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(ABSTRACT) 

The chemistry of chemical vapor deposition from copper (II) dimethylaminoethoxide 

onto single crystal strontium titanante has been studied by in situ infrared analysis of the 

vapor phase in the reactor, and by simultaneous mass spectrometer analysis of the reactor 

outlet gas. Species condensed from the reactor outlet gas in a liquid nitrogen trap were 

analyzed by proton nuclear magnetic resonance. Chemical information was also obtained by 

Auger electron and X-ray photoelectron spectrometer analysis of the deposited films. 

Deposition chemistry was studied with respect to deposition temperature, presence of 

ultraviolet light, and presence of a reactive gas cofeed. The goal was to determine the 

reaction pathway and relate it to deposited film composition. 

In a reduced pressure helium atmosphere, copper dimethylaminoethoxide deposits 

clean, conductive films of copper metal at 200°C. The ligands are eliminated by two 

interdependent reactions: #-hydride elimination produces dimethylaminoethanal, while



reductive elimination produces dimethylaminoethanol. The minimum deposition temperature 

is 150°C. At substrate temperatures near 250°C some ligand fragmentation occurs, in addition 

to the clean elimination pathway, leading to carbon contamination of the deposited films. 

The deposition chemistry of copper dimethylaminoethoxide is not affected by 

irradiation with ultraviolet light of wavelengths between 360 nm and 600 nm. The 

ultraviolet light source was a Spectronics B-100 UV lamp. A light source with higher power 

might affect deposition chemistry. 

At a substrate temperature of 200°C in the presence of oxygen, dimethylaminoethanol 

and dimethylaminoethanal are not detected as products. Decomposition involves extensive 

ligand fragmentation, producing small amines and carbonyl species, carbon monoxide, and 

carbon dioxide. Films are free of carbon and nitrogen, because the ligand fragments are 

volatile and stable. Films are a mixture of copper metal and copper (I) oxide. Optimization 

of oxygen concentration in the reactor could lead to deposition of a pure copper oxide.
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1. Introduction 

1.1 The Value of Copper 

Copper has important applications in the electronics industry. The ability to grow 

pure thin films of copper and copper oxides is of technological value. Methods of growing 

thin films of many metals and semiconductors are well-established. However, copper presents 

problems which so far have not been solved by the empirical approaches used for other 

materials. Research into the chemistry of copper film deposition may help overcome these 

problems and improve film growth methods for other materials. 

Copper metal would be an excellent material for device interconnects on chips. It has 

a high conductivity and does not exhibit the electromigration problems of aluminum, the 

material most widely used now. When an aluminum interconnect carries high current 

density, the aluminum atoms tend to migrate across the surface of the chip. These wayward 

atoms can cause circuits to break or short. Electromigration will become a severe problem as 

device sizes shrink and conducting lines must be drawn ever narrower and closer to one 

another [1]. Apart from copper, the most obvious choices for interconnects are gold and 

silver, which are highly conductive. Copper has the advantage of being far less expensive 

than either gold or silver. There is some interest in tungsten, but it has a higher resistivity 

than copper [2]. 

Copper (I) and copper (II) oxide are the basis for the current generation of high 

temperature superconductors. Indeed, it is thought that the sheets of copper (II) ions are 

responsible for superconductivity in these materials [3]. Copper (I) oxide was used in early 

solar cells [4]. 

All of these applications require thin films and control of oxidation state. An ideal 

film growth system would produce each oxidation state in its pure form on demand. For 

instance, a change in processing conditions might produce copper metal or copper (II) oxide. 

In order to be useful, the system must reliably produce pure films of one of the oxidation 

states. Post-deposition oxidation or reduction could be used to achieve the desired oxidation 

state.



1.2 Metalorganic Chemical Vapor Deposition for Copper Film Growth 

Difficulties in growth and patterning of pure thin films have hindered widespread use 

of copper in electronics. Thin films of metals and semiconductors are often grown by 

chemical vapor deposition, CVD [5]. In CVD, a metal-containing molecule (precursor) is 

transported in the gas phase to the surface to be coated (substrate), then decomposed. When 

the precursor is a metalorganic, the process is termed metalorganic chemical vapor deposition, 

or MOCVD. Simple compounds such as silane, SiH, [6], tungsten hexacarbonyl, W(CO), [7], 

and trimethylgallium, Ga(CH,), [5a], are volatile and decompose cleanly to leave a metal 

film. 

Unfortunately, simple copper hydrides and carbonyls do not exist [8], and simple 

copper alkyls are nonvolatile [9]. In fact, few copper compounds exhibit the high volatility 

and low decomposition temperatures necessary to make MOCVD of copper commercially 

viable. High temperatures are not compatible with doped semiconductor devices. Dopant 

diffusion occurs at elevated temperatures. Also, copper is notorious for diffusing into silicon. 

This diffusion can be significant at 250-—300°C [1], so low-temperature deposition is essential 

for silicon-based applications. Some of the volatile copper metalorganics have ligands that 

can fragment and contaminate films; these reactions cannot be tolerated. 

One solution to the copper film growth problem is to choose another technique, such 

as sputtering from a pure copper target. However, chemical vapor deposition is already in 

widespread use in the electronics industry, so copper MOCVD can be integrated with other 

processing steps. CVD produces conformal films, so steps can be covered and vias filled. In 

contrast, an uneven surface casts shadows that will not be coated with a line-of-sight 

technique such as sputtering. With the proper choices of metalorganic precursor, 

temperature, and atmosphere, CVD produces pure films. The challenge lies in finding the 

precursor and selecting the processing conditions. 

This study was undertaken to study the decomposition chemistry of a precursor for 

copper MOCVD and the effect of chemistry on film quality. Few studies of copper deposition 

chemistry have been published, and even fewer involve in situ chemical analysis. The 

emphasis in this work is on obtaining and interpreting chemical information during



deposition. Studies of the deposition chemistry may lead to the design of better precursors 

and to faster optimization of deposition conditions. 

1.2.1 Thermal Metalorganic Chemical Vapor Deposition 

Thin films are grown over large areas by thermal MOCVD, in which heat decomposes 

the precursor. The simplest case is the hot wall reactor, in which the entire deposition reactor 

is heated above the decomposition temperature of the precursor. The film is deposited on all 

interior surfaces of the reactor, including the substrate. One refinement is the warm wall 

reactor, in which the reactor walls are kept only warm enough to prevent condensation of the 

precursor. The substrate alone is heated above the decomposition temperature of the 

precursor, and deposition takes place only on or near the substrate. 

Variations in deposition temperature can affect film purity. Ideally, for metal 

deposition, all metal—ligand bonds should be broken, and the whole ligands should leave the 

reactor in the gas phase. At low temperatures, whole ligands may be left bonded to metal 

atoms and incorporated into the film. At high temperatures, the ligands may decompose and 

leave fragments in the film. Temperature control is thus of concern in all MOCVD systems. 

The precursor must be transported to the deposition region without premature decomposition 

or condensation in a cold spot. The correct temperature must be maintained in the 

deposition zone to grow pure films without damage to the substrate. The temperature of 

outlet lines must also be maintained to prevent them becoming fouled by condensing 

decomposition products. 

1.2.2 Photoassisted Metalorganic Chemical Vapor Deposition 

Patterning is usually accomplished by laying down a complete film, then removing 

the unwanted portions. However, copper is resistant to fluorine etching, a common 

patterning method. An elegant solution to this problem is to lay down only the desired 

portions of the film. Several groups are approaching this by searching for precursors and 

conditions that give selective deposition [10]. If deposition occurs selectively on one type of 

material and not on another (ie. metal vs. oxide), a seed pattern could be drawn, then a



patterned film grown on that by CVD. Another possibility is direct-writing of the pattern by 

photoassisted CVD. The energy required to decompose the precursor is supplied by light and 

focused only on the desired regions. With photoassisted CVD, a pattern of light produces a 

pattern of metal [5b]. 

The term “photoassisted” is used because there are two types of light-induced 

decomposition processes, pyrolytic and photolytic [5b]. In pyrolytic CVD, the surface upon 

which the film grows absorbs light and becomes hot. Where it is hot enough, the precursor 

decomposes, just as in large area thermal deposition. Pyrolytic CVD is usually associated 

with lasers, which can produce a high intensity of light in a small area. In photolytic CVD, 

light is absorbed by the precursor itself, rather than by the substrate. Ultraviolet (UV) light 

of the correct frequency will be absorbed by electronic transitions within the molecule. Some 

of these transitions involve breaking bonds. The term “photoassisted” accounts for thermal 

and photolytic processes in the presence of light. It also describes experiments in which light 

alone or heat alone is insufficient to cause deposition, but a film grows when light shines on a 

substrate at elevated temperature. Photolytic CVD can be performed with a lower intensity 

source, such as a lamp. 

In theory, the light frequency can be tuned to a particular bond energy, and bonds 

can be selectively broken [5b]. In practice, absorbed energy is usually redistributed in the 

molecule quickly, and the bond broken may not be the one expected from E=fiv and bond 

energy calculations [11]. Still, light can activate decomposition pathways that are normally 

seen at higher temperatures. Light can selectively activate one or two decomposition 

pathways among several. This is because the laser or lamp provides a narrow range of 

energies, rather than the Maxwell-Boltzmann distribution of heat energy [12]. 

Copper (II) 6-diketonates [13-16] and copper (I) cyclopentadienyl triethylphosphine 

[17] are the only copper precursors for which photolytic CVD has been demonstrated. 

Although laser deposition of copper from copper cyclopentadienyl triethylphosphine was 

shown to have both pyrolytic and photolytic components, the effects were not separated. 

Photolytic effects were thought to be significant under a 248 nm excimer laser. However, the 

deposited films are heavily contaminated with carbon. The cyclopentadieny) ligand absorbs 

strongly at 248 nm. The laser may break up the ligand, and fragments may be incorporated



in the film [17]. This demonstrates the importance of exciting the metal-ligand bond 

electrons without causing ligand decomposition. The UV absorption spectrum and the 

electronic transitions which give rise to it are vital considerations in choosing a precursor for 

photoassisted deposition. 

Jones et a/. [13] showed that copper films deposit from copper (II) hexafluoroacetyl- 

acetonate in the presence of ethanol under a low pressure mercury lamp. The lamp emits 

wavelengths of light which excite charge transfer transitions between the acetylacetonate 

ligand and the metal center [18]. The films contained about 10 per cent carbon. In the 

absence of ethanol, copper deposited only under a higher power density UV laser, and the 

films contained up to 90 per cent carbon. The authors speculated that the mechanism for 

vapor phase deposition in the presence of ethanol was the same as that in ethanol solution 

[18]. The @-diketonate ligand abstracts a hydrogen from the ethanol to form the stable /- 

diketone. The alcohol is oxidized to acetaldehyde in the process. This data indicates that 

photodeposition may be successful only if there is a stable decomposition product to be 

formed from the ligand. A reactive gas cofeed may be required. 

1.2.3 Reactive Cofeed Metalorganic Chemical Vapor Deposition 

Adding other reactive species to the gas phase with the precusor can also change the 

nature of the deposited film. By cofeeding nitrous oxide, Tsurouka et a/. deposited super- 

conducting yttrium barium copper oxide at 650°C from (-diketonate precursors [19]. Usually, 

films must be oxidized for several hours at 800—900°C to achieve superconductivity. 

Hydrogen and oxygen are other common gases that are cofed to achieve a specific oxidation 

state or reduce carbon contamination in films. Hydrogen, for example, is cofed with 

precursors such as trimethylaluminum and trimethylgallium. The methyl radicals formed 

during decomposition react with hydrogen to form methane. Methane, being stable and 

volatile, is not included in the growing film [5b].



1.3 Precursors for Copper Metalorganic Chemical Vapor Deposition 

Several factors determine the suitability of a metalorganic as a precursor for 

MOCVD. Its behavior as a function of temperature is most important. The precursor must 

be volatile below its decomposition temperature. High volatility at low temperatures is ideal. 

The entire deposition system must be warm enough to avoid condensation in cold spots, and 

it becomes more difficult to keep a system isothermal with increasing temperature. Another 

concern is the temperature difference between volatility and decomposition. With a large 

temperature difference it is easier to avoid premature decomposition in the system. 

For thermal or pyrolytic deposition, the decomposition temperature itself is a 

consideration. A high decomposition temperature means it is easy to transport the complex 

without decomposing it prematurely. However, if the substrate must be quite hot, damage to 

the substrate and diffusion of the film into the substrate may become a problem. 

For photolytic deposition, the UV absorption spectrum of the complex is important. 

The UV absorption spectrum reveals which frequencies of light excite electronic transitions in 

the CVD precursor molecule. Only frequencies that excite electronic transitions can cause 

photolytic decomposition, so the light source must emit radiation that will be absorbed by 

the precursor. However, not all of the absorbed frequencies will cause decomposition. 

Usually electrons will be excited and return to the ground state without bond scission. 

