 223 K 
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results in a complex NMR spectrum. Along with the identifiable signals for the 

cation, the peaks assignable to the neutral cis-dichloro isomer were also observed. 

The triplet of the cation is collapsed into a broad singlet and is not resolved. The 

presence of the neutral cis dichloro-complex causes minor variations from the 

reported values due to signal averaging, indicating an exchange of phosphines at 

these temperatures between the various compounds leading to partial decoupling(SI). 

These signals correspond to those reported in the literature(52) for both MOP, 

1.95 ppm doublet of intensity one and 2.48 ppm triplet of intensity two, and for 

OMP, 1.25 ppm doublet of intensity one and 2.07 ppm triplet of intensity two. The 

presence of excess phosphine establishes an exchange process. The phosphine trans 

to the halidc of the cationic complex had been determined to be the more labile 

ligand of a complex which is formed quantitatively when one mole equivalent of 

excess ligand is present. It was noted that, at 223 K, the cis and the trans isomers 

are not in equilibrium as evidenced by the apparent disappearance of the trans 

isomer from the equilibrium solution upon addition of a trace of free phosphinc. 

The inference in these reports was that the added ligand catalyzed the complete 

isomerization of the trans to the cis, the more favored isomer at low temperatures. 

Reversible equilibriUln between cis and trans isomers was observed in this 

work for pure PdCl2~' L= MOP, from 233 K to 293 K. The thermodynamics 

observed under these conditions indicate that there should be 13% trans in solution 

at 223 K. The absence of the trans isomer upon dissolution of cis-PdCI2~ at 223 K 

and 233 K may have been due to the slow rate of the isomerization. 



47 

The isolation of the phosphine-rich cation PdCIL:J + and the phosphine

deficient dimer Pd2CI4~ from the same solutions as the neutral PdCI2~ indicates the 

similar stabilities and interconvertibility of these compounds. Related complexes 

have been reported to be formed under similar conditions. In a study of their IR 

spectra, [PdLCI3], anions were prepared by the reaction of Pd2CI4~ with a chloride 

salt in a chlorocarbon solvent(53). A five-coordinate compound, PdCI2(PMe2Phh. has 

been isolated and structurally characterized as a distorted trigonal bypyramidal 

complex with an elongated apical chloride<54}. These yellow to orange materials are 

possibly present in the reaction solution and could be some of the several types of 

crvstals observed. 

The trans to cis ratios observed during the variable temperature 1H NI\lR 

studies of the solution containing 50 to 60% PdCI(N02)(MDP)2 (Figure 2.2) were not 

as well-behaved as with the dichloride. Higher temperature (303 K) greatly 

increased the trans to cis ratio. but the ratio did not return to the prior values as the 

temperature was lowered. In the absence of nitro ligands. the dichloro complex 

appears to have a facile equilibrium at temperatures above 223 K. In the presence 

of nitro ligands. the geometric isomerism of the dichloro complex is dominated by 

the ligand exchange equilibria of the dinitro and the dichloro complexes (see 

Equation 2.3). 
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2.3 Quantitative IR Calibration 

The use of IR spectroscopy to monitor the reaction of palladium nitro 

complexes with CO requires an accurate calibration of the IR absorption bands for 

the gases of interest (C02 and N20) under conditions identical to that of reaction 

monitoring. This section will discuss pressure broadening, the effects of pressure 

upon the absorbance of gases. The development of the gas-handling system, the gas

handling procedures, and the variables involved will then be described. The 

absorbancies of pure CO, CO2, N20, and mixtures of CO2 and N20 mixtures with N2 

and CO are discussed. 

2.3.1 Introduction to Pressure Broadening 

The infrared analysis of gases at low pressures is complicated by the presence 

of a rotational fine structure in the absorption bands. This combination of 

vibrational and rotational transitions results in a series of very sharp lines instead of 

the broad band normally associated with infrared absorption in solution or the solid 

state. A marked pressure dependence of the infrared absorption spectra is observed 

for gases which is not normally found in the absorption band in the liquid and solid 

samples. Pressure broadening results in significant deviations from Beer's law for 

gaseous samples. 

Some of the early historical observations of significant deviations from Beer's 

law have been summarized previously<55). The total pressure of the sample and the 
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partial pressure of the absorbing gas were found to cause deviations from the Beer

Lambert law. 

The closely spaced rotational lines are much narrower than the instrumental 

slit width and are beyond the resolution of most spectrometers(56). These large 

apertures also broaden the line and decrease the apparent absorption coefficient. 

This instrumental distortion depends on the ratio of the instrumental slit width to the 

natural width of the absorption line(57-59). When the slit width and the natural line 

width are comparable then the estimated error in the determination of the line width 

will be less than 1 %. 

One result of large instrumental slit width is that narrow lines are broadened 

to resemble the slit function with the apparent width of the line being that of the slit. 

Thus, the resolution attainable under these experimental conditions is limited by the 

slit width. The slit function normally spans several rotational lines, with a resultant 

envelope containing the weighted average of the fractional light transmitted within 

the band of frequencies spanned. 

The effect of pressure upon the absorbance of the gas is described as pressure 

broadcning(56.60). The results of pressure broadening are that the apparent 

absorptivity of the gas increases. The amount of the increase will depend upon the 

absorbing species, the specific absorption band being observed, the filler gas, and the 

total pressure after addition of the filler gas. This enhancement of the absorption 

bands of gases is attributed to the effects of collisions between molecules(61). As the 

total pressure of a sample is increased by the addition of a non-absorbing filler gas, 
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the number of collisions between molecules will increase. These collisions can affect 

the absorption of radiation, and the rotational lines become wider. As the average 

absorption band is broadened, the effective resolution of the instrument increases, 

and the apparent absorption increases. 

It was concluded that for infrared absorption, the Lorentz collision damping 

was the predominant cause of the line broadening(55). Studies of atmospheric gases 

have shown that the total absorbance of bands can be expressed by a Lorentzian line 

shape at pressures greater than a few mm Hg(62). An important variable in Lorentz 

collision damping is the mean time between collisions. This collision time can be 

modified by varying the composition of the filler gas and by varying the partial 

pressure of the filler gas. The time between collisions is also proportional to the 

total number of molecules per unit volume (i.e., the total pressure). Another 

variable of importance is characteristic of individual absorption line and is 

proportional to the concentration of the absorbing gas and, in effect, the partial 

pressure of the absorbing gas. 

Estimates of the broadening, based upon the increase in absorbance, has 

allowed the calculation of optical collision diameters(63,6.1). These diameters are the 

distances between the molecules at which the absorption process is interrupted, 

These diameters have been compared to gas-kinetic diameters, as determined from 

viscosity measurements, where the diameter is the distance between the molecules 

where a transfer of momentum occurs. When it was postulated, for different gas 

mixtures showing the same relative absorption coefficients, that the mean free path 
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of these absorbing species was equal, then a linear relationship was found between 

the optical collision diameters and the kinetic· diameters. The optical collision 

diameters have been further described as the distance to which two molecules can 

approach without changing the phase of the rotational absorption(6S). The principal 

factor in this broadening was the length of the wave train of radiation that a 

molecule could absorb. This absorption will be affected when another molecule 

approaches sufficiently close to alter the phase of the absorbing molecule. From 

microwave absorption theor/66
), "strong collisions" are assumed to be involved. In this 

type of collision, the phase of the oscillation before and after the collision is random. 

This change in phase of an oscillation introduces new frequencies slightly different 

from the original and results in broadening the absorption bane!. 

The broadening of the absorption band also leads to an IIlcrease III the 

apparent absorption coefficient<67>. The mathematical description of the radiant 

power passing through the exit slit of the spectrometer is a convolution integral 

containing terms for the incident radiation and for the alteration of radiation by the 

instrument. The slit function contains the various aspects of the instrumental 

innuence on the radiation. These aspects include the geometric slit function, the 

broadening due to diffraction, and the broadening due to other aberrations. A 

spectrum can be considered a superposition of channel spectra of various amplitudes 

and phases. The spectral transfer function, the Fourier transform of the slit function, 

describes the ability of the monochronometer to transmit the amplitude and phase 

information of a periodic object with specific spatial periodicity. The spectral 
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transfer function depends on these frequencies and describes the efficiency with 

which the optical system transmits the frequency information. The geometric slit 

function transforms to a function with a sin2e/e2 dependence of the amplitude upon 

the frequency of the spectral information. This results in the amplitude of the image 

transmitted being a function of the periodicity of the incident radiation. With the 

pressure broadening of the absorption lines related to the change in the phase of the 

absorbing molecules, some aspect of the spectral transfer function, the description 

of the optical systems efficiency, could then explain the observed increase in the 

apparent absorption. 

The application of infrared absorption methods for analysis of gaseoLls 

mixtures has been accomplished in several cases(68-70). Care is the essential ingredient 

in obtaining calibration curves with which to compare experimental results. 

In one example, the effects of hydrogen, nitrogen, oxygen, and air upon the 

absorption coefficients of a methane sample were fOLlnd to be similar. This allowed 

the absorption coefficients of methane to be compared to those of samples of 

methane in the presence of other gases at a constant total cell pressure. For a 

mixture of carbon dioxide, carbon monoxide, sulfur dioxide, and air, pressure 

broadening due to air predominated. In mixtures of the four components, with air 

as 83% or greater, the absorbancies of the three target gases were essentially 

independent of each other when present in the 1 to 12% range. This relative 

independence of the absorbances of the target gases allows a mixture of up to five 

gases to be calibrated. 
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In another example, nitrogen was used as the filler gas to quantitatively 

determine the composition of a nitric oxide and nitrous oxide mixture in samples 

which could also contain carbon monoxide and hydrogen. The frequencies used for 

analysis were chosen such that the absorbances of the other components in the 

mixture were zero at the analysis frequency. The relatively weak absorptivity of nitric 

oxide required a high partial pressure. The analysis for the nitrous oxide was then 

performed at a lower sample pressure. During the calibration of the nitric oxide, the 

4% nitrous oxide contamination requireci corrections to be made. 

2.3.2 Experimental 

2.3.2.1 Single gas absorbancies. 

Nitrous Oxide (Ind Carbon Dioxide 

A dual Il'anifold vacuum line was utilized to measure and transfer a known 

amount of each of these gases into a gas IR cell, as described belo\\'. A graph of 

moles of gas versus absorbance was then generated, and the slope was determined 

by least squares analysis. 

The gas (N 20 or CO2) was admitted into a flask of known volume which was 

closed and transferred to the vacuum line. The gas \~as admitted into the evacuated 

vacuum line isolated from the pump. The upper and lower manifold pressures were 

adjusted to the desired values with a flask of known volume open to the vacuum line. 

The flask was closed and the vacuum line and IR cell evacuated. The lower 

manifold. with the IR cell attached and the flask of known volume attached. was 
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isolated from the pump. The flask and the cell were opened, and the cold finger on 

the IR cell was immersed in liquid nitrogen for 20 minutes. The residual pressure 

in the lower manifold was monitored to ensure that no measurable gas « 0.5 mm 

Hg) remained. The IR cell was closed and removed from the vacuum line and 

allowed to warm to room temperature at the IR spectrophotometer. 

The spectrum of the sample was then measured. For CO2, the baseline was 

set at Abs = 0.000 at 2500 cm- I , the spectrum (2500-2200 cm-I ) recorded, and the 

absorbance at 2341 cm-I determined. For N20, the baseline was set at Abs = 0.000 

at 2300 cm- I , the spectrum (2300-2100 cm- I ) recorded, and the absorbance at 2212 

cm- I determined. A linear relationship between pressure and absorbance was 

observed for carbon dioxide and nitrous oxide (Figure 2.8; Chapter 2, Section 2.3.3). 

The baseline zero point chosen for the calibration spectrum will influence the 

value of the absorbance obtained. The equation for the calibration curves which 

result from these spectra will give the slope for absorbance versus pressure, while the 

Y -intercept will be affected by a change in the baseline zero adjustment. If the 

absolute value of the absorbance is used to correlate the amount of gas present 

during a reaction, then the baseline zero points for the calibration spectrum and the 

reaction spectrum must be identical. 

Carbon Monoxide 

Carbon monoxide required a different experimental arrangement. The boiling 

point of CO is -191.5°C, and the boiling point of nitrogen is -195.8°C. This small 
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difference in boiling points does not permit transfer of CO into the IR cell USIng 

liquid nitrogen as the coolant. 

The IR cell was placed upon the vacuum line and the cell and line filled to 

a known pressure of CO. The IR cell was then transferred to the IR spectrophotom

eter and the absorbance measured. The volume of the cell was measured using 

pressure-volume relationships and found to be 105 ml. The moles of gas present 

were then calculated from the pressure and temperature measurements. A 

calibration curve was constructed from the absorbance versus pressure data which is 

nonlinear (Figure 2.9; Chapter 2, Section 2.3.3). 

2.3.2.2 Pressure-broadened absorbancies 

!Illel'm ed ia Ie Syslem Developm ('Ill 

The development of the hardware and the procedures necessary to determine 

a consistent and reliable calibration curve were done with nitrous oxide as the target 

gas using nitrogen as the filler gas. 

The system of ground glass joints, stopcocks, and rubber tubing (Figure 2.4) 

was the result of several modifications. In order to eliminate as many ground glass 

joints and stopcocks as possible, two glass Ts were fused together to give the central 

four-way junction, and t\\'o stopcocks were attached, leaving two glass nipples to be 

attached to rubber tubing. This central piece was then utilized until further 

modification became necessary to allow access to the IR cell and a reaction vessel 

simultaneously with other parts in the system. All rubber tubing was clamped onto 



Figure 2.4. Diagram for the intermediate system 
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the glassware. The central piece, the rubber tubing, and pressure measuring devices 

will be referred to as the system. The procedural modifications that occurred as the 

hardware was modified will be described and commented upon. 

The initial pressure of nitrous oxide was measured using a McLeod gauge, and 

the total pressure after adding nitrogen as the filler gas was measured using aU-tube 

manometer. After the nitrous oxide pressure was recorded, the cell and the system 

were filled with nitrogen, and the total pressure was measured. The IR cell was 

closed after the nitrogen pressure reading, removed from the system, and placed in 

the infrared instrument. The baseline was adjusted to zero at 2500 em-I, and the 

absorbance spectrum of the sample was recorded between 2500 and 2000 em-I. The 

software provided a peak printout listing the wavenumbers and their absorption 

values. 

While showing a general trend, the data obtained using this procedure were 

inconsistent. To determine the source(s) of the inconsistencies, the pressure of the 

nitrous oxide was monitored. The system was isolated from the vacuum, and the 

pressure was measured at 30-second intervals by the McLeod gauge. A significant 

increase in pressure was observed and appeared to originate from out-gassing of 

nitrous oxide from the rubber tubing in the system. The time between measuring the 

nitrous oxide pressure and the time at which nitrogen was added was not controlled 

and could have been a source of error. Any procedure that will accurately measure 

the pressure of the system below one millimeter must take the ollt-gassing into 

account. The pressure reading for the target gas mllst be as accurate as possible. 



58 

The inconsistent time period between measuring the pressure and admitting the filler 

gas was a source of error, and the procedure was subsequently modified. After an 

increase in the pressure was observed such that the out-gassing rate could be 

estimated, then the filler gas was admitted as soon as possible after the last pressure 

reading. The pressure value obtained from this method could be determined either 

by the last direct measurement or by adjusting the last reading based upon the 

estimated out-gassing rate. Under some conditions, the out-gassing rate was 

significant enough to contribute appreciably to the pressure, even in the short time 

required to admit the filler gas. 

To eliminate inconsistencies due to incomplete mixing within the IR cell, the 

IR cell was allowed to sit in the sample beam of the instrument for about 10 minutes 

prior to obtaining the spectrum. Monitoring of the absorbance over time showed a 

significant increase in the absorbance. This increase in absorbance was attributed 

to mixing of the gases within the cell. It was determined that the increase in 

absorbance ceases in seven minutes; this was taken as the minimum time that the cell 

must sit in the sample beam of the instrument before scanning a spectrum. The 

mixing is an equilibriulll diffusion of the gradient of the two gases within the cell, the 

target gas, and the filler gas. As the mixing occurs, the more efficient pressure 

broadening gas, the filler gas, collides with the target gas and the absorbance 

increases. The mixing is also facilitated by the change in temperature of the gas after 

it enters the cell and is heated by the sample beam of the instrument. The 
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temperature of a thermometer sitting upon the cell and in the sample beam was 

raised from the room temperature of about 25°C to about 29°C. 

The rate of admission of the filler gas into the system and the cell could have 

an affect upon the amount of target gas present within the cell. If target gas, which 

is in the system, is swept along through the system and into the cell, then the 

absorbance correlated to this measured pressure will be higher due to the additional 

amount swept into the cell. This would be a consideration consistent with the 

presence of the gradient of the gas mixture within the cell leading to thermal mixing. 

An attempt was made to devise a dilution technique that would give consistent 

results below 1 millimeter pressure. Nitrous oxide was admitted into the cell and 

system and the pressure reduced to several millimeters pressure. Nitrogen was then 

added (circa 1 atm), and the mixture was allowed to sit undisturbed for about 10 

minutes. The total pressure of the mixture was then reduced to a specific value, and 

the system and cell slowly refilled with nitrogen. This dilution technique also gave 

inconsistent results. 

It was decided to place the IR cell directly in the sample beam of the IR 

spectrophotometer as the gases were added to the system and cell. The instrument 

was placed on a cart and positioned close to the gas manipulation system. The celt 

could then be placed into position in the instrument and be attached to the gas 

manipulation system. This then allowed the absorbance of the gases in the cell to 

be monitored simultaneously with the pressure of the cell and system. 
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By placing the instrument in the time drive mode, the absorbance of the gas 

at the wavenumber of interest is directly measured as the gas pressure is varied. 

Periodic McLeod gauge measurements of the pressure will then allow a direct 

correlation to the absorbance, eliminating the need to estimate the pressure in the 

cell as was attempted previously. 

Leaks could also be detected by disproportionate changes in pressure with 

respect to the absorbance being measured on the time drive chart. Leaks were an 

infrequent, but important consideration. Frequently, the leak was a channeling of air 

through the grease of a ground glass joint of one of the stopcocks of the system. 

Leaks of this type could be determined by the base vacuum pressure when it would 

be 0.10 to 0.25 mm pressure, instead of the usual 0.05 mm pressure. The problem 

was alleviated by manipulation or regreasing of the stopcocks. 

Out-gassing can be directly observed as an increased absorbance versus time. 

It was decided to isolate the system from the vacuum pump and fill the system with 

the filler gas as quickly as possible to eliminate the out-gassing effect as much as 

possible. When the system was filled to the analysis pressure, out-gassing still occurs, 

but the mean free path of diffusion is so small as to make any increase in concentra

tion of the target gas within the cell almost negligible. Alternatively, the system 

could have been isolated from the vacuum pump, the out-gassing observed as an 

increase in the absorbance, and the system filled with the filler gas at a known 

observed absorbance value. That absorbance value would then allow an estimate of 
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the pressure by simply noting at what pressure the system was during the pump down 

period when it had that same absorbance value. 

This modification also showed that both the thermal mlxmg of the gases 

within the cell and out-gassing are important experimental problems. With only the 

nitrous oxide present in the cell and the system isolated from the vacuum, the out

gassing could be directly observed as the infrared absorbance of the gas increased 

with time. After the nitrogen had been added to the cell and system, the absorbance 

of the gas mixture was monitored. By closing the stopcock on the cell and 

monitoring the absorbance in time drive, it was found that the absorbance increased 

while the cell was isolated from the system. 

Procedure for Intermediate System 

The step-by-step procedures used for the manipulation of the gases and system 

described above are included at the end of this section. These procedures gave the 

calibration curves for nitrous oxide, carbon monoxide and carbon dioxide when 

pressure broadened with nitrogen as the filler gas. An alternative procedure using 

carbon monoxide as the filler gas was developed and is included. Figure 2.4 shows 

the system with the various stopcocks being designated as SI, S2, Tl, T2, and T3 (S 

refers to single stopcock and T refers to three-way stopcock). These are the 

designations referred to in the procedure. 
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Final System Development 

The intermediate system was further modified for several reasons. The system 

volume needs to be minimized in order to prevent the head-space gases of a reaction 

from being excessively diluted when expanded into the evacuated system towards the 

IR cell. Another consideration is to prevent the filler gas from being added to the 

head-space gases using an arrangement which does not further expand the system 

volume or cause a flow-through effect. The final system, shown below, incorporates 

a central stopcock which isolates the reaction vessel and the IR cell from the gas 

delivery and vacuum portion of the system. This helps to minimize the volume into 

which the head-space gases will be expanded. By filling the delivery system with 

carbon monoxide up to that point, further expansion of the head-space gases is 

minimized. 

The step-by-step procedures used for the manipulation of the gases and system 

to give the calibration curves for nitrous oxide and carbon dioxide when pressure 

broadened with carbon monoxide as the filler gas are found in Appendix C. 

Figure 2.5 shows the system with the various stopcocks being designated as SI, 

S2, TI, T2, T3, and T4 (S refers to single stopcock and T refers to three-way 

stopcock). These are the designations referred to in the procedure. System refers 

to any parts toward the IR cell. 

When calibrating the carbon dioxide, it is important to be aware of the 

extreme effect of exhaling into the reference beam of the instrument while in the 

time drive mode. Diligence is required to establish a pattern of breathing as the 



Figure 2.5. Diagram for the final system 
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vanous manipulations and measurements are performed such that no exhalation 

would occur into or towards the reference beam of the instrument. 

A test of the sampling consistency using this system was performed by 

recording a series of nine spectra and measuring the absorbance of CHCI3 and CO. 

For each spectrum, the reaction vessel, filled with 40 ml of CO-saturated chloroform, 

was opened to the evacuated cell, isolated from the rest of the system. The 

remainder of the system was at a pressure of 673 mm Hg of carbon monoxide. The 

carbon monoxide was then admitted into the reaction vessel and the cell and the 

pressure adjusted to the analysis pressure of 673 mm Hg. The cell was then closed 

and the spectrum scanned. This method for transferring the head-space gases from 

the reaction vessel to the cell was reliable for both the CHCI3 and the CO by the 

consistent absorbances obtained. The average absorbances from the nine spectra 

were 0.1181(44) for chloroform at 2407 cm- l and 0.9305(99) for carbon monoxide at 

2118 cm- l . 

The absorbance of a constant amount of chloroform was checked as a function 

of the total pressure with carbon monoxide as the filIer gas. The closed reaction 

vessel containing 40 milliliters of chloroform saturated with carbon monoxide was 

attached to the rest of the system. The system was evacuated, isolated from the 

vacuum pump, and then the reaction vessel was opened and the gases allowed to 

expand into the IR cell and the entire system up to stopcock T2. The total pressure 

was then adjusted by the addition of carbon monoxide. Next, a spectrum was 

obtained, and the absorbance of chloroform (2407 em-I) and carbon monoxide (2118 
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cm- I ) were recorded. The chloroform absorbance as a function of total pressure was 

linear (Figure 2.6). This provided an internal check for accuracy of a series of 

spectra while monitoring a reaction. If the total pressure is not consistent, or an 

inconsistent amount of head-space gases are removed from the reaction vessel, then 

the observed absorbance at 2407 cm-I will be in error. 

The absorbance of carbon monoxide has been determined in several ways, and 

comparisons can be made. The initial attempts to measure CO absorbance involved 

the measurement of the CO pressure within the cell on the vacuum line followed by 

transfer to the IR instrument. These absorbance values can be compared to the 

values obtained when the cell was in the IR sample beam and the pressure was 

directly adjusted, with or without chloroform present. With chloroform present, the 

procedure used was as described above for the determination of the chloroform 

curve. The pressure of the carbon monoxide could also be adjusted as the 

absorbance was read directly from the instrument in the time drive. In all cases, a 

nonlinear graph was obtained (Figure 2.7). In this figure, the calculated best-fit lines 

arc graphed for comparison. 

In comparison to the calibration curve for pure carbon monoxide where 

separate pressure and absorbance readings were taken, the initial attempt, the "in

beam" measurements has a lower absorbance at a given pressure. This shows that 

there was a systematic error leading to a higher absorbance value for the initial 

attempt. The curve obtained by direct pressure adjustments and absorbance 

measurements with chloroform present was seen to be virtually identical to the curve 



FIGURE 2.6 Chloroform Absorbance Versus Total CO Pressure 
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Figure 2.7 CO Calibration Pressure Reading Comparisons 
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where CHCI3 was not present. This indicates that the absorbance of carbon 

monoxide is not significantly affected by the presence of the solvent. 

2.3.3 Results 

2.3.3.1 Single gas absorbancies. These first attempts involved the direct 

transfer of known amounts of CO2 and N20 into the IR cell or a known pressure of 

CO into the IR cell. The moles of CO2 and N20 were calculated from the pressure 

and volume measurements within a flask of known volume. This quantity of target 

gas was transferred by condensing it in the IR cell using liquid nitrogen. The moles 

of CO were calculated from the known pressure within the cell as measured on the 

vacuum line and the volume of the cell. 

The graph of absorbance versus moles of target gas within the cell for N20 

and CO2 is found in Figure 2.8. The slope of the CO2 line was 6880(338) Abs/mole 

( 4.9%). The slope of the N20 line was 5892(222) Abs/mole (3.8%). The 

consistent results indicate that the transfer of gas from the volume flask to the IR 

cell through the vacuum line was accomplished. The nonlinearity of the carbon 

monoxide curve (Figure 2.9) is attributed to the self-pressure broadening that occurs 

as the total pressure of carbon monoxide increases. 

2.3.3.2 Pressure-broadened absorbancies. This calibration of the IR cell for 

neat CO2 and N20 is only proportional to the true absorptivity, but significantly 

below the 'true' value. Instrumental distortion is minimized when the ratio of the 

mechanical slit width and the true width of the absorption lines is 1:1. In this 
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Figure 2.9 Neat Gas Absorbance 

r! 
d l 
1 

/ 
V 

V 
/ 

rf 
7 / ~ 

[ 
/ 

/ 
V 

n 

~ ~ -_ .. - _ ..... _----- -_... ---- - --- ----_. 

o .25 .5 .75 1 1.25 1.5 1.75 

Milli -ITloles of Target Gas in Cell 

/ 

i 

2 

-a- N20 

~ C02 

--lQl- CO 

-...J 
a 



71 

experiment, the mechanical slit width, set by the instrument, is 330 microns, and the 

width of the absorption line at half height is 4.6 microns (2.05 cm- I
). At a scan mode 

where the mechanical slit width is set at 50 microns, the line width is measured to 

be 0.35 nllcrons. The experimental ratio of slit width to peak width is close to 

1000:l. Under these conditions, the instrumental conditions do not allow accurate 

determination of the true molar absorptivity of the gases. For comparison, the error 

made in determining the line width has been calculated(59) as being greater than 50% 

when the ratio is greater than 2. The error in determining the absorption intensity 

has been calculated to be greater that 10% when the ratio is larger than 4 and the 

peak is about a 70% absorbance value. 