The decomposition products of the precursor are important. Non-volatile products 

can be incorporated in the growing film as contamination. Coordinatively unsaturated 

products may bond to the surface and contaminate the growing film. 

Because there are no volatile copper hydrides, carbonyls, or alkyls, attention has 

turned to more complicated copper species. Copper (II) $-diketonates are attractive because 

they are commercially available, thermally stable, insensitive to water and air. They are the 

popular choice for attempts to grow yttrium barium copper oxide superconductors. Copper 

3-diketonates deposit copper metal [20], but require a hydrogen cofeed [21] and substrate 

temperatures above 250°C [22]. Other reported precursors for copper metal are copper (I) 

alkoxides [23], copper (I) 6-diketonate trialkylphosphines [10b], copper (I) cyclopentadieny]



trialkylphosphines [10a], copper (I) alkoxy trialkylphosphines [10a], copper (I) alkyne /- 

diketonates [24], fluorinated copper (II) §-ketoimines [25], and copper (I) (-diketonate 

cycloalkenes [26]. 

The copper (I) §-diketonate trialkylphosphines deposit copper metal between 100°C 

and 400°C, with films deposited at 250°C having resistivities near that of bulk copper [10b]. 

Volatile reaction products include the copper (II) 6-diketonate, the 6-diketone, and apparent 

thermal decomposition products of the @-diketonate ligand. Trialkylphosphines are stable to 

600°C. A disproportionation mechanism has been proposed for thermal deposition from these 

compounds: 

(@-diketonate)Cu(PR3) — Cu(0) + Cu(6-diketonate), + 2 PR, (1.1) 

The decomposition products of fluorinated copper (II) (-ketoimines were also 

investigated [25]. Deposition with hydrogen cofeed at 270°C to 350°C results in growth of 

clean metal films and release of the hydrogenated ligand. In the absence of hydrogen, 

deposited films are highly contaminated with ligand fragments, indicating that there is no 

pathway available to remove ligands cleanly in the absence of a reactive cofeed. 

Volatile products of deposition from cyclopentadienyl copper trimethylphosphine are 

trimethylphosphine, a small amount of O=P(CHg)3, some cyclopentadiene, and fulvalenes 

derived from the cyclopentadieny] ligand [10a]. It is unknown whether the fulvalenes form 

during deposition or are a product of a later reaction of cyclopentadienyl radicals. These 

depositions were performed at temperatures in the range of 260°C to 450°C. 

The decomposition pathways of copper (I) (-diketonate cycloalkenes were not 

determined [26]. The authors’ observations of condensate on the reactor walls indicate no 

disproportionation in the presence of hydrogen. If disproportionation were a significant 

reaction, the blue-green copper (II) @-diketonate would condense on the reactor walls. Copper 

deposited from copper acetylacetonate cyclooctadiene with a hydrogen cofeed at 200°C. 

Little research has been done on MOCVD using copper alkoxides. Few alkoxides are 

volatile, few are commercially available, and all are extremely water _ sensitive. 

Photodecomposition of alkoxides has not been demonstrated. However, alkoxides do have 

some attractive characteristics. Volatile copper alkoxides decompose at fairly low temper-



atures, desirable for temperature-sensitive substrates. They contain copper bonded to oxygen, 

and it may be possible to break either the copper—oxygen or oxygen—carbon bond to produce 

a desired oxidation state. The possibility of deliberately modifying deposition conditions to 

change the stoichiometry of the deposited film is intriguing. 

Volatile products from thermal deposition of copper from copper (I) t-butoxy 

trimethylphosphine are t-butanol, trimethylphosphine, acetone, isobutene, and trace amounts 

of O=P(CH3)3 [10a]. These indicate formation of t-butyl and t-butoxy radicals. The 

deposited films (deposition at 400°C) contain 10 atomic per cent carbon, oxygen, and 

phosphorus. 

Deposition from copper (I) t-butoxide, [CuOC(CH3)3],, was tested by Jeffries and 

Girolami at 107° to 10° Torr and 400°C [23]. Even at these low pressures, copper t-butoxide 

sublimes very slowly at 100°C. In personal discussion, one author revealed that several days 

were required to grow the reported 1.5 ym thick films of copper [27]. The exit gas was 

analyzed by mass spectrometry. The only vapor-phase product was t-butanol. Deposits were 

copper metal. The authors suggest that the copper—oxygen bond cleaves to yield a t-butoxy 

radical, which then abstracts hydrogen from hydroxyl groups on the glass reactor walls. In 

the presence of water (reactive cofeed), copper (I) oxide deposits. Thus, pure films of two 

different oxidation states can be deposited from the same precursor. However, the deposition 

temperature is quite high and the compound is not volatile enough for practical use. 

1.4 Motivation for Study 

The common thread in all of the considerations for MOCVD described here is 

chemistry. The decomposition chemistry of the precursor determines the chemical 

characteristics of the deposited film. The strength of bonds between the metal and the 

ligands, and within the ligands, determines the minimum thermal deposition temperature, 

determines whether ligand fragments will be incorporated into the film, and determines how 

the complex will decompose photolytically. The nature of the ligands determines whether the 

presence of other agents (te. water, hydrogen) in the system will promote clean 

decomposition. How the complex reacts to changing conditions will determine whether films



of different oxidation states can be grown from the same precursor. Surface chemistry 

determines whether or not deposition is selective. 

In spite of the importance of chemistry in chemical vapor deposition, research into 

the decomposition chemistry of even simple and widely used compounds like silane is 

incomplete. Little chemical knowledge was needed to produce gallium arsenide films from 

trimethylgallium and arsine. These compounds decompose cleanly, and good deposition 

conditions can be found by trial and error. However, this empirical approach has not resulted 

in practical processing for copper. In this case, perhaps fundamental knowledge is a necessity 

rather than a nice addition for optimization. 

Recognizing the importance of copper thin film growth, this project was undertaken 

to study in situ the decomposition chemistry of a volatile copper complex. Only a handful of 

studies address the chemistry of copper deposition. The usual method is to collect products 

during deposition, then analyze them after deposition is complete. Some products may 

undergo further reactions between collection and analysis [10a]. The only reported in situ 

study involves the difficult and expensive technique of time-resolved laser fluorescence [28]. 

Its goal was only to detect copper atoms during photodeposition, and revealed nothing of the 

organic products. The more general technique of Fourier transform infrared analysis was 

chosen for this work. 

In addition, most precursors studied require deposition temperatures above 250°C, 

where copper diffusion into silicon becomes a problem. Many of them also require a reactive 

cofeed in order to produce clean copper films. With the appropriate precursor, it may be 

possible to eliminate ligands cleanly at lower temperatures. Ideally, even a reactive cofeed 

would be unnecessary, except perhaps to change the oxidation state of the as-deposited clean 

film. 

From the few known volatile copper metalorganics, copper alkoxides were selected for 

study. The copper—oxygen bond appears convenient for obtaining different oxidation states, 

and it has ultraviolet absorption properties of interest for photoassisted deposition studies. 

The alkoxides have a region of strong UV absorption which is not common to the alcohols, 

suggesting that UV light may remove the ligands without fragmentation. Published work on 

copper t-butoxide [23] and copper t-butoxy trimethylphosphine [10a] indicates that there is a



pathway for clean elimination of the ligands to form metals or oxides. Studies of primary 

alcohols on copper [29] and copper oxide [30] suggest that 6-hydride elimination may allow 

clean removal of primary alkoxy ligands. 

Early efforts in this project concentrated on copper (I) t-butoxide, [CuOC(CH3)s],. 

However, transport difficulties with copper t-butoxide proved insurmountable in this 

experimental system. One chapter, the appendix, is devoted to that work. More valuable 

resulis were achieved with copper (II) dimethylaminoethoxide, Cu(OCH,CH,N(CH3),)o. 

Thermal deposition and reactive cofeed deposition with copper dimethylaminoethoxide were 

studied. Even with this new aminoalkoxide precursor, attempts at photoassisted deposition 

were unsuccessful. The situation is discussed fully in Chapter 4. 

1.5 Project Goal 

The overall aim of this project is the study of the chemistry of film deposition from 

copper alkoxides. The unique feature of the project is the attempt to gain in situ chemical 

information. The study encompasses conventional thermal as well as _ photoassisted 

deposition. It addresses the effect of deposition temperature and atmosphere on film 

composition. The goal is to learn what effect each change in deposition conditions has on the 

film produced, and to provide some chemical rationale for these effects where appropriate. 

While the experiments were designed for scientific study and not for production of device- 

quality films, it is hoped that the chemistry elucidated will have practical value in designing 

production systems. 
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2. Experimental Equipment and Methods 

2.1 Reactor 

The deposition reactor (Figure 2.1) is a standard, ultrahigh vacuum (UHV) 

compatible, stainless steel cube with 2.75 inch nominal diameter conflat flanges. All gaskets 

are copper. The top window is sapphire, which is transparent to light of wavelengths between 

150 and 5000 nm. This window admits ultraviolet light for photoassisted deposition 

experiments. The side windows are calcium fluoride, which is transparent to light of 

wavelengths between 150 and 10,000 nm (i.e., these windows pass infrared radiation down to 

a frequency of 1000 cm™!). Because IR windows mounted in conflat flanges are quite 

expensive, calcium fluoride was chosen for its resistance to hydrolysis. These infrared- 

transparent viewports allow analysis of the gas within the reactor by infrared spectrometry. 

The reactor sits within the optical bench of a Fourier transform infrared spectrometer. A 

special cover admits ultraviolet light, system tubing, and electrical lines. 

The flanges next to each window are fitted with up-to-air valves and connected to a 

supply of warm gas. The gas flow is directed towards the windows by short lengths of 

tubing. This purge gas flow reduces deposition and condensation on the windows. The inlet 

and outlet gas lines are also connected to flanges with up-to-air valves. These flanges are 

fitted between the calcium fluoride window purge flanges and the cube. Metalorganic 

precursor and carrier gas enter through the inlet, and all reactor gases leave through one 

outlet. 

The bottom flange is blank. The remaining side flanges are occupied by 

feedthroughs. One is a rotary feedthrough on which the sample stage is mounted. The 

opposite feedthrough provides ceramic insulated connectors for a thermocouple and resistance 

heater inside the reactor. The entire reactor is wrapped and warmed with heating tape to 

reduce condensation of the precursor on the walls. The temperature of the cube is measured 

by a thermocouple between the heating tape and the UV window purge flange, and is held at 

about 115°C. The window purge and inlet gas line temperatures are measured by 

thermocouples between the heating tape and the tubing, and are held at 95 — 100°C. 
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Figure 2.1 Schematic of deposition reactor / infrared cell 
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The sample stage is MACOR, a machinable ceramic purchased from Dow Corning. 

The substrate is clamped to it by titanium shims. A piece of thin platinum foil sandwiched 

between the substrate and the sample stage serves as a resistance heater. It is connected to 

the electrical feedthroughs by copper braid insulated with ceramic braid purchased from 

Omega. The ceramic braid isolates the heater leads from the stainless steel reactor walls. 

The system was thoroughly tested to ensure that copper deposition was not a result of the 

copper hardware. The sample stage has a hole through the bottom to admit a thermocouple. 

This Type-K thermocouple touches the bottom of the substrate and connects to the 

thermocouple feedthrough. “Substrate temperature” refers to this thermocouple reading. 

In order to change the substrate, the reactor must be unwrapped and partially 

disassembled, then reassembled and rewrapped. If the resistance heater or substrate 

thermocouple fails, the reactor must be completely disassembled for repair. At such times, 

each part is cleaned with acetone. Over the course of many experiments, the reactor walls 

accumulate a thin layer of non-volatile material, some of which can be removed with acetone. 

Other deposits appear to be metallic copper. The reactor is not cleaned after each run 

because of the required investment of time and money, and because of the risk of breaking 

functional electrical connections. After cleaning, the reactor must be heated and purged with 

helium and evacuated to remove all traces of acetone. Cleaning has no noticeable effect on 

the experimental results. The calcium fluoride windows are cleaned with acetone after every 

two to five experiments to maintain infrared spectrum quality. 
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2.2 Flow System 

Figure 2.2 is a schematic of the flow system. Lines and fittings are all stainless steel. 

They measure 1/8 inch nominal diameter, or 1/4 inch at transitions to the reactor or 

precursor tube. The carrier gas is helium grade 5.0 (99.999 per cent helium). To insure 

purity, it passes through a column packed with a copper oxide catalyst which scavenges 

oxygen. The gas then splits into two lines, one for the carrier gas and one for the window 

purges. Flow through each line is controlled by a Brooks 5850E mass flow controller. After 

the flow controllers, the lines are wrapped with heating tape and are maintained at 120°C. 

This temperature is measured by a sheathed thermocouple placed in the carrier gas flow line 

via the branch of a Swagelock tee. Thermocouples between the heating tape and the tubing 

on the carrier and purge gas lines read within 5°C of one another. Flow rates are usually low, 

2 to 20 sccm for each line. 

The line from the reactor outlet is fitted with a metering valve. Samples of the 

outlet gas can be drawn off for mass spectral analysis. The line between the reactor and the 

mass selective detector is maintained at 100°C by heating tape. The outlet line is connected 

to a direct drive mechanical vacuum pump. Thermal and photoassisted deposition 

experiments are conducted at reduced pressure. Before each experimental run, carrier gas 

flow rates and deposition temperatures (except for the precursor) are maintained for at least 

forty-eight hours to reduce water in the system. 

For experiments with reactive cofeed, the reactive gas is added into the window purge 

gas flow to prevent reaction with the precursor before the reactor. Note that the available 

pump is not explosion-proof and contains hydrocarbon oil. It cannot be used with hydrogen 

or strong oxidizers. Experiments using hydrogen cofeed are performed at near ambient 

pressure. The mechanical pump is bypassed and the system outlet is connected to a 

ventilation duct to insure that hydrogen does not accumulate in the laboratory. A metering 

valve restricts flow through the system outlet to insure that the system pressure is always 

slightly higher than ambient pressure, and net flow is out of the system only. Pressure in the 

system never exceeds 7 psig, the regulator pressure set at the tanks. 
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�F�i�g�u�r�e� �2�.�3� �R�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �o�f� �c�o�p�p�e�r� �(�I�l�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�2�0



�2�.�4� �S�u�b�s�t�r�a�t�e� 

�S�i�n�g�l�e� �c�r�y�s�t�a�l� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �(�S�r�T�i�O� �)� �i�s� �t�h�e� �s�u�b�s�t�r�a�t�e� �u�s�e�d� �f�o�r� �m�o�s�t� �o�f� �t�h�i�s� �w�o�r�k�.� 

�T�h�e� �c�r�y�s�t�a�l�s� �m�e�a�s�u�r�e� �0�.�2�5� �x� �0�.�2�5� �x� �0�.�0�2� �i�n�c�h�e�s� �a�n�d� �a�r�e� �p�o�l�i�s�h�e�d� �o�n� �o�n�e� �s�i�d�e�.� �D�e�p�o�s�i�t�i�o�n� �i�s� 

�p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �p�o�l�i�s�h�e�d� �s�i�d�e� �t�o� �a�c�h�i�e�v�e� �a� �m�o�r�e� �c�l�e�a�r� �d�e�l�i�n�e�a�t�i�o�n� �b�e�t�w�e�e�n� �f�i�l�m� �a�n�d� �s�u�b�s�t�r�a�t�e� 

�f�o�r� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �c�r�y�s�t�a�l�s� �a�r�e� �o�r�i�e�n�t�e�d� �i�n� �t�h�e� �(�1�0�0�)� �d�i�r�e�c�t�i�o�n�.� �S�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �h�a�s� 

�t�h�e� �c�u�b�i�c� �p�e�r�o�v�s�k�i�t�e� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �u�n�i�t� �c�e�l�l� �d�i�m�e�n�s�i�o�n� �a�=�3�.�9�0�5�A�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �a�t� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�d� �i�n� �t�h�e� �b�u�l�k� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �l�o�w� �e�n�e�r�g�y� �e�l�e�c�t�r�o�n� �d�i�f�f�r�a�c�t�i�o�n� �(�L�E�E�D�)� �a�n�d� �X�-�r�a�y� 

�d�i�f�f�r�a�c�t�i�o�n�.� �T�h�e� �c�r�y�s�t�a�l�s� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �C�o�m�m�e�r�c�i�a�l� �C�r�y�s�t�a�l� �L�a�b�o�r�a�t�o�r�i�e�s�,� �I�n�c�.�,� �i�n� 

�N�a�p�l�e�s�,� �F�l�o�r�i�d�a�.� 

�S�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �i�s� �a� �s�e�m�i�c�o�n�d�u�c�t�o�r�.� �W�h�e�n� �h�e�a�t�e�d� �i�n� �v�a�c�u�u�m�,� �i�t� �l�o�s�e�s� �o�x�y�g�e�n�.� �A� 

�s�m�a�l�l� �n�u�m�b�e�r� �o�f� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s� �i�n�c�r�e�a�s�e�s� �t�h�e� �c�r�y�s�t�a�l� �c�o�n�d�u�c�t�i�v�i�t�y�.� �A� �s�e�m�i�c�o�n�d�u�c�t�i�n�g� 

�s�u�b�s�t�r�a�t�e� �r�e�d�u�c�e�s� �t�h�e� �s�a�m�p�l�e� �c�h�a�r�g�i�n�g� �w�h�i�c�h� �o�c�c�u�r�s� �d�u�r�i�n�g� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�l�m�.� �T�h�e� 

�c�o�l�o�r� �o�f� �r�e�d�u�c�e�d� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �o�x�y�g�e�n� �v�a�c�a�n�c�i�e�s�.� �O�x�y�g�e�n� �l�o�s�s� 

�o�f� �l�e�s�s� �t�h�a�n� �0�.�1� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �p�r�o�d�u�c�e�s� �g�r�e�e�n�s�,� �b�r�o�w�n�s�,� �a�n�d� �m�u�s�t�a�r�d� �y�e�l�l�o�w�.� �O�x�y�g�e�n� �l�o�s�s� �o�f� 

�0�.�1� �t�o� �1�.�0� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �y�i�e�l�d�s� �a� �b�l�u�e� �c�r�y�s�t�a�l�.� �A� �l�o�s�s� �o�f� �2�.�0� �t�o� �3�.�0� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �o�x�y�g�e�n� 

�p�r�o�d�u�c�e�s� �a� �b�l�a�c�k� �c�r�y�s�t�a�l�,� �a�n�d� �p�o�s�s�i�b�l�y� �c�h�a�n�g�e�s� �i�n� �t�h�e� �c�r�y�s�t�a�l� �l�a�t�t�i�c�e� �p�a�r�a�m�e�t�e�r�s� �[�2�]�.� 

�B�e�f�o�r�e� �e�a�c�h� �s�e�t� �o�f� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �i�s� �h�e�l�d� �a�t� �5�0�0� �t�o� �6�0�0�°�C� �f�o�r� �t�w�o� 

�t�o� �f�o�u�r� �h�o�u�r�s� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �a�n�d� �2�.�0� �t�o� �4�.�0� �s�c�c�m� �h�e�l�i�u�m� �f�l�o�w�.� �A�f�t�e�r� �c�o�o�l�i�n�g�,� �t�h�e� 

�c�r�y�s�t�a�l� �r�a�n�g�e�s� �f�r�o�m� �c�o�l�o�r�l�e�s�s�,� �w�i�t�h� �s�o�m�e� �b�l�a�c�k� �c�o�l�o�r� �c�e�n�t�e�r�s�,� �t�o� �m�u�s�t�a�r�d� �y�e�l�l�o�w�.� �T�h�e� 

�r�e�d�u�c�t�i�o�n� �i�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �a�n�d� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �l�a�b�o�r�a�t�o�r�y� �a�i�r� �u�n�t�i�l� 

�a�f�t�e�r� �d�e�p�o�s�i�t�i�o�n�.� �C�r�y�s�t�a�l�s� �a�r�e� �e�a�s�i�l�y� �r�e�o�x�i�d�i�z�e�d� �b�y� �h�e�a�t�i�n�g� �i�n� �a�i�r�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �r�e�d�u�c�i�n�g� �t�h�e� 

�b�u�l�k�,� �t�h�i�s� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �c�l�e�a�n�s� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�r�y�s�t�a�l�.� �O�r�g�a�n�i�c� �s�u�r�f�a�c�e� �c�o�n�t�a�m�i�n�a�n�t�s� 

�c�o�m�b�i�n�e� �w�i�t�h� �s�u�r�f�a�c�e� �l�a�t�t�i�c�e� �o�x�y�g�e�n� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�r�e� �b�u�r�n�e�d� �o�f�f�.� �T�h�e� �h�e�a�t� 

�t�r�e�a�t�m�e�n�t� �a�l�s�o� �r�e�o�r�d�e�r�s� �t�h�e� �s�u�r�f�a�c�e�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �d�a�m�a�g�e�d� �b�y� �p�o�l�i�s�h�i�n�g� �a�n�d� �c�h�e�m�i�c�a�l� 

�c�l�e�a�n�i�n�g�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �o�n� �s�u�r�f�a�c�e� �o�r�d�e�r�i�n�g� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �L�E�E�D� �[�3�]�.� 

�D�u�e� �t�o� �t�h�e� �e�x�p�e�n�s�e� �o�f� �t�h�e� �c�r�y�s�t�a�l�s�,� �t�h�e�y� �w�e�r�e� �u�s�e�d� �i�n� �m�u�l�t�i�p�l�e� �e�x�p�e�r�i�m�e�n�t�s�.� �A�f�t�e�r� �a� 

�d�e�p�o�s�i�t�e�d� �f�i�l�m� �w�a�s� �a�n�a�l�y�z�e�d�,� �t�h�e� �c�r�y�s�t�a�l� �w�a�s� �w�i�p�e�d� �w�i�t�h� �a� �c�o�t�t�o�n� �s�w�a�b� �s�o�a�k�e�d� �i�n� �a�q�u�a� �r�e�g�i�a�,� 

�t�h�e�n� �d�r�o�p�p�e�d� �i�n� �a� �2�5�0� �m�l� �b�e�a�k�e�r� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� �T�h�e� �c�r�y�s�t�a�l� �w�a�s� �t�h�e�n� �w�a�s�h�e�d� �w�i�t�h� 

�2�1



�a�c�e�t�o�n�e�,� �b�a�k�e�d� �i�n� �a� �6�0�0�°�C� �o�v�e�n� �o�v�e�r�n�i�g�h�t�,� �a�n�d� �r�e�p�l�a�c�e�d� �i�n� �t�h�e� �c�u�b�e�.� �N�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�s�u�l�t�s� 

�w�a�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �c�r�y�s�t�a�l�s� �u�s�e�d� �f�o�r� �t�h�e� �f�i�r�s�t� �t�i�m�e� �a�n�d� �c�l�e�a�n�e�d�-�a�n�d�-�r�e�u�s�e�d� �c�r�y�s�t�a�l�s�.� 

�S�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �h�a�s� �a� �b�a�n�d� �g�a�p� �o�f� �3�.�2� �e�V�,� �o�r� �3�8�8� �n�m�.� �T�h�i�s� �i�s� �t�h�e� �e�n�e�r�g�y� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �v�a�l�e�n�c�e� �b�a�n�d� �m�a�x�i�m�u�m� �a�n�d� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d� �m�i�n�i�m�u�m�.� �C�h�a�r�g�e� 

�c�a�r�r�i�e�r�s� �i�n� �s�e�m�i�c�o�n�d�u�c�t�o�r�s� �a�r�e� �(�1�)� �e�l�e�c�t�r�o�n�s� �w�h�i�c�h� �w�e�r�e� �p�r�o�m�o�t�e�d� �t�o� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d� �a�n�d� 

�(�2�)� �t�h�e� �h�o�l�e�s� �t�h�e�y� �l�e�f�t� �b�e�h�i�n�d� �i�n� �t�h�e� �v�a�l�e�n�c�e� �b�a�n�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �v�a�l�e�n�c�e� �b�a�n�d� �a�n�d� �c�o�n�d�u�c�t�i�o�n� 

�b�a�n�d� �e�n�c�o�m�p�a�s�s� �a� �r�a�n�g�e� �o�f� �e�n�e�r�g�y� �s�t�a�t�e�s�,� �c�h�a�r�g�e� �c�a�r�r�i�e�r�s� �t�e�n�d� �t�o� �c�l�u�s�t�e�r� �a�t� �t�h�e� �b�a�n�d� �e�d�g�e�s�.� 

�N�e�g�l�e�c�t�i�n�g� �t�h�e� �f�e�w� �d�e�f�e�c�t� �s�t�a�t�e�s� �w�i�t�h�i�n� �t�h�e� �b�a�n�d� �g�a�p�,� �e�l�e�c�t�r�o�n�s� �m�u�s�t� �a�c�q�u�i�r�e� �a�t� �l�e�a�s�t� �3�.�2� �e�V� �o�f� 

�e�n�e�r�g�y� �t�o� �b�e� �p�r�o�m�o�t�e�d� �a�c�r�o�s�s� �t�h�e� �g�a�p� �[�4�]�.� 

�A�n� �e�l�e�c�t�r�o�n� �m�a�y� �a�b�s�o�r�b� �o�n�e� �p�h�o�t�o�n�,� �a�c�q�u�i�r�i�n�g� �i�t�s� �e�n�e�r�g�y�,� �a�n�d� �m�o�v�e� �t�o� �a� �h�i�g�h�e�r� 

�e�n�e�r�g�y� �s�t�a�t�e�.� �V�e�r�y� �f�e�w� �p�h�o�t�o�n�s� �o�f� �e�n�e�r�g�y� �l�e�s�s� �t�h�a�n� �3�.�2� �e�V� �a�r�e� �a�b�s�o�r�b�e�d� �b�y� �s�t�r�o�n�t�i�u�m� 