The absolute molar absorptivity IS not necessary for calibration but a 

consistent set of experimental conditions are. If the calibration spectra are obtained 

under identical conditions to spectra of gases from the reaction, then direct 

comparisons can be made. If an important and consequential variable is unknown 

or ignored, then there will be inconsistent relationships between the calibration 

spectra and the experimental spectra. The variables of importance are discussed 

belo\\'. 

The wavenumber for analysis of each component must be chosen with care 

so that only one species is being observed. The temperature of the system must be 

constant and the same as the calibration temperature. The baseline of the spectrum 

Illust be set at the same point for each spectrum. The plumbing must be leak free 

and able to produce accurate pressure readings. The out-gassing from the rubber 
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tubing must be minimized, and the total pressure of the system must be the same for 

each analysis. The addition of a filler gas to bring the pressure of the system to a 

standard pressure is employed for this purpose. The time between filling the system 

to the analysis pressure and the scanning of the spectrum should be consistent. 

To simplify the calibration and reaction monitoring, it was decided to use CO 

rather than N2 as the filler gas to standardize the pressure in the cell. This 

procedure limits the components to three gases, CO, CO2' and N20, rather than four 

gases when N2 is used as the filler gas. 

The pressure-broadening effects have contributions from all of the gases 

present. As was pointed out in the background section, some systems are simplified 

when either the pressure broadenings of the different components are similar or thc 

pressurc broadcnings of the components are independent of each other. It is 

assumed that the contributions to the pressure broadening due to thc solvcnt vapors 

are negligible. As will be shown below, the absorbance of the carbon monoxide is 

unaffected by the solvent. Because CO is the predominant gas, it is also assumcd 

that the small partial pressure of CO2 would not appreciably affcct the absorbancc 

of N20, and vicc versa. 

Nitrogen as Filler Gas 

The calibration of the gases was first attempted using N2 as the filler gas in 

order to develop the procedures and the necessary system. The high absorptivity of 

the pressure-broadened gases required partial pressures of gases less than 1 nll11 Hg. 
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A system of stopcocks and rubber vacuum tubing was developed to transfer the gases, 

a McLeod gauge was utilized to measure the pressure of target gas (::::: 0.1 0101 Hg), 

and a U-tube manometer was used to measure the pressure of the filler gas (e.g., N2 

or CO) (::::: 700 mm). The diagram which represents the system of stopcocks and 

rubber tubing and procedural steps necessary to transfer the gases and make the 

absorbance measurements is given in the Experimental section of this chapter. 

Further comments on the effects of the variables are also found in the Experimental 

section. 

The importance of this system is the ability to place the IR cell directly into 

the sample beam of the IR spectrophotometer, by way of a section of rubber tubing. 

This then allows a direct inspection of the measured pressure and the observed 

absorbance. This correlation is a simultaneous check on the amount of gas present 

in the cell and does not involve an estimation of the gas pressure, a necessary 

procedure when the pressure and absorbance were not measured simultaneously. 

The capability of the vacuum pump to remove gases from the extremity of a 

rubber and glass system is limited by the smallest diameter opening within the 

system. With several stopcocks in the line, the out-gassing effect is comparable to 

the pumping efficiency. Any delay between the reading of the pressure at the 

McLeod gauge and the closure of the cell or filling with the filler gas will have a 

significant effect on the accuracy of the pressure reading correlating to the actual 

pressure of the absorbing species within the IR cell. 
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With an accurate partial pressure value for the target gas, the total pressure 

was increased by the addition of the filler gas to a standard total pressure. The 

pressure-broadened absorbances of N20, CO2 and CO were then obtained with N2• 

The resulting absorbances are shown as the graph of absorbance versus partial 

pressure of target gas (Figures 2.10-2.11). 

Carbon Monoxide as Filler Gas 

It was necessary to modify the system to allow efficient handling of the gases 

during the calibration phase and also during monitoring of the reactions. The 

modifications allowed the reaction vessel to be isolated with the IR cell, separated 

from the gas delivery ancl vacuum side of the system (Figure 2.5; Chapter 2, Section 

2.3.2). The number of ground glass joints and the linear footage of rubber tubing 

was minimized using this arrangement. The fewer the ground glass joints and 

stopcocks, the smaller chance there is for leakage through these points. Using less 

rubber tubing minimizes out-gassing. The procedural steps necessary to transfer the 

gases and make the absorbance measurements are described in the Experimental 

section of this chapter. 

The absorbances of C01 and N1 0 pressure broadened with CO as determined - -

using these procedures and system are shown as the graphs of absorbance versus 

partial pressure of target gas given in Figures 2.12 and 2.13. 

The "Best-Fit" equation for each of the graphs determined for the absorbance 

of the gases is shown in Table 2.4. 
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Table 2.4 "Best-Fit" Equations 

The equations are of the form Y=A+BX+CX2+DX3+EXI, where A,B,C.O, and E 
are the constants given below. X is the observed absorbance, and Y is the partial 
pressure of the target gas in mm Hg for the entries with filler gas. X is the 
millimoles of target gas present in the IR cell, and Y is the observed absorbance in 
the entries for the neat gases. 

Gas Filler Equation R 

A B C D E 

N20 -.013672 6880 .9991 

CO2 -.027602 5892 .9995 

CO -.15855 95.2656 -47.8122 23.0335 -4.8176 .9999 

N,O N, -.00272 4.55012 -.441535 426.709 -127.54 .9998 

.005002 3.14200 .9992 

CO, N, .0763 6.47885 28.6919 -128.958 130.836 .9988 

.0636048 8.20581 .9958 

CO N2 -3.45547 87.314 323.611 -42.7905 -55.5092 .9999 

N20 CO -.067425 2.12026 .9997 

CO, CO .0303078 2.728139 .9997 
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The absorbances for carbon dioxide and nitrous oxide with the two filler gases 

are compared in Figure 2.14. The absorbance of the target gas after filling to a 

standard total pressure is plotted versus the partial pressure of the target gas. For 

comparison purposes, several of the curves were adjusted to give an approximate 

zero Y -intercept. The N20 absorbance comes on the wings of the CO absorbance, 

and the CO2 baseline value is slightly negative (-0.015) due to reference beam 

subtraction of atmospheric CO2, The pressure-broadened absorbances for nitrous 

oxide with neat nitrous oxide are compared in Figure 2.15. For comparison purposes, 

the absorbances were plotted versus millimole of target gas present within the IR 

cell. This was necessary because, while the molar amount of gas was known, the 

actual pressure within the cell was unknown during the neat N20 measurements. 

2.4 1 R Analvsis of CO Reactions 

2.4.1 Qualitative Reactions with L = TPCP, EDP 

Accurate quantification of the data obtained in some of the early experiments 

(1R-2,3,4,5) was not possible. The IR data station was utilized to obtain a scalar 

difference factor, at the wavenul1lbers of interest for carbon dioxide and nitrous 

oxide, between the observed absorbance for each time course spectrum and the 

observed absorbance of a "standard". These "standards" were of a pure gas at a 

known pressure within the IR cell. The observed absorbances were obtained from 

a cell which contained a mixture of gases at an unknown total pressure. As described 

in the chapter on the infrared analysis of gases (Chapter 2, Section 2.3), the observed 
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absorbances need to be compared to values obtained under the same standardized 

conditions of consistent total pressure. These conditions were not met in these 

experiments. The different and nonstandardized conditions used to obtain the 

reaction spectra make them incomparable for accurate quantification with a 

"standard" of a single gas at a known pressure. 

Experiment IR-J: Reaction of TPCP-DN with CO 

An unknown mass of TPCP-DN (approximately 200 milligrams) was dissolved 

into approximately 30 ml of CO-saturated methylene chloride. The following 

describes the procedure used to dissolve the palladium complex and to initiate the 

reaction. 

Methylene chloride was distilled from phosphorus pentoxide under nitrogen 

immediately prior to use. The solvent was cannulated through a syringe containing 

sodium bisulfite and sodium dithionite into the top portion of a double reaction 

vessel. 

The double reaction vessel was comprised of two identical modified 100-ml 

round bottom flasks connected by a double threaded, top and bottom, frit filter. 

Each modified two-necked round bottom flask was equipped with two different sized 

souvril threaded glass joints, a side arm stopcock attached to the larger 30 mm neck 

and an unmodified 15 mm neck. The reaction vessel was clamped in a vertical 

position, top vessel above the frit filter, above the bottom vessel, above a magnetic 

stirrer. The small opening of the top vessel was not capped but was closed with a 
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septum. The small opening of the vessel was initially capped, and the CO supply was 

attached to the stopcock side arm; the lower reaction vessel contained a magnetic stir 

bar. 

The solvent was then cannulated through the septum into the top reaction 

vessel by nitrogen pressure, while the bottom reaction vessel was under a positive 

carbon monoxide pressure. \Vith the upper reaction vessel's stopcock opened to 

permit the venting of CO and N" the solvent remained in the upper portion of the 

system as long as CO was being forced by positive pressure through the frit filter into 

the upper vessel. 

With the upper stopcock closed, further bubbling increased the pressure in the 

upper portion of the system. By carefully opening the small cap on the lower 

reaction vessel, the pressure in the lower vessel was made smaller than that in the 

upper vessel. The higher pressure in the upper vessel then forced the solvent into 

the lower vessel. Repeated closing of the small cap, bubbling into the upper vessel, 

and reopening the sma II cap of the lower vessel succeeded in transferring all of the 

CO-saturated solvent to the lower vessel. 

The upper vessel and frit were removed while a positive now of CO was 

maintained over the stirred reaction solution. A cap was then screwed on the large 

opening of the vessel, and the solid palladium complex was then placed in the vessel 

through the large opening. A rubber septum was placed on the small opening of the 

vessel. Over a two-hour period, aliquots of the reaction solution were removed at 

regular intervals by syringe, and the IR spectra of the solution were obtained. The 
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spectra were stored on the data station. The gradual growth of three peaks was 

observed over the two hours of monitoring. These peaks were at 2337 (CO~), 2221 

(N20), and 1849 (broad) cm·l • During monitoring, the color of the solution changed 

from light yellow -to red-orange. 

Several days later, the palladium-containing product had substantially 

decomposed. The solution was dark blue-green in color, and dark insoluble solids 

were present. The IR spectrum of the solution showed that the peak at 1849 cm- I 

was absent, and two new peaks at 1946 and 1915 cm- I were present. 

The gases above the solution were transferred to the IR gas cell by the 

following procedure. The cell was evacuated with a septum on its stopcock. The 

septum on the small opening of the reaction vessel was pierced with a cannula tubing 

and, simultaneously, the other end of the cannula was pierced through the septul11 

on the IR cell. 

The absorbances observed for the gases were all accounted for by CO" N,O, 

CO, and CI-I~C1~ as follows: CO - 2168, 2115 cm- I ; CO2 - 3725, 3701, 3623, 3596, 

2357,2340 Clll-
I
; N~O - 3491,3463,3003,2594,2550,2235,2211, 1298, 1274, 1266 

cm- I ; CH2C1~ - 3000, 1270, 1470 cm- I . 

Experiment IR-2: Reaction of TPCP-DN with CO 

A sample of TPCP-DN (0.1998 gm, 0.2145 mmole) was dissolved in approxi

mately 40 1111 of CO-saturated dichloromethane as described for Experiment IR-l. 

The reaction vessel was attached to a gas-handling system consisting of rubber tubing 
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and a glass-Y with stopcocks at each end of the Y. One end of the Y was connected 

to the IR cell. and the third was connected to a three-way stopcock for vacuum and 

carbon monoxide. 

A series of procedures was repeatedly used to allow for the transfer of a 

portion of the head-space gases to the IR cell. With the cell and system evacuated 

and the vacuum isolated, the reaction vessel was opened for 15 seconds to allow the 

head-space gases to expand through the system and IR cell. The reaction vessel was 

then closed, and a liquid nitrogen trap was placed on the cold finger of the IR cell 

for 30 seconds. The liquid nitrogen was removed from the cold finger, and the IR 

cell stopcock was closed. CO was readmitted into the system, and the reaction vessel 

stopcock was brieny opened to repressurize the vessel to just above ambient pressure. 

The IR cell was then removed from the system and taken to the IR spectrometer for 

a spectrum to be recorded and stored on the data station. The IR cell was then 

returned to the gas-handling system and evacuated. The minimum transfer time was 

seven minutes. 

The color of the reaction solution was initially pale yellow. After 19 minutes, 

it was yellow-orange. At 69 minutes, it was recl-orange. After several days, the 

solution began to darken, and a black precipitate and a pale yellow-green solution 

were eventually formed. 

The volume of the gas-handling system was estimated by the change in 

pressure when various parts of the system were opened and a flask of known volume 
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was attached. This estimated volume showed that approximately 50% of the head

space gases flow into the system each time the reaction vessel is opened. 

The data of the time course that was run and the difference factors generated 

by using the data station are shown in Appendix A, Table A-I. The difference factor 

is the scalar value that must be applied to a "standard" spectrum, at a particular 

wavenumber, to have its absorbance numerically equivalent to the absorbance of the 

sample spectrum at the same wavelength. These difference factors are then the 

proportional amount of the "standards" absorbance at a particular wavelength which 

is present relative to the absorbance at that wavelength at the time of the sample 

spectrum. Each "standard" was obtained by scanning the spectrum of a sample of gas 

at known pressure within the IR cell. 

A plot of the mole ratios versus time is illustrated in Figure 2.16. The total 

number of moles produced was calculated by summing the difference factors after 

multiplying by the absorbance of the standard, at the wavelength of interest, and 

dividing by the molar absorptivity as calculated from the standard. The ratios were 

then calculated by the appropriate divisions. 

Experiment I R-3: Reaction of TPCP-DN lI'ith CO 

A reaction solution was prepared from TPCP-DN (0.0894 gm, 9.617 x 10-2 

mmoles) and 10.0 ml of freshly distilled methylene chloride that had been cannulated 

through sodium carbonate and sodium dithionite. A U-tube reaction vessel was 

made from a piece of glass tubing, closed at one end and with a 24/40 ground glass 
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join at the other, that had been bent so that the two ends were parallel. The solution 

was placed into the U-tube reaction vessel attached to the IR cell, the nitrogen was 

removed, and CO was admitted to initiate the reaction. The reaction was performed 

such that the IR cell was in the instrument, and spectra were scanned and recorded 

periodically. The following procedural details were followed to accomplish this. 

The solvent was distilled under nitrogen from phosphorus pentoxide. The 

solid palladium complex was weighed and added to a round bottom flask under 

nitrogen. Ten ml of solvent were syringed into the round bottom flask under 

nitrogen and the solid palladium complex dissolved. The U-tube reaction vessel, with 

a small magnetic stir bar in the closed end, was joined to the 24/40 joint of the IR 

cell. The stopcock of the cell was attached to a gas delivery tube which could be 

manipulated between nitrogen, CO, and vacuum. The cell and U-tube were 

repeatedly evacuated and filled with nitrogen to remove alI air. With a strong 

countercurrent of nitrogen, the ground glass seal between the U-tube and the cell 

was opened just enough to admit a long syringe needle. The reaction solution, under 

nitrogen, was then syringed into the far side of the U-tube such that it was 

transferred to the closed end with the magnetic stir bar. The U-tube was then 

reattached to the IR celI and wired down with copper wire. A freeze-pump cycle 

established a frozen reaction solution under a vacuum with the stopcock to the celI 

closed. The celI was then filIed with CO, the reaction solution alI owed to thaw, and 

the CO admitted to the reaction solution by opening the stopcock between the celI 

and the U-tube. With the IR cell placed in the instrument and the reaction stirred 
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magnetically, the reaction was monitored. A series of spectra were scanned and 

recorded in the data station. An OBEY program, a batch program for the data 

station, was written to determine the difference factors for each time course 

spectrum, with respect to "standard" spectra. For this experiment, the "standards" 

used for CO2 and N20 were of samples of known amounts within the cell. The 

amounts of the gases N20 and CO2 were known from the known pressure of the gas 

in a vessel of known volume having been entirely transferred into the cell. The 

"standard" for CO was a known pressure of CO in the cell. The difference factors 

were as described in Experiment IR-2. The data generated in this manner are shown 

in Appendix A, Table A-2. 

A review of the data from the table shows that the difference factors for both 

the CO, and the N10 are steady at a base range, ignoring obviously spurious points, - -
for the first 40 to 50 minutes. After this initial period, the factors increase, indicating 

an increase in the absorbance at the wavelengths monitored. 

After 30 minutes, the color of the reaction solution was a burnt yellow, 

indicating that reactions were occurring to a significant extent. By 70 minutes, the 

color was recl-orange, and, by 315 minutes, the color was dark red-orange. The 

external temperature was between 27 and 29°C during the course of the reaction. 

Experiment I R-4: Reaction of TPCP-DN with CO 

The system of Experiment IR-2 was modified to include a trap in the line 

between the reaction vessel ancl the glass-Y of the gas-handling system. At the 
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temperature of a dry-ice/acetone (@-70°C) bath, the vapor pressure of methylene 

chloride is 1 mm. The melting point of CO is -205°C, that of N20 is -90°C, and that 

of CO2 is -57.5°C. The vapor pressure of CO2 is listed as 760 mm at -78°C. These 

values indicate that methylene chloride should be the only component of the gases 

trapped by a dry-ice/acetone bath. 

A 25-ml reaction solution of TPCP-DN (0.0828 gm, 8.907 x 10-2 mmole) was 

prepared as follows. The methylene chloride solvent was distilled over phosphorus 

pentoxide under nitrogen. Twenty-five ml were transferred to the nitrogen-filled 

reaction vessel. The same reaction vessel as used in previous experiments was 

flushed with CO and magnetically stirred for 15 minutes. The palladium complex 

was weighed and added through the larger neck of the reaction vessel against a 

countercurrent of CO. A time course was obtained by periodic transfer of the head

space gases to the IR cell and removal of the cell to the IR spectrometer where 

spectra were scanned and recorded. 

The recorded spectra were then reviewed, and the absorbance values for CO2 

and N}O at their respective wavenumbers were obtained. The absorbance values 

were then manipulated by a calibration equation to give mT1l of pressure gas evolved. 

The total pressure of gas obtained in this manner gave a 108% yield based on a 

CO}/Pd of 3:1. The amount of N20 that was observed was significantly lower than 

the 1:1 expected by:::::80%. 
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Experiment IR-5: Reaction of EDP-DN with CO 

A reaction solution of EDP-DN was prepared from approximately 40 ml of 

chloroform freshly distilled from phosphorus pentoxide under nitrogen. The 

chloroform was treated as in Experiment IR-l. The double reaction vessel setup was 

saturated with CO by bubbling through the frit filter for 15 minutes before transfer 

to the lower reaction vessel and stirred with a CO overflow for 50 minutes. The 

reaction was initiated by the addition of 0.0839 of EDP-DN against a countercurrent 

of CO. 

The manipulation of the head-space gases was performed using a gas-handling 

system much different than that described for previous experiments. The system was 

diagrammed and described above (Figure 2.4; Chapter 2, Section 2.3.2.2). 

The manipulations for this experiment were such that accurate quantification 

of the gases was not possible. The reaction vessel was opened to an extended 

evacuated gas-handling system containing a mercury U-tube manometer. This type 

of manometer caused the total volume of the system to vary, depending upon the 

pressure within the system and led to inaccuracy in the knowledge of the volume of 

the system. The volume must be known accurately if the moles of gas are to be 

calculated. 

Qualitatively, the experiment showed a steadily increasing amount of CO2 

produced over the first 300 minutes. From 300 to 400 minutes, the end of the time 

course series, the absorbance values observed began to decrease. Due to the 

inappropriate manipulations and the resultant volume inaccuracies, the calculation 
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of the number of moles represented by these absorbance values is not reliable. The 

absorbance values for the N,O showed a very minor increase over the first 400 

minutes. A substantial absorbance was recorded approximately 12 and 14 hours 

later. 

2.4.2 Quantitative CO Reactions with L = MOP 

The remaining experiments were done in a similar manner. The similarities 

will be noted here, and they will apply to all subsequent experiments, except as noted 

otherwise. 

The reaction vessel used was the single reaction vessel as described in 

Experiment IR-l and was capped at both necks, the 15 mm and the 30 mm. The side 

arm with the stopcock was attached to the gas-handling system that was developed 

to calibrate the pressure-broadened gases and is described above (Figure 2.5; 

Chapter 2, Section 2.3.2.2). This stopcock could be closed to isolate the reaction 

solution from the remainder of the system. The IR cell was clamped in place in the 

IR spectrometer and was controlled by the data station. 

An OBEY program, a data station dedicated batch program, was written and 

used to semi-automate the data station. With the pressure-broadened gas sample in 

the cell, the OBEY program initiated the scan conditions, the operator then 

commenced the scan, the program then determined the absorbances at several 

wavelengths and displayed the spectrum and absorbance values at selected 

wavelengths. Before commencing the scans, the instrument would reset to 2500 cm-1 
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and ask for operator verification. At this point, the baseline zero of 100O/OT at 2500 

cm- l would be checked for consistency. The wavelength values were then recorded 

on paper and the OBEY program allowed to repeat. This OBEY program is found 

in Appendix B. 

The procedural steps, found in Appendix C, were performed for each series 

to manipulate the head-space gases into the IR cell in a standard manner. 

The following calculations were performed on the absorbance values to obtain 

a ratio value for CO~ or N~O evolved to the moles of Pd present in solution. 

Using the calibration equation of the form: 

mm Hg = Abs x A + B 

with the least squares analysis constants for CO2 pressure broadened with CO or N20 

pressure broadened with CO (see Chapter 2, Section 2.3.3), the mm Hg of gas 

present was calculated based on the observed absorbance. The calculated pressure 

was then used to calculate the millimoles of gas using the equation: 

I1Il11oles = [((111m Hg/760) x 0.234]/(297.6 x 0.082054)/x 1000 

The 0.234 value is the volume of the reaction vessel, the IR cell, and the 

connecting system up to the stopcock in the middle of the system. It was this part 

of the gas-handling system into which the head-space gases expanded before filling 

the IR cell with CO for repressurizing the reaction vessel. The volume was 

determined as follows. 
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Using the calibration apparatus described above, the reaction vessel was 

removed, and a 520-ml known volume vessel was attached. The known volume 

vessel was filled to a CO pressure of 673 mm Hg. The remainder of the system was 

evacuated. The stopcock to the U-tube manometer was open, while the stopcock in 

the middle of the apparatus was closed, as was the vacuum/CO three-way stopcock. 

With the IR cell in the spectrometer, absorbance readings were obtained for CO at 

2118 cm- l , as the CO from the known volume system was allowed to sequentially 

expand through the system. The U-tube manometer was used as a check of the 

calculated pressures when appropriate. 

The calibration equation for pure CO was utilized to convert the observed 

absorbance readings into pressure of CO in mm Hg. The constant amount of gas 

allowed use of the ideal gas equation to calculate the volumes of the sections of the 

system as the gas was expanded. The procedure was repeated four times to 

determine the connecting system pressures, and the average pressure value was then 

utilized for the calculation of the volume. 

The vessel of known volume was opened and allowed to expand into the IR 

cell through the connecting system up to the middle stopcock. The absorbance was 

determined and the pressure calculated for this part of the apparatus. The middle 

stopcock would then be opened to allow the gas to expand through the system up to 

the vacuum/CO three-way stopcock. The absorbance was then determined and the 

pressure calculated. 
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The pressure of the CO in the 520-ml vessel was 673 mm Hg. The calculated 

pressure after expanding the gas to the middle stopcock was 538 mm Hg. The 

calculated volume from this pressure was 650 ml. The volume of the cell and the 

connecting system was the difference between 650 and 520, or 130 ml. The cell 

volume had previously been determined to be 44 ml; therefore, the connecting system 

volume was 86 ml. 

The middle stopcock was then opened, and the calculated pressure was 500 

mm Hg, with an observed pressure of 496. The total volume was calculated as 700 

ml. The additional system then contributed 50 ml. 

\\lith the system volume determined, the reaction vessel containing 673 mm 

Hg of CO was attached to the system. The calculated pressure after opening the 

reaction vessel up to the middle stopcock was 354 mm Hg, and the calculated volume 

was then 144 ml for the reaction vessel. 

The total volume of the reaction vessel, the IR cell, and the connecting system 

up to the middle stopcock was the sum of 144 ml, 44 ml, and 86 ml, or 274 ml. With 

40 ml of solvent, the total volume for the expansion of the head-space gases was 234 

mi. 

In Experiments IR-6 through IR-9 and IR-12, the solid palladium nitro 

complex was added directly to the reaction vessel containing the CO-saturated 

chloroform, against a countercurrent of carbon monoxide. In Experiments IR-lO and 

IR-ll, the solid complex was dissolved in a portion of the solvent, nitrogen saturated, 

and the solution would then be added to the remainder of the solvent which was 
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saturated with carbon monoxide. During the remainder of the IR experiments, the 

palladium complex was weighed, transferred into a 50-ml volumetric flask, filled to 

the mark with 50 ml of chloroform, and the entire solution transferred to the 

reaction vessel against a countercurrent of nitrogen or helium. The solution, 

magnetically stirred with a full vortex, was overflowed with the inert gas prior to two 

minutes of CO overflow. 

In Experiments IR-6 through IR-12, the solvent was prepared by taking 

Reagent Grade chloroform and overflowing the stirred solvent for up to 30 minutes 

with the inert gas to allow saturation. For Experiment IR-13 and thereafter, the 

solvent was distilled from phosphorus pentoxide under an inert atmosphere, 

immediately prior to use. The solvent was then stored over sodium carbonate and 

sodium dithionite with bubbling of the inert gas for at least one hour. 

Experiments IR-6 through IR-12 used the fvlDP-DN designated Lot 1 in Table 

2.3 (Chapter 2, Section 2.2.3) and, thereafter, Lot 2 material was used in the 

reactions. 

Experiment IR-6: Reaction of MDP-DN lI'ith co 

A solution of MDP-DN was prepared as follows. Forty ml of Reagent Grade 

chloroform were syringed into the reaction vessel with a magnetic stir bar in the 

vessel. The solvent was then stirred and overflowed with CO for at least 45 minutes 

to saturate it with CO and to remove any other dissolved gases. A sample of f\lDP

DN (0.0202 gm. 3.37 x 1O.~ I1lmole) was added to the reaction vessel through the 
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large neck opening against a countercurrent of CO. The addition of the solid was 

time T = O. The reaction vessel was then closed, and a time course/assay series was 

commenced. The pressure of CO was adjusted to be 674 mm Hg at the beginning 

of each analysis. The reaction was followed by analysis of the gases every 10 minutes 

for 385 minutes. Periodically for the next 9 days, the head-space gases were analyzed 

in an assay approach. Each assay consisted of repeated removal and analysis of the 

head-space gases until the absorbance values for CO2 were close to zero. 

The absorbance values obtained for this experiment at 2407, 2359, 2237, and 

2118 cm- l
, for chloroform, carbon dioxide, nitrous oxide, and carbon monoxide, 

respectively, are shown in Appendix A, Table A.3. A customized OBEY program 

utilized for this run scanned from 2500 to 2000 cm- I and determined the absorbance 

values for these frequencies. 