�t�i�t�a�n�a�t�e�,� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �f�e�w� �o�p�p�o�r�t�u�n�i�t�i�e�s� �f�o�r� �e�l�e�c�t�r�o�n�-�h�o�l�e� �p�a�i�r� �f�o�r�m�a�t�i�o�n� �w�i�t�h� �l�e�s�s� �t�h�a�n� 

�3�.�2� �e�V� �(�i�.�e�.�,� �f�e�w� �d�e�f�e�c�t� �s�t�a�t�e�s� �i�n� �t�h�e� �b�a�n�d� �g�a�p�)�.� �M�a�n�y� �p�h�o�t�o�n�s� �o�f� �e�n�e�r�g�y� �g�r�e�a�t�e�r� �t�h�a�n� �3�.�2� �e�V� 

�c�a�n� �b�e� �a�b�s�o�r�b�e�d�,� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �m�a�n�y� �v�a�l�e�n�c�e� �b�a�n�d� �e�l�e�c�t�r�o�n�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �p�r�o�m�o�t�i�o�n�,� �a�n�d� 

�m�a�n�y� �e�n�e�r�g�y� �s�t�a�t�e�s� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d� �[�4�]�.� 

�E�a�c�h� �p�h�o�t�o�n� �c�a�n� �p�r�o�m�o�t�e� �o�n�l�y� �o�n�e� �e�l�e�c�t�r�o�n�,� �a�n�d� �u�s�e�s� �a�l�l� �o�f� �i�t�s� �e�n�e�r�g�y� �t�o� �d�o� �s�o�.� 

�R�e�c�a�l�l� �t�h�a�t� �c�h�a�r�g�e� �c�a�r�r�i�e�r�s� �c�l�u�s�t�e�r� �a�t� �t�h�e� �b�a�n�d� �e�d�g�e�s�.� �I�f� �a� �p�h�o�t�o�n� �w�i�t�h� �h�i�g�h�e�r� �e�n�e�r�g�y� �t�h�a�n� �t�h�e� 

�b�a�n�d� �g�a�p� �i�s� �a�b�s�o�r�b�e�d� �t�o� �c�r�e�a�t�e� �a� �h�i�g�h� �e�n�e�r�g�y� �e�l�e�c�t�r�o�n�-�h�o�l�e� �p�a�i�r�,� �t�h�e� �c�a�r�r�i�e�r�s� �m�a�y� �r�e�l�a�x� �b�a�c�k� �t�o� 

�t�h�e� �b�a�n�d� �e�d�g�e�s� �b�y� �e�m�i�t�t�i�n�g� �p�h�o�n�o�n�s�,� �o�r� �q�u�a�n�t�a� �o�f� �l�a�t�t�i�c�e� �v�i�b�r�a�t�i�o�n�.� �E�n�e�r�g�y� �o�v�e�r� �a�n�d� �a�b�o�v�e� 

�t�h�e� �r�e�q�u�i�r�e�d� �3�.�2� �e�V� �i�s� �d�i�s�s�i�p�a�t�e�d� �i�n� �t�h�e� �c�r�y�s�t�a�l� �b�y� �t�h�e�s�e� �v�i�b�r�a�t�i�o�n�s�,� �t�h�a�t� �i�s�,� �a�s� �h�e�a�t� �[�4�]�.� 

�L�i�g�h�t� �o�f� �h�i�g�h�e�r� �e�n�e�r�g�y� �(�s�h�o�r�t�e�r� �w�a�v�e�l�e�n�g�t�h�)� �t�h�a�n� �t�h�e� �b�a�n�d� �g�a�p� �i�s� �s�t�r�o�n�g�l�y� �a�b�s�o�r�b�e�d�,� 

�b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �m�a�n�y� �e�l�e�c�t�r�o�n�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �p�r�o�m�o�t�i�o�n� �i�n� �t�h�e� �v�a�l�e�n�c�e� �b�a�n�d�,� �a�n�d� �s�u�f�f�i�c�i�e�n�t� 

�e�n�e�r�g�y� �i�n� �e�a�c�h� �p�h�o�t�o�n� �t�o� �p�r�o�m�o�t�e� �a�n� �e�l�e�c�t�r�o�n� �t�o� �t�h�e� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d�.� �A�b�s�o�r�p�t�i�o�n� �o�f� �h�i�g�h� 

�e�n�e�r�g�y� �p�h�o�t�o�n�s� �h�e�a�t�s� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �c�r�y�s�t�a�l�,� �a�s� �e�x�c�e�s�s� �e�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d� �t�h�r�o�u�g�h� 

�l�a�t�t�i�c�e� �v�i�b�r�a�t�i�o�n�s�.� �L�i�g�h�t� �o�f� �l�o�w�e�r� �e�n�e�r�g�y� �(�l�o�n�g�e�r� �w�a�v�e�l�e�n�g�t�h�)� �t�h�a�n� �t�h�e� �b�a�n�d� �g�a�p� �i�s� �w�e�a�k�l�y� 

�a�b�s�o�r�b�e�d�,� �i�f� �a�t� �a�l�l�,� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �f�e�w� �l�o�w� �e�n�e�r�g�y� �p�a�t�h�w�a�y�s� �f�o�r� �e�l�e�c�t�r�o�n� �p�r�o�m�o�t�i�o�n�.� �T�h�e�r�e� 

�i�s� �n�o� �e�x�c�e�s�s� �e�n�e�r�g�y� �t�o� �d�i�s�s�i�p�a�t�e� �a�s� �h�e�a�t�.� �T�h�e� �c�r�y�s�t�a�l� �r�e�m�a�i�n�s� �c�o�o�l� �[�4�]�.� 

�T�h�e� �o�p�t�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �p�r�o�v�i�d�e� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �s�e�p�a�r�a�t�e� �p�y�r�o�l�y�t�i�c� 

�a�n�d� �p�h�o�t�o�l�y�t�i�c� �U�V� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r�.� �I�f� �w�a�v�e�l�e�n�g�t�h�s� �o�f� �l�i�g�h�t� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� 

�2�2



�t�h�e� �b�a�n�d� �g�a�p� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �d�e�c�o�m�p�o�s�e� �t�h�e� �p�r�e�c�u�r�s�o�r�,� �r�e�s�u�l�t�s� �t�h�a�t� �a�r�e� �d�u�e� �s�t�r�i�c�t�l�y� �t�o� 

�p�h�o�t�o�l�y�s�i�s� �c�a�n� �b�e� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �f�r�o�m� �t�h�o�s�e� �d�u�e� �t�o� �c�o�m�b�i�n�e�d� �p�h�o�t�o�l�y�s�i�s�/�p�y�r�o�l�y�s�i�s�.� 

�S�o�m�e� �p�r�e�l�i�m�i�n�a�r�y� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �d�o�n�e� �o�n� �q�u�a�r�t�z� �(�S�i�O�,�)�,� 

�p�o�l�i�s�h�e�d� �o�n� �o�n�e� �s�i�d�e�.� �T�h�e�s�e� �s�u�b�s�t�r�a�t�e�s� �m�e�a�s�u�r�e� �1�0� �x� �8� �x� �2�m�m�.� �B�e�f�o�r�e� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �w�a�s� �h�e�a�t�e�d� �t�o� �5�5�0�°�C� �f�o�r� �s�e�v�e�r�a�l� �h�o�u�r�s� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �a�n�d� �2� �t�o� �4� �s�c�c�m� 

�h�e�l�i�u�m� �f�l�o�w� �t�o� �r�e�m�o�v�e� �s�u�r�f�a�c�e� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� �Q�u�a�r�t�z� �p�r�o�v�i�d�e�s� �a�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �w�i�t�h�o�u�t� �t�h�e� 

�e�x�p�e�n�s�e� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�,� �i�d�e�a�l� �f�o�r� �p�r�e�l�i�m�i�n�a�r�y� �w�o�r�k�.� �Q�u�a�r�t�z� �i�s� �a�l�s�o� �o�f� �m�o�r�e� �i�n�t�e�r�e�s�t� 

�t�h�a�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �t�o� �t�h�e� �s�e�m�i�c�o�n�d�u�c�t�o�r� �i�n�d�u�s�t�r�y�.� �H�o�w�e�v�e�r�,� �i�t� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �a� 

�s�u�i�t�a�b�l�e� �b�a�n�d� �g�a�p� �f�o�r� �t�h�e� �e�n�v�i�s�i�o�n�e�d� �p�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �s�t�u�d�i�e�s�.� 

�2�.�5� �U�l�t�r�a�v�i�o�l�e�t� �S�o�u�r�c�e�s� 

�F�i�r�s�t� �a�t�t�e�m�p�t�s� �a�t� �p�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �u�s�e�d� �a� �L�u�m�o�n�i�c�s� �T�E�-�8�6�0�-�4� �e�x�c�i�m�e�r� �l�a�s�e�r�.� 

�T�h�e� �l�a�s�e�r� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� �a�n�d� �h�y�d�r�o�g�e�n� �t�o� �p�r�o�d�u�c�e� �t�h�e� �N�.� �(�3�3�7� �n�m�)� �a�n�d� �N�Y� 

�(�4�2�8� �n�m�)� �l�i�n�e�s�.� �N�o�t�e� �t�h�a�t� �3�3�7� �n�m� �p�h�o�t�o�n�s� �a�r�e� �o�f� �h�i�g�h�e�r� �e�n�e�r�g�y� �t�h�a�n� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� 

�b�a�n�d� �g�a�p�,� �w�h�i�l�e� �4�2�8� �n�m� �p�h�o�t�o�n�s� �a�r�e� �o�f� �l�o�w�e�r� �e�n�e�r�g�y� �t�h�a�n� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �b�a�n�d� �g�a�p�.� 

�T�h�e� �N�,� �l�i�n�e� �p�r�o�v�i�d�e�s� �3� �t�o� �4� �m�J�/�p�u�l�s�e� �o�f� �e�n�e�r�g�y�.� �T�h�e� �N� �+� �l�i�n�e� �p�r�o�v�i�d�e�s� �5�0�0� �p�J�/�p�u�l�s�e�.� �T�h�e� 

�p�u�l�s�e� �r�a�t�e� �w�a�s� �2�0� �H�z�.� �B�o�t�h� �l�i�n�e�s� �p�r�o�v�e�d� �t�o� �b�e� �o�f� �i�n�s�u�f�f�i�c�i�e�n�t� �p�o�w�e�r� �t�o� �c�a�u�s�e� �d�e�p�o�s�i�t�i�o�n�.� �L�a�t�e�r� 

�e�x�p�e�r�i�m�e�n�t�s� �u�s�e�d� �a� �S�p�e�c�t�r�o�n�i�c�s� �C�o�r�p�o�r�a�t�i�o�n� �B�-�1�0�0� �U�l�t�r�a�v�i�o�l�e�t� �L�a�m�p�.� �O�u�t�p�u�t� �f�r�o�m� �t�h�i�s� �l�a�m�p� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�.� �T�h�e� �l�a�m�p� �s�i�t�s� �a�b�o�u�t� �o�n�e� �i�n�c�h� �f�r�o�m� �t�h�e� �t�o�p� �o�f� �t�h�e� �c�o�v�e�r�,� �t�e�n� �i�n�c�h�e�s� 

�f�r�o�m� �t�h�e� �s�u�b�s�t�r�a�t�e�.� 

�F�o�r� �e�x�p�e�r�i�m�e�n�t�s� �t�h�a�t� �t�a�k�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �b�a�n�d� �g�a�p� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�,� �c�e�r�t�a�i�n� 

�w�a�v�e�l�e�n�g�t�h�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �o�u�t� �w�i�t�h� �O�r�i�e�l� �c�o�l�o�r�e�d� �g�l�a�s�s� �l�o�n�g� �p�a�s�s� �f�i�l�t�e�r�s�.� �F�i�l�t�e�r� �n�u�m�b�e�r� �5�9�4�6�0� 

�c�u�t�s� �o�n� �(�r�e�a�c�h�e�s� �f�i�f�t�y� �p�e�r� �c�e�n�t� �t�r�a�n�s�m�i�t�t�a�n�c�e�)� �a�t� �3�4�8� �n�m�.� �A�t� �3�7�5� �n�m�,� �i�n�t�e�r�n�a�l� �t�r�a�n�s�m�i�t�t�a�n�c�e� 

�i�s� �b�e�t�t�e�r� �t�h�a�n� �n�i�n�e�t�y�-�f�i�v�e� �p�e�r� �c�e�n�t�.� �T�h�i�s� �f�i�l�t�e�r� �p�a�s�s�e�s� �s�o�m�e� �e�n�e�r�g�i�e�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �b�a�n�d� 

�g�a�p� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �F�i�l�t�e�r� �n�u�m�b�e�r� �5�9�4�7�2� �c�u�t�s� �o�n� �a�t� �4�0�0� �n�m�.� �I�n�t�e�r�n�a�l� �t�r�a�n�s�m�i�t�t�a�n�c�e� �i�s� 

�e�s�s�e�n�t�i�a�l�l�y� �z�e�r�o� �a�t� �3�8�5� �n�m� �a�n�d� �r�e�a�c�h�e�s� �n�i�n�e�t�y� �p�e�r� �c�e�n�t� �a�t� �a�b�o�u�t� �4�2�5� �n�m�.� �T�h�i�s� �f�i�l�t�e�r� �p�a�s�s�e�s� 

�o�n�l�y� �e�n�e�r�g�i�e�s� �b�e�l�o�w� �t�h�e� �b�a�n�d� �g�a�p� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �T�h�e� �c�u�t�-�o�n� �s�h�i�f�t�s� �t�o� �l�o�n�g�e�r� 

�w�a�v�e�l�e�n�g�t�h� �b�y� �0�.�0�7� �n�m�/�°�C� �w�i�t�h� �r�i�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �s�h�i�f�t� �i�s� �r�e�v�e�r�s�i�b�l�e� �u�p� �t�o� �9�0�°�C�.� �T�h�e� 

�f�i�l�t�e�r�s� �a�r�e� �p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �c�o�v�e�r�,� �w�h�e�r�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �h�a�s� �n�o�t� �b�e�e�n� 

�o�b�s�e�r�v�e�d� �t�o� �e�x�c�e�e�d� �9�0�°�C�.� 
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�2�.�6� �A�n�a�l�y�t�i�c�a�l� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�T�h�e� �F�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�m�e�t�e�r� �i�s� �a�n� �I�B�M� �I�R�/�3�2� �w�i�t�h� �a�n� �I�B�M� �9�0�0�0� 

�c�o�m�p�u�t�e�r� �f�o�r� �c�o�n�t�r�o�l� �a�n�d� �d�a�t�a� �a�n�a�l�y�s�i�s�.� �A�p�o�d�i�z�a�t�i�o�n� �i�s� �t�r�i�a�n�g�u�l�a�r� �a�n�d� �r�e�s�o�l�u�t�i�o�n� �i�s� �4� �c�m ��)�.� 

�E�x�p�e�r�i�e�n�c�e� �h�a�s� �s�h�o�w�n� �t�h�a�t� �p�e�a�k� �p�o�s�i�t�i�o�n�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h�i�n� �1� �c�m� �4�.� �M�a�s�s� �s�p�e�c�t�r�a�l� 

�a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �5�9�7�0�A� �s�e�r�i�e�s� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �(�M�S�D�)� 

�w�i�t�h� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �9�8�2�5�B� �c�a�l�c�u�l�a�t�o�r� �f�o�r� �c�o�n�t�r�o�l� �a�n�d� �d�a�t�a� �a�n�a�l�y�s�i�s�.� �O�p�e�r�a�t�i�n�g� �v�a�l�u�e�s� 

�w�e�r�e� �s�e�t� �b�y� �t�h�e� �b�u�i�l�t�-�i�n� �a�u�t�o�t�u�n�e� �p�r�o�g�r�a�m�,� �w�h�i�c�h� �u�s�e�s� �p�e�r�f�l�u�o�r�o�t�r�i�b�u�t�y�l�a�m�i�n�e� �a�s� �a� �r�e�f�e�r�e�n�c�e�.� 

�T�h�e� �M�S�D� �u�s�e�s� �e�l�e�c�t�r�o�n� �i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n� �w�i�t�h� �a�n� �e�l�e�c�t�r�o�n� �e�n�e�r�g�y� �o�f� �7�0� �e�V�.� �I�t� �h�a�s� �a� �d�e�t�e�c�t�i�o�n� 

�r�a�n�g�e� �o�f� �1�0�  �� �8�0�0� �a�m�u� �a�n�d� �a� �r�e�s�o�l�u�t�i�o�n� �o�f� �1� �a�m�u�.� 

�U�l�t�r�a�v�i�o�l�e�t� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�a� �w�e�r�e� �m�e�a�s�u�r�e�d� �o�n� �a� �S�h�i�m�a�d�z�u� �C�S�-�9�0�0�0� �D�u�a�l�-� 

�W�a�v�e�l�e�n�g�t�h� �F�l�y�i�n�g�-�S�p�o�t� �S�c�a�n�n�e�r� �i�n� �r�e�f�l�e�c�t�a�n�c�e� �m�o�d�e�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �s�p�e�c�i�a�l� 

�q�u�a�r�t�z� �c�e�l�l� �s�e�a�l�e�d� �w�i�t�h� �a� �s�e�p�t�u�m� �b�e�f�o�r�e� �r�e�m�o�v�i�n�g� �i�t� �t�o� �t�h�e� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�.� �W�h�e�n� �s�p�e�c�t�r�a� 

�o�f� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �d�e�s�i�r�e�d�,� �t�h�e� �s�o�l�v�e�n�t� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �c�e�l�l� �t�h�r�o�u�g�h� �t�h�e� �s�e�p�t�u�m�.� 

�A�t�o�m�i�c� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �f�i�l�m�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �A�u�g�e�r� �a�n�d� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�s�p�e�c�t�r�o�s�c�o�p�y�.� �A�u�g�e�r� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �P�H�I�-�6�1�0� �s�c�a�n�n�i�n�g� �A�u�g�e�r� 

�m�i�c�r�o�p�r�o�b�e�.� �M�o�s�t� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �P�H�I�-� 

�5�4�0�0� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e� �e�x�c�e�p�t�i�o�n� �i�s� �d�a�t�a� �f�o�r� �f�i�l�m�s� �o�n� �q�u�a�r�t�z� �w�h�i�c�h� �w�e�r�e� 

�a�n�a�l�y�z�e�d� �o�n� �a� �K�r�a�t�o�s� �X�s�a�m�-�8�0�0� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� 

�m�i�c�r�o�s�c�o�p�e� �e�m�p�l�o�y�e�d� �i�s� �a� �C�a�m�b�r�i�d�g�e� �I�n�s�t�r�u�m�e�n�t�s� �S�t�e�r�e�o�s�c�a�n� �2�0�0� �[�5�]�.� 

�A�t�t�e�m�p�t�s� �t�o� �m�e�a�s�u�r�e� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �w�i�t�h� �a� �W�Y�K�O� �T�O�P�O�-�3�0� �o�p�t�i�c�a�l� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� 

�w�e�r�e� �u�n�s�u�c�c�e�s�s�f�u�l�.� �T�h�e� �t�r�a�n�s�i�t�i�o�n� �o�b�s�e�r�v�e�d� �w�a�s� �b�e�t�w�e�e�n� �t�h�e� �u�n�c�o�a�t�e�d� �a�r�e�a� �t�h�a�t� �h�a�d� �b�e�e�n� 

�c�o�v�e�r�e�d� �b�y� �t�h�e� �t�i�t�a�n�i�u�m� �s�h�i�m� �a�n�d� �t�h�e� �c�o�a�t�e�d� �a�r�e�a�.� �T�h�e� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� �s�h�o�w�e�d� �a� �m�a�r�k�e�d� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �s�u�r�f�a�c�e� �r�o�u�g�h�n�e�s�s�,� �b�u�t� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �a�v�e�r�a�g�e� �h�e�i�g�h�t�.� �A�t� �t�h�e� �t�i�m�e�,� �t�h�e� 

�t�r�a�n�s�i�t�i�o�n� �w�a�s� �s�u�s�p�e�c�t�e�d� �t�o� �b�e� �t�o�o� �g�r�a�d�u�a�l�.� �H�o�w�e�v�e�r�,� �a�f�t�e�r� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y�,� �t�h�e� 

�c�o�n�c�l�u�s�i�o�n� �w�a�s� �t�h�a�t� �t�h�e� �f�i�l�m�s� �w�e�r�e� �s�o� �r�o�u�g�h� �t�h�a�t� �o�p�t�i�c�a�l� �i�n�t�e�r�f�e�r�o�m�e�t�r�y� �w�a�s� �i�m�p�r�a�c�t�i�c�a�b�l�e�.� �A� 

�s�m�o�o�t�h�,� �r�e�f�l�e�c�t�i�v�e� �s�u�r�f�a�c�e� �i�s� �r�e�q�u�i�r�e�d�.� 

�U�p�o�n� �r�e�m�o�v�a�l� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r�,� �f�i�l�m�s� �a�r�e� �f�i�r�s�t� �c�l�a�s�s�i�f�i�e�d� �a�s� �c�o�n�d�u�c�t�i�v�e� �o�r� 

�n�o�n�c�o�n�d�u�c�t�i�v�e�.� �C�o�n�d�u�c�t�i�v�i�t�y� �i�s� �t�e�s�t�e�d� �b�y� �t�o�u�c�h�i�n�g� �t�h�e� �l�e�a�d�s� �o�f� �a� �F�l�u�k�e� �7�5� �m�u�l�t�i�m�e�t�e�r� �t�o� 

�2�5



�o�p�p�o�s�i�t�e� �c�o�r�n�e�r�s� �o�f� �t�h�e� �f�i�l�m� �(�s�e�p�a�r�a�t�i�o�n� �i�s� �a�b�o�u�t� �1� �c�m�)�.� �T�h�e� �f�i�l�m� �i�s� �d�e�f�i�n�e�d� �a�s� �c�o�n�d�u�c�t�i�v�e� �i�f� �i�t� 

�t�r�i�g�g�e�r�s� �t�h�e� �c�o�n�t�i�n�u�i�t�y� �s�i�g�n�a�l� �o�f� �t�h�e� �m�u�l�t�i�m�e�t�e�r�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �l�e�a�d�s� �i�s� 

�l�e�s�s� �t�h�a�n� �1�5�0� �2�.� �F�o�u�r�-�p�o�i�n�t� �p�r�o�b�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �r�e�s�i�s�t�i�v�i�t�y� �o�f� �s�o�m�e� �f�i�l�m�s� �w�e�r�e� �m�a�d�e�.� 

�T�h�e� �v�a�l�u�e�s� �w�e�r�e� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�h�e� �f�i�n�i�t�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �s�a�m�p�l�e� �[�6�]�.� �T�h�e�s�e� �f�i�l�m�s� �w�e�r�e� �s�t�o�r�e�d� 

�i�n� �a� �v�a�c�u�u�m� �d�e�s�s�i�c�a�t�o�r� �a�f�t�e�r� �t�h�e�i�r� �i�n�i�t�i�a�l� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �a�s� �c�o�n�d�u�c�t�i�v�e�,� �a�n�d� �w�e�r�e� �r�e�p�l�a�c�e�d� �i�n� �t�h�e� 

�v�a�c�u�u�m� �d�e�s�s�i�c�a�t�o�r� �a�f�t�e�r� �t�h�e� �f�o�u�r�-�p�o�i�n�t� �p�r�o�b�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� �R�e�s�i�s�t�i�v�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �b�e�f�o�r�e� 

�a�n�y� �o�t�h�e�r� �f�i�l�m� �a�n�a�l�y�s�i�s� �t�o�o�k� �p�l�a�c�e�.� 

�2�.�7� �A�n�a�l�y�t�i�c�a�l� �T�e�c�h�n�i�q�u�e�s� 

�2�.�7�.�1� �O�v�e�r�v�i�e�w� �o�f� �I�n�f�r�a�r�e�d� �A�n�a�l�y�s�i�s� 

�B�o�n�d�s� �b�e�t�w�e�e�n� �a�t�o�m�s� �s�t�r�e�t�c�h�,� �b�e�n�d�,� �a�n�d� �o�t�h�e�r�w�i�s�e� �d�e�f�o�r�m�.� �G�r�o�u�p�s� �o�f� �b�o�n�d�e�d� �a�t�o�m�s� 

�w�a�g�,� �r�o�c�k�,� �a�n�d� �t�w�i�s�t�.� �A�l�!� �o�f� �t�h�e�s�e� �m�o�t�i�o�n�s� �a�r�e� �p�e�r�i�o�d�i�c�,� �a�n�d� �t�h�e�i�r� �f�r�e�q�u�e�n�c�y� �l�i�e�s� �i�n� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �o�f� �i�n�f�r�a�r�e�d� �r�a�d�i�a�t�i�o�n�.� �M�o�l�e�c�u�l�e�s� �a�b�s�o�r�b� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �i�n�f�r�a�r�e�d� �r�a�d�i�a�t�i�o�n� �t�h�a�t� 

�m�a�t�c�h� �t�h�e� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �t�h�e�i�r� �b�o�n�d� �d�e�f�o�r�m�a�t�i�o�n�s�.� �A�n� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �i�s� �a� �p�l�o�t� �o�f� �i�n�f�r�a�r�e�d� 

�r�a�d�i�a�t�i�o�n� �a�b�s�o�r�b�a�n�c�e� �(�o�r� �t�r�a�n�s�m�i�t�t�a�n�c�e�)� �v�e�r�s�u�s� �r�a�d�i�a�t�i�o�n� �f�r�e�q�u�e�n�c�y�.� �I�n�f�r�a�r�e�d� �f�r�e�q�u�e�n�c�i�e�s� �a�r�e� 