N,O was not detected over the time for which data were collected. Significant 

amounts of CO2 were observed, and the absorbance values were used to calculate the 

quantity in mmoles of CO2 produced over the 9-day period. The initial time course 

of 385 minutes was stopped, even though a fairly constant but small amount of gas 

was being evolved during each 10-minute time period. For the next three days, and 

then six days later, the head-space gases were assayed by a series of repeated 

analyses until the observed absorbance of CO2 approached zero. A significant 

amount of gas was analyzed at each assay series. The absorbance values were then 

used to calculate the total amount of CO2 produced and the CO/Pd molar ratio 

(Appendix A, Table A.4; Figure 2.17). 
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Experiment IR-7: Reaction of 1I1DP-NC with CO 

A solution of MDP-DN and MDP-DC was prepared as follows and reacted 

with CO. A sample of MDP-DC (0.0010 gm, 1.7 x 10-3 mmole) was dissolved in 40_0 

ml of Reagent Grade chloroform that had been saturated with CO by overflowing 

for at least 30 minutes. \\lith the CO-saturated chloroform stirring, the solid 

palladium dichloro complex was added through the large neck against a countercur

rent of CO. Analysis of the gases for CO2 established that, under these reaction 

conditions, there was no reaction between CO and MDP-DC. Into this CO-saturated 

solution was then added a sample of MDP-DN (0.0104 gm, 1.74 x 10-2 mmole). The 

addition of the solid initiates a time course series as the time T = O. The pressure 

of CO was adjusted to be 687 mm Hg at the beginning of each analysis. A time 

course series was then run for this solution for a total of 175 minutes. The next day, 

several more analyses were obtained which established that no significant amount of 

CO, had been produced in the time since the end of the time course. The 

absorbances for CO2, 2359 cm-1, and for N20, 2237 cm-1, were seen to vary with time. 

The absorbance data are found in Appendix A, Table A.5, and the CO2 and N20 

mole ratio calculations are found in Appendix A, Table A.6. The molar ratios of 

CO/Pd, NzO/Pd, and CO2/N20 are graphed in Figure 2.18. 

Experiment IR-8: Reaction of 1I1DP-DN with CO 

A solution of MDP-DN (0.0100 gm, 1.67 x 10'2 mmole) in 40 ml of Reagent 

Grade chloroform was prepared by first CO saturating the N2 bubbled Reagent 
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Grade solvent by CO overflowing the stirred liquid and then repeating the analysis 

procedures several times to obtain baseline absorbance values. The solid palladium 

complex was then added through the large neck of the reaction vessel against a 

countercurrent of CO. The addition of the solid initiates a time course series as the 

time T = O. The pressure of CO was adjusted to be 615 mm Hg at the beginning 

of each analysis. A time course series was then run for this solution for a total of 

220 minutes. The external temperature was 25°C before the start of the time course. 

Approximately 11 hours later, an assay series was run on the reaction solution to 

determine the amount of CO2 produced since the end of the time course. The 

absorbance data and mole ratio calculations for CO2 are found III Appendix A, 

Table A.7. No significant absorbance change was noted for N20. 

Experiment IR-9: Reaction of MDP-DN with CO 

A solution of MOP-ON (0.0104 gm, 1.74 x 10-2 mmole) in 40 ml of Reagent 

Grade chloroform was prepared by first CO saturating the N2 bubbled Reagent 

Grade solvent by CO overflowing the stirred liquid and then repeating the analysis 

procedures several times to obtain baseline absorbance values. The solid palladium 

complex was then added through the large neck of the reaction vessel against a 

countercurrent of CO. The addition of the solid initiates a time course series as the 

time T = O. The pressure of CO was adjusted to be 675 mm Hg at the beginning 

of each analysis. A time course series was then run for this solution for a total of 

220 minutes. A small assay series was necessary to determine the small amount of 
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CO2 that had accumulated in the next 19 hours. The absorbance data and mole ratio 

calculations for CO2 are found in Appendix A, Table A.S. No significant absorbance 

change was noted for N20. A trace of N20 was evolved, but only enough to perturb 

the baseline, if at all. 

The reaction solution was initially pale yellow with an external temperature 

of 25°C. Within 10 minutes of adding the solid palladium complex, the color of the 

solution was a yellow-green similar to some note pads. At about 30 minutes, the 

color was amber and, at 125 minutes, the color was honey-orange or red-yellow. At 

the time of the assay series, the color was green-amber. 

Erperil1lent IR-fO: Reaction of MDP-DN lI'ith CO 

A solution of MOP-ON (0.0103 gm, 1.72 x 10-2 mmole) in 40 011 of Reagent 

Grade chloroform was prepared by first adding the solid palladium complex to six 

011 of N2 bubbled Reagent Grade solvent. This solution was then added to 34 ml of 

the solvent that had been saturated with CO by overflowing the stirred liquid and 

then repeating the analysis procedures several times to obtain baseline absorbance 

values. The N2-saturated palladium solution was then added through the large neck 

of the reaction vessel against a countercurrent of CO. The addition of the solution 

initiates a time course series as the time T = O. The pressure of CO was adjusted 

to be 645 mm Hg at the beginning of each analysis. A time course series was then 

run for this solution for a total of 200 minutes. A small assay series was necessary 

to determine the small amount of CO2 that had accumulated in the next 16 hours. 
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The absorbance data and mole ratio calculations for CO2 are found in Appendix A, 

Table A.9. A trace of N20 was noted and its presence calculated, but the values 

obtained were of questionable accuracy due to the small absorbance values obtained. 

Typical of some of the other experiments, the color changes that occurred 

during this time course were as follows. Initially, the solution was pale yellow. The 

solution became increasingly more yellow-green until at 25 minutes, when the color 

was that of a pad of yellow note paper. This color then became a brighter, more 

intense, yellow-green by 60 minutes. The solution color was pale yellow-green when 

the assay series was performed. 

At the completion of the assay series, a sample of MOP-DC (0.0011) was 

added to the pale yellow solution. During the next 3 hours, no additional CO2 was 

observed to be evolved; no N10 was observed during this time either. 

Experiment fR-f i: Reaction of MDP-DN with CO 

A solution of i\'lDP-DN (0.0102 gm, 1.70 x 10-1 mmole) in 40 ml of Reagent 

Grade chloroform was prepared by first adding the solid palladium complex to five 

ml of N1 bubbled Reagent Grade solvent. This solution was then added to 34 ml of 

the solvent that had been saturated with CO by overflowing the stirred liquid and 

then repeating the analysis procedures several times to obtain baseline absorbance 

values. The N2-saturated palladium solution was then added through the large neck 

of the reaction vessel against a countercurrent of CO. The addition of the solution 

initiates a time course series as the time T = O. The pressure of CO was adjusted 
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to be 675 mm Hg at the beginning of each analysis. A time course series was then 

run for this solution for a total of 150 minutes. A small assay series was necessary 

to determine the small amount of CO2 that had accumulated in the next 17 hours. 

The absorbance data and mole ratio calculations for CO2 are found in Appendix A, 

Table A.I0; the mole ratio calculations for N20 are found in Appendix A, Table 

A.II. The molar ratios for this experiment are displayed in Figure 2.19. 

The reaction solution was initially almost colorless to pale yellow. By 16 

minutes, when the absorbance for N20 was significant, the solution was yellow-green. 

The solution developed a red tint by 40 minutes and, by 55 minutes, was bright 

yellow-green. By 90 minutes, the color was a yellow-green that was brighter than that 

of a pad of yellow note paper. After the reaction solution was allowed to sit 

undisturbed for about 17 hours, the color was a dull amber. 

At the completion of the assay series of the second day, the head space was 

filled with CO2 and not CO. The reaction solution was allowed to stir under CO2 for 

just over three days. An assay series was performed and the removal of the CO2 was 

accomplished. A significant amount of N20 was also removed during this series. 

Experiment IR-12: Reaction of MDP-DN with CO 

A solution of MDP-DN (0.0025 gm, 4.24 x 10.3 mmole) in 44 ml of Reagent 

Grade chloroform was prepared by first CO saturating the N2 bubbled Reagent 

Grade solvent by CO overflowing the stirred liquid for at least 15 minutes. The solid 

palladium complex was then added through the large neck of the reaction vessel 
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against a countercurrent of CO. The addition of the solid initiates a time course 

series as the time T = O. The pres,sure of CO was adjusted to be 675 mm Hg at the 

beginning of each analysis. A time course series was then run for this solution for 

a total of 220 minutes. The absorbance data and mole ratio calculations for CO2 are 

found in Appendix A, Table A.12. There was no noticeable change in the baseline 

absorbance to indicate any N20 evolution. The amount of CO2 evolved during each 

period of the time course was not significantly above the baseline, and the amount 

calculated is not as accurate as in other experiments where the absorbance values 

were above zero. 

Experil7lentIR-13: Reaction of MDP-DN lI'ith CO 

Several modifications were initiated with this experiment. The reaction 

solution was prepared, as below, for use in one of the UV-Vis experiments. The 

Reagent Grade chloroform was first distilled from P20 S under N2 and then stored 

over Na2S20iNa2C03 with N2 bubbling for approximately 30 minutes. Fifty ml of 

a stock solution were prepared by weighing a sample of MDP-DN (0.0032 gm, 5.4 

x 10-3 mmole), placing it in a 50-ml volumetric flask, flushing the volumetric flask 

with N1 • cannulating the freshly prepared solvent into the volumetric flask up to the 

mark, and then bubbling the solution with N2 for one minute. The sample for the 

UV -Vis experiment would be removed by cannulating three ml of the stock solution 

into a syringe and transferring to the cuvette. The remainder of the stock solution 

would then be transferred in the reaction vessel against a countercurrent of N,. 
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Several analysis procedures were then performed with N2 instead of CO to ensure 

saturation of the solution with N2. 

The time course was then commenced with the CO overflowing of the stirred 

reaction solution for five minutes. This reaction was run such that the reaction vessel 

was immersed up to the solution line in an ice bath at 1 to 3°e. 

The OBEY program was modified to scan the spectral range of 2500 to 1800 

cm- 1 and to determine the absorbance at 1876 ·cm-1 for NO. 

The pressure of CO was adjusted to be 680 mm Hg at the beginning of each 

analysis. A time course series was then run for this solution for a total of 145 

minutes. The absorbance data and mole ratio calculations for CO2 are found in 

Appendix A, Table A.B. There was no noticeable change in the baseline 

absorbance to indicate any N20 evolution. The amount of CO2 evolved during each 

period of the time course was not significantly above the baseline, and the amount 

calculated is not as accurate as in other experiments where the absorbance values 

were above zero. 

Experiment IR-J 4: Reaction of MDP-DN with CO 

The solution of MOP-ON was prepared as III Experiment IR-13 with the 

following minor changes. The palladium complex (0.0027 mg, 4.5 x 10-3 mmole) was 

dissolved in He-saturated chloroform. Helium was the inert gas for this experiment. 

The CO overnow was accomplished for two minutes to saturate the reaction solution. 

The pressure of CO was adjusted to be 680 111m Hg at the beginning of each analysis. 
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A time course series was then run for this solution for a total of 207 minutes. The 

absorbance data and mole ratio calculations for CO2 are found in Appendix A, 

Table A.14. There was a possible change in the baseline absorbance at 2237 cm- l 

to indicate the possible evolution of N20. The absorbance at 1876 cm-l also showed 

a slight change during the first 70 minutes, suggesting the evolution of NO from the 

solution. 

Experiment IR-15: Reaction oj MDP-DN lI'ith CO 

A reaction solution of MOP-ON (0.0040 gm, 6.7 x 10'3 mmole) was prepared 

in He-saturated chloroform as in Experiment IR-13 without a sample being removed 

for the UV -Vis. The colorless reaction solution was transferred to the reaction vessel 

against a countercurrent of He, and several baseline analyses were run prior to two 

minutes of CO overflow. Within six minutes, the reaction solution was pale yellow

green, similar to note paper. The reaction solution was left stirring overnight, and 

an assay series was performed. The reaction solution was yellow-green, but darker 

than yellow note paper. The absorbance data and mole ratio calculations for CO2 

are found in Appendix A, Table A.IS; the mole ratio calculations for N,O are found 

in Appendix A, Table A.16. At the end of the assay series, the solution was a paler 

yellow-green. 
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Experiment IR-16: Reaction of !llDP-DN with CO 

A reaction solution of MOP-ON (0.0059 gm, 9.9 x 10-3 mmole) was prepared 

in He-saturated chloroform as in Experiment IR-13 without a sample being removed 

for the UV -Vis. The colorless reaction solution was transferred at 26°C to the 

reaction vessel against a countercurrent of He and He overflowed prior to two 

minutes of CO overflow. The solution was pale yellow-green within six minutes and 

yellow-green, like note paper, after two hours. The reaction solution was left stirring 

overnight, and an assay series was performed. The solution was colorless at the end 

of the series. The absorbance data and mole ratio calculations for CO2 are found 

in Appendix A, Table A.17; the mole ratio calculations for N20 are found in 

Appendix A, Table A.lS. 

Experiment IR-17: Reaction of MDP-DN with CO 

A reaction solution of MOP-ON (0.0079 gm, 1.3 x 10-2 mmole) was prepared 

in He-saturated chloroform as in Experiment IR-13 without a sample being removed 

for the UV- Vis. The reaction solution was transferred to the reaction vessel at 25°C 

against a countercurrent of He and He overflowed prior to two minutes of CO 

overflow. The reaction solution was left stirring overnight, and an assay series was 

performed. The absorbance data and mole ratio calculations for CO2 are found in 

Appendix A, Table A.19; the mole ratio calculations for N20 are found in Appendix 

A, Table A.20. The solution was pale yellow-green. 
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Approximately 13 days later, the color of the reaction solution was similar to 

when the assay series was finished. The head space was flushed with NO which 

contained trace amounts of N02 and N20. The excess NO was removed by a flush 

with He. The solution was bright orange-yellow and remained that color for three 

days. An assay series showed that the second assay had higher amounts of CO2 and 

N20 than the first, and the solution after the second assay was dull yellow-green. 

The amounts decreased with each assay after the second assay. The solution was 

then pale yellow-green. The solution was then NO overflowed to give a yellow

orange solution. NO, but not N02/N20 4, N20, and CO2 were observed the next day 

during an assay series. The amount of N20 was more than that which is the trace 

contaminant of NO. 

2.5 UV-Vis Analvsis of CO Reactions 

All UV -Vis spectra were obtained using a Cary 15 which had been modified 

by the On Line Instrument System (OLIS) and was interfaced with a data station. 

The data station controlled all spectral parameters and provided data manipulation 

and storage. The instrulllent was used in double beam mode with a cuvette of 

solvent in the reference beam. The software was used to store and subtract the 

baseline data. Except where noted, solvent versus solvent baseline was stored as this 

baseline and subtracted from all time course spectra. 
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2.5.1 Reference Spectra 

Spectra of II1DP-DN and a Mixture of II1DP-DN and II1DP-DC 

A solution of MDP-ON (1.1 mg, 1.8 x 10-6 M) was prepared by dissolving solid 

MOP-ON in 50 ml of chloroform. The solution was then diluted 1 to 10. The 

solution within the cuvette was further concentrated by the addition of unweighed 

MOP-ON. The solution was then changed by the addition of excess solid MOP-OC. 

The spectra of the solutions of known concentration and of unknown 

concentration were obtained. The spectra, recorded without subtracting the baseline, 

were not useful because no maxima in the absorbance values were present. 

The mixture of MOP-ON and excess MOP-OC in chloroform had an 

absorption maximum at 330 nm. 

Spectra of !l1DP-DN Be/ore and A/tel' Treatment with CO 

A solution of MOP-ON was prepared by dissolving the solid MOP-ON (1.9 

mg. 6.9 x 1O.~ I11mol) in 46 ml of chloroform that had been purged with N~. Three 

ml were removed, the UV -Vis spectrum was recorded, and the baseline subtracted. 

An absorbance maximum at 296 nm was observed. The remainder of the stock 

solution was reacted with CO, and its IR spectrum was monitored periodically over 

a period of two days. There were no significant changes in the CO~ and N20 regions. 

Hence, it was not possible to determine the extent of the reaction using the IR 

spectrum of the solution. Subsequently, a sample was removed and its UV -Vis 
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spectrum was obtained. An absorbance maximum was observed at 333 nl11. Several 

days later, two absorbance maxima were observed at 323 and 343 nm. 

Spectra of Various Concentrations of MDP-DN and the Treatment lI'ith CO 

Solutions of ~:10P-ON at various concentrations were prepared by sequentially 

diluting a stock solution. A stock solution was prepared by dissolving 3.4 mg of solid 

MOP-ON (5.7 x 10'] mmol) in 50 ml of chloroform. A 25-ml sample of the stock 

solution was diluted to 50 ml to give solution B. A 25-ml portion of solution B was 

diluted to 50 ml to give solution C. A 25-ml sample of solution C was diluted to 50 

ml to give solution O. A 15-ml portion of the stock was diluted to 25 ml to give 

solution E. 

For each solution, three spectra were obtained, one spectrum with and two 

spectra without the solvent baseline subtraction. These were labeled as "WITHOUT' 

and "WITI-I", respectively. An absorbance at 298 nm was observed for each spectrum 

and is shown in Table 2.5. The absorbance value from the "WITHOUT" spectra was 

then baseline corrected by the addition of a constant to provide an entry in the 

"\vITI-)" data column. A least squares analysis of the "WITH" data was then 

performed to obtain the relationship between the concentration and absorbance for 

MOP-ON. 

The equation obtained from the data in the column WITH the baseline 

correction is: Y = (32254) x -0.02788, with a correlation of 0.99986. These could 

later be used to determine the concentrations of MOP-ON in reaction solutions. 
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Table 2.5. Absorbance of MDP-DN at Various Concentrations 

ABSORBANCE 

Solution Molarity WITH WITHOUT 

CHCI.1 0 .0013 -1.5904 

D 1.420e-5 .4451 

D 1.420e-5 .442 

D 1.420e-5 .4467 -1.1437 

C 2.840e-5 .8813 

C 2.840e-5 .8771 

C 2.840e-5 .8808 -.7096 

B 5.680e-5 1.7738 

I3 5.680e-5 1.7707 

[3 5.680c-5 1.7713 .1809 

E 6.816c-5 2.0753 

E 6.816e-5 2.0672 

E 6.816e-5 2.0727 .4823 

A 1.136e-4 3.6551 

A 1.136e-4 3.6402 

A 1. 136c-4 3.6621 2.0717 
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Four spectra of solution B were obtained over several days. These spectra 

showed the appearance and increase of an absorbance band at 340 nm, but its 

behavior was non-isosbestic at the crossover of these four spectra. 

2.5.2 Time Course Reactions of MDP-DN With CO 

Experiments UV-l through UV-4 used the MDP-DN designated as Lot 1 in 

Table 2.3 (Chapter 2, Section 2.2.3), ancl Experiment UV-5 and thereafter used the 

MDP-DN designated as Lot 2. 

Experiment UJI-J 

A solution of ~lDP-D0: (2.0 mg. 6.7 x 10'2 mmol) was prepared ill 50 1111 of 

chloroform purged with ]\)2' The reaction solution was syringed into the N2-fillcd 

sample cuvette. and a second N2-filled cuvette was attached with a 22-gauge needle 

through the septum of both cuvettes. This second cuvette was to serve as a gas 

reservOir. A spectrum was run of the reaction solution for reference as the starting 

material. The sample cuvette was transported to the hood from the spectrometer. 

At time T = 0, CO was pushed through the second cuvette and bubbled into the 

reaction solution for three minutes. The CO bubble cuvette was then transported 

back to the spectrometer and the time course for the reaction begun. Each spectrum 

of the 248-minute time course was stored, and the absorbances for selected 

wavelengths were manually determined. These absorbances are found in Appendix 

A. Table A.21 and are presented graphically in Figure 2.20. The stock solution was 
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re-examined nine days later by UV-Vis, and the spectrum showed a relatively weak 

absorbance maximum at 336 nm (A = 0.223). 

Experiment UJI-2 

A solution of MOP-ON (3.4 mg, 1.14 x 10-1 mmol) was prepared as in 

Experiment UV-l, and a time course series was run on this solution. The data 

obtained from the spectra are given in Appendix A, Table A.22 and are shown 

graphically in Figure 2.21. 

Experiment UV-3 

A 50-ml solution of MOP-ON (3.0 mg, 1.00 x 10-1 mmol) was prepared in 

Reagent Grade chloroform purged with N2• The sample cell holder was modified to 

control the temperature of the cuvettes by use of a recirculating bath jacket. The 

baseline and the time course series were run with the recirculating bath of propylene 

glycol at lODe. The actual temperature in the cell was not measured. The reaction 

solution was syringed into the N2-filled sample cuvette which was attached to a 

second N~-filled couvette. A spectrum was run of the reaction solution for reference 

as the starting material. The sample cuvette was transported to the hood from the 

spectrometer. At time T = 0, CO was pushed through the second cuvette and 

bubbled into the reaction solution for two and one-half minutes with the sample 

cuvette immersed in an ice bath. The CO bubble cuvette, in the ice bath, was then 

transported back to the spectrometer, and the time course for the reaction was 
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begun. Each spectrum of the 265-minute time course, and a final spectrum the next 

day, were stored and the absorbances for selected wavelengths were manually 

determined. These absorbances are found in Appendix A, Table A.23 and are 

presented graphically in Figure 2.22. 

Experiment UJI-4 

A 50-ml solution of t\'1DP-DN (1.8 mg, 6.0 x 10.2 mmol) was prepared, and a 

time course series was run on this solution with the recirculating bath temperature 

at 10"C as described in Experiment UV-3. The data obtained from the spectra are 

given in Appendix A, Table A.24 and are shown graphically in Figure 2.23. 

Experiment UI /-5 

A 50-ml solution of MDP-DN (3.2 mg, 1.07 x 10.1 mmol) was prepared as 

described in Experiment UV-3. The recirculating bath temperature was at -SoC, but 

the temperature in the cell holder was not measured. Three ml of the reaction 

solution were transferred under 1'\2 by syringe into the sample cell. An attempt to 

obtain the spectrum of this solution resulted in the slit becoming fully open. The 

stock solution (10 ml) was then diluted to 25 ml. As seen by the slow lowering of the 

reference baseline, the solution was equilibrating thermally in the cell holder for the 

first 10 minutes. The sample cell was then cooled by an ice/salt bath and 

transported to the hood where CO was bubbled through it for fOllr minutes. The 
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time course was then started seven minutes, 20 seconds after the beginning of the CO 

bubbling. The data obtained from the spectra are given in Appendix A, Table A.25. 

Experiment UV-6 

A 50-ml solution of tvl0P-ON (2.4 mg, 8.0 x 10-2 mmol) was prepared with 

Reagent Grade chloroform purged with N2 over Na2CO/Na2S20 3• The recirculating 

bath temperature was -4°C, while the temperature in the cell holder was soc. The 

solvent baseline was recorded and stored. The starting material was transferred from 

the volumetric to the sample cell under N, by syringe, and a reference spectrum was 

obtained and stored. The sample cell was then kept cooled by an ice/salt bath and 

transported to the hood where CO was bubbled through it for three minutes. The 

time course was then started eight minutes after the beginning of the CO bubbling. 

The data obtained from the spectra are given in Appendix A, Table A.26. 

Experiment UV-7 

A 50-1111 solution of MOP-ON (2.7 mg, 9.0 x 10-2 mlllo!) was prepared in 

chloroform purged with N2 over Na2CO/Na2S20J' The recirculating bath 

temperature was at -7"C, and the temperature in the cell holder was S.5°C. The 

starting material was transferred to the sample cell under N2 by syringe. and a 

reference spectrulll was obtained and stored. The sample cell was then kept cooled 

by an ice/salt bath at -2°C and transported to the hood where CO was bubbled 

through it for three minutes. The time course was then started eight minutes after 
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the beginning of the CO bubbling. The data obtained from the spectra are given in 

Appendix A, Table A.27 and are shown graphically in Figure 2.24. 

Experiment UJI-8 

A 50-ml solution of MDP-DN (3.2 mg, 1.07 x 10-1 mmol) was prepared in 

chloroform which had been purged for one hour with N2 over Na2CO/Na2S203 after 

being freshly distilled from P20 S under N2• The recirculating bath temperature was -

16°C, and the temperature in the cell holder was 5°C. The solvent baseline was 

recorded after thermal equilibration and stored. The starting material was 

transferred from the volumetric flask to the sample cuvette under N2 by syringe, and 

a reference spectrum was obtained and stored. The sample cuvette was left in the 

sample holder, and the CO was bubbled through the solution for four minutes. The 

time course was then started six minutes after the beginning of the CO bubbling. 

The data obtained from the spectra are given in Appendix A, Table A.28 and are 

shown graphically in Figure 2.25. 

Experiment UV- 9 

A 50-ml solution of MOP-ON (1.5 mg, 5.0 x 10-2 mmol) was prepared with 

chloroform purged with He over Na2CO/Na2S20 3 for one hour after being freshly 

distilled from P20 S under He. The recirculating bath temperature was -16°C, and the 

temperature in the cell holder was 5°C. The solvent baseline was recorded after 

thermal equilibration and stored. The starting material was transferred frolll the 
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volumetric to the sample cuvette under N2 by syringe, and a reference spectrum was 

obtained and stored. The sample cuvette was left in the sample holder, and CO was 

bubbled through the solution for three minutes. The time course was then started 

six minutes after the beginning of the CO bubbling. The data obtained from the 

spectra are given in Appendix A, Table A.29. A sample of the reaction solution was 

used for an IR spectrum after the completion of the time course. After subtracting 

out the solvent spectrum from the reaction solution spectrum, new absorption bands 

were found at 2137 and 1723 cm- I . 

Experif1lelli UI'-JO 

A 50-1ll1 solution of ~lDP-D~ (2.2 mg, 7.4 x 10-2 mlllol) was prepared with 

chloroform purged with He over Na2CO/Na2S20 3 for one hour after being freshly 

distilled from P20 S under He. The recirculating bath temperature was at -12°e, and 

the temperature in the cell holder was 9°C. The solvent baseline was recorded after 

thermal equilibration and stored. The starting material was transferred from the 

volumetric flask to the sample cuvette under N2 by syringe, and a reference spectrum 

was obtained and stored. The sample cuvette was left in the sample holder, and the 

CO was bubbled through the solution for three minutes. The time course was then 

started six minutes after the beginning of the CO bubbling. The data obtained from 

the spectra are given in Appendix A, Table A.30 and are shown graphically in Figure 

2_26. 
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Experil7l ell! UJI-JJ 

A 50-ml solution of MDP-DN (2.9 mg, 9.7 x 10.2 mmol) was prepared in 

chloroform which had been purged with He over Na2CO/Na2S20 3 for one hour after 

being freshly distilled from P20 S under He. The recirculating bath temperature was 

at -12°C, and the temperature in the cell holder was 8°C. The solvent baseline was 

recorded after thermal equilibration and stored. The starting material was 

transferred from the volumetric flask to the sample cuvette under N2 by syringe, and 

a reference spectrulll was obtained and stored. The sample cuvette was left in the 

sample holder, and the CO was bubbled through the solution for three minutes. The 

time course was then started four minutes after the beginning of the CO bubbling. 