�c�o�m�m�o�n�l�y� �r�e�p�o�r�t�e�d� �i�n� �w�a�v�e�n�u�m�b�e�r�s� �(�c�m�)�,� �w�h�e�r�e� �f�r�e�q�u�e�n�c�y� �=� �(�w�a�v�e�l�e�n�g�t�h�)� �?�.� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �p�e�a�k� �a�b�s�o�r�b�a�n�c�e� �(�p�e�a�k� �p�o�s�i�t�i�o�n�)� �i�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �t�y�p�e� �o�f� �a�t�o�m�s� 

�b�o�n�d�e�d�,� �t�h�e� �t�y�p�e� �o�f� �b�o�n�d� �d�e�f�o�r�m�a�t�i�o�n�,� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �l�e�n�g�t�h� �o�f� �t�h�e� �b�o�n�d�,� �c�o�n�s�t�r�a�i�n�t�s� �o�n� 

�m�o�v�e�m�e�n�t� �p�l�a�c�e�d� �b�y� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �m�o�l�e�c�u�l�e� �(�f�o�r� �i�n�s�t�a�n�c�e�,� �r�i�n�g� �v�e�r�s�u�s� �c�h�a�i�n�)�,� �e�l�e�c�t�r�o�n� 

�d�o�n�a�t�i�o�n� �o�r� �w�i�t�h�d�r�a�w�a�l� �b�y� �n�e�i�g�h�b�o�r�i�n�g� �a�t�o�m�s� �o�r� �g�r�o�u�p�s�,� �a�n�d� �t�h�e� �m�o�t�i�o�n� �o�f� �n�e�i�g�h�b�o�r�i�n�g� 

�a�t�o�m�s� �o�r� �g�r�o�u�p�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �a� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �(�C�H�,�)� �h�a�s� �t�w�o� �C ��H� �b�o�n�d�s� �t�h�a�t� �c�a�n� 

�s�t�r�e�t�c�h� �p�e�r�i�o�d�i�c�a�l�l�y�.� �T�h�e�y� �m�a�y� �l�e�n�g�t�h�e�n� �a�n�d� �s�h�o�r�t�e�n� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�,� �a� �s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h�.� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �c�h�a�n�g�e�s� �i�f� �o�n�e� �b�o�n�d� �l�e�n�g�t�h�e�n�s� �w�h�i�l�e� �t�h�e� �o�t�h�e�r� �s�h�o�r�t�e�n�s�,� �a�n� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h�.� 

�B�o�t�h� �s�y�m�m�e�t�r�i�c� �a�n�d� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �c�h�a�n�g�e� �i�f� �t�h�e� �m�e�t�h�y�l�e�n�e� �i�s� �a�t�t�a�c�h�e�d� �t�o� 

�a�n� �a�m�i�n�e� �o�r� �a�n� �a�r�y�l� �g�r�o�u�p� �i�n�s�t�e�a�d� �o�f� �a� �h�y�d�r�o�c�a�r�b�o�n�,� �o�r� �i�f� �i�t� �i�s� �p�a�r�t� �o�f� �a� �r�i�n�g� �o�r� �a� �b�r�a�n�c�h�e�d� 

�c�h�a�i�n� �i�n�s�t�e�a�d� �o�f� �a� �s�t�r�a�i�g�h�t� �c�h�a�i�n�.� 

�A�f�t�e�r� �y�e�a�r�s� �o�f� �s�t�u�d�y�,� �t�h�e� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �r�a�d�i�a�t�i�o�n� �a�b�s�o�r�b�e�d� �b�y� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �b�o�n�d�s� 

�a�n�d� �b�o�n�d� �d�e�f�o�r�m�a�t�i�o�n�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �f�u�n�c�t�i�o�n�a�l� 

�g�r�o�u�p� �i�n� �a� �m�o�l�e�c�u�l�e� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �a�b�s�o�r�p�t�i�o�n� �o�f� �i�n�f�r�a�r�e�d� �r�a�d�i�a�t�i�o�n� �w�i�t�h�i�n� �a� �s�p�e�c�i�f�i�e�d� �r�a�n�g�e�.� 

�T�h�e� �p�e�a�k� �p�o�s�i�t�i�o�n� �w�i�t�h�i�n� �t�h�a�t� �r�a�n�g�e� �g�i�v�e�s� �f�u�r�t�h�e�r� �c�l�u�e�s� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�.� �W�e�l�l� 
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�k�n�o�w�n� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �p�e�a�k� �v�a�l�u�e�s� �a�n�d� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e� �a�r�e� �p�u�b�l�i�s�h�e�d� �i�n� �n�u�m�e�r�o�u�s� 

�h�a�n�d�b�o�o�k�s� �a�n�d� �c�h�e�m�i�s�t�r�y� �t�e�x�t�s�.� �I�n� �t�h�e�o�r�y�,� �e�v�e�r�y� �p�e�a�k� �i�n� �a�n� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �c�a�n� �b�e� 

�a�s�s�i�g�n�e�d� �t�o� �a� �s�p�e�c�i�f�i�c� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�.� �I�n� �p�r�a�c�t�i�c�e�,� �h�o�w�e�v�e�r�,� �f�o�r� �a� �r�e�a�s�o�n�a�b�l�y� 

�c�o�m�p�l�e�x� �s�p�e�c�t�r�u�m�,� �i�t� �i�s� �s�e�l�d�o�m� �p�o�s�s�i�b�l�e� �t�o� �a�s�s�i�g�n� �a�l�l� �p�e�a�k�s� �b�a�s�e�d� �o�n� �p�u�b�l�i�s�h�e�d� �c�o�r�r�e�l�a�t�i�o�n�s�.� 

�2�.�7�.�2� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �A�n�a�l�y�s�i�s� �o�f� �C�o�p�p�e�r� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�n�d� �R�e�l�a�t�e�d� 

�S�p�e�c�i�e�s� 

�I�d�e�n�t�i�f�y�i�n�g� �t�h�e� �b�a�n�d�s� �i�n� �a�n� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �b�a�s�e�d� �o�n� �p�u�b�l�i�s�h�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �c�a�n� �b�e� 

�a� �d�i�f�f�i�c�u�l�t� �p�r�o�c�e�s�s�.� �I�n� �t�h�i�s� �w�o�r�k�,� �i�n�f�o�r�m�a�t�i�o�n� �w�a�s� �d�r�a�w�n� �f�r�o�m� �s�e�v�e�r�a�l� �s�o�u�r�c�e�s� �[�7�-�1�2�]�.� 

�I�n�f�o�r�m�a�t�i�o�n� �w�a�s� �o�f�t�e�n� �o�v�e�r�l�a�p�p�i�n�g� �a�n�d� �s�o�m�e�t�i�m�e�s� �c�o�n�t�r�a�d�i�c�t�o�r�y�.� �C�o�r�r�e�l�a�t�i�o�n�s� �f�o�r� �c�o�n�d�e�n�s�e�d� 

�p�h�a�s�e�s� �d�o� �n�o�t� �a�l�w�a�y�s� �a�p�p�l�y� �t�o� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� �[�1�3�]�.� �I�n� �g�e�n�e�r�a�l�,� �p�e�a�k� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�s� �w�e�r�e� 

�m�a�d�e� �a�f�t�e�r� �c�o�n�s�u�l�t�i�n�g� �a�l�l� �t�h�e� �l�i�s�t�e�d� �s�o�u�r�c�e�s�.� 

�F�i�g�u�r�e� �2�.�5� �s�h�o�w�s� �t�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �o�f� �v�a�p�o�r� �p�h�a�s�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�c�o�l�l�e�c�t�e�d� �i�n� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r�.� �T�h�e� �p�e�a�k� �p�o�s�i�t�i�o�n�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�o�s�e� �r�e�a�d� �f�r�o�m� 

�t�h�e� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�u�m� �i�n� �N�y�q�u�i�s�t ��s� �b�o�o�k� �[�1�4�]�.� �T�h�e� �p�e�a�k� �s�h�a�p�e�s� �a�r�e� �a�l�s�o� �c�o�n�s�i�s�t�e�n�t�,� �a�l�t�h�o�u�g�h� 

�t�h�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�0�0�0� �a�n�d� �1�1�5�0� �c�m!"� �a�r�e� �n�o�t� �a�s� �w�e�l�l� �r�e�s�o�l�v�e�d� �i�n� �t�h�e� �S�a�d�t�l�e�r� �s�p�e�c�t�r�u�m�.� �T�h�e� 

�a�l�c�o�h�o�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �h�i�g�h�e�r� �i�n� �t�h�e� �S�a�d�t�l�e�r� �s�p�e�c�t�r�u�m�,� �a�n�d� �t�h�e� �p�e�a�k�s� �m�a�y� �b�e� �b�r�o�a�d�e�n�e�d� 

�b�e�c�a�u�s�e� �t�h�e�y� �a�r�e� �n�e�a�r�i�n�g� �f�u�l�l�-�s�c�a�l�e�.� 

�F�i�g�u�r�e� �2�.�6� �s�h�o�w�s� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �o�f� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�o�x�i�d�e�.� �T�h�e�r�e� �a�r�e� �s�t�r�i�k�i�n�g� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �r�e�l�a�t�i�v�e� �i�n�t�e�n�s�i�t�i�e�s�,� �a�n�d� �a� �f�e�w� �s�m�a�l�l� �s�h�i�f�t�s� �i�n� �p�e�a�k� 

�p�o�s�i�t�i�o�n�,� �b�u�t� �o�v�e�r�a�l�l� �t�h�e� �s�p�e�c�t�r�u�m� �i�s� �q�u�i�t�e� �l�i�k�e� �t�h�a�t� �o�f� �t�h�e� �a�l�c�o�h�o�l�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �a�n�d� 

�s�i�m�i�l�a�r�i�t�i�e�s� �a�r�e� �m�o�r�e� �a�p�p�a�r�e�n�t� �i�n� �F�i�g�u�r�e�s� �2�.�7� �a�n�d� �2�.�8�,� �w�h�i�c�h� �s�h�o�w� �t�h�e� �s�a�m�e� �s�p�e�c�t�r�a� �o�v�e�r� 

�n�a�r�r�o�w�e�r� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e�s�.� �I�n� �t�h�i�s� �t�e�x�t�,� �p�e�a�k�s� �w�i�l�l� �b�e� �r�e�f�e�r�e�n�c�e�d� �b�y� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� 

�d�e�t�e�r�m�i�n�e�d� �p�o�s�i�t�i�o�n�s�.� 

�S�c�h�e�m�a�t�i�c�s� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �a�l�c�o�h�o�l� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3� �T�h�e� �a�m�i�n�o�e�t�h�o�x�y� 

�l�i�g�a�n�d�s� �f�o�r�m� �f�i�v�e�-�m�e�m�b�e�r�e�d� �c�h�e�l�a�t�e� �r�i�n�g�s� �w�i�t�h� �t�h�e� �c�e�n�t�r�a�l� �c�o�p�p�e�r� �a�t�o�m� �[�1�5�]�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� 

�a�t�t�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �b�a�s�i�c� �t�e�r�t�i�a�r�y� �a�m�i�n�e� �g�r�o�u�p� �a�n�d� �t�h�e� �a�c�i�d�i�c� �p�r�o�t�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �g�r�o�u�p�,� 

�t�h�e� �a�m�i�n�o�a�l�c�o�h�o�l� �a�l�s�o� �a�s�s�u�m�e�s� �a� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� �c�o�n�f�o�r�m�a�t�i�o�n� �v�i�a� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �[�1�6�]�.� �T�h�u�s� �i�t� �i�s� �n�o�t� �u�n�r�e�a�s�o�n�a�b�l�e� �f�o�r� �t�h�e� �I�R� �s�p�e�c�t�r�a� �t�o� �b�e� �s�i�m�i�l�a�r�.� �T�h�e�r�e� �i�s� 
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�a�n� �e�q�u�i�l�i�b�r�i�u�m� �b�e�t�w�e�e�n� �h�y�d�r�o�g�e�n�-�b�o�n�d�e�d� �r�i�n�g�s� �a�n�d� �n�o�n�-�h�y�d�r�o�g�e�n�-�b�o�n�d�e�d� �c�h�a�i�n�s� �f�o�r� �t�h�e� 

�a�l�c�o�h�o�l� �[�1�6�]�.� 

�T�w�o� �p�e�a�k�s� �n�e�a�r� �3�5�0�0� �c�m ��!� �a�r�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �O�-�H� �s�t�r�e�t�c�h�,� �v�(�O�-�H�)�.� �T�h�e� �f�i�r�s�t� �i�s� �a�t� 

�3�6�7�1� �c�m�,� �w�i�t�h�i�n� �t�h�e� �r�a�n�g�e� �e�x�p�e�c�t�e�d� �f�o�r� �p�r�i�m�a�r�y� �a�l�c�o�h�o�l�s� �(�3�6�7�0�  �� �3�6�8�0� �c�m�"�)�,� �T�h�i�s� �i�s� �t�h�e� 