The data obtained from the spectra are given in Appendix A, Table A.31 ancl are 

shown graphically in Figure 2.27. 

The stock solution was used for IR Experiment IR-14. The IR of this CO 

reaction solution showed absorbances after solvent subtraction at 2136 and 1723 cm· l. 

Helium was then bubbled through this solution for 90 seconds. The difference 

between the CO reaction solution and after He bubbling showed that absorbances 

at 2139 ancl 1598 cm,l were removed by the He flow. The 1723 cm,l absorbance was 

not affected. The difference of the spectrum of a freshly distilled solvent sample and 

the same solvent after CO bubbling showed absorbances at 2135 and 1723 cm,l. 
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CHAPTER 3 

RESULTS AND CONCLUSIONS 

The IR and UV analyses will be discussed separately in the first two sections 

of this chapter. The conclusions from the two analysis techniques will then be 

compared and discussed. 

3.1 IR Analysis of CO Reactions 

The CO reactions of Pd(N02)2~ were investigated by IR spectroscopy of the 

gases evolved from the reaction. The qualitative observations of the reaction are 

described in this section. Variables and limitations of the analysis technique are also 

discussed. The quantitative results include the molar amounts of CO, and N,O - -

evolved. Stoichiometric and kinetic information were determined and are discussed. 

3.1.1 Qualitative Results 

The observations discussed in this section led to the conclusion that the 

product solution contains a nitrosyl complex, or reacts with NO to yield a nitrosyl 

complex. The nitrosyl complex is the result of the O-atom transfer from a nitro 

ligand to CO leading to the formation of CO2• A nitrosyl complex, in the presence 

of CO, was shown to lead to the formation of both CO2 and N20, an example of a 

homogeneous catalysis system effecting the known reactions leading to the product 

gases. A nitrosyl complex is also indicated by the observed generation of excess CO2, 
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an example of the catalytic conversion of CO to CO2 in the presence of the nitro

nitrosyl couple. 

The early experiments were performed to modify the gas-handling system and 

to develop the procedures to utilize the IR spectrometer to monitor the reactions of 

the nitro complexes with carbon monoxide. The design and function of the gas

handling system were tested with these experiments. The methods for using the 

system for the quantification of the spectra were developed as the system was 

modified. Qualitative observations of the reactions were obtained as the technique 

was developed. 

Experiment JR-} involved the periodic removal of samples of the reaction 

solution through a septlllll and the obtaining of an JR spectrum of the solution. The 

gradual growth of peaks characteristic of carbon dioxide, nitrolls oxide, and a 

carbonyl complex (1849 cm- I
, broad) was observed. All absorbances of the head

space gases were accounted for by the signals for carbon dioxide, nitrous oxide, 

carbon monoxide and solvent, methylene chloride. NO was not observed in this 

reaction. The reaction solution had shown considerable decomposition after several 

clays by the lack of the carbonyl absorbance and the presence of the absorbances for 

the phosphine oxide. 

Experiment IR-2 utilized an apparatus to allow the transfer of the head-space 

gases from the reaction vessel to the IR cell. It was observed in this experiment that 

there was a delay in the appearance of nitrous oxide, relative to the immediate 

appearance of carbon dioxide. The molar ratios were calculated from the data using 
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a difference factor method described in the experimental section; these are sho\\'n 

in Figure 2.16 (Chapter 2, Section 2.4.1). 

A U-tube reaction vessel was attached to the ground glass joint side arm of 

the IR cell in one experiment (lR-3). The reaction occurred in the U-tube, and the 

head-space gases were monitored in the cell over a period of five hours, followed by 

periodic monitoring for several days. A difference factor method was again used to 

determine the amount of gases present. The non-standardized conditions of both the 

reference spectrum and the observed experimental spectra render the quantification 

of this set of spectra inaccurate. 

The diffusion controlled rate of appearance of product gases showed the 

appearance of both gases after a delay of about 30 minutes. In comparison to the 

similar color change that had occurred at 30 minutes during the previous experiment 

(lR-2), a significant amollnt of CO~ and some N20 had already evolved by this time. 

Another problem \\'ith this approach was the prolonged exposure of the epoxy 

adhesive which held the cell \vindows to the cell body to methylene chloride vapors. 

Prolonged exposure required removal of the epoxy and reattachment of the windows 

to the cell. 

In an attempt to remove the solvent vapors from the head-space gases, a dry

ice/acetone trap was utilized between the reaction vessel and the IR cell (Experi

ment IR-4). The observed amount of carbon dioxide was about as expected, even 

using the faulty difference factor method, but the amount of nitrous oxide was 
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considerably lower (::::20%). This was attributed to the solubility of nitrous oxide in 

the cold methylene chloride in the trap. 

It is possible that very little N20 had been produced in this reaction solution. 

The IR region monitored (2500 to 2000 cm- I
) did not cover the region where NO 

would be observed. In contrast to Experiment IR-1 where NO was not observed over 

the reaction solution at the completion of the reaction, NO may have been evolved 

in this experiment and may not have been observed. It is also possible that nitrogen-

containing species remained in solution. 

The gas-handling system, in an intermediate form, did not allow correct 

quantification in an experiment with a palladium complex with the phosphine EOP 

(lR-5). A qualitative result was that the reaction showed a difference in the time 

frame within which the CO, appeared and that in which the N,O appeared. A - -

significant evolution of CO~ was observed over the first 400 minutes of the reaction, 

while very little [\;~O had appeared during this time. A significant amount of N~O 

evolved during the next 12 hours. 

The remainder of the IR experiments all used MOP complexes, and the gas-

handling system and procedures allowed for quantification of the data. Experimental 

variables such as the semi-automation of the data station, limitations of this 

technique, the method of sample addition, and the preparation of the solvent will be 

discussed here. 

The combined system of the IR spectrophotometer and the controlling data 

station had to be integrated with the manual manipulations of the gas-handling 
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system. The semi-automation of the data station allowed a series of commands to 

be routinely performed in the shortest possible time. The gas-handling design and 

manipulations were such that the reaction solution had a minimal time at a reduced 

pressure « 30 seconds). For each sample withdrawal, the system was manipulated 

as described in the Experimental section (Chapter 2, Section 2.4.2). The procedure 

would be to transfer a representative amount of the head-space gases into the IR 

cell. to repressurize the CO atmosphere within the reaction vessel to a standard 

amount, and to then add CO to the IR cell to allow for pressure broadening of thc 

sample. The data station was semi-automated to obtain the spectrum and to then 

measure the absorbances at specific wavenumbers. The absorbance values would 

then be manually recorded and the data station and IR reset for the next spcctrum. 

Experiment IR-6 gave direct evidence for two distinct processes for the 

evolution of CO, frolll the reaction solution. Carbon dioxide evolution was fastcr 

during the first 60 minutes of the reaction and then decreased to a vcry slo\\' 

evolution at the end of six hours. By leaving the reaction solution for long periods 

of time (11 hours, 12 hours, 12 hours, and six days) and then running an assay scries 

upon the gases, it was found that the reaction solution continued to produce cxcess 

carbon dioxide (Figure 2.17, Chapter 2, Section 2.4.2). The source of the excess CO, 

is discussed below. 

When the reaction solution is not producing carbon dioxide at a significant 

rate, then the reaction vessel contains a static mixture, and the amount of carbon 

dioxide removed with each sampling of an assay series is only a consequence of thc 
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sampling efficiency. The data from this experiment can be used to investigate the 

efficiency of this gas-sampling technique. The amount of CO2 in each static mixture 

is the result of the CO2 produced since the previous set of analysis. 

The amount of carbon dioxide removed as a function of analysis repetitions 

is very similar for the various sample "mixtures" generated with each assay series. 

Figure 3.1 was generated by plotting the milli-moles of CO; analyzed at each sample 

withdrawal for the four different series. The different series are seen to overlap in 

the lower portions of the plot. 

Close examination of the data shows that, when there is greater than 0.015 

millimoles C01 in the reaction solution, then the gas distribution coefficient, the ratio 

of the moles of gas in the vapor phase (the amount analyzed with each withdrawal) 

to the total moles of gas in the reaction vessel (the sum of all of the subsequent 

withdrawals) is 0.212(6), an average of 11 values. This information telIs us that the 

maximum amount that will be in the vapor phase will be 21 % of the total amount 

present in the reaction vessel under these conditions. When less than 0.015 

millimoles CO2 is present, then a larger percentage of the total amount will be 

present in the vapor phase. Therefore, if the rate of evolution of the carbon dioxide 

is sufficient to maintain more than 0.015 millimoles CO2, then the amount removed 

is linearly proportional to the amount present. When the total amount of gas present 

is less than this limiting amount, then the amount observed in the vapor phase has 

a nonlinear relationship to the total amount present. 
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For a dilute solution, a time course series will have most, if not all, of the 

absorbance values very close to the baseline, e.g., Experiment IR-13. The accuracy 

of the technique at smaller absorbance values will not be very good due to the 

relative error introduced when attempting to extrapolate the calibration equation into 

this region. The technique is better suited for an assay series rather than a time 

course series when working with dilute solutions. The total amount determined from 

an assay series will only have the last few analysis absorbance values that are small 

with the attendant large relative error. 

The solubility of gases is covered extensively in several references(71,72.7.~). The 

mole fraction of the gas present in solution is shown not to have a simple linear 

relationship to the partial pressure of the gas above the solution under .illl 

circllmstances. When a set of data covering a large enough pressure range can be 

obtained, the exhibited behavior has either a positive or a negative curvature. 

Raoult's law (P/\ = N" p,,())is a description of an "ideal" solution, and it is concluded 

that no real system obeys this law. The occasional system, at a specific temperature, 

will have a linear behavior that is close to that expected by Raoult's law. The linear 

behavior expected by Henry's law (p" = H p" 0) is also found not to be based upon 

any quantitative aspect in any real systems. 

The rate of change of the mole fraction of gas in the solution with respect to 

the equilibrium pressure of the gas above the solution will vary in a way that is 

dependent upon the temperature and the particular gas and solvent. The intermolec

ular forces that are involved will determine the solubility behavior of the gas. 
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Consequently, the composition of the system will affect the forces, leading to a 

variation in the observed solubility behavior. 

Solubility values from the reference sources come in a variety of forms, and 

the units need to be carefully examined to determine their comparison. Representa-

tive values are given in Table 3.1 for the solubilities of carbon monoxide, carbon 

dioxide, and nitrous oxide. These values are for a specific temperature and with one 

atmosphere of gas present above the solvent. 

The influence of the dichloro complex was investigated during two expen-

ments, IR-7 and IR-IO. A dilute sample of MOP-DC was prepared, and baseline 

checks with CO were performed over a period of several days. No CO2 was 

observed. This solution was then used for the reaction of CO "ith r\lDP-DN by the 

addition of the dinitro complex (Experiment IR-7). At the conclusion of Experiment 

IR-IO, a small amount of the dichloro complex was added to the reaction solution. 

There was no further evolution of either CO, or N,O. It may be that the rate of the - -

reactions is influenced by the presence of the additional palladium, but it was not 

possible to observe stich an effect in these experiments. The presence of the dichloro 

complex does not appear to lead to CO2 formation from the solvent, or from the 

reaction solution after treatment with CO. This observation is consistent with the 

conclusion that the Pd-N02 complexes are responsible for the catalytic production 

of CO2 from CO and O 2, 

At the completion of the assay series for Experiment IR-ll, the head space 

was filled with CO" and the reaction was allowed to sit undisturbed. An assay series 
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Table 3.1. Solubilities of CO, CO2, and N20 in Chloroform at 25°C Under One 
Atmosphere Pressure 

Gas Given Solubility Calculated Solubility 

CO 0.1954 ml CO/ml solvents 7.99xlO"3 moles/literh 

CO2 3.45 ml CO/ml solvents 1.41xlO"1 moles/literh 

0.0123 rvlole Fraction' d 1.55xlO"1 moles/literC 

N20 5.17 ml N20/ml solvents 2. llxlO"l moles/literh 

0.0182 j'dole FractiOJ,c d 2.30xlO"1 moles/literC 

" - Linke, W.P., and A. Seidell, Solubilities, Inorganic, and ~'letal Organic 
Compounds, Princeton, New Jersey, Van Nostrand, 1958, 4th Edition 

h _ no correction for the increased volume of the gas in the solution 
l _ Gerrard, W., Gas Solubilities: Widespread Applications, Oxford, Ne\\' York, 

Pregamon Press, 1980 
d _ Mole Fraction = CHI/(l + CHI); CHI = moles gas absorbed/mole solvent 
C _ Solve for CHI and determine moles gas for a 50-ml sample 
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was then performed; not only was the expected CO2 removed, but a significant 

amount of N20 was present. This evidence indicates that the solution contained a 

complex which generated N20. A nitrosyl complex could be responsible for this N~O 

generation. 

The pale yellow-green reaction solution from Experiment IR -17 was left 

undisturbed for a period of time and was then saturated with NO, whereupon it 

turned bright yellow-orange. This color remained for three days. The subsequent 

assay series found CO2 and N20 in the gas phase. N20 is present in trace amounts 

in the NO supply and would be observed. The relative amount of N20 measured 

exceeded that amount expected from the NO supply. The second sampling of the 

assay was observed to contain a larger amount of the product gases than did the first, 

and the color also changed between the two assays. This suggests that the addition 

of the CO with the assay caused a reaction to occur, leading to the product gases. 

If the bright yellow-green solution is due to a nitrosyl complex, then the addition of 

CO could initiate a reaction sequence to yield the product gases. 

3.1.2 Quantitative Results 

The reaction of Pd(N02)2~ with CO will lead to the formation three 3 moles 

of CO~ and one mole of N~O per mole of palladium. With L= MDP, a significant 

amount of nitrosyl complex is present in solution at the end of the reaction 

monitoring. Less than the expected amounts of CO2 and N20 are observed as a 

result. The results show that about 0.5 moles of N20 per mole of Pd ancl between 
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2.5 and 3.0 moles of CO2 per mole of Pd are evolved. This indicates that the 

reaction proceeds until approximately one N and one 0 are present per mole of Pd 

at the end of the reaction monitoring. A downstream reaction which leads to the 

formation of N20 appears to be bimolecular because N20 is not formed in reaction 

solutions of lower concentration. The initial rates of CO2 evolution show a rate 

dependence upon the concentration of the palladium starting materia\, but the effect 

of CO pressure was not observed. 

A summary of the IR experiments IS gIven 111 Table 3.2. This summary 

includes a listing of the molar ratios. the concentrations. and the method of 

monitoring. The first four experiments were with complexes containing tris-

parachlorophenyl-phosphine (TPCP) ancl. in the fifth experiment. the phosphine \\as 

ethyl-diphenyl-phosphine (EDP). All subsequent reactions used complexes with 

methyl-diphenyl-phosphine (f'.'IDP). The first five experiments were performed with 

experimental inconsistencies such that the accurate molar quantification of the 

absorbance values obtained was not possible. 

A summary of the time course experiments (Figure 3.3) prepared by graphing 

the millimoles of CO2 produced versus time shows that the tendency of this reaction 

at 4.3 x 10--1 M concentration is to approach a CO,/Pd ratio of 3:1 (0.051mmol CO,). - -

The choice of millimoles allows comparison between the various experimental 

concentrations. 

Three of the experiments (lR-2, IR-7, IR-ll) were observed to have differing 

molar ratios for CO/N20 during the time course (Figure 3.2). The graph of the 
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Table 3.2. Summary of IR Experiments 

Complex Conc.a C02/Pd N20/Pd Method 

IR-1 TPCP-ON Single 
IR-2 TPCP-ON TC 
IR-3 TPCP-ON TC 
IR-4 TPCP-ON TC 
IR-5 EOP -ON TC 

IR-6 MOP-ON 8.44 6.9 0.0 TC 
IR-7 MOP-NC 4.35 2.94 .61 TC 
IR-8 MOP-ON 4.18 7.9 0.0 TC/A 
IR-9 MOP-ON 4.35 2.94 (t) TC 
IR-10 MOP-ON 4.26 2.78 .14 TC 
IR-ll MOP-ON 4.30 2.68 .38 TC 
IR-12 MOP-ON 0.949 1.48 0.0 TC 
IR-13 MOP-ON 1.07 2.05 0.0 TC 
IR-14 MOP-ON 0.969 2.85 0.0 TC 
IR-15 MOP-ON 1.34 3.39 .35 A 
IR-16 MOP-ON 1.97 5.45 .57 A 
IR-17 MOP-ON 2.64 4.48 .58 A 

it _ The concentration is shown as 10-1 M 
A - Assay Series TC - Time Course Series (t) - trace 
TPCP - tris-parachlorophenyl-phosphine 
EOP - ethyl-diphenyl-phosphine 
MOP - methyl-diphenyl-phosphine 
ON - dinitro complex 
NC - nitro-chloro complex 
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molar ratios for the three experiments with respect to time shows the relationship 

between the rates of evolution of the two product gases. The results of Experiments 

IR-2 and IR-ll strongly suggest that there are two separate reactions which lead to 

CO, production. The data clearly show that separate reactions are responsible for 

the evolution of CO, and N,O because they are formed at different rates and that - . 

CO2 is evolved before N20. 

It is worth noting that coordinated chloride enhances N20 evolution, but even 

in this experiment OR-7), some of the nitrogen species are retained in solution. It 

can also be concluded from these data that the phosphine ligand changes the relative 

rates of the reactions which evolve CO2 and N20. Previous observations of 

experiments with the different phosphines (TPCP, EDP, MDP) had indicated a 

dependence of the appearance of N20 on the phosphine. 

The quantity of CO2 evolved exceeds that of N20 at any point 111 time 111 

Figure 3.2, with limiting ratios between 5:1 and 7:1. These results show that 

significant quantities of nitrogen-containing species are retained in solution, because 

the maximulll CO/1'\20 ratio is 3: 1 (Equation 3.2). 

(3.2) 

When two moles of CO2 have been evolved per mole of Pd, the palladium 

complex could be a dinitrosyl. If a subsequent reaction with CO to yield CO2 and 

N20 were facile intra molecularly, then CO2 and N20 would be readily evolved, and 

this is not the case. The decreased amount of product gases could indicate that there 
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is an intermediate of significant stability, and/or a bimolecular intermolecular step 

could be occurring at this point in the reaction sequence. 

A trend that can be observed when inspecting Table 3.2 is the relationship 

between the concentration of the palladium complex and the N20/Pd ratio. The 

amount of N,O produced increases as the concentration of the complex increases. 

This indicates that there exists a concentration dependence for the reactions leading 

to the formation of N,O. Thus, a bimolecular pathway must be involved in the steps 

which produce 0:10. 

The initial rates of CO2 evolution are found in Table 3.3. The slopes within 

the first 15 minutes of the kinetic plots for Experiments IR-6, IR-7, IR-8, IR-9, IR-lO, 

IR-ll, and IR-12 were evaluated. The initial rates indicate that the evolution of C01 

is dependent upon the concentration of MOP-ON and that the presence of chloride 

ligand (lR-7) enhanced the rate of C01 evolution. The CO pressure above the 

reaction solution did not appear to have an effect upon the initial rates. This lack 

of CO pressure influence may be an artifact of the technique. The sensitivity of the 

technique may not have been sufficient to measure the effect of a 5% difference in 

CO pressure upon the initial rate. The concentration differences were on the order 

of 900%. 

The rate of CO, evolution between 30 and 100 minutes (Table 3.4) also 

indicates that there is a concentration dependence. There is an average rate of 

0.02455 min-! for the four experiments with a concentration of approximately 4.3 x 

10-01 M (lR-7, IR-9, IR-10, IR-ll) that did not have excess C01 evolution. The 
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Table 3.3. Initial Observed Rate Constants of CO2 Evolution 

Experiment Peo Concentrationa Time Rate 
mmHg minb min-Ie 

IR-6 674 8.44 15 .007404 
IR-7 687 4.35 15 .005823 
IR-9 675 4.35 10 .002265 
IR-10 645 4.26 9 .003321 
IR-ll 675 4.30 8 .003599 
IR-12 680 .949 12 .001963 

a _ The concentration is shown as 10-4 M 

b _ Time refers to the time of the last point used to evaluate the rate_ 

e _ The rates were obtained from the kinetic plot of Ln([C02]max/([C02]maX-[C021')) 

versus time. The values listed, except for IR-12, are the average of (1) the calculated 

slope between the first and second data points, and (2) the slope calculated from the 

second data point and the origin (0,0). The value for IR-12 is the calculated slope 

between the first and second data points after CO2 evolution commenced. 



Table 3.4. Subsequent Observed Rate Constants of CO2 Evolution 

Experiment 

IR-7 
IR-9 
IR-10 
IR-11 

IR-12 
IR-13 
IR-14 

Peo 
mmHg 

687 
675 
645 
675 

680 
680 
680 

Concentrationa 

4.35 
4.35 
4.26 
4.30 

.949 
1.07 
.969 

a _ The concentration is shown as 10-4 M 

Time 
minb 

55-175 
55-145 
70-110 
30-65 

16-30 
47-87 
55-100 

Rate 
min- k 

.02434 

.02239 

.03136 

.02025 

.008076 

.008737 

.01196 

h _ Time refers to the period where the slope of the kinetic plot was evaluated. 
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C _ The rates were obtained from the kinetic plot of Ln([C02]max/([C02]maX-[C021')) 

versus time. The values listed are the slopes of the line during the time period listed. 
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presence of chloride ligand CIR-7) did not appear to have an effect during this time 

period. In the three experiments of dilute concentration (1.0 x 10-4 M), the average 

rate during this time is 0.00959 min-I. The increased rate of CO2 evolution at the 

later time period, relative to the initial rates, indicates that there are several distinct 

reaction processes leading to the evolution of CO2, The excessive CO2 evolution of 

one of the experiments CIR-6) indicates that there is another process which produces 

carbon dioxide that is different from the reaction of the nitro complexes with carbon 

monoxide to form a nitrosyl complex and carbon dioxide. The maximum amollnt of 

carbon dioxide that can be produced from one mole of Pd(N01)1L, is four moles. 

The observed ratio of nearly seven moles of CO2 per mole of palladium indicates 

that there was another source of oxygen atoms which led to the production of CO2, 

The mechanism for the formation of the carbon dioxide from oxygen is the known 

reaction of dioxygen with nitrosyl complexes to reform the nitro ligands_ These nitro 

ligands would be available to react with carbon monoxide to establish a catalytic 

cycle by way of the nitrosyl/nitro redox couple. The result would be excess carbon 

dioxide produced. 

One possible source of oxygen is adventitious aIr. The method of sample 

addition to the reaction vessel could have contributed to this. Several different 

variations were used, and no obvious correlation was observed. The preparation of 

the solvent was considered to be an important factor, and the later experiments 

employed solvent that was deoxygenated and cleaned of acidic and reducible 
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impurities. It is possible for leaks to have occurred because the reaction vessel was 

sealed only with rubber gaskets held down by threaded caps. 

The method of monitoring of the head-space gases does appear to influence 

the amount of CO2 produced. The reactions monitored by a time course consistently 

indicate a CO/Pd ratio of less than three (excluding IR-6). The assay series 

reactions consistently indicate a CO/Pd ratio of larger than three. The assay series 

were allowed to remain with a slightly reduced interior pressure for at least 12 hours 

before monitoring was commenced. The static nature of the system may have 

allowed for leaks through the gasket seals or the stopcock. The periodic manipula

tion of the stopcock and the variations of pressure within the reaction vessel during 

the time course series may have allowed a complete sealing of the gasket and the 

stopcock that was not accomplished in the assay series. 

Although the reaction gases were not routinely monitored for NO, NO was 

observed in several of the experiments OR-9, 15, 17) as a product gas. The 

absorptivity of NO is several orders of magnitude less than that of the other gases, 

and it is not possible to use this technique for quantification of NO. The observation 

that NO was not present in an observable amount for L=TPCP suggests that NO is 

not labile in this system. NO is observable for L= MOP, indicating a degree a lability 

that is higher than for TPCP and suggests a phosphine effect upon the course of the 

reaction. 

Other products which Illay be formed in this reaction include N~ and 

phosphine oxides. Formation of some phosphine oxide was observed in IR-1 
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accompanying decomposition. It was not possible to monitor the N2 formation using 

the experimental techniques available for this re'search. 

3.2 UV-Vis Analvsis of CO Reactions 

The CO reaction of Pd(N02)2~ was also investigated by UV -Vis spectroscopy 

of the reaction solutions. This section details each reaction, giving a description of 

the peaks observed in the UV -Vis spectrum, their kinetic behavior, and an 

interpretation of the reaction based on the information obtained. 

3.2.1 Kinetic Reactions with L= rvlDP 

Several observations can be drawn from the data of UV-l. The starting 

material has an absorbance maximum at 297 nm, which decreases as the reaction 

with CO progresses. As typical of the time courses, the difference between the 

starting material spectrum and the first spectrum of the time course is not isosbestic 

with the initial behavior of the time course. The wavelength at which the starting 

material spectrum and the first time course spectrum crossover is different from the 

wavelength of crossover for the first and second spectra of the time course. During 

UV-1, relative to the starting material spectrum, the first time course spectrum 

showed a shoulder at 325 nm, a very weak band at 428 nm and a decrease at 298 nm. 

The absorbance at 325 nm remained nearly constant durjng the first 38 minutes of 

the reaction, while the absorbance at 428 nm increased. During the next 42 minutes, 

the absorbance at 428 nm disappeared. The band maximum of the shoulder at 335 
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nm appeared to vary between 335 and 325 nm during the reaction. These data, 

adjusted for baseline correction, are shown in Figure 3.4. The adjustment consisted 

of subtraction of the appropriate amount to produce zero absorbance where 

absorption bands were absent, and a scalar multiplier factor was then applied as 

shown in the figure. 

These data indicate that three and possibly four distinct species are present 

during the course of the reaction. These are the starting material absorbing at 297 

nm, intermediates absorbing at 335 nm and 428 nm, and a final product absorbing 

at 336 nm. A kinetic plot of the absorbance at 297 nm versus time is shown in 

Figure 3.5. This graph is typical of that expected for the disappearance of the 

reactant: a linear portion with an initial slope of 0.01951 min-I, followed by an 

asymptotic approach to a constant value consistent with the depletion of the reactant. 

The obsen'atiolls from UV-2 are similar (Figure 3.6). The absorbance of the 

starting material at 298 nm decreased throughout the reaction. The absorbance at 

326 nm was approximately constant during the first 35 minutes, after which it 

decreased for the next 30 minutes before increasing for the remainder of the 

reaction, clearly demonstrating that there are at least two chemically distinct species 

with absorption bands near 326 nm. There was a minor variation in the absorbance 

at 428 nm. 

The kinetic plot of the absorbance at 298 nm versus time is shown in Figure 

3.7. There are two phases to the graph over this time frame. The plot is linear for 
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the first 55 minutes with a slope of 0.04642 min-I. From 65 to 125 minutes. the plot 

is linear with a decreased slope of 0.01127 min-I: 

It can be concluded from these data that there are at least three, and possibly 

four, species present during the reaction sequence. The starting material decreased, 

and a species with an absorbance at 326 increased for the initial 35 minutes. After 

this time, the species with the absorbance at 326 decreased in concentration. 

Concurrent with the 326 species is a species with an absorbance at 428. After 75 

minutes, a species with an absorbance at 326 increases in concentration as shown by 

the increase in absorbance at this wavelength. 

UV-3 behaved slightly differently from the prevIOus experiments. The 

reference spectrum of the starting material was not substantially different from the 

first spectrum of the time course, as in UV-l. The increase above 332 mn was 

minor, as was the decrease at 298 nm. The first 75 minutes showed a pseudo

isosbestic point, which, when closely examined, was seen to slide from 332 to 329 nm. 

From 75 through 225 minutes, there was a decrease at all wavelengths. After 225 

minutes, the absorbance at 339 started to increase, while the absorbance below 320 

continued to decrease. An infinity spectrum the next day showed an absorbance 

maximum at 339 nm with an absorbance above 1.0. 

The time dependence of the absorbance at 298 nm is shown in Figure 3.8 and 

three phases are noted. The plot is linear from 17 to 115 minutes with a slope of 

0.00532 min-I. The plot has an increase in slope, 0.00852 min-I, during the time from 

135 to 205 minutes. After 205 minutes, the slope begins to decrease. 
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The pseudo-isosbestic point near 330 nm during the initial 75 minutes 

indicates that there is more that one set of reactions occurring at this time. The 

starting material concentration is decreasing, and at least one other species with an 

absorbance component above 330 nm is increasing in concentration. During the 

general decrease in absorbance from 75 to 225 minutes, another species is indicated 

by the positive inflection in the kinetic plot during this time. This would be a species 

that has a minimal absorbance at the observed wavelengths. The change in the 

kinetic graph and the observed increase at 339 nm would indicate yet another 

species. At least four species are inferred from this set of data. 

UV-4 showed several phases. The addition of CO caused the first spectrum 

of the time course to differ from the starting material spectrum by the decreased 

absorbance at 297 nm and the increased absorbance above 325 nm. For the time 

from 18 to 45 minutes. an apparent isosbestic point was observed at 335 nm. From 

55 through 250 minutes. there was a general decrease at all wavelengths. After 260 

minutes, the absorbance at 340 nm increased for the remainder of the reaction. 

The time dependence of the 297 and 340 nm data are shown in Figure 3.9. 

For the 297 nm plot, several inflections are noted. The slope of the plot is 0.00711 

min'! for the first 45 minutes. The slope inflects more negative and is 0.00591 min'! 

for 35 to 85 minutes. From 85 to 165 minutes, the slope is more positive at 0.00848 

min'!. After this time, the plot is shown to gradually decrease in slope. The 340 nm 

plot initially decreases and remains steady, reflecting the increase in absorbance, for 

the first 55 minutes. After 55 minutes, the plot increases with a positive slope until 
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a negative inflection at 230 minutes. After this, the plot decreases with a negative 

slope, reflecting the increase in absorbance. 

The increasing absorbance and its apparent isosbestic at 325 nm for the 45 

minutes indicate at least one intermediate species. The change in absorbance 

behavior and the corresponding change in the kinetic plot indicate that there are 

several intermediate species contributing to the absorbance at 297 and 340 nm during 

the 55- to 250-minute period. After 260 minutes, the more negative slope of the 340 

plot, relative to the slightly positive plot of 297 nm, also indicates intermediates in 

solution that lead to the formation of the species responsible for the 340 nm 

absorbance. 

The absorbance for the series of spectra of UV-5 was not as well-behaved as 

III other experiments. The kinetic plot was vaguely linear but erratic. It was 

concluded that the dilution procedure was not performed to adequately exclude air. 

UV-6 was well-behaved with a gradually decreasing absorbance at 295 nm. 

The kinetic plot for the absorbance at 296 nm was linear for eight through 220 

minutes with a slope of 0.00279 min'l. After this time, there was a gradual decrease 

in the slope of the plot. 

The kinetic plot for UV-7 (Figure 3.10) shows behavior similar to Experiments 

3 and 4. The values at 297 nm show some deviation from linearity during the first 

260 minutes, with the initial portion having a slope of 0.00533 min'l. The behavior 

at 336 nm showed a major discontinuity, being almost constant the first 90 minutes, 

followed by a rapid decrease and then becoming nearly linear with time (0.00293 
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min"!) until 260 minutes. After 260 minutes, the absorbance at 297 nm has a very 

slight decrease, and the absorbance at 336 nm has an increase of varying rates. 

The variations of the absorbance at 297 nm during the initial 260 minutes 

indicate that at least one intermediate has an absorption band at that wavelength. 

The almost constant absorbance at 336 nm for the first 90 minutes indicates a 

significant absorbance by an intermediate at this wavelength. The linear, but non

parallel, kinetic plots during the 130 to 260 minute period indicate that the primary 

decrease in absorbance at both wavelengths, presumably from the starting material, 

is being partially compensated for by a species which absorbs at 336 nm. The 

changing kinetic slope of the increasing absorbance at 336 nm after 260 minutes 

indicates that appearance of a species is dependent upon some intermediate which 

was present prior to that time. 

U\' -8 exhibits several phases. The shape of the absorption maximum changed 

during the first 16 minutes as the absorption decreased at 300 nm, and an apparent 

isosbestic point is observed at 339 nm. The kinetic plot of this showed a large 

positive slope, relative to the subsequent behavior. The kinetic plot of this is 

illustrated in Figure 3.11. It shows an initial fast slope of 0.00496 min"! for the first 

16 minutes at 300 nm. Between 16 and 435 minutes, a straight line with a slope of 

0.00153 min"! can be placed through the data points with relatively minor deviations 

from the observed data. 

A minor absorbance at 440 nm increased above the baseline during 35 to 135 

minutes. Between 135 and 295 minutes, while the absorbance at 440 nm was 
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decreasing, an apparent isosbestic point was observed at 325 nm, with decreased 

absorbance below that wavelength and increased absorbance above that wavelength. 

Between 316 and 496 minutes, the kinetic behavior at each wavelength 

differed significantly from linearity. After 496 minutes, the absorbance at 340 nm 

was decreasing. At approximately 650 minutes, there are major variations in the 

kinetic plots for both 300 and 325 nm. After 765 minutes, there was a general 

decrease in absorption at all wavelengths. 

The initial change (during the first 16 minutes) of shape and decrease with the 

isosbestic point at 340 nm, prior to appearance of the 440 nm absorbance, indicates 

one initial process with an apparent half-life of 140 minutes. A second process then 

occurs in which the absorbance at 440 nm increases, and an isosbestic point is 

established at 325 nm. The species with an absorbance at 440 nm either has an 

absorbance component at 300 nm, or it appears coincidentally or sequentially with 

a species which absorbs at 300 nm. The 325 nm apparent isosbestic point is 

established as the 440 nm absorbance increases and is maintained as the 440 nm 

absorbance decreases. When the absorbance at 440 nm is no longer observable (295 

minutes), the absorbance at 335 nm begins to decrease. This suggests that the 

species with the 440 nm bane! is a precursor to the 325 nm intermediate species. 

In UV-9, the absorbance behavior at 300 and 290 nm was well-behaved, 

decreasing over the entire time for which spectral data were obtained. The 

absorbance versus time behavior for UV-9 (Figure 3.12) shows a slope of 0.00754 

min'l for the initial nine minutes. For the time period from 60 to 90 minutes, a 
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tangential line can be placed on the plot with a slope of 0.00285 min· l
. The 

absorbance versus time plot then continued to decrease into a relatively flat line by 

800 minutes. 

UV-10 (9°C) exhibited a decrease in absorbance at 290 nm and an increase 

in absorbance at 340 nm. An isosbestic point was observed at 321 nm between seven 

and 19 minutes. The crossover of spectra shifted from 321 to 324 nm during the 

remainder of the time course. 

The plot of absorbance versus time at 290 nm showed a biphasic behavior 

(Figure 3.13). Between seven and 19 minutes, the plot was linear with a slope of 

0.00975 min-I. After 31 minutes, the slope gradually decreased. From 445 minutes 

onward, the plot was linear with a slope of 0.000319 min-I. At 335 nm, the 

absorbance showed three phases (Figure 3.14). The initial linear portion from seven 

through 19 minutes had a slope of -0.00957 min-I. During the time from 67 to 124 

minutes, the plot was again linear with a slope of -0.00134 min-I. After 264 minutes 

until 585 minutes, the slope was then -0.000213 min-I. 

The change in absorbance during the first 19 minutes gives information about 

the initial process of this reaction. An isosbestic point at 321 nm was confirmed by 

the plots of the absorbances at 290 nm and 335 nm (Figure 3.15). From this plot, 

it is evident that the species absorbing at 290 nm is leading directly to a species 

which has an absorption at 340 nm. During the reaction time from 19 to 120 

minutes, the decrease in absorbance at 335 nm does not correspond to the changes 
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in absorbance at 290 nm. This could imply that a species which absorbs at 335 is 

reacting to form another species, which absorbs at another wavelength. 

During the final phase (after 450 minutes) of the reaction, the positive slope 

of the 290 nm kinetic plot is larger than the negative slope of the 335 nm plot, 

0.000319 versus -0.000213 min"l. This indicates that the rate of change of concentra

tion of the species responsible for absorbance at 290 nm is not equal to the rate of 

change in concentration of species responsible for absorbance at 335 nm; this also 

implies that there is another species which does not contribute to the absorbance at 

these wavelengths. The absorbance at 335 nm is not increasing as fast as would be 

indicated by the decrease at 290 nm. This would occur if another species is either 

a long-lived intermediate or a byproduct on a separate reaction path. 

UV-ll (8°C) was similar to that of UV-10. The absorbance at 300 nlll 

decreased, while that at 335 nm increased throughout the reaction, but no isosbestic 

point was observed. The plot of absorbance versus time for the first 350 minutes is 

illustrated in Figure 3.16. This plot shows slight variations from the calculated line 

shown. The calculated line with a slope of 0.00299 min"l was determined from the 

linear behavior of the plot from seven to 65 minutes. A positive variation in the 300 

nm plot is observed at 70 minutes and, at about 245 minutes, the plot is deflecting 

to a more negative slope and from there to an almost flat line by the end of the time 

course. The 335 nm plot was consistent with the calculated line until about 112 

minutes, after which the plot was nonlinear. 
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The very small positive inflection in the kinetic plot for the 300 nm data 

indicates that another process IS taking place which contributes to the loss of 

absorbance at 300 nm. The gradual change towards zero in the slopes for both the 

330 and 335 nm plots indicates a condition of the reaction solution, where no further 

reactions are occurring after about 450 minutes. 

3.2.2 UV-Vis Results 

The experiments gave indication of at least five species that are involved in 

the observed reaction process of the palladium nitro complex with CO. In the 

experiments, the temperature of the reaction solution was lowered from RT to 

between 5 and 9() C. the soh'ent was appropriately prepurified, and the method of 

CO introduction into the reaction solution was changed to direct bubbling within the 

cell. 

A comparison of the spectrum of the starting material before CO with the 

initial spectra of the time course showed that the pre-CO spectrum could not be 

considered as the time T = 0 spectrum of the time course due to the resulting non

isosbestic beh;wior. This change in the absorption profile of the starting material 

may indicate an associative interaction of CO with the Pd complex or be an 

indication of the effective change in the solvent by removing the inert gas and 

replacing it with CO. 

UV-l and UV-2 (RT) showed that there were at least three, and possibly four, 

species involved: the starting material, an intermediate with absorbance at 335 nm 
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(1335), an intermediate with absorbance at 428 (I428), and a product with absorbance 

at 335 (p335). p335 occurred after 100 minutes and is distinct from 1335. It was not 

determined whether 1335 and 1428 were due to concurrent, but distinct, specIes or 

whether they were different absorbances of the same species. 

UV-3 and UV-4 were run at slightly reduced, but unmeasured temperatures, 

and UV-7 was run at 8°C. Four species were indicated with no isosbestic behavior: 

the starting material, an 1m , an intermediate with lower absorbance (Imin), and pm, 

which occurred after 240 minutes. The slight reduction in temperature had two 

effects on the course of the reaction. The rate of appearance of p335 was separated 

from the preceding reactions sufficiently to show it to be distinct from 1m. A further 

intermediate (Imin) was indicated by the general decrease at all wavelengths. 

UV-8 (5°C) shows an initial process with an apparent half-life of 140 minutes. 

A subsequent process leads to an intermediate with absorbance at 440 nm (I~'IO). 1~·Hl 

was concluded to be a precursor to IJ.1o. UV-8 did not exhibit the appearance of p335, 

but, under the conditions of the experiment, Imin was the final species indicated, and 

the process leading to p.135 appears to have been quenched. 

UV-IO (9°C) showed a clear isosbestic for the formation of an IJ.1o from the 

starting material with an apparent half-life of 70 minutes. Im;n was clearly indicated 

after 450 minutes to be slowly formed from I~o. 

UV-ll showed that the reaction had stopped with an I~() and that several 

intermediates were involved. It appears that the reaction sequence did not continue 

on to Imin under these conditions. 
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Scheme 3.1 

A proposed reaction sequence is given in Scheme 31. A reaction process 

yields an intermediate with absorbance at 335 (l33S-a). Isosbestic behavior (UV-I0, 

9°C) indicated a half-life of 70 minutes for this initial step. In other experiments, 

non-isosbestic behavior was noted as subsequent reactions involving species with 

absorbance at 335 nm were occurring. 

UV-8 showed that the behavior of I"l~O was distinct from the other species. 133)

a leads to 14
-10 and thereby rapidly to a second intermediate with absorbance at 335 

(1m-b). I335-b was the predominant species in solution at the end of UV-l1. In UV-8, 

1m -I> did react to give Imin
, an intermediate which has minimal absorbance (less than 

the other species) at these wavelengths. Imin then leads to a product with absorbance 

at 335 nm, pm. 

pm could be due to PdCI2~' which has a similar absorbance maximum (330 

nm, see Chapter 2, Section 2.5.1), and the dichloro complex was once isolated as the 

reaction product frol11 a CO reaction solution as identified by its IR spectrum. 

A summary of the kinetic data from these experiments is found in Table 3.5. 

The slopes of the kinetic plots at selected time periods are given. The concentration 

dependence of the rate of the decrease of absorbance at 300 nm can be seen by 

comparing the initial rates for UV-l and UV-2 (0.0195 and 0.04642 min- l at 0.668 x 

1O-~ and 1.14 x 10--1, respectively). The temperature dependence is seen by comparing 



Table 3.5. Kinetic Summary For UV-Vis Experiments 

Experiment 

UV-l 

UV-2 

UV-3 

UV-4 

UV-6 

UV-7 

UV-8 

UV-9 

UV-10 

UV-11 

Temp. 
°C 

25 

25 

10 (bath) 

10 (bath) 

8 

8.5 

5 

5 

9 

8 

Conc.a 

.668 

1.14 

1.00 

.601 

.802 

.902 

1.07 

.501 

.735 

.969 

a _ The concentration is shown as 10-4 M 

nm Time 
minb 

300 0-36 

300 6-55 
75-115 

300 17-55 
75-115 

300 8-85 
95-165 

295 8-220 

297 0-120 
120-210 

336 120-300 

300 0-16 
330 0-16 
300 > 16 

300 2.8-8.7 
60-90 

290 7-19 
330 7-19 

300 7-65 

Rate 
min· le 

0.01951 

0.04642 
0.01127 

0.00488 
0.00532 

0.00635 
0.00848 

0.00279 

0.00534 
0.00629 
0.00292 

0.00496 
0.00285 
0.00153 

0.00754 
0.00285 

0.00975 
-0.00957 

0.002990 

b _ Time refers to the period where the slope of the kinetic plot was evaluated. 
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l' _ The values listed are the observed slopes of the line during the time period listed 

in units of min·1 
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UV-1 and UV-10, both at about 0.7 x 10-4. The half-life for the observed initial rates 

increased from 35 (25°C) to 75 min (9°C). 

3.3 Conclusions 

The solutions which yielded palladium tetramers, PdiCOhL.1' and the semi

bridging CO chloro-dimer, Pd 2(CO)C1 2L3, had palladium concentrations of ca. 2 x 1O-~ 

M and were examined by ~I P NMR spectroscopy, while reactions with palladium 

concentration down to 10-.1 t\1 were studied by analyzing the head-space gases. The 

UV -Vis was utilized to follow reactions where the palladium concentration had an 

upper limit of 1.1 x 10-.1 M. Decreasing the concentration of the palladium reduced 

the number of reaction processes and allowed identification of the initial process. 

The IR analysis af the head-space gases quantified molar amounts of the gases 

evolved and, thereby, the molar ratios and the initial rate of CO2 evolution. IR 

analysis of the product gases and the UV -VIS analysis of the reaction solution 

indicated that several different reactions were occurring. Kinetic studies of the initial 

reaction between CO and Pd~(N02h at low palladium concentrations showed that 

the reaction was first order in Pd~(N02h The technique was not sufficiently 

sensitive to determine the effect of CO pressure. 

The IR analysis of the gases showed that CO2 was evolved in three different 

stages. The initial rate of CO2 evolution is palladium concentration dependent and 

occurs prior to N20 formation. Subsequent evolution of CO2 is slower, producing 

approximately three moles of CO2 per mole of palladium. Adventitious 0, leads to 
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production of more than four moles of CO2 per mole of Pd~(N02)2' well past the 

stoichiometric amount possible. The rate of appearance of N20 is phosphine 

dependent and is dependent upon the palladium concentration; N20 is not produced 

at concentrations of Pd~(N02)2 less than ca. 10-4 M. The presence of nitrosyl 

complexes was indicated by IR and UV~ VIS spectroscopy. Nitrogen~containing 

complexes are still present in solution when the molar ratio of N20 to Pd is less than 

one and when less than three moles of CO2 per mole of starting material are being 

produced. The catalytic conversion of CO and O 2 to CO2 was accomplished by the 

known reactions of the nitro~nitrosyl redox couple. The formation of CO2 and N20 

from CO and NO showed the ability of the reaction solution to form a nitrosyl 

complex and participate in O~atolll transfer reactions utilizing a nitrosyl complcx. 

The UV ~ Vis experiments showed that the disappearance of Pd(PMcPh2)2 

(N02h was initiated by the addition of CO. The disappearance of 

Pd(PMePh2h(N02)2 at 25°C is a reaction with a half~life of about 15 minutes for 

concentrations of 1.1 x 10--1 [vt. Under these conditions, CO2 is not being evolvcd 

initially, but begins after a short induction time (ca. 15 minutes). The initial rate of 

CO2 evolution has a half~life of 335 minutes, which indicates that the initial rate of 

decrcase in Pd(PMePh2)2(N02)2 is due to the formation of an intermediate that 

subsequently evolves CO2, The rate of change of absorbance at 300 nm during 75 

minutes to 115 minutes after introduction of CO is less than the initial rate and 

indicates the presence of yet another intermediate. The rate of evolution of CO2 

during this time frame is considerably faster than the initial rate (with obscrvcd rate 
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constants of 0.008076 min-! and 0.00196 min-l, respectively) yet less than the rate of 

change at 300 nm (0.01127 min-i). This fact indicates that several different reactions 

lead to CO2 evolution. The UV -Vis experiments also showed several intermediates 

during this time. 

These various palladium complexes were summarized in Scheme 3.1 (Chapter 

3, Section 3.2). Scheme 3.2 summarizes the identification of the species from 

Scheme 3.1, and the identifications are discussed here. 

The starting material. Pd(PMePh2)2(N02)2' is isosbestic with the species with 

absorbance at 335 nm, I·Bs .... This species is formed prior to CO2 evolution and must 

be the five-coordinate CO adduct, PdCO(N02)2(PMePh2)2' 

PdCO(NO,),(Pi\lePh,), then undergoes O-atom transfer to form CO, and the 
~ - ... - -

nitro-nitrosyl complex Pd(N02)(NO)(PMePh2)2 which must correspond to 1-1·10. 

Subsequent CO2 evolution steps are the important next direction that the 

reaction process undergoes. At 2Y'C, the facile rate of CO2 evolution within the first 

100 minutes and the delay in N20 evolution indicate the prescence of 

of a bimolecular reaction. 

The nitro-nitrosyl complex Pd(N02)(NO)~ then forms a CO adduct. 

PdCO(NO,)(NO)(PMePh,),. This species is assigned as I33S.b• - - -

Formation of the dinitrosyl complex, Pd(NO)iPMePh2)2' with evolution of the 

second mole CO2, occurs next. The dinitrosyl could be assigned as Imin or leads to 

Imin and, subsequently, pm. p335 could also be a carbonyl complex. 
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Scheme 3.2 

Pd(N02)2(PMePh2)2 + CO -----f> PdCO(N02)2(PMePh2h 

MDP-DN 1335-a 

PdCO(N02)2(PMePh2)2-------It> Pd(N02)(NO)(PMePh2)2 + CO2 

I :l.15-a I'~~O 

Pd(N02)(NO)(Pt-.1ePh2)2 + CO---t>PdCO(N02)(NO)(PMePh2)2 

14-10 1335-b 

PdCO(N02)(NO)(Pl\·tePI1 2)2 ----If?Pd(NOh(PMePh2)2 + CO2 

13.1:;-11 

Pd(NO)2(PMePh2h -------if) Bimolecular Reactions 

Ligand Replacement Reactions 
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The dinitrosyl is responsible for the bimolecular reactions leading to formation 

of N20 and the third equivalent of CO2. The eX'act stoichiometry of some of these 

species is not established conclusively by the data. For example, in dilute solutions. 

dissociation of NO may be a competing side reaction, and incorporation of chloride 

by the complex could occur at this point in the reaction sequence. Replacement of 

NO by chlorine would lead to PdNOCI~ and PdC12~ and other side products, such 

as Pd2C0C12L3• 

The catalytic reactions between NO and CO and between CO and O 2 indicate 

that a nitrosyl complex is present in solution for extended periods of time. 
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Table A.1. Experiment IR-2 

Difference Factor Table 

Time CO CO2 N20 
min. 

0 

5 1. 85 .06079 .02225 

12 .98411 .09266 .00901 

19 1.31823 .10313 .00997 

26 1.52114 .1386 .0116 

33 1. 64964 .16533 .01592 

45 1. 53094 .22931 .03088 

57 1. 55766 .27041 .04967 

69 1.62665 .31242 .06837 
81 1. 6209 .34237 .08353 
93 1.6989 .36058 .09359 
105 1.62631 .37339 .10021 
117 1.53703 .36183 .10376 
735 1.02841 1. 67 .65 
4435 .22523 1 .17 

Values listed are the scalar multipliers necessary to cause equivalency 
between the absorbance of a time course spectrum and the absorbance of a 
"standard" at the specific wavelengths of maximum absorbance for the 
listed gas at a known pressure. 
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Table A.2. Experiment IR-3 

Difference Factor Table 

Time CO CO2 N20 
min. 

0 
.5 .51495 .015 .02377 
3 .53846 .061 .02166 
5 .55865 .0143 .01926 
7 .58353 .01492 .01572 
0 .58736 .01524 .01878 
13 .59835 .01266 .01658 
16 .61164 .07024 .02607 
21 .61462 .01578 .01696 
25 .62101 .0125 .01696 
30 .62723 .01305 .01428 
35 .61998 .01195 .02041 
40 .62339 .01641 .01831 
45 .61428 .0171 .02118 
50 .6245 .01813 .01773 
60 .61777 .02211 .02281 
70 .61547 .02946 .02309 
100 .6101 .0536 .0322 
185 .60763 .1565 .06479 
195 .6479 .03071 .02521 
210 .60414 .19712 .08309 
225 .60516 .22502 .09l05 
240 .60644 .24932 .106 
255 .60814 .28362 .12124 
270 .60048 .31651 .13322 
285 .58617 .34323 .14817 
300 .59204 .35261 .15699 
315 .59025 .38073 .16925 
330 .59008 .40972 .18631 
640 .5290 l. 85 .35 
1625 .45736 l. 45 .8 
2878 .46154 l. 35 .85 
4328 .47193 l. 45 .85 

Values listed are the scalar multipliers necessary to cause equivalency 
between the absorbance of a time course spectrum and the absorbance of a 
"standard" at the specific wavelengths of maximum absorbance for the 
listed gas at a known pressure. 



185 

Table A.3. Experiment IR-6 Absorbance Data Table 

Absorbance Val~es 

Time 2407 2359 2237 2118 
min. 

0 .0989 .9579 
5 .0975 .0573 .0296 .942 

15 .1082 .162 .03 .9319 
25 .1023 .1687 .0281 .9355 
35 .1074 .1589 .0297 .94 
45 .1096 .1408 .028 .9328 
55 .1111 .1292 .0298 .9418 
65 .1125 .1131 .0293 .9392 
75 .1112 .0987 .0311 .9362 
85 .1148 .0898 .0298 .936 
95 .1088 .0749 .0286 .931 
105 .1164 .0743 .03 .9393 
115 .1139 .0644 .0298 .932 
125 .1123 .0541 .0287 .9336 
135 .1156 .0508 .0285 .9287 
145 .1194 .0448 .0296 .9336 
155 .1182 .0406 .029 .935 
165 .1189 .0391 .0295 .927 
175 .1203 .0349 .0292 .9336 
185 .1227 .0346 .0288 .9258 
195.5 .1191 .0312 .0284 .9323 
205.5 .1171 .0311 .0291 .9325 
215 .1201 .0292 .0302 .933 
225 .1231 .0255 .0282 .938 
235 .12 .0262 .0284 .9279 
245 .1203 .0223 .029 .9268 
255 .1175 .0211 .0284 .94 
265 .1208 .021 .0284 .9306 
275 .1198 .0193 .029 .9404 
285 .1196 .0168 .0295 .9359 
295 .1201 .0163 .0294 .9327 
305 .1256 .0161 .0284 .9301 
325 .1204 .0199 .0304 .9342 
345 .1193 .0246 .0304 .9378 
365 .124 .0265 .0299 .9331 
385 .1197 .0295 .0311 .9661 
1070 .1147 .2894 .0264 .946 
1085 .1239 .2233 .0273 .9316 
1095 .1213 .1798 .0284 .9378 
1105 .1203 .1373 .0286 .9507 
1115 .1214 .0997 .0246 .9261 
1125 .1169 .0823 .0253 .9294 
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Table A.3--Continued 

Absorbance Values 

Time 2407 2359 2237 2118 
min. 