�s�t�r�e�t�c�h�i�n�g� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� �n�o�n�-�h�y�d�r�o�g�e�n�-�b�o�n�d�e�d� �O�H� �g�r�o�u�p�.� �T�h�e� �O ��H� �s�t�r�e�t�c�h� �a�t� �3�5�4�5� �c�m�!� 

�i�s� �f�o�r� �t�h�e� �h�y�d�r�o�g�e�n�-�b�o�n�d�e�d� �a�m�i�n�o�a�l�c�o�h�o�l�.� �T�h�e� �p�e�a�k� �a�t� �3�4�1�0� �c�m!"� �i�s� �i�d�e�n�t�i�f�i�e�d� �b�y� �N�y�q�u�i�s�t� �a�s� 

�a�n� �i�m�p�u�r�i�t�y�,� �w�i�t�h� �n�o� �f�u�r�t�h�e�r� �e�x�p�l�a�n�a�t�i�o�n� �[�1�4�]�.� �I�t� �s�e�e�m�s� �o�d�d� �t�h�a�t� �t�h�e� �s�a�m�e� �i�m�p�u�r�i�t�y� �p�e�a�k� 

�e�x�i�s�t�s� �w�h�e�t�h�e�r� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �A�l�d�r�i�c�h� �o�r� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�h�y�d�r�o�l�y�s�i�s� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� 

�T�h�e� �c�o�m�p�l�e�x� �s�e�t� �o�f� �p�e�a�k�s� �b�e�t�w�e�e�n� �2�7�0�0� �a�n�d� �3�0�0�0� �c�m!"� �a�r�e� �C ��H� �s�t�r�e�t�c�h�e�s� �i�n� �C�H�,� �a�n�d� 

�C�H�,� �g�r�o�u�p�s�.� �T�h�e� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h� �o�f� �C�H�,� �g�r�o�u�p�s� �i�n� �t�h�e� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� �a�p�p�e�a�r�s� �a�t� 

�2�9�6�0� �c�m �� �f�o�r� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�t� �2�9�7�1� �c�m!"� �f�o�r� �t�h�e� �a�l�k�o�x�i�d�e�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �c�h�a�n�g�e�s� �w�i�t�h� �r�i�n�g� 

�s�t�r�a�i�n� �a�n�d� �r�i�n�g� �c�h�e�m�i�s�t�r�y�,� �s�o� �t�h�e� �s�h�i�f�t� �u�p�o�n� �s�u�b�s�t�i�t�u�t�i�n�g� �c�o�p�p�e�r� �f�o�r� �h�y�d�r�o�g�e�n� �i�s� �e�x�p�e�c�t�e�d�.� �F�o�r� 

�c�o�m�p�a�r�i�s�o�n�,� �t�h�i�s� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h� �a�p�p�e�a�r�s� �a�t� �2�9�7�0� �c�m!"� �f�o�r� �c�y�c�l�o�p�e�n�t�a�n�e�.� �T�h�e� �a�s�y�m�m�e�t�r�i�c� 

�C ��H� �s�t�r�e�t�c�h�e�s� �o�f� �a�n�y� �C�H�,� �o�r� �C�H�,� �g�r�o�u�p�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �p�r�o�d�u�c�e� �i�n�t�e�n�s�e� �p�e�a�k�s� �b�e�t�w�e�e�n� 

�2�9�1�0� �c�m�!� �a�n�d� �2�9�7�5� �c�m ��.� �T�h�e� �s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h� �f�o�r� �C�H�,� �i�n� �a� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� �a�p�p�e�a�r�s� 
�1� �n�e�a�r� �2�8�8�0� �c�m!"�.� �I�t� �i�s� �a�l�w�a�y�s� �l�e�s�s� �i�n�t�e�n�s�e� �t�h�a�n� �t�h�e� �a�s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h�.� �F�o�r� �c�y�c�l�o�p�e�n�t�a�n�e�,� �i�t� 

�a�p�p�e�a�r�s� �a�t� �2�8�8�3� �c�m ��!� �[�1�7�]�.� 

�A� �d�o�u�b�l�e�t� �n�e�a�r� �2�8�0�0� �c�m ��!� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �s�y�m�m�e�t�r�i�c� �C ��H� �s�t�r�e�t�c�h� �i�n� �N�(�C�H�3�)�o� 

�[�1�8�]�.� �T�h�e�r�e� �i�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �n�e�a�r� �2�8�0�0� �c�m!"� �f�r�o�m� �C ��H� �s�t�r�e�t�c�h�e�s� �i�n� �t�h�e� �n�o�n�-� 

�h�y�d�r�o�g�e�n�-�b�o�n�d�e�d� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �[�1�6�]�.� �T�h�e� �a�s�y�m�m�e�t�r�i�c� �C ��H� �s�t�r�e�t�c�h� �f�o�r� �a� �C�H�,� 

�o�n� �a� �t�e�r�t�i�a�r�y� �n�i�t�r�o�g�e�n� �a�p�p�e�a�r�s� �n�e�a�r� �2�8�2�5� �c�m�}�,� �T�h�e� �s�y�m�m�e�t�r�i�c� �s�t�r�e�t�c�h� �i�s� �n�e�a�r� �2�7�8�0� �c�m ��!� �[�1�8�]�.� 

�B�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �s�o� �m�a�n�y� �o�v�e�r�l�a�p�p�i�n�g� �c�o�n�t�r�i�b�u�t�i�o�n�s� �i�n� �t�h�e� �C ��H� �s�t�r�e�t�c�h�i�n�g� �r�e�g�i�o�n�,� �p�e�a�k�s� 

�b�e�t�w�e�e�n� �2�7�5�0� �a�n�d� �2�8�5�0� �c�m �� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �a�s�s�i�g�n� �d�e�f�i�n�i�t�i�v�e�l�y�.� 

�S�p�e�c�t�r�a� �i�n� �t�h�i�s� �w�o�r�k� �w�i�l�l� �o�f�t�e�n� �s�h�o�w� �a� �p�o�s�i�t�i�v�e� �o�r� �n�e�g�a�t�i�v�e� �p�e�a�k� �(�a� �d�o�u�b�l�e�t� �w�i�t�h� �f�i�n�e� 

�s�t�r�u�c�t�u�r�e�)� �n�e�a�r� �2�3�0�0� �c�m�?�.� �T�h�i�s� �i�s� �a�b�s�o�r�b�a�n�c�e� �b�y� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �[�1�9�]�,� �p�r�i�m�a�r�i�l�y� �i�n� �t�h�e� �o�p�t�i�c�a�l� 

�b�e�n�c�h�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �i�s� �a� �s�t�r�o�n�g� �i�n�f�r�a�r�e�d� �a�b�s�o�r�b�e�r�,� �a�n�d� �s�l�i�g�h�t� �c�h�a�n�g�e�s� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�s�h�o�w� �u�p� �c�l�e�a�r�l�y� �a�s� �a� �c�h�a�n�g�e� �i�n� �i�n�t�e�n�s�i�t�y� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� �W�i�t�h� �h�o�l�e�s� �i�n� �t�h�e� �b�e�n�c�h� �c�o�v�e�r� �t�o� 

�b�r�i�n�g� �i�n� �t�u�b�e�s�,� �w�i�r�e�s�,� �a�n�d� �u�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t�,� �e�v�e�n� �p�u�r�g�i�n�g� �t�h�e� �b�e�n�c�h� �w�i�t�h� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �b�o�i�l�o�f�f� 

�3�2



�d�o�e�s� �n�o�t� �p�r�e�v�e�n�t� �f�l�u�c�t�u�a�t�i�o�n� �i�n� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �l�e�v�e�l�s�.� �I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� 

�f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �b�e�n�c�h� �a�t�m�o�s�p�h�e�r�e� �a�n�d� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �r�e�a�c�t�o�r� �a�t�m�o�s�p�h�e�r�e�.� �U�n�l�e�s�s� �t�h�e�r�e� �i�s� �a� 

�c�l�e�a�r� �t�r�e�n�d� �i�n� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�i�s� �p�e�a�k� �i�s� �i�g�n�o�r�e�d� �i�n� �i�n�f�r�a�r�e�d� �d�a�t�a� �a�n�a�l�y�s�i�s�.� 

�A� �b�r�o�a�d� �p�e�a�k� �b�e�t�w�e�e�n� �1�7�0�0� �a�n�d� �1�7�5�0� �c�m�}� �i�s� �t�h�e� �C�=�O� �s�t�r�e�t�c�h� �f�o�r� �a�l�d�e�h�y�d�e�s� �a�n�d� 

�k�e�t�o�n�e�s� �[�2�0�]�.� �T�h�e� �C�=�N� �s�t�r�e�t�c�h� �o�f� �i�m�i�n�e�s� �y�i�e�l�d�s� �a� �p�e�a�k� �b�e�t�w�e�e�n� �1�6�2�0� �a�n�d� �1�6�8�0� �c�m!"� �[�2�1�]�.� 

�T�h�e� �C�=�C� �s�t�r�e�t�c�h� �a�l�s�o� �a�p�p�e�a�r�s� �b�e�t�w�e�e�n� �1�6�0�0� �a�n�d� �1�7�0�0� �c�m�?�!� �[�2�2�]�.� �P�e�a�k�s� �i�n� �t�h�e�s�e� �r�e�g�i�o�n�s� 

�a�p�p�e�a�r� �i�n� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �o�f� �a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�.� �O�n�e� �e�x�p�e�c�t�s� �a� 

�C�=�C� �s�t�r�e�t�c�h� �t�o� �b�e� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �m�e�d�i�u�m�-�t�o�-�s�t�r�o�n�g� �p�e�a�k� �f�o�r� �t�h�e� �a�l�k�e�n�e� �C ��H� �s�t�r�e�t�c�h� 

�b�e�t�w�e�e�n� �3�0�0�0� �c�m!"�!� �a�n�d� �3�1�0�0� �c�m�}� �[�2�2�b�]�.� �T�h�e� �C�  ��H� �s�t�r�e�t�c�h� �o�f� �t�h�e� �a�l�d�e�h�y�d�i�c� �p�r�o�t�o�n� �a�p�p�e�a�r�s� �a�s� 

�t�w�o� �w�e�a�k� �b�a�n�d�s� �b�e�t�w�e�e�n� �2�7�0�0� �c�m�!� �a�n�d� �2�9�0�0� �c�m�!� �(�2�2�b�]�.� �I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�c�t� �t�h�e� 

�a�l�d�e�h�y�d�i�c� �h�y�d�r�o�g�e�n� �a�m�o�n�g�s�t� �t�h�e� �o�t�h�e�r� �C�  �� �H� �s�t�r�e�t�c�h�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� 

�I�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �w�e�r�e� �a� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �r�a�t�h�e�r� �t�h�a�n� �a�n� �a�l�d�e�h�y�d�e� �o�r� �k�e�t�o�n�e�,� 

�s�e�v�e�r�a�l� �o�t�h�e�r� �f�e�a�t�u�r�e�s� �w�o�u�l�d� �b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� �T�h�e� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �C�=�O� �s�t�r�e�t�c�h� 

�a�p�p�e�a�r�s� �b�e�t�w�e�e�n� �1�7�5�5� �a�n�d� �1�7�8�0� �c�m!"�,� �n�o�t�a�b�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �a�l�d�e�h�y�d�e�/�k�e�t�o�n�e� �p�e�a�k�.� 

�C�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �c�a�n� �a�l�s�o� �b�e� �i�d�e�n�t�i�f�i�e�d� �b�y� �t�h�e� �C ��C ��O� �s�t�r�e�t�c�h�i�n�g� �b�a�n�d�s� �b�e�t�w�e�e�n� �1�1�2�0� �a�n�d� 

�1�1�7�8� �c�m� �a�n�d� �b�e�t�w�e�e�n� �1�0�7�5� �a�n�d� �1�1�0�8� �c�m�}�.� �B�e�l�o�w� �1�5�0�°�C�,� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �a�r�e� �u�s�u�a�l�l�y� 

�d�i�m�e�r�s� �r�a�t�h�e�r� �t�h�a�t� �m�o�n�o�m�e�r�s�.� �T�h�e� �d�i�m�e�r� �v�(�O ��H�)� �a�p�p�e�a�r�s� �b�e�t�w�e�e�n� �2�8�0�0� �a�n�d� �3�1�0�0� �c�m!"�?� 

�r�a�t�h�e�r� �t�h�a�n� �n�e�a�r� �3�5�8�0� �c�m�!� �a�s� �i�n� �t�h�e� �m�o�n�o�m�e�r�.� �T�h�e� �v�(�C�=�O�)� �f�o�r� �t�h�e� �d�i�m�e�r� �i�s� �a�t� �1�6�8�0�  �� �1�7�2�0� 