1135 .1235 .0692 .0281 .9515 
1145 .1216 .0553 .0279 .9256 
1155 .1225 .0376 .0278 .9227 
1165 .1226 .034 .028 .94 
1175 .1175 .0243 .0268 .938 
1185 .1218 .0148 .0265 .922 
2600 .1144 .2472 .0304 .9365 
2610 .1165 .1975 .0254 .922 
2620 .1234 .1421 .0263 .9208 
2625 .1156 .1162 .0252 .9248 
2630 .1187 .084 .0263 .9232 
2640 .1173 .0701 .0252 .9239 
2650 .1174 .0524 .0288 .9297 
2655 .1205 .0386 .028 .9325 
2660 .122 .0296 .0291 .9249 
2670 .1157 .0228 .0278 .9237 
2675 .1212 .0096 .0264 .9197 
2685 .1121 .0075 .0294 .9468 
4025 .1163 .1251 .0305 .9476 
4030 .1161 .0898 .0254 .9168 
4035 .1209 .0649 .0272 .9185 
4040 .1218 .0519 .0282 .9395 
4045 .1205 .0469 .0269 .9237 
4050 .1179 .0254 .0271 .9449 
4055 .1202 .0176 .0272 .9281 
12955 .1207 .2386 .026 .8892 
12960 .1138 .185 .0274 .9083 
12965 .1321 .1328 .0275 .903 
12970 .1168 .1019 .9048 
12975 .1157 .0725 .9119 
12980 .1145 .0517 .9162 
12985 .1154 .0375 .9184 
12990 .1149 .0242 .9225 
12995 .1192 .0166 .9107 
13000 .1152 .0111 .9124 
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Table A.4. Experiment IR-6 Molar Ratio Calculations 

Time mm Hg mmo1es CO2 Sum CO2/Pd 
min. 

5 .1866302 .0023532 .0023532 .0697269 
15 .4722664 .0059547 .0083078 .2461704 
25 .4905449 .0061851 .0144929 .4294430 
35 .4638091 .0058480 .0203410 .6027267 
45 .4144298 .0052254 .0255664 .7575619 
55 .3827834 .0048264 .0303928 .9005737 
65 .3388603 .0042726 .0346653 1.027175 
75 .2995751 .0037772 .0384426 1.139100 
85 .2752947 .0034711 .0419137 1. 241953 
95 .2346454 .0029586 .0448723 1.329618 
105 .2330085 .0029379 .0478102 1.416673 
115 .2060000 .0025974 .0504076 1.493636 
125 .1779001 .0022431 .0526507 1.560102 
135 .1688973 .0021296 .0547802 1.623203 
145 .1525284 .0019232 .0567034 1.680190 
155 .1410703 .0017787 .0584821 1. 732895 
165 .1369780 .0017271 .0602092 1.784071 
175 .1255199 .0015826 .0617919 1.830967 
185 .1247014 .0015723 .0633642 1.877557 
195.5 .1154257 .0014554 .0648196 1. 920681 
205.5 .1151529 .0014519 .0662715 1.963703 
215 .1099695 .0013866 .0676581 2.004789 
225 .0998753 .0012593 .0689174 2.042103 
235 .1017850 .0012834 .0702007 2.080131 
245 .0911453 .0011492 .0713500 2.114184 
255 .0878715 .0011079 .0724579 2.147014 
265 .0875987 .0011045 .0735624 2.179741 
275 .0829609 .0010460 .0746084 2.210736 
285 .0761405 .0009600 .0755685 2.239183 
295 .0747765 .0009428 .0765113 2.267121 
305 .07'.2308 .0009360 .0774472 2.294854 
325 .0845978 .0010667 .0785139 2.326461 
345 .0974200 .0012283 .0797423 2.362858 
365 .1026035 .0012937 .0810359 2.401191 
385 .1107879 .0013969 .0824328 2.442583 
1070 .8198313 .0103370 .0927698 2.748880 
1085 .6395013 .0080633 .1008331 2.987804 
1095 .5208272 .0065669 .1074000 3.182391 
1105 .4048813 .0051050 .1125051 3.333658 
1115 .3023033 .0038116 .1163167 3.446602 
1125 .2548337 .0032131 .1195298 3.541810 
1135 .2190950 .0027625 .1222923 3.623666 
1145 .1811739 .0022844 .1245767 3.691355 



Table A.4--Continued 

COz 

Time 
min. 

1155 
1165 
1175 
1185 
2600 
2610 
2620 
2625 
2630 
2640 
2650 
2655 
2660 
2670 
2675 
2685 
4025 
4030 
4035 
4040 
4045 
4050 
4055 
12955 
12960 
12965 
12970 
12975 
12980 
12985 
12990 
12995 
13000 

Calculation 

mm Hg 

.1328858 

.1230645 

.0966016 

.0706843 

.7047038 

.5691153 

.4179764 

.3473176 

.2594715 

.2215504 

.1732623 

.1356140 

.1110607 

.0925094 

.0564979 

.0507688 

.3715980 

.2752947 

.2073640 

.1718982 

.1582575 

.0996025 

.0783230 

.6812418 

.5350136 

.3926047 

.3083052 

.2280979 

.1713526 

.1326130 

.0963288 

.0755949 

.0605901 

mm Hg = Abs x A + B 

mmo1es COz Sum COz/Pd 

.0016755 .1262522 3.741002 

.0015517 .1278039 3.786981 

.0012180 .1290219 3.823072 

.0008912 .1299131 3.849480 

.0088854 .1387985 4.112765 

.0071758 .1459743 4.325392 

.0052701 .1512444 4.481552 

.0043792 .1556236 4.611314 

.0032716 .1588952 4.708255 

.0027935 .1616887 4.791028 

.0021846 .1638733 4.855761 

.0017099 .1655832 4.906427 

.0014003 .1669835 4.947921 

.0011664 .1681500 4.982483 

.0007124 .1688623 5.003592 

.0006401 .1695025 5.022559 

.0046854 .1741878 5.161392 

.0034711 .1776589 5.264245 

.0026146 .1802735 5.341718 

.0021674 .1824409 5.405941 

.0019954 .1844363 5.465068 

.0012559 .1856922 5.502280 

.0009876 .1866797 5.531543 

.0085896 .1952693 5.786061 

.0067458 .2020151 5.985948 

.0049502 .2069653 6.132629 

.0038873 .2108527 6.247815 

.0028760 .2137287 6.333035 

.0021605 .2158892 6.397054 

.0016721 .2175613 6.446599 

.0012146 .2187759 6.482589 

.0009532 .2197290 6.510832 

.0007640 .2204930 6.533469 

A = 2.728139 B = 0.0303078 
mmo1es = [(mm Hg/760 x 0.234)]/(297.6 x 0.082054) 

188 
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Table A.5. Experiment IR-7 Absorbance Data 

Time 2118 2359 2237 2407 

5 .94082 .01408 .05186 .11416 
15 .93293 .07824 .05851 .11467 
25 .9261 .14491 .07199 .11862 
35 .93015 .16472 .07546 .1156 
45 .92064 .16437 .07327 .11617 
55 .93405 .15633 .06908 .11665 
65 .92683 .13451 .06432 .11904 
75 .92781 .11039 .05856 .11436 
85 .92904 .08006 .05502 .11421 
95 .92757 .06293 .05151 .11207 
105 .925 .04668 .049 .11902 
115 .93648 .03098 .04508 .11526 
125 .9307 .02664 .04342 .1158 
135 .93742 .01954 .0412 .11101 
145 .92996 .01017 .03856 .11264 
155 .93423 .00489 .03886 .11112 
165 .93779 .00052 .03913 .11472 
175 .93554 -.00033 .03633 .10688 
1345 .93949 .00331 .03687 .11481 
1370 .93798 .00015 .03477 .1139 
1375 .93723 -.00415 .03374 .10922 
1380 .93798 -.00576 .03133 .11176 



Table A.6. Experiment IR-7 Mole Ratio Calculations 

CO 2 Calculation N20 Calculations 
mm Hg mmo1es CO2 Sum CO2/Pd mm Hg mmo1es N2 0 Sum N20/Pd 

.06872 

.24376 

.42564 

.47969 

.47873 

.45680 

.39727 

.33147 

.24872 

.20199 

.15766 

.11483 

.10299 

.08362 

.05805 

.04365 

.03173 

.02941 

.03934 

.03072 

.01899 

.01459 

.00087 

.00307 

.00537 

.00605 

.00604 

.00576 

.00501 

.00418 

.00314 

.00255 

.00199 

.00145 

.00130 

.00105 

.00073 

.00055 

.00040 

.00037 

.00050 

.00039 

.00024 

.00018 

.00087 

.00394 

.00931 

.01535 

.02139 

.02715 

.03216 

.03634 

.03948 

.04202 

.04401 

.04546 

.04676 

.04781 

.04854 

.04909 

.04949 

.04986 

.05036 

.05075 

.05099 

.05117 

mm Hg = Abs x A + B 

.04987 

.22675 

.53563 

.88372 
1.2311 
1.5626 
1.8509 
2.0914 
2.2719 
2.4185 
2.5329 
2.6162 
2.6910 
2.7516 
2.7938 
2.8254 
2.8485 
2.8698 
2.8983 
2.9206 
2.9344 
2.9450 

.04257 

.05668 

.08527 

.09263 

.08798 

.07910 

.06900 

.05678 

.04927 

.04183 

.03651 

.02819 

.02467 

.01996 

.01436 

.01500 

.01557 

.00963 

.01078 

.00632 

.00414 
-.0010 

.00054 

.00071 

.00108 

.00117 

.00111 

.00100 

.00087 

.00072 

.00062 

.00053 

.00046 

.00036 

.00031 

.00025 

.00018 

.00019 

.00020 

.00012 

.00014 

.00008 

.00005 
-le-5 

.00054 

.00125 

.00233 

.00349 

.00460 

.00560 

.00647 

.00719 

.00781 

.00834 

.00880 

.009l5 

.00946 

.00971 

.00990 

.01008 

.01028 

.01040 

.01054 

.01062 

.01067 

.01066 

CO 2 A = 2.7281 B = 0.03031 N20 A = 2.1210 B = -0.0674 
mmoles = (((mm Hg/760) x 0.234)/(297.6 x 0.082054)) 

.03089 

.07202 

.13390 

.20111 

.26496 

.32236 

.37243 

.41363 

.44939 

.47974 

.50623 

.52669 

.54459 

.55908 

.56950 

.58038 

.59168 

.59867 

.60649 

.61108 

.61408 

.61338 
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Table A.7. Experiment IR-8 

Absorbance Data and CO2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Time 2118 2359 2237 2407 mm Hg mmo1es Total CO2/Pd 

5 .93987 -.0008 .02639 .10169 .02823 .00036 .00036 .02131 
10 .9071 .02687 .02747 .10727 .10361 .00131 .00166 .09950 
15 .89637 .04602 .02685 .10557 .15586 .00197 .00363 .21713 
20 .88941 .05655 .02572 .11224 .18458 .00233 .00595 .35643 
25 .90833 .06702 .02713 .10978 .21315 .00269 .00864 .51729 
30 .88223 .06974 .0248 .10855 .22057 .00278 .01142 .68375 
35 .87877 .07397 .02632 .10972 .23211 .00293 .01435 .85892 
40 .87273 .07577 .02738 .10877 .23702 .00299 .01734 1. 0378 
45 .87599 .07551 .02565 .11087 .23631 .00298 .02032 1. 2161 
50 .88339 .07415 .02727 .11014 .23260 .00293 .02325 1.3917 
55 .88556 .0766 .02696 .10571 .23928 .00302 .02627 1.5723 
60 .87047 .08027 .02604 .11098 .24930 .00314 .02941 1.7604 
65 .87225 .07546 .02604 .10955 .23617 .00298 .03239 1.9386 
70 .87354 .07844 .026 .11535 .24430 .00308 .03547 2.1230 
75 .87828 .07363 .0265 .11252 .23118 .00291 .03838 2.2975 
80 .90136 .08145 .02757 .11233 .25251 .00318 .04157 2.4881 
85 .87484 .07647 .02487 .11011 .23893 .00301 .04458 2.6684 
90 .86742 .07642 .02648 .10807 .23879 .00301 .04759 2.8486 
95 .86983 .07474 .02648 .10913 .23421 .00295 .05054 3.0254 
100 .87047 .06915 .0275 .10941 .21896 .00276 .05331 3.1906 
105 .86534 .07559 .026 .11098 .23653 .00298 .05629 3.3691 
110 .87582 .06959 .02634 .10702 .22016 .00278 .05906 3.5353 
115 .87844 .06915 .02669 .10821 .21896 .00276 .06182 3.7005 
120 .88074 .06803 .02588 .10791 .21590 .00272 .06455 3.8634 
125 .88589 .06628 .02611 .10947 .21113 .00266 .06721 4.0228 
130 .87176 .06474 .02627 .11238 .20693 .00261 .06982 4.1789 
135 .87828 .06173 .02717 .1093 .19872 .00251 .07232 4.3289 
140 .87484 .057 .02563 .10788 .18581 .00234 .07467 4.4691 
145 .87322 .05621 .02448 .10788 .18366 .00232 .07698 4.6078 
150 .8786 .04995 .02558 .10674 .16658 .00210 .07908 4.7335 
155 .87063 .04648 .02648 .10871 .15711 .00198 .08106 4.8520 
160 .87273 .0397 .02664 .11098 .13861 .00175 .08281 4.9566 
165 .87979 .04046 .02713 .10874 .14069 .00177 .08458 5.0628 
170 .88107 .03477 .0262 .10813 .12517 .00158 .08616 5.1573 
175 .8814 .0329 .0251 .11092 .12006 .00151 .08768 5.2479 
180 .87436 .0262 .02464 .10653 .10179 .00128 .08896 5.3247 
185 .88174 .02699 .02521 .1086 .10394 .00131 .09027 5.4032 
190 .87828 .02143 .02586 .10791 .08877 .00112 .09139 5.4702 
195 .87729 .01922 .0257 .10652 .08274 .00104 .09243 5.5326 
200 .87697 .01583 .0242 .11115 .07349 .00093 .09336 5.5881 
205 .8768 .01296 .02542 .1069 .06566 .00083 .09419 5.6376 
210 .88008 .01365 .02459 .10771 .06755 .00085 .09504 5.6886 
215 .8755 .0122 .02542 .11117 .06359 .00080 .09584 5.7366 
220 .87615 .01028 .02409 .11036 .05835 .00074 .09658 5.7806 
345 .83073 .2095 .02678 .12292 .60185 .00759 .10417 6.2348 
347 .85886 .17089 .0245 .12056 .49652 .00626 .11043 6.6096 
349 .88689 .12957 .02548 .12088 .38379 .00484 .11527 6.8992 
351 .89194 .09194 .02484 .11979 .28113 .00354 .11881 7.1114 
353 .87517 .0777 .0274 .12067 .24228 .00305 .12186 7.2942 
355 .88639 .05266 .027 .12067 .17397 .00219 .12406 7.4255 
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Table A.7.--Continued 

Absorbance Data CO2 Calculations 

Time 2118 2359 2237 2407 mm Hg mmoles Total CO 2/Pd 

357 .86455 .04196 .02648 .12027 .14478 .00183 .12588 7.5348 
359 .87795 .03173 .02583 .1179 .11687 .00147 .12736 7.6230 
361 .89194 .01811 .02696 .11902 .07971 .00101 .12836 7.6831 
363 .90153 .00902 .0265 .1183 .05492 .00069 .12906 7.7246 
365 .90658 .00798 .0274 .11694 .05208 .00066 .12971 7.7639 
367 .9024 .00511 .02738 .11631 .04425 .00056 .13027 7.7973 
369 .003 .03849 .00049 .13075 7.8263 

mm Hg = Abs x A + B A = 2.7281 B = 0.03031 

mmoles = «(mm Hg/760) x 0.234)/(297.6 x 0.082054) 
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Table A.8. Experiment IR-9 

Absorbance Data and CO2 Mole Ratio Calculation 

Absorbance Data CO2 Calculations 

Time 2118 2359 2237 2407 mm Hg mmo1es Total CO 2/Pd 

5 .95311 -.0030 .02708 .0958 .022096 .000279 .000279 .016034 
10 .945 .0084 .02653 .10782 .053224 .000671 .000950 .054657 
15 .94348 .02436 .03042 .10696 .096765 .001220 .002170 .124877 
20 .93685 .03775 .0284 .10969 .133295 .001681 .003850 .221604 
25 .94386 .04726 .03117 .10902 .159240 .002008 .005858 .337159 
30 .9361 .05933 .03089 .10919 .192168 .002423 .008281 .476609 
35 .93423 .06558 .03224 .10843 .209219 .002638 .010919 .628432 
40 .94654 .07428 .03086 .10846 .232954 .002937 .013856 .797479 
45 .94119 .06961 .03252 .10955 .220214 .002777 .016633 .957280 
50 .93498 .0691 .03082 .10663 .218822 .002759 .019392 1.11607 
55 .94044 .0726 .03152 .10804 .228371 .002879 .022272 1. 28179 
60 .93911 .07079 .03175 .10977 .223433 .002817 .025089 1. 44393 
65 .93498 .06664 .03047 .1086 .212111 .002674 .027763 1.59785 
70 .93892 .05426 .03084 .10863 .178337 .002249 .030012 1.72727 
75 .93892 .05655 .03023 .10958 .184584 .002327 .032339 1.86121 
80 .94119 .0459 .03072 .11061 .155529 .001961 .034300 1.97407 
85 .941 .04588 .02903 .10924 .155475 .001960 .036261 2.08690 
90 .93817 .03595 .02917 .11064 .128384 .001619 .037879 2.18006 
95 .94348 .03021 .03021 .10969 .112725 .001421 .039301 2.26186 
100 .93874 .02627 .0284 .10924 .101976 .001286 .040586 2.33586 
105 .9431 .02189 .0303 .10966 .090027 .001135 .041721 2.40119 
110 .93949 .01907 .03014 .11219 .082333 .001038 .042760 2.46094 
115 .94138 .01791 .0284 .10899 .079169 .000998 .043758 2.51839 
120 .94329 .01646 .02787 .11162 .075213 .000948 .044706 2.57297 
125 .94006 .00891 .02949 .11264 .054616 .000689 .045395 2.61260 
130 .94044 .00678 .02917 .10969 .048805 .000615 .046010 2.64802 
135 .94176 .00307 .02805 .11146 .038683 .000488 .046498 2.67609 
140 .94367 .00344 .0297 .10977 .039693 .000500 .046998 2.70489 
145 .94233 .00165 .02817 .1112 .034809 .000439 .047437 2.73015 
150 .94035 -.0012 .02865 .10802 .027007 .000341 .047778 2.74975 
155 .93779 -.0053 .02884 .10983 .015876 .000200 .047978 2.76127 
160 .94195 -.0048 .02789 .10663 .017349 .000219 .048197 2.77386 
218 .92434 .00963 .03016 .13134 .056580 .000713 .048910 2.81492 
218.5 .93144 .00421 .02958 .11481 .041793 .000527 .049437 2.84524 
219 .93461 .00211 .0277 .11785 .036064 .000455 .049892 2.87141 
219.5 .93968 -.0001 .02954 .1139 .029953 .000378 .050269 2.89315 
220 .93256 -.0002 .0272 .1209 .029653 .000374 .050643 2.91467 
220.5 .93126 -.0034 .02551 .11882 .021169 .000267 .050910 2.93003 
221 .92702 -.0078 .02727 .11529 .009110 .000115 .051025 2.93664 
221.5 .93015 -.0075 .02784 .11571 .009929 .000125 .051150 2.94385 
222 .91973 -.0109 .02528 .11902 .000707 .000009 .051159 2.94436 

mm Hg = Abs x A + B A = 2.7281 B = 0.03031 

mmoles = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.9. Experiment IR-10 

Absorbance Data and CO 2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Time 2118 2359 2237 2407 mm Hg mmo1es Total CO 2/Pd 

5 .93592 -.0005 .02764 .10372 .029353 .000370 .000370 .021507 
9 .9348 .01071 .02845 .10444 .059826 .000754 .001124 .065342 
13 .9452 .02262 .03093 .10298 .092318 .001164 .002288 .132985 
17 .93219 .03126 .03161 .10246 .115889 .001461 .003750 .217899 
21 .95841 .04139 .03294 .10171 .143525 .001810 .005559 .323061 
25 .93423 .05328 .03438 .09783 .175963 .002219 .007778 .451991 
30 .94025 .06296 .03543 .10682 .202371 .002552 .010330 .600271 
35 .93144 .06829 .03605 .10491 . 216912 .002735 .013065 .759205 
40 .94119 .0772 .03894 .10535 .241220 .003041 .016106 .935950 
45 .93855 .07296 .03946 .10891 .229653 .002896 .019002 1. 10422 
50 .94006 .07876 .03932 .10532 .245476 .003095 .022097 1.28408 
55 .94443 .07448 .03958 .10577 .233800 .002948 .025045 1. 45539 
60 .93874 .06649 .03867 .10693 .212002 .002673 .027718 1.61073 
65 .93779 .05909 .03692 .10668 .191814 .002419 .030136 1. 75127 
70 .93817 .06291 .03723 .10483 .202235 .002550 .032686 1.89945 
75 .9452 .04477 .03517 .10577 .152747 .001926 .034612 2.01137 
80 .94214 .03998 .03355 .10254 .139679 .001761 .036373 2.11371 
85 .93911 .03555 .03292 .10405 .127593 .001609 .037982 2.20720 
90 .94539 .03098 .03306 .10936 .115126 .001452 .039434 2.29156 
95 .9431 .02701 .03219 .10081 .104295 .001315 .040749 2.36797 
100 .94138 .01879 .02998 .10671 .081870 .001032 .041781 2.42796 
105 .93648 .01732 .0294 .10735 .077859 .000982 .042763 2.48501 
110 .93874 .01182 .02972 .10693 .062854 .000793 .043555 2.53106 
115 .93968 .01008 .03084 .10671 .058107 .000733 .044288 2.57364 
120 .94885 .00747 .03044 .10846 .050987 .000643 .044931 2.61100 
125 .93704 .00502 .02865 .1071 .044303 .000559 .045489 2.64346 
130 .94006 .0013 .02768 .10894 .034154 .000431 .045920 2.66848 
135 .93442 -.0009 .02775 .10679 .028180 .000355 .046275 2.68913 
140 .9452 - .0017 .02856 .10994 .025997 .000328 .046603 2.70818 
145 .93685 .00063 .02821 .10807 .032327 .000408 .047011 2.73187 
150 .93274 -.0046 .02787 .10715 .018113 .000228 .047239 2.74514 
155 .93742 -.0065 .02713 .10657 .012957 .000163 .047402 2.75463 
160 .94119 - .0086 .02958 .10312 .007146 .000090 .047492 2.75987 
165 .93274 - .0031 .02831 .10866 .022287 .000281 .047774 2.77620 
170 .94673 - .0113 .02787 .10685 -.00014 -1.7e-6 .047772 2.77610 
175 .93592 -.0081 .02699 .10746 .008646 .000109 .047881 2.78243 
180 .94063 - .0117 .02791 .1053 -.00142 -.00002 .047863 2.78139 
185 .93367 -.0122 .02773 .10704 -.00276 -.00003 .047828 2.77937 
190 .94443 -.0139 .02696 .10874 -.00734 -.00009 .047736 2.77399 
195 .93723 -.0125 .02774 .10521 -.00352 -.00004 .047691 2.77141 
200 .94063 -.0127 .02877 .10488 -.00407 -.00005 .047640 2.76843 

mm Hg = Abs x A + B A = 2.7281 B = 0.03031 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.10. Experiment IR-11 

Absorbance Data and CO 2 Mole Ratio Calculations 

Absorbance Data CO 2 Calculations 
Time 2118 2359 2237 2407 mm Hg mmo1es Total CO 2/Pd 

4 .94788 -.0038 .02821 .09283 .020159 .000254 .000254 .014916 
8 .94176 .01144 .03075 .10246 .061818 .000779 .001034 .060654 
12 .94923 .02461 .03565 .10361 .097747 .001232 .002266 .132977 
16 .94808 .03096 .03808 .10408 .115071 .001451 .003717 .218117 
20 .94577 .04321 .04179 .10389 .148491 .001872 .005589 .327985 
25 .95566 .05678 .04297 .1083 .185512 .002339 .007928 .465244 
30 .94443 .06859 .04612 .10677 .217731 .002745 .010674 .626342 
35 .94615 .0723 .04706 .10779 .227852 .002873 .013547 .794928 
40 .93723 .07748 .04808 .10469 .241984 .003051 .016598 .973971 
45 .94386 .07689 .04767 .10799 .240374 .003031 .019628 1.15182 
50 .96437 .07376 .04762 .10936 .231835 .002923 .022552 1. 32336 
55 .93911 .07135 .04494 .10693 .225261 .002840 .025392 1. 49003 
65 .93911 .08207 .04544 .11238 .254506 .003209 .028601 1.67833 
70 .94615 .0702 .04426 .10588 .222123 .002801 .031401 1.84268 
75 .94348 .06036 .04093 .10627 .195278 .002462 .033864 1.98717 
80 .9475 .05298 .04005 .1061 .175145 .002208 .036072 2.11675 
85 .95292 .04141 .03894 .10397 .143580 .001810 .037882 2.22299 
90 .94827 .03459 .03704 .10372 .124974 .001576 .039458 2.31546 
95 .94635 .02646 .03749 .1048 .102794 .001296 .040754 2.39151 
100 .94481 .02225 .03567 .10425 .091309 .001151 .041906 2.45907 
105 .94808 .01133 .03409 .10342 .061518 .000776 .042681 2.50459 
110 .9429 .00639 .03365 .10638 .048041 .000606 .043287 2.54013 
115 .95644 .00494 .03416 .10295 .044085 .000556 .043843 2.57275 
120 .95175 .00183 .03262 .10108 .035600 .000449 .044292 2.59909 
125 .94692 - .0012 .0317 .10073 .027416 .000346 .044637 2.61938 
130 .9452 -.0074 .03 .10466 .010474 .000132 .044769 2.62713 
135 .94104 -.0142 .03266 .10361 -.00816 -.00010 .044666 2.62l09 
140 .94962 -.0083 .03037 .10543 .007964 .000100 .044767 2.62698 
145 .94405 -.0102 .02996 .10265 .002726 .000034 .044801 2.62900 
150 .95195 -.0129 .03133 .10494 -.00469 -.00006 .044742 2.62553 
1174 .93855 -.0002 .02984 .12142 .030062 .000379 .045121 2.64777 
1179 .92409 -.0045 .02903 .11543 .018413 .000232 .045353 2.66139 
1184 .93126 -.0047 .02849 .11685 .017758 .000224 .045577 2.67453 
1189 .93126 -.0095 .02845 .116 .004827 .000061 .045638 2.67810 
1194 .92683 -.0119 .0287 .11657 -.00178 -.00002 .045616 2.67679 

mm Hg = Abs x A + B A = 2.7281 B 0.03031 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 



Table A.11. Experiment IR-11 

N20 Mole Ratio Calculations 

Time mm Hg mmo1es Sum N20 N2 O/Pd 
min. 

4 -.00335 -.00004 -.00004 -.00248 
8 .002039 .000026 -.00002 -.00097 
12 .012432 .000157 .000140 .008229 
16 .017586 .000222 .000362 .021241 
20 .025455 .000321 .000683 .040074 
25 .027958 .000353 .001035 .060760 
30 .034639 .000437 .001472 .086389 
35 .036633 .000462 .001934 .113494 
40 .038796 .000489 .002423 .142199 
45 .037926 .000478 .002901 .170260 
50 .037820 .000477 .003378 .198243 
55 .032136 .000405 .003783 .222020 
65 .033197 .000419 .004202 .246582 
70 .030694 .000387 .004589 .269293 
75 .023631 .000298 .004887 .286777 
80 .021764 .000274 .005161 .302880 
85 .019410 .000245 .005406 .317241 
90 .015380 .000194 .005600 .328621 
95 .016334 .000206 .005806 .340707 
100 .012474 .000157 .005963 .349936 
105 .009123 .000115 .006078 .356686 
110 .008190 .000103 .006182 .362746 
115 .009271 .000117 .006299 .369606 
120 .006005 .000076 .006374 .374049 
125 .004054 .000051 .006425 .377048 
130 .000448 .000006 .006431 .377379 
135 .006090 .000077 .006508 .381885 
140 .001233 .000016 .006523 .382797 
145 .000363 .000005 .006528 .383066 
150 .003269 .000041 .006569 .385485 
1174 .000109 .000001 .006570 .385565 
1179 -.00161 -.00002 .006550 .384374 
1184 -.00275 -.00003 .006515 .382336 
1189 -.00284 -.00004 .006480 .380235 
1194 -.00231 -.00003 .006451 .378526 

mm Hg = Abs x A + B A = 2.12103 B = -0.06742 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054» 
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Table A.12. Experiment IR-12 

Absorbance Data and CO2 Mole R~tio Calculations 

Absorbance Data CO2 Calculations 

Time 2118 2359 2237 2407 rnrn Hg rnrno1es Total CO2/Pd 

4 .94424 -.0206 .02655 .08767 -.01070 -.00013 -.00013 -.03231 
8 .94138 -.0192 .02738 .09952 -.00686 -.00009 -.00022 -.05301 
12 .93892 -.0148 .02743 .0951 .005284 .000067 -.00015 -.03706 
16 .94865 -.0103 .02671 .09658 .017315 .000218 .000064 .015214 
20 .94233 -.0072 .02759 .10034 .025909 .000327 .000390 .093426 
25 .93517 -.0082 .02687 .1032 .023235 .000293 .000683 .163568 
30 .9393 -.0079 .0271 .10268 .023917 .000302 .000985 .235768 
35 .94195 -.0040 .02731 .10193 .034502 .000435 .001420 .339922 
40 .94769 -.0050 .02754 .10147 .031801 .000401 .001821 .435924 
45 .94443 -.0002 .02699 .10056 .045115 .000569 .002390 .572115 
50 .94539 -.0022 .0275 .10251 .039604 .000499 .002889 .691670 
55 .93761 -.0037 .02729 .10106 .035321 .000445 .003334 .798295 
60 .94827 -.0068 .02678 .10224 .027000 .000340 .003675 .879802 
65 .94365 -.0056 .02766 .10213 .030165 .000380 .004055 .970862 
70 .94577 -.0061 .02766 .10056 .028991 .000366 .004421 1. 05838 
75 .94827 -.0084 .02708 .09999 .022499 .000284 .004704 1.12630 
80 .95782 -.0088 .0269 .098 .021435 .000270 .004975 1.19100 
85 .94443 -.0076 .02713 .09767 .024899 .000314 .005288 1.26617 
90 .94329 -.0098 .02768 .10056 .018925 .000239 .005527 1.32330 
95 .94233 - .009l .0281 .10643 .020671 .000261 .005788 1. 38570 
100 .94233 -.0107 .02923 .10685 .016442 .000207 .005995 1. 43533 
105 .9393 -.0111 .02752 .10331 .015351 .000194 .006189 1.48167 
110 .9443 -.0160 .02852 .10122 .002010 .000025 .006214 1. 48774 
115 .9452 -.0164 .02694 .10463 .000892 .000011 .006225 1.49043 
120 .93836 -.0139 .02701 .10566 .007685 .000097 .006322 1.51363 
125 .94443 -.0169 .02768 .10527 -.00045 -.00001 .006316 1.51229 
130 .92702 -.0161 .02886 .10444 .001628 .000021 .006337 1. 51720 
135 .9307 -.0172 .02639 .10369 -.00140 -.00002 .006319 1.51298 
140 .93836 -.0198 .0259 .10721 -.00849 - . 00011 .006212 1.48734 
145 .93442 -.0173 .02692 .10279 -.00167 -.00002 .006191 1. 48229 

mm Hg = Abs x A + B A = 2.7281 B 0.03031 

mmo1es = «(mm Hg/760)x xO.234)/(297.6 x 0.082054)) 
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Table A.13. Experiment IR-13 

Absorbance Data and CO2 Mole Ratio Calculations 

Time Abs mm Hg mmo1es CO2 Sum COzlPd 

2 -.0202 -.00849 -.00011 0 0 
7 -.0175 - .00115 -.00001 0 0 
12 -.0207 -.00977 -.00012 0 0 
17 - .0117 .014757 .000186 .000186 .034771 
22 -.0105 .018167 .000229 .000415 .077578 
27 - .0080 .024769 .000312 .000727 .135941 
32 -.0088 .022696 .000286 .001014 .189418 
37 -.0096 .020486 .000258 .001272 .237689 
42 -.0045 .034536 .000435 .001707 .319064 
47 -.0036 .036991 .000466 .002174 .406225 
52 -.0101 .019259 .000243 .002417 .451603 
57 -.0077 .025724 .000324 .002741 .512216 
62 -.0075 .026133 .000330 .003070 .573793 
67 - .0061 .030144 .000380 .003451 .644819 
72 -.0075 .026188 .000330 .003781 .706524 
77 -.0070 .027525 .000347 .004128 .771379 
82 -.0081 .024606 .000310 .004438 .829357 
87 -.0043 .035054 .000442 .004880 .911954 
92 - .0071 .027334 .000345 .005225 .976359 
97 - .0080 .024906 .000314 .005539 1. 03504 
102 -.0030 .038519 .000486 .006024 1.12580 
107 - .0088 .022641 .000285 .006310 1.17915 
112 -.0056 .031426 .000396 .006706 1.25320 
117 -.0085 .023378 .000295 .007001 1.30828 
122 -.0035 .037128 .000468 .007469 1. 39577 
127 -.0062 .029735 .000375 .007844 1.46583 
132 -.0068 .028098 .000354 .008198 1.53203 
137 -.0085 .023433 .000295 .008494 1.58725 
142 -.0093 .021359 .000269 .008763 1.63757 
147 - .0109 .017021 .000215 .008978 1. 67768 
152 -.0076 .025997 .000328 .009305 1.73894 
157 -.0094 .021114 .000266 .009572 1.78869 
162 -.0092 .021468 .000271 .009842 1.83927 
167 -.0085 .023514 .000296 .010139 1.89468 
172 -.0035 .037046 .000467 .010606 1. 98197 
177 -.0053 .032190 .000406 .011012 2.05781 

mm Hg = Abs x A + B A = 2.7281 B = 0.03031 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054» 

Negative mmole values were not included in the Sum 
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Table A14. Experiment IR-14 

Absorbance Data and CO2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Time 2359 2237 1876 nun Hg nunoles SUM CO2/Pd 

10 -.0003 .03875 .01022 .029489 .000372 .000372 .076787 
25 .02299 .03955 .01137 .093027 .0011.73 .001545 .319022 
40 .02803 .03993 .01144 .106777 .001346 .002891 .597060 
55 .03351 .04086 .01153 .121727 .001535 .004426 .914027 
70 .03576 .04031 .01039 .127866 .001612 .006038 1. 24698 
85 .01725 .0391 .00862 .077368 .001376 .007414 1. 53104 
100 .02016 .04089 .0088 .085307 .001076 .008489 1.75318 
115 .01714 .04134 .00999 .077068 .000972 .009461 1. 95385 
125 .00915 .04115 .00973 .055270 .000697 .010158 2.09777 
135 .01122 .03941 .00888 .060917 .000768 .010926 2.25639 
145 .00527 .04001 .00915 .044685 .000563 .011489 2.37275 
157 .00233 .03844 .00802 .036664 .000462 .011952 2.46822 
162 .00072 .03898 .01079 .032272 .000407 .012359 2.55225 
167 -.0014 .03661 .00906 .026570 .000335 .012694 2.62144 
172 -.0041 .03977 .01042 .019040 .000240 .012934 2.67102 
177 -.0039 .03939 .00984 .019668 .000248 .013182 2.72223 
182 -.0030 .03806 .01057 .022150 .000279 .013461 2.77991 
187 -.0085 .03692 .01024 .007009 .000088 .013549 2.79816 
192 -.008 .03692 .00886 .008482 .000107 .013656 2.82025 
197 -.0088 .03737 .0085 .006327 .000080 .013736 2.83672 
202 -.0096 .0385 .01022 .004117 .000052 .013788 2.84744 
207 -.0101 .03972 .00948 .002671 .000034 .013822 2.85440 

mm Hg = Abs x A + B A = 2.7281 B 0.03031 

mmoles = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.15. Experiment IR-15 

Absorbance Data and CO2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Assay 2359 2237 mm Hg mmo1es Sum CO2 COzlPd 

1 .10582 .04842 .318999 .004022 .004022 .601866 
2 .08892 .0468 .272894 .003441 .007463 1.11674 
3 .07194 .04622 .226570 .002857 .010320 1.54422 
4 .05303 .04508 .174981 .002206 .012526 1.87436 
5 .03955 .04477 .138206 .001743 .014269 2.13512 
6 .03447 .04378 .124347 .001568 .015836 2.36973 
7 .02337 .04378 .094064 .001186 .017022 2.54720 
8 .01911 .0423 .082443 .001039 .018062 2.70275 
9 .01365 .04036 .067547 .000852 .018914 2.83019 
10 .00948 .04077 .056171 .000708 .019622 2.93617 
11 .00846 .03967 .053388 .000673 .020295 3.03690 
12 .00312 .04008 .038820 .000489 .020785 3.11014 
13 .00207 .04122 .035955 .000453 .021238 3.17798 
14 .00083 .04139 .032572 .000411 .021649 3.23943 
15 -.0040 .0401 .019286 .000243 .021892 3.27582 
16 -.0076 .0391 .009465 .000119 .0220ll 3.29368 
17 -.0058 .03865 .014375 .000181 .022192 3.32080 
18 -.0085 .03979 .007146 .000090 .022282 3.33428 
19 -.0048 .04041 .017349 .000219 .022501 3.36702 
20 -.0083 .03927 .007610 .000096 .022597 3.38138 
21 -.0097 .03932 .003763 .000047 .022645 3.38848 
22 -.0125 .03808 -.00379 -.00005 .022597 3.38132 
23 -.0093 .03934 .004936 .000062 .022659 3.39063 

mm Hg = Abs x A + B A = 2.7281 B 0.03031 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 



Table A.16. Experiment IR-15 

N20 Mole Ratio Calculations 

Assay mm Hg mmo1es Sum N20 N2O/Pd 

1 .022549 .000284 .000284 .042544 
2 .019113 .000241 .000525 .078605 
3 .017883 .000225 .000751 .112345 
4 .015465 .000195 .000946 .141523 
5 .014807 .000187 .001132 .169460 
6 .012707 .000160 .001293 .193436 
7 .012707 .000160 .001453 .217411 
8 .009568 .000121 .001574 .235464 
9 .005454 .000069 .001642 .245753 
10 .006323 .000080 .001722 .257684 
11 .003990 .000050 .001772 .2652l2 
12 .004860 .000061 .001834 .274381 
13 .007278 .000092 .001925 .288112 
14 .007638 .000096 .002022 .302523 
15 .004902 .000062 .002084 .311772 
16 .002781 .000035 .002119 .317019 
17 .001827 .000023 .002l42 .320465 
18 .004245 .000054 .002l95 .328473 
19 .005560 .000070 .002265 .338963 
20 .003142 .000040 .002305 .344890 
21 .003248 .000041 .002346 .351018 
22 .000618 .000008 .002354 .352l83 
23 .003290 .000041 .002395 .358391 

mm Hg = Abs x A + B A 2.12103 B = -0.06742 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054» 

201 
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Table A17. Experiment IR-16 

Absorbance Data and CO 2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Assay 2359 2237 mm Hg mmoles Sum CO2 CO2/Pd 

1 .25189 .06702 .717499 .009047 .009047 .917781 
2 .21979 .06454 .629926 .007943 .016989 1.72354 
3 .17169 .05913 .498702 .006288 .023277 2.36145 
4 .14661 .05717 .430280 .005425 .023702 2.91184 
5 .11919 .05522 .355475 .004482 .033185 3.36654 
6 .09824 .05301 .298320 .003761 .036946 3.74814 
7 .07446 .05005 .23Y.45 .002943 .039889 4.04675 
8 .06098 .04859 .196670 .002480 .042369 4.29831 
9 .05066 .04711 .168515 .002125 .044494 4.51387 
10 .03901 .04668 .136733 .001724 .046218 4.68877 
11 .03072 .04475 .114116 .001439 .047657 4.83474 
12 .02L.15 .04412 .096192 .001213 .048870 4.95778 
13 .01721 .04251 .077259 .000974 .049844 5.05661 
14 .01345 .04105 .067001 .000845 .050689 5.14231 
15 .00562 .04058 .045640 .000575 .051264 5.20069 
16 .00505 .04177 .044085 .000556 .051820 5.25708 
17 .00231 .04062 .036610 .000462 .052281 5.30391 
18 -.0016 .04036 .025997 .000328 .052609 5.33717 
19 -.0004 .04017 .029217 .000368 .052978 5.37454 
20 -.0069 .03872 .011484 .000145 .053122 5.38923 
21 -.0021 .03886 .024688 .000311 .053434 5.42081 
22 -.0064 .03834 .012739 .000161 .053594 5.43710 
23 -.0083 .03837 .007773 .000098 .053692 5.44704 
24 -.0096 .03761 .004227 .000053 .053746 5.45245 
25 - .0072 .03856 .010692 .000135 .053880 5.46613 
26 -.0137 .03864 -.00701 -.00009 .053792 5.45716 

mm Hg = Abs x A + B A = 2.7281 B 0.03031 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.18. Experiment IR-16 

N20 Mole Ratio Calculations 

Assay rnrn Hg rnrno1es Sum N20 N2O/Pd 

1 .062000 .000782 .000782 .079307 
2 .056740 .000715 .001497 .151885 
3 .045265 .000571 .002068 .209786 
4 .041108 .000518 .002586 .262368 
5 .036972 .000466 .003052 .309661 
6 .032285 .000407 .003459 .350957 
7 .026006 .000328 .003787 .384223 
8 .022910 .000289 .004076 .413528 
9 .019770 .000249 .004325 .438817 
10 .018858 .000238 .004563 .462939 
11 .014765 .000186 .004749 .481826 
12 .013429 .000169 .004919 .499003 
13 .010014 .000126 .005045 .511812 
14 .006917 .000087 .005132 .520659 
15 .005920 .000075 .005207 .528232 
16 .008444 .000106 .005313 .539034 
17 .006005 .000076 .005389 .546715 
18 .005454 .000069 .005458 .553691 
19 .005051 .000064 .005521 .560151 
20 .001975 .000025 .005546 .562677 
21 .002272 .000029 .005575 .565584 
22 .001169 .000015 .005590 .567079 
23 .001233 .000016 .005605 .568656 
24 -.00038 -4.8e-6 .005601 .568171 
25 .001636 .000021 .005621 .570263 
26 .001805 .000023 .005644 .572572 

mm Hg = Abs x A + B A = 2.12103 B = -0.06742 

mmo1es = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.19. Experiment IR-17 

Absorbance Data and CO2 Mole Ratio Calculations 

Absorbance Data CO2 Calculations 

Assay 2359 2237 mm Hg mmo1es Sum CO2 CO2/Pd 

1 .25418 .08001 .7237462 .0091255 .0091255 .6913998 
2 .24143 .08111 .6889624 .0086869 .0178124 1. 349570 
3 .1944 .07389 .5606581 .0070692 .0248815 1. 885171 
4 .15739 .06931 .4596896 .0057961 .0306776 2.324316 
5 .13091 .06512 .3874485 .0048852 .0355628 2.694448 
6 .10765 .06156 .3239920 .0040851 .0396480 3.003960 
7 .08468 .05737 .2613266 .0032950 .0429429 3.253607 
8 .06583 .05429 .2099012 .0026466 .0455895 3.454127 
9 .05703 .05151 .1858936 .0023439 .0479334 3.631712 
10 .04869 .05095 .1631409 .0020570 .0499904 3.787562 
11 .04055 .04878 .1409338 .0017770 .0517674 3.922197 
12 .02991 .04723 .1119064 .0014110 .0531784 4.029102 
13 .02189 .04501 .0900268 .0011351 .0543135 4.115105 
14 .01554 .0446 .0727031 .0009167 .0552302 4.184559 
15 .0078 .04292 .0515873 .0006504 .0558806 4.233841 
16 .00656 .04182 .0482044 .0006078 .0564884 4.279891 
17 .00476 .04213 .0432937 .0005459 .0570343 4.321249 
18 .00327 .04158 .0392288 .0004946 .0575289 4.358725 
19 .0027 .0406 .0376738 .0004750 .0580039 4.394715 
20 - .002l .04029 .0245787 .0003099 .0583138 4.418195 
21 -.0016 .04062 .0259428 .0003271 .0586409 4.442978 
22 -.0057 .04055 .0147574 .0001861 .0588270 4.457076 
23 -.0052 .04034 .0162306 .0002046 .0590317 4.472582 
24 - .0071 .03905 .0108562 .0001369 .0591685 4.482953 
25 -.0086 .0363 .0067912 .0000856 .0592542 4.489440 

mm Hg = Abs x A + B A = 2.7281 B = 0.03031 

m-moles = «(mm Hg/760) x 0.234)/(297.6 x 0.082054» 
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Table A. 20. Experiment IR-17 

N20 Mole Ratio Calculations 

Assay mm Hg mmoles Sum N20 N2O/Pd 

1 .0853102 .0010756 .0010756 .0814974 
2 .0876433 .0011051 .0021807 .1652236 
3 .0723295 .0009120 .0030927 .2343205 
4 .0626152 .0007895 .0038822 .2941372 
5 .0537281 .0006774 .0045596 .3454641 
6 .0461772 .0005822 .0051419 .3895775 
7 .0372901 .0004702 .0056120 .4252010 
8 .0307574 .0003878 .0059999 .4545838 
9 .0248609 .0003135 .0063133 .4783336 
10 .0236732 .0002985 .0066118 .5009487 
11 .0190705 .0002405 .0068523 .5191669 
12 .0157829 .0001990 .0070513 .5342445 
13 .0110743 .0001396 .0071909 .5448238 
14 .0102046 .0001287 .0073196 .5545724 
15 .0066413 .0000837 .0074033 .5609169 
16 .0043082 .0000543 .0074576 .5650325 
17 .0049657 .0000626 .0075202 .5697763 
18 .0037991 .0000479 .0075681 .5734056 
19 .0017205 .0000217 .0075898 .5750493 
20 .0010630 .0000134 .0076032 .5760648 
21 .0017630 .0000222 .0076255 .5777490 
22 .0016145 .0000204 .0076458 .5792913 
23 .0011691 .0000147 .0076606 .5804081 
24 -.001567 -.000020 .0076408 .5789111 
25 -.007400 -.000093 .0075475 .5718420 

mm Hg = Abs x A + B A = 2.12103 B = -0.06742 

mmoles = «(mm Hg/760) x 0.234)/(297.6 x 0.082054)) 
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Table A.21. Experiment UV-1 

Absorbance Data 

Time, minutes 297 428 329 332 336 

0 1. 1114 .0152 .3761 .3348 .2937 
5 1. 0197 .0252 .3979 .3626 .3275 
15.5 .8306 .0394 .3799 .3539 .3232 
26 .6735 .0536 .3634 .3442 .3215 
36.5 .5584 .056 .3522 .34 .3216 
43.5 .5069 .0517 .3474 .3369 .3244 
54 .444 .0395 .3293 .322 .3125 
64.5 .4138 .0326 .3053 .2997 .2912 
75 .3927 .0286 .2704 .2634 .2549 
85 .3729 .0284 .2431 .2355 .228 
95 .3578 .0294 .2375 .23 .2222 
105 .3543 .0286 .24 .2339 .2263 
115 .3482 .0284 .2477 .242 .2356 
125 .3448 .0285 .2571 .25267 .2491 
135 .3394 .0288 .2646 .2626 .2567 
145 .338 .0279 .2722 .2796 .2676 
155 .3344 .0286 .2793 .2774 .2758 
165 .3345 .0296 .2868 .2886 .2863 
175 .3298 .0295 .2926 .2965 .2936 
185 .3276 .0299 .2993 .3037 .3012 
195 .3277 .0317 .3083 .3108 .3106 
248 .318 .0298 .3393 .3442 .3469 
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Table A.22. Experiment UV-2 

Absorbance Data 

Time, minutes 298' 326 332 428 

0 3.4675 1.1059 .7947 .0155 
6 2.0946 1.0388 .8076 .0038 
15 1. 5199 1.0482 .8811 .0338 
25 .9662 1. 0468 .9419 .0583 
35 .5859 1.034 .97 .0671 
45 .3591 1.002 .9598 .0634 
55 .2448 .9498 .9126 .0543 
65 .1918 .9054 .8676 .0519 
75 .1639 .9006 .8652 .0522 
85 .1459 .9182 .8897 .0501 
95 .1308 .945 .9306 .0535 
105 .1167 .9742 .9701 .0545 
115 .1043 1.0032 1. 0105 .0539 
125 .0955 1.0309 1.0434 .0546 
135 .0857 1.0489 1. 0756 .0557 
145 .0766 1.0694 1.0996 .0566 
155 .0704 1. 0861 1.1236 .0565 
165 .065 1.1038 1. 1412 .0571 
175 .0595 1.1111 1. 1561 .056 
185 .0559 1.124 1.1697 .0564 
195 .0502 1.1331 1. 187 .0566 
247 .0357 1.1701 1.2323 .0574 
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Table A.23. Experiment UV-3 

Absorbance Data 

Time, minutes 298' 326 339 

0 3.0001 .9083 .4729 
7 2.971 .9064 .4778 
17 2.8375 .8915 .4845 
27 2.7086 .8786 .4922 
35 2.6068 .8708 .5003 
45 2.484 .8603 .5084 
55 2.356 .8487 .5211 
65 2.2252 .8406 .5379 
75 2.0889 .8312 .5514 
85 1. 9792 .8103 .5455 
95 1.891 .7719 .5142 
105 1.7907 .7318 .4861 
115 1.683 .6962 .4646 
125 1. 5676 .6641 .4463 
135 1.4502 .6324 .4344 
145 1. 3341 .6001 .4199 
155 1. 2255 .5698 .4071 
165 1. 125 .537 .3908 
175 1.0297 .5082 .3754 
185 .9427 .4806 .3606 
195 .8747 .4538 .3466 
205 .8144 .4313 .3382 
215 .7672 .4158 .3299 
225 .7271 .4048 .3267 
235 .7007 .3974 .3276 
245 .6806 .397 .3337 
255 .6627 .3977 .3438 
265 .6499 .4047 .3547 

Final -.021 1.1701 1.0168 
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Table A.24. Experiment UV-4 

Absorbance Data 

Time, minutes 298 314 340 335 360 

0 1.549 .9718 .2466 .3097 .0903 
8 1. 4718 .9403 .2704 .3303 .1051 
18 1.3614 .8852 .284 .3402 .1172 
28 1. 2673 .8344 .2874 .3423 .123 
35 1. 208 .7995 .2896 .3422 .1245 
45 1.1311 .7554 .2898 .3413 .128 
55 1. 0636 .7179 .2882 .3323 .1279 
65 1. 0123 .6763 .2744 .3214 .1238 
75 .9581 .6298 .2405 .2837 .1078 
85 .8896 .5767 .2123 .2519 .0969 
95 .8214 .5277 .1927 .2269 .0892 
105 .7546 .4819 .1767 .2093 .0827 
115 .6934 .441 .1634 .1937 .0786 
125 .6354 .4037 .1527 .1798 .074 
135 .5839 .3681 .1428 .1681 .0719 
145 .5353 .3372 .1342 .1568 .0688 
155 .4934 .3085 .1263 .1459 .0677 
165 .4547 .2822 .1181 .1359 .063 
175 .425 .2607 .1104 .1272 .0617 
185 .3949 .2393 .1046 .1194 .0589 
195 .3703 .2219 .0982 .1101 .0566 
200 .3601 .214 .0939 
210 .3433 .2026 .0894 
220 .3299 .194 .0866 
230 .3197 .1857 .0874 
240 .3096 .1808 .0868 
250 .3042 .1765 .0886 
260 .3024 .1744 .0903 
270 .2953 .173 .0939 
280 .2947 .1719 .0978 
290 .2927 .1709 .1018 
300 .2892 .1708 .1052 
310 .2864 .1721 .1087 
320 .2879 .1712 .1129 
330 .2827 .171 .1155 



Table A.24--Continued 

340 
350 
360 
370 
380 
390 
445 
Final 

.2841 

.2822 

.2817 

.2802 

.2779 

.2781 

.2722 
.3195 

.1715 

.1717 

.1709 

.1712 

.172 

.1751 

.1708 
.287 

.1187 

.1227 

.125 

.1271 

.1299 

.1329 

.1461 
.4901 

210 
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Table A.25. Experiment UV-5 

Absorbance Data 

Time, minutes 300 320 

.00 .7837 .3956 
11. 50 .6094 .311 
21.12 .4618 .2309 
30.73 .386 .186 
40.35 .3249 .1494 
49.97 .2895 .1227 
59.58 .2457 .0998 
69.20 .214 .0803 
78.82 .1801 .064 
88.43 .1471 .0479 
98.05 .1109 .0312 
107.67 .0805 .0153 
117.28 .0544 .0018 
126.90 .0385 -.0077 
136.52 .0219 -.0158 
146.13 .0004 -.0237 
155.75 .0019 -.0291 
165.37 -.0153 -.0334 
174.98 -.0206 -.0386 
184.60 -.0411 -.0406 
194.22 -.0317 -.0458 
203.83 -.0455 -.0512 
213.45 -.0447 -.0554 
223.07 -.0489 -.0608 



Table A.26 Experiment UV-6 

Absorbance Data 

Time, minutes 

0.00 
8.00 
28.32 
48.63 
68.95 
89.27 
109.58 
129.90 
150.22 
170.53 
190.85 
211.17 
231. 48 
251. 80 
272.12 
292.43 
312.75 
333.07 
353.38 
373.70 
394.02 
414.33 
434.65 
454.97 
475.28 
495.60 
515.92 
536.23 
556.55 
576.87 
597.18 
617.50 
637.82 
658.13 
678.45 

295 

2.3095 
2.2876 
2.1316 
2.0571 
1.9524 
1. 8453 
1. 7384 
1.6381 
1.5432 
1.4594 
1. 3831 
1.3137 
1.2528 
1. 1937 
1.143 
1.098 
1.0534 
1.0157 
.9784 
.9427 
.9112 
.8805 
.8531 
.8241 
.8012 
.772 
.7502 
.7296 
.7077 
.6873 
.6667 
.6453 
.6329 
.6163 
.6017 
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Table A.27. Experiment UV-7 

Absorbance Data 

Time, min 297 336 430 

.00 2.4317 .6056 
8.00 2.34 .5771 .0081 
28.27 2.0885 .5379 .0288 
48.53 1. 8768 .5172 .04 
68.80 1.686 .5125 .0394 
89.07 1. 5168 .5184 .0285 
109.33 1.396 .4792 .0187 
129.60 1.266 .4233 .0182 
149.87 1.1269 .3938 .0144 
170.13 .9912 .372 .0166 
190.40 .8702 .3491 .0155 
210.67 .764 .3294 .0162 
230.93 .6787 .3101 .0144 
251. 20 .6095 .2935 .0143 
271.47 .5624 .2804 .0146 
291. 73 .5242 .274 .0135 
312.00 .5013 .2762 .0133 
332.27 .4827 .2827 .0136 
352.53 .4744 .2918 .0122 
372.80 .4676 .3021 .0133 
393.07 .4561 .3123 .0127 
413.33 .4496 .3214 .0133 
433.60 .4492 .3307 .0135 
453.87 .4456 .3377 .0122 
474.13 .44 .3451 .0127 
494.40 .4329 .3518 .013 
514.67 .4329 .3576 .0131 
534.93 .4323 .3636 .0126 
555.20 .4281 .3686 .0145 
575.47 .4236 .3732 .013 
595.73 .4193 .3761 .0128 
616.00 .4165 .3814 
636.27 .4147 .3859 
656.53 .413 .3896 
676.80 .4144 .3941 
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Table A.27.--Continued 

886.80 .3937 .4166 
907.08 .3904 .4217 
927.37 .3916 .4238 
947.65 .3852 .4254' 
967.93 .3807 .4265 
988.22 .3806 .4311 
1,008.50 .3767 .4328 
1,028.78 .3791 .4358 
1,049.07 .3758 .4355 
1,069.35 .3729 .4386 
1,089.63 .3689 .4392 
1,109.92 .3691 .4413 
1,130.20 .3645 .443 
1,150.48 .3605 .4455 
1,170.77 .3649 .447 
1,191.05 .3573 .4483 
1,211.33 .3533 .4482 
1,231.62 .3539 .4506 
1,251.90 .3594 .4507 
1,272.18 .3562 .452 
1,292.47 .3562 .4544 
1,324.47 .5334 
1,352.97 .5989 
1,399.97 .7117 
1,452.97 .7269 
1,475.97 .7484 
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Table A.28. Experiment UV-8 

Absorbance Data 

Time, min 292 300 320 325 390 435 

0.00 3.0811 3.3125 1.6799 1.3339 .0616 .0114 
6 3.0196 3.1989 1.6387 1.3116 .0756 .031 
16.00 2.9424 3.0573 1.5864 1. 2736 .0843 .0622 
35.98 2.8595 2.9525 1.5536 1.2549 .092 .0861 
55.97 2.7784 2.8534 1.5277 1.2366 .0936 .0965 
75.95 2.7085 2.7636 1. 5061 1.2258 .0981 .1053 
95.93 2.6318 2.6829 1. 4895 1. 2185 .1001 .1078 
115.92 2.5541 2.6026 1.4757 1. 2178 .1048 .1104 
135.90 2.4862 2.5222 1.4598 1. 2146 .1078 .1109 
155.88 2.4152 2.4548 1.4514 1.2159 .1125 .1123 
175.87 2.345 2.3857 1.4434 1. 2169 .1162 . 1141 
195.85 2.2808 2.3162 1. 4275 1. 2153 .122 .1134 
215.83 2.2097 2.25 1. 4165 1. 2158 .1247 .1138 
235.82 2.1471 2.1819 1.4044 1. 2159 .1308 .1145 
255.80 2.0818 2.1161 1.3934 1.2181 .1358 .1143 
275.78 2.0175 2.052 1.3831 1. 2188 .1378 .1173 
295.77 1. 9526 1. 987 1. 3714 1. 218 .1425 .1182 
315.75 1. 8931 1.9237 1.359 1.2172 .1484 .1176 
335.73 1. 8318 1.8622 1. 3457 1. 2163 .1521 .1185 
355.72 1.7747 1.8064 1.3369 1. 211 .1568 .1174 
375.70 1. 7193 1.7473 1. 3237 1. 2118 .1603 .1173 
395.68 1.6671 1.6928 1. 3104 1.2106 .164 .117 
415.67 1. 615 1. 64 1.2963 1.2052 .1685 .1151 
435.65 1. 5701 1.5908 1. 2783 1.196 .1713 .1127 
455.63 1.5277 1.5466 1. 2683 1.1906 .1763 .1112 
475.62 1. 4821 1.5034 1.2524 1.1849 .1803 .1109 
495.60 1.4396 1.4605 1.2425 1.1807 .1839 .1089 
515.58 1. 4108 1. 4217 1.2305 1.1721 .1861 .1083 
535.57 1. 3735 1.3828 1. 2147 1.1665 .1878 .109 
555.55 1.3435 1.3547 1.2041 1.1553 .1913 .1112 
575.53 1. 3213 1.3242 1. 1922 1.1456 .1938 .1138 
595.52 1.2977 1.2954 1.1767 1.134 .1951 .1176 
615.50 1. 276 1. 2701 1. 1591 1.1224 .1947 .1222 
635.48 1. 2604 1.2467 1.1447 1. 111 .1968 .1234 
655.47 1.2416 1. 2259 1. 1291 1. 0959 .197 .122 
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Table A.28--Continued 

665.00 1. 2235 1.2041 1.1121 1.0808 .1956 .1186 
685.02 1.1989 1. 1642 1.0758 1. 051 .1992 .1135 
705.03 1. 1788 1.1259 1.0368 1. 0138 .1998 .1103 
725.05 1.1505 1.0879 .9951 .9744 .201 .1084 
745.07 1.1205 1.0526 .955 .9353 .2015 .1054 
765.08 1. 0976 1. 0186 .9148 .8972 .2018 .1046 
785.10 1. 0761 .983 .8757 .8613 .2009 .1021 
805.12 1.049 .9487 .839 .8266 .1988 .1009 
825.13 1.0295 .9224 .8088 .7964 .1962 .0982 
845.15 1.0167 .8962 .7815 .7671 .1908 .0999 
865.17 .9985 .8761 .7591 .7452 .1841 .0977 
885.18 .9889 .8566 .7414 .7265 .1786 .0952 
905.20 .9825 .8406 .7263 .7082 .174 .0948 
925.22 .9679 .8252 .7101 .694 .1704 .0952 
945.23 .9521 .8082 .6991 .6821 .1665 .0929 
965.25 .9422 .7906 .6874 .6713 .1639 .092 
985.27 .9239 .7775 .678 .6607 .1611 .0916 
1,005.28 .9165 .7646 .6695 .6522 .1576 .091 
1,025.30 .9139 .7538 .6616 .6441 .1572 
1,045.32 .8951 .7436 .6541 .6382 .1531 
1,065.33 .8885 .7343 .6478 .6314 .1505 
1,085.35 .8724 .7208 .6427 .628 .1497 
1,105.37 .8722 .7149 .6381 .625 .147 
1,125.38 .8693 .7044 .635 .6204 .147 
1,145.40 .8487 .6994 .6313 .6199 .1439 
1,165.42 .8486 .6949 .6292 .6171 .1442 
1,185.43 .8384 .6886 .6267 .615 .1427 
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Table A.29. Experiment UV-9 

Absorbance Data 

Time, min 300 290 

.00 l.3175 1.1444 
2.883333 l.6739 2.0424 
5.77 1.6364 l. 9631 
8.65 l. 6021 l. 9473 
11.53 l. 581 1.9032 
14.42 1.5488 1.8908 
17.30 1.5244 l. 8558 
20.18 l.5179 l. 8419 
23.07 1.4894 l.8173 
25.95 l. 4701 l. 7931 
28.83 1.4505 l. 7742 
3l. 72 1.4387 1.7673 
34.60 1.4266 l. 7405 
37.48 l. 3995 l. 7191 
40.37 1.3886 l. 7071 
46.13 l. 3581 l. 6791 
49.02 l. 346 l. 6779 
51.90 l.3317 1.6667 
54.78 1.3244 1.6593 
57.67 1.3052 1.6262 
60.55 l.2916 1.6232 
63.43 l.2779 l. 5947 
66.32 l. 269 l. 5841 
69.20 1.2624 l. 5845 
72.08 l. 2509 1.5761 
74.97 1.2353 l. 5739 
77.85 l.2254 l.5618 
80.73 l.2171 l. 567 
83.62 1.206 1.5482 
86.50 1.2002 1.5436 
89.38 l. 1909 l. 5419 
92.27 1.1825 l. 5169 
95.15 1.1676 1.5069 
102.55 l.1535 1.4898 
105.53 l.1411 1.4689 
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Table A.29--Continued 

125.55 1. 0867 1. 4319 
145.57 1.0399 1.3955 
165.58 .9959 1.3654 
185.60 .9564 1.3242 
205.62 .9219 1. 3017 
225.63 .8896 1. 2871 
245.65 .8582 1.2589 
265.67 .8332 1.2383 
285.68 .8036 1. 2262 
305.70 .7808 1.2063 
325.72 .7567 1.1819 
345.73 .737 1.1751 
365.75 .7153 1.1557 
385.77 .6986 1.1488 
405.78 .6827 1. 1376 
425.80 .6687 1.1229 
445.82 .6567 1.1065 
465.83 .6456 1. 1022 
485.85 .6341 1. 102 
505.87 .6237 1.10945 
525.88 .6172 1.0828 
545.90 .6098 1.0834 
565.92 .6043 1. 0833 
585.93 .601 1. 0705 
605.95 .5951 1. 0703 
625.97 .5919 1.0706 
645.98 .5875 1. 0677 
666.00 .5875 1.0622 
670.5000 .5835 1.0615 
690.52 .583 1.0634 
710.53 .5824 1.0648 
730.55 .5816 1.0584 
750.57 .5794 1.0597 
770.58 .5762 1.0609 
790.60 .5765 1.0535 
810.62 .5784 1.0505 
830.63 .5758 1. 0564 
850.65 .5767 1.0535 
870.67 .5769 1. 0512 
890.68 .5788 1.054 
910.70 .5777 1.0523 
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Table A.29--Continued 

930.72 .5753 1.0503 
950.73 .5765 1. 0514 
970.75 .5758 1.0486 
990.77 .5736 1.0489 
1,010.78 .5745 1.0456 
1,030.80 .5744 1.0512 
1,050.82 .5741 1. 0471 
1,070.83 .5743 1.0437 
1,090.85 .5729 1.046 
1,110.87 .5728 1.0472 
1,130.88 .5765 1. 047 
1,150.90 .5755 1.0438 
1,170.92 .5745 1. 0481 
1,190.93 .575 1. 0481 
1,210.95 .5748 1. 0436 
1,230.97 .5753 1. 0433 
1,250.98 .5747 1.0394 
1,271.00 .5729 1.042 
1,291. 02 .5749 1. 0401 
1,311.03 .5733 1.0372 
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Table A.30. Experiment UV-10 

Absorbance Data 

Time, min 240 290 310 335 

.00 2.3291 2.3954 1.5166 .582 
4.166667 2.3384 2.1131 1.4229 .6336 
7 .17 2.3637 2.0287 1.4056 .6604 
10.17 2.3539 1. 9714 1.3683 .6764 
13.17 2.3315 1. 9218 1. 3273 .6988 
16.17 2.3245 1.8527 1.2944 .7204 
19.17 2.3034 1.808 1.2603 .7387 
22.17 2.2949 1.7693 1. 2377 .756 
25.17 2.2734 1. 7197 1.2099 .769 
28.17 2.2728 1. 6879 1. 1813 .781 
31. 17 2.2685 1. 6618 1.1614 .7915 
35.17 2.2619 1.6282 1.1355 .8062 
39.17 2.2397 1.5837 1.1031 .8164 
43.17 2.2428 1.5486 1.0801 .8269 
47.17 2.2241 1.5249 1. 0614 .835 
51. 17 2.2088 1. 4954 1.0378 .8416 
55.17 2.2019 1.4751 1.0196 .8492 
59.17 2.1938 1.452 1.0006 .8533 
63.17 2.1829 1.4325 .9891 .8599 
67.17 2.1656 1.4183 .9709 .8638 
71. 17 2.1768 1.3987 .9629 .867 
75.17 2.1695 1.3829 .9442 .872 
79.17 2.1622 1.3709 .9336 .8785 
83.17 2.1601 1. 3532 .9221 .8832 
87.17 2.1487 1. 3431 .9114 .8886 
91. 17 2.1542 1.3296 .9009 .8927 
104.17 2.1355 1. 2962 .868 .9064 
124.23 2.1088 1. 2544 .8348 .9321 
144.30 2.0967 1.2176 .8035 .954 
164.37 2.025 1. 1928 .7774 .9634 
184.43 2.0539 1.1666 .7579 .9728 
204.50 2.0286 1.1495 .7415 .9801 
224.57 2.0095 1.1309 .7225 .989 
244.63 1.9933 1.1153 .7086 .9925 
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Table A.30--Continued 

264.70 1. 966 1.1027 .6942 .9939 
284.77 1.9458 1.0865 .6816 .9969 
304.83 1.9322 1. 0744 .671 1. 0015 
324.90 1.9055 1.0639 .6601 1. 0067 
344.97 1.8808 1. 0493 .6509 1.0113 
365.03 1.8598 1. 0378 .6394 1. 0158 
385.10 1. 8367 1.0286 .6332 1.0191 
405.17 1.8119 1. 02 .6229 1.023 
425.23 1.7933 1.0096 .616 1.0294 
445.30 1. 7667 1.0022 .6096 1. 0281 
465.37 1.7446 .9963 .6023 1. 0356 
485.43 1.7285 .9899 .5967 1. 0362 
505.50 1. 7107 .9813 .5908 1.0432 
525.57 1.6859 .97729 .5876 1.0449 
545.63 1. 6651 .9697 .5794 1.0494 
565.70 1.6366 .9615 .5766 1.0505 
585.77 1.6187 .9564 .5717 1. 0572 
731. 60 1.4542 .9157 .54 1.0642 
1,067.42 1. 1457 .883 .5187 1. 0731 

1. 3016 .8399 .4856 .9966 
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Table A.31. Experiment UV-11 

Absorbance Data 

Time, minutes 300 335 

.00 3.1642 .783 
4.083333 3.2729 .8667 
7.00 3.205 .8726 
10.00 3.1828 .8756 
13.00 3.1422 .8827 
16.00 3.0964 .8903 
19.00 3.0887 .8955 
22.00 3.043 .9023 
25.00 3.0108 .9128 
29.00 2.986 .9238 
33.00 2.9422 .9324 
37.00 2.9097 .9423 
41.00 2.8968 .9558 
45.00 2.85999 .9643 
49.00 2.8297 .9733 
53.00 2.792 .9832 
57.00 2.7611 .9937 
61. 00 2.7289 1. 0026 
65.00 2.6736 1.0131 
69.00 2.6398 1.0227 
73.00 2.5956 1. 0371 
77.00 2.5607 1.0454 
81. 00 2.5275 1. 0577 
85.00 2.4885 1.0688 
89.00 2.4642 1. 0784 
93.00 2.435 1.0909 
112.00 2.2993 1.1378 
116.00 2.275 1.1499 
120.00 2.2377 1.1587 
124.00 2.2062 1.1661 
128.00 2.1769 1.1759 
132.00 2.141 1.1853 
136.00 2.1137 1.1949 
140.00 2.0813 1.202 
144.00 2.0596 1.2078 
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Table A.31--Continued 

148.00 2.0277 1. 2192 
152.00 2.0104 1. 2251 
156.00 1.9786 1.2326 
160.00 1.9614 1. 241 
164.00 1. 9371 1.2485 
168.00 1.9084 1.2541 
172.00 1.8902 1.2583 
176.00 1.8629 1.2655 
180.00 1.848 1.2686 
184.00 1. 8269 1.2754 
188.00 1.805 1. 2779 
192.00 1.7939 1.2824 
196.00 1. 7743 1. 2876 
200.00 1. 7537 1. 29 
204.00 1.7399 1. 2951 
208.00 1. 7173 1.2973 
243.00 1.5805 1.3177 
263.02 1. 5193 1.3322 
283.03 1.4595 1.3425 
303.05 1.4124 1. 352 
323.07 1.3663 1. 363 
343.08 1.3281 1.3702 
363.10 1. 293 1.3778 
383.12 1.2627 1.3842 
403.13 1.2364 1.3892 
423.15 1.2207 1.396 
443.17 1.2004 1.4045 
463.18 1.1924 1. 4105 
483.20 1.1837 1. 4185 
503.22 1.1771 1. 4233 
523.23 1.1741 1.422 
543.25 1. 1722 1. 435 
563.27 1. 1718 1.4359 
583.28 1.1678 1.4346 
603.30 1.166 1. 4391 
623.32 1. 1681 1. 4413 
643.33 1. 16 1. 4397 
663.35 1.1657 1.4445 
683.37 1. 1661 1.4422 
703.38 1. 1658 1.4445 
723.40 1.1671 1. 445 
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APPENDIX B 

FINAL OBEY PROGRAM 

DO DISPLA Y OFF 
&BREAK L50 
DO VCLEAR 
DO SCLEAR 
CHART OFF 
SET SCA A -.05, .5 
OUTPUT CLEAR VO 
&GOTO L5 
&L2 DO DISPLA Y ON 

• DO YOU WISH TO SAVE THE SPECTR UM IN "X"? 
• ENTER 0 (NO) > 0 (YES) 
DO DISPLAY OFF 
&ENTER Al 
CALC VIO = &AI 
&IF VIO L4 L4 U 
&U DO SCLEAR 
DO DISPLA Y ON 
• ENTER THE NAI'vlE OF THE FIELD 
&ENTER A I 
SAVE X &AI 
&ERROR L2 
&L4 DO DISPLA Y O~ 
DO SCLEAR 

• DO YOU WISH TO EXPAND THE DISPLA Y? 
• ENTER 0 (1\0) >0 (YES) 
&ENTER AI 
DO DISI'LA Y OFF 
CALC VI{) = &:\1 
&IF VIO L50 L50 L40 
&L40 DO DISPL\ Y ON 

• ENTER THE MAX ABSORBANCE VALUE 
&ENTER AI 

'ENTER THE MIN ABSORBANCE VALUE 
&ENTER A2 
DO DISPLA Y OFF 
DO VCLEAR 
DO SCLEAR 
SET SCA A &A2 &Al 
&ERROR L40 
VIEW X 
GRID 
&L50 DO DISPLA YON 
DO SCLEAR 

• DO YOU WISH TO CONTINUE'? 
• ENTER 0 (NO) >0 (YES) 
DO DISPLA Y OFF 
&ENTER Al 
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53 SET SCA A -.05, .5 
54 CALC VlO = &AI 
55 &IF VlO L20 L20 L5 
56 &L5 * 
57 DO VCLEAR 
5R DO SCLEAR 
59 DO DISPLAY ON 
60 SCAN X 2500 1500 
61 DO DISPLAY OFF 
62 DO VCLEAR 
63 DO SCLEAR 
64 CALC VI = ABSR(X(2118» 
65 CALC V2 = ABSR(X(2359» 
66 DO DISPLAY ON 
67 * 
68 A(2118) - CO - &Vl 
G9 
70 A(2359) - CO - &V2 
71 
72 DO DISPLA Y OFF 
73 CALC V6 = ABSR(X(2237» 
74 CALC V7 = AI3SR(X(2407» 
75 CALC \/8 = ABSR(X(l90,)) 
76 TAAT X X 
77 VIEW X 
7K GRID 
79 DO DISPLA Y OJ\' 
80 A(2237) - ]':20 - &: \'6 
81 
~p l _ A(2407) - CHHCU - &V7 
83 
84 A(l909) - ]':0 - &\/8 
KS 
S() 

87 
88 
89 
9() DO DISPLA Y OFF 
91 &GOTO L2 
92 &L20' 
93 DO SCLEAR 
94 DO VCLEAR 
9S DO DISPLA Y OJ\' 
C)(i ·OBEY PROGRAi\'l IS FINISHED 
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APPENDIX C 

GAS SAMPLING PROCEDURAL STEPS 

C.1 Procedure for Nitrogen Filling to Pressure Broaden the Target Gas 
Using the Apparatus Diagrammed in Figure 2.4 

System refers to any parts toward the IR cell. 
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The alternate procedure is for using this apparatus and filling with carbon 

monoxide. 

(1) Tl to vacuum to system; T2 open to all; T3 closed; Sl open; S2 

open; cell open 

(2) Evacuate system, cell, McLeod, U-tube, and bubbler 

(3) When P :::! 0.15 mm Hg, then T2 vacuum to system; T3 target 

gas to bubbler 

(4) When P ::; 0.05 mm Hg 

Time drive scan on (@ wavenumber, scale = 20, offset = 0-.005, 2 cm per 

minute) 

T2 target gas to system 

(5) When system/bubbler filled with target gas; T2 vacuum to 

system 

(6) When absorbance:::! 0.10; T2 target gas to system 

(7) Repeat Step 5; repeat Step 6 

(8) When system/bubbler full of target gas 

T1 closed 



Target gas off at regulator 

T2 Tl to system 

(9) Partially open Tl vacuum to system to allow gradual evacuation 

(10) As instrument pen comes on scale 

Read and record McLeod gauge every 30 seconds (1 cm) 

(11) When system pressure at desired amount, wait until next cm 

mark on graph paper 

(12) At graph mark 

Tip ivlcLeod 

Close S2 

Close cell 

Fully open T1 vacuum to system 

(13) Alternate three times Tl between filler gas and vacuum 

(14) Quick full open of the cell 

Adjust total pressure to desired amount 

Close T2 

Close Cell 

Measure and record U-tube pressure 

Time drive scan off on instrument 

(15) Let cell sit in instrument for at least 7 minutes 

Scan 2500-2000 cm- l and save spectrum on diskette 
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C.2 Alternate Procedure for Filling with Carbon Monoxide 
Starting at Step #8 Using Figure 2.4 

(8) When system/bubbler is full of target gas 

Tl closed 

Target gas off at regulator 

T3 closed 

T2 all open 

(9) Partially open Tl vacuum to system to allow gradual evacuation 

(0) As instrument pen comes on scale 

Read and record McLeod gauge every 30 seconds 0 cm) 

(1) When P ~ 0.50 mm Hg 

T2 vacuum to system 

T3 filler gas (CO) to T2 and bubbler 

(12) When system pressure at desired amount, wait until next cm 

mark on graph paper 

(13) At graph mark 

Tip rv1cLeod 

Close S2 

Close cell 

Fully open T2 vacuum to system 

(4) Alternate three times T2 between filler gas and vacuum 

(15) Open T2 filler gas to system; slow bubbling through bubbler 
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(16) Quick full open of the cell 

Adjust total pressure to desired amount 

Filler gas off at regulator 

Close cell 

Measure and record U-tube pressure 

Time drive scan off on instrument 

(17) Let cell sit in instrument for at least 7 minutes 

Scan 2500-2000 cm- 1 and save spectrum on diskette 

C.3 Procedure for CO Filling to Pressure Broaden the Target Gas 
Using the Apparatus Diagrammed in Figure 2.5 

(1) Tl to vacuum to system; T2 open to all; T3 closed; T4 open to 

all 

SI open; S2 open; cell open 

(2) Evacuate system, cell, McLeod, U-tube, and bubbler 

(3) When P ~ 0.15 mm Hg, then T2 vacuum to system; T3 target 

gas to bubbler 

(4) When P ~ 0.05 mm Hg 
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Time drive scan on (@ wavenumber, scan mode 3, extra smooth 2, scale = 

40, Offset = 0-.005, 2 cm per minute) 

T2 target gas to system 

(5) When system/bubbler filled with target gas; T2 vacuum to system 



(6) \Vhen absorbance ~ 0.10; T2 target gas to system 

(7) Repeat Step 5; repeat Step 6 

(8) When system/bubbler full of target gas 

Target gas off at regulator; T3 closed 

T1 closed 

T2 all open 

(9) Partially open T1 vacuum to system to allow gradual evacuation 

(10) At P ~ 10 mm Hg 

T2 Tl to bubbler 

T1 full vacuum for 30 seconds 

Tl closed 

T2 1'1 to system 

T3 CO to bubbler; 

Tl Partially open vacuum to system 

(11) As instrument pen comes on scale 

Read and record McLeod gauge every 30 seconds (1 cm) 

(12) When system pressure at desired amount, wait until next cm 

mark on graph paper 

(13) At graph mark 

Close cell 

Tip rvlcLeod, read and record 

Fully open Tl vacuum to system 
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(14) Alternate three times T2 between carbon monoxide ancl 

vacuum 

(15) Fill system to about 680 0101 Hg carbon monoxide closing the 

regulator 

(16) Open cell to admit carbon monoxide 

Adjust total pressure to desired amount by addition of carbon monoxide using 

the regulator needle valve 

:Measure and record U-tube pressure 

Close cell 

Time drive scan off on instrument 

(17) Let cell sit in instrument for at least 7 minutes 

Scan 2500-2000 CIll,I and save spectrum on diskette 

C.4 Final Procedural Steps for Manipulation of 
Head-Space Gases 

(See Chapter 2. Section 2.3.2. for a description of the gas-manipulation 

apparatus). 

(1) Turn on the IR ancl data station for five minutes 

(2) Place IR cell in sample beam and flush to optics side 

(3) Adjust baseline for 100% T at 2500 cm'l 

(4) Start OBEY program--"OBEY GASE" 



(5) With reaction vessel stopcock closed, evacuate the system and 

the cell by opening the stopcocks towards the vacuum pump 

(6) Close the middle stopcock 30 seconds before time mark 

(7) Open three-way stopcock to CO and fill system to middle 

(8) At 10 seconds before the time mark, open the reaction vessel 

to the system, up to the middle, and the IR cell 

(9) Wait 10 seconds and close the IR cell 

(10) Open middle stopcock to readmit CO to reaction vessel 

(11) Adjust total pressure to reaction pressure 

(12) Close reaction vessel and open the IR cell 

(13) Adjust total pressure to analysis pressure--675 mm Hg 

(14) Close IR cell 

(15) Verify 100% T and start SCAN as per data station prompts 

(16) Three-way stopcock to vacuum to evacuate system 

(17) At completion of SCAN, open cell to evacuate 

(18) Record OBEY -generated absorbances displayed on screen 

(19) Follow OBEY prompts to repeat or quit 
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