�c�m�7�?�,� �a�n�d� �a�n�o�t�h�e�r� �s�t�r�o�n�g� �b�a�n�d� �a�p�p�e�a�r�s� �n�e�a�r� �1�3�0�0� �c�m!"� �[�2�3�]�.� 

�T�h�e� �a�l�c�o�h�o�l� �s�p�e�c�t�r�u�m� �s�h�o�w�s� �t�h�r�e�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�3�5�0� �a�n�d� �1�5�0�0� �c�m�.� �C�l�o�s�e� 

�i�n�s�p�e�c�t�i�o�n� �r�e�v�e�a�l�s� �t�h�e� �s�a�m�e� �p�e�a�k�s� �i�n� �t�h�e� �a�l�k�o�x�i�d�e� �s�p�e�c�t�r�u�m�.� �T�h�e�s�e� �p�e�a�k�s� �a�r�e� �i�n�f�r�a�r�e�d� 

�a�b�s�o�r�b�a�n�c�e� �b�y� �t�h�e� �b�e�n�d�i�n�g� �m�o�t�i�o�n� �o�f� �C�H�,� �a�n�d� �C�H�g� �g�r�o�u�p�s� �o�n� �t�e�r�t�i�a�r�y� �a�m�i�n�e�s� �[�2�4�]� �a�n�d� �b�y� 

�C�H�,� �d�e�f�o�r�m�a�t�i�o�n�s� �i�n� �a�l�k�y�l� �c�h�a�i�n�s� �[�1�7�c�,� �2�5�]�.� �A�l�t�h�o�u�g�h� �t�h�e�y� �a�p�p�e�a�r� �w�e�a�k�e�r� �i�n� �t�h�e� �a�l�k�o�x�i�d�e� 

�s�p�e�c�t�r�u�m�,� �t�h�e�i�r� �i�n�t�e�n�s�i�t�i�e�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �C ��H� �s�t�r�e�t�c�h� �i�n�t�e�n�s�i�t�i�e�s� �a�r�e� �c�o�m�p�a�r�a�b�l�e�.� �T�h�e�y� 

�s�h�o�u�l�d� �n�o�t� �b�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�1�0�0� �a�n�d� �1�0�0�0� �c�m� �!�,� �w�h�o�s�e� �i�n�t�e�n�s�i�t�i�e�s� �a�r�e� 

�s�t�r�o�n�g�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �c�o�p�p�e�r� �f�o�r� �h�y�d�r�o�g�e�n�.� 

�T�h�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�1�5�0� �a�n�d� �1�3�0�0� �c�m!"� �t�h�e� �a�r�e� �m�o�s�t� �d�i�f�f�i�c�u�l�t� �t�o� �a�s�s�i�g�n�.� �T�h�e�r�e� �a�r�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �i�n� �t�h�i�s� �r�e�g�i�o�n� �f�r�o�m� �C�H�,� �d�e�f�o�r�m�a�t�i�o�n�s� �[�1�7�c�]�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�e�r�t�i�a�r�y� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�e�s� �e�x�h�i�b�i�t� �C ��N� �s�t�r�e�t�c�h�e�s� �a�t� �a�b�o�u�t� �1�2�7�0� �c�m�?� �a�n�d� �a�t� �a�b�o�u�t� �1�1�9�0� �c�m�!� �[�2�4�c�]�.� 

�I�d�e�n�t�i�f�i�c�a�t�i�o�n� �a�s� �a� �C ��N� �s�t�r�e�t�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �s�h�i�f�t� �i�n� �f�r�e�q�u�e�n�c�y� �a�n�d� �i�n�c�r�e�a�s�e� �i�n� 
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�i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �p�e�a�k� �n�e�a�r� �1�2�7�0� �c�m�?�!� �b�e�t�w�e�e�n� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e�.� �T�h�e� 

�c�a�r�b�o�n�  �� �n�i�t�r�o�g�e�n� �b�o�n�d� �i�s� �a�f�f�e�c�t�e�d� �b�y� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �c�o�p�p�e�r� �f�o�r� �h�y�d�r�o�g�e�n� �i�n� �t�h�e� �f�i�v�e�-� 

�m�e�m�b�e�r�e�d� �r�i�n�g�.� �T�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �o�f� �(�C�H�,�C�H�,�)�,�N�C�H�,�C�H�,�N�(�C�H�.�C�H�3�)�.� �a�n�d� 

�C�H�,�C�H�,�N�(�C�H�3�)�,� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�n� �t�h�i�s� �r�e�g�i�o�n� �[�2�6�]�.� 

�N�o�t�e� �t�h�a�t� �t�h�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�1�0�0� �a�n�d� �1�5�0�0� �c�m �� �i�n� �t�h�e� �a�l�c�o�h�o�l� �s�p�e�c�t�r�u�m� �a�r�e� �f�a�i�r�l�y� 

�b�r�o�a�d� �a�n�d� �t�h�e� �b�a�s�e�l�i�n�e� �a�p�p�e�a�r�s� �t�o� �h�u�m�p� �o�r� �c�u�r�v�e�.� �A� �b�r�o�a�d� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �O ��H� �b�e�n�d�i�n�g� 

�m�o�d�e�s� �u�n�d�e�r�l�i�e�s� �t�h�i�s� �r�e�g�i�o�n�.� �C�o�n�t�r�a�s�t� �t�h�i�s� �w�i�t�h� �t�h�e� �f�l�a�t�n�e�s�s� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �b�a�s�e�l�i�n�e� �i�n� �t�h�e� 

�s�a�m�e� �r�e�g�i�o�n� �[�2�7�]�.� 

�T�h�e� �s�t�r�o�n�g� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�0�0�0� �a�n�d� �1�1�0�0� �c�m!"� �w�e�r�e� �a�l�l�u�d�e�d� �t�o� �e�a�r�l�i�e�r�.� �T�h�e�s�e� �a�r�e� �t�h�e� 

�C ��O� �a�n�d� �C ��N� �s�t�r�e�t�c�h�e�s�.� �A�s� �t�h�e�y� �a�r�e� �s�o� �c�l�o�s�e� �t�o� �t�h�e� �s�i�t�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n�,� �i�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �f�o�r� 

�t�h�e�m� �t�o� �b�e� �s�t�r�o�n�g�l�y� �a�f�f�e�c�t�e�d� �b�y� �a� �c�h�a�n�g�e� �f�r�o�m� �h�y�d�r�o�g�e�n� �t�o� �c�o�p�p�e�r�.� �N�y�q�u�i�s�t� �i�d�e�n�t�i�f�i�e�s� �t�h�e� 

�1�0�4�0� �c�m!"�!� �p�e�a�k� �(�1�0�4�4�/�1�0�3�8� �c�m!"�!� �d�o�u�b�l�e�t�)� �i�n� �t�h�e� �a�l�c�o�h�o�l� �s�p�e�c�t�r�u�m� �a�s� �v�(�C ��O�)�.� �T�h�e� �C ��O� 

�s�t�r�e�t�c�h� �o�f�t�e�n� �a�p�p�e�a�r�s� �a�s� �a� �d�o�u�b�l�e�t�.� �S�u�b�s�t�i�t�u�t�e� �i�s�o�p�r�o�p�y�l�s� �f�o�r� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� 

�n�i�t�r�o�g�e�n�,� �a�n�d� �»�y�(�C ��O�)� �a�p�p�e�a�r�s� �a�t� �1�0�7�9� �a�n�d� �1�0�3�8� �c�m!"�!�.� �S�u�b�s�t�i�t�u�t�e� �n�o�r�m�a�l� �b�u�t�y�l�s�,� �a�n�d� �a� �s�i�n�g�l�e� 

�C ��O� �s�t�r�e�t�c�h� �a�p�p�e�a�r�s� �a�t� �1�0�6�8� �c�m!"�!�.� �I�t� �m�i�g�h�t� �s�e�e�m� �r�e�a�s�o�n�a�b�l�e� �t�o� �a�s�s�i�g�n� �b�o�t�h� �p�e�a�k�s� �b�e�l�o�w� 

�1�1�0�0� �c�m�?�!� �a�s� �»�(�C ��O�)�.� �H�o�w�e�v�e�r�,� �a� �C ��N� �s�t�r�e�t�c�h� �i�s� �e�x�p�e�c�t�e�d� �b�e�t�w�e�e�n� �1�0�3�0� �a�n�d� �1�2�0�0� �c�m�.� 

�C ��N� �s�t�r�e�t�c�h�e�s� �a�r�e� �u�s�u�a�l�l�y� �l�e�s�s� �i�n�t�e�n�s�e� �t�h�a�n� �C ��O� �s�t�r�e�t�c�h�e�s�.� �T�h�u�s� �t�h�e� �h�i�g�h�e�r� �f�r�e�q�u�e�n�c�y� �p�e�a�k� �i�s� 

�r�e�a�s�o�n�a�b�l�y� �a�s�s�i�g�n�e�d� �t�o� �v�(�C ��N�)� �[�1�8�,� �2�8�]�.� �N�o�t�e� �t�h�a�t� �f�o�r� �t�e�r�t�i�a�r�y� �d�i�m�e�t�h�y�l�a�m�i�n�e�s�,� �t�h�e� �C ��N� 

�s�t�r�e�t�c�h� �i�s� �e�x�p�e�c�t�e�d� �n�e�a�r� �1�0�4�0� �c�m� �4�[�2�4�c�]�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �N�y�q�u�i�s�t ��s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� 

�i�n�c�o�r�r�e�c�t�,� �a�n�d� �t�h�e� �h�i�g�h�e�r� �f�r�e�q�u�e�n�c�y� �p�e�a�k� �i�s� �t�h�e� �C ��O� �s�t�r�e�t�c�h�.� �H�o�w�e�v�e�r�,� �c�o�r�r�e�l�a�t�i�o�n�s� �f�o�r� 

�C ��N� �s�t�r�e�t�c�h�e�s� �a�r�e� �f�o�r� �a�l�i�p�h�a�t�i�c� �a�m�i�n�e�s�,� �a�n�d� �a� �s�h�i�f�t� �d�u�e� �t�o� �t�h�e� �r�i�n�g� �c�o�n�f�o�r�m�a�t�i�o�n�s� �o�f� �t�h�e� 

�a�l�c�o�h�o�l� �a�n�d� �t�h�e� �a�l�k�o�x�y� �l�i�g�a�n�d� �i�s� �c�e�r�t�a�i�n�l�y� �p�o�s�s�i�b�l�e�.� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �f�r�o�m� �6�0�0� �t�o� �1�0�0�0� �c�m�?� �i�s� �c�a�l�l�e�d� �t�h�e�  ��f�i�n�g�e�r�p�r�i�n�t� �r�e�g�i�o�n �� �[�2�9�]�.� 

�F�e�w� �a�s�s�i�g�n�m�e�n�t�s� �t�o� �s�p�e�c�i�f�i�c� �b�o�n�d� �d�e�f�o�r�m�a�t�i�o�n�s� �a�r�e� �m�a�d�e� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� �I�t� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �s�i�m�i�l�a�r� �s�p�e�c�t�r�a�,� �i�f� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �a�r�e� �a�v�a�i�l�a�b�l�e�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �c�o�l�l�e�c�t� �d�a�t�a� �i�n� �t�h�e� �f�i�n�g�e�r�p�r�i�n�t� �r�e�g�i�o�n� �w�i�t�h� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�a�l� 

�e�q�u�i�p�m�e�n�t�.� �T�h�e� �i�n�f�r�a�r�e�d�-�t�r�a�n�s�p�a�r�e�n�t� �w�i�n�d�o�w�s� �a�r�e� �c�a�l�c�i�u�m� �f�l�u�o�r�i�d�e�.� �T�h�e�y� �w�e�r�e� �c�h�o�s�e�n� �f�o�r� 

�t�h�e�i�r� �r�e�s�i�s�t�a�n�c�e� �t�o� �h�y�d�r�o�l�y�s�i�s�,� �b�u�t� �t�h�e�y� �d�o� �n�o�t� �t�r�a�n�s�m�i�t� �b�e�l�o�w� �1�0�0�0� �c�m ��.� �T�h�i�s� �a�l�s�o� �m�a�k�e�s� �i�t� 

�i�m�p�o�s�s�i�b�l�e� �t�o� �s�e�e� �C�u ��O� �o�r� �C�u ��N� �s�t�r�e�t�c�h�e�s�.� 
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�2�.�7�.�3� �O�v�e�r�v�i�e�w� �o�f� �M�a�s�s� �S�p�e�c�t�r�a�l� �A�n�a�l�y�s�i�s� 

�M�c�L�a�f�f�e�r�t�y ��s� �b�o�o�k� �[�3�0�]� �i�s� �a�n� �e�x�c�e�l�l�e�n�t� �t�e�x�t� �f�o�r� �t�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �m�a�s�s� �s�p�e�c�t�r�a�,� �a�n�d� 

�i�s� �t�h�e� �s�o�u�r�c�e� �f�o�r� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �t�h�a�t� �f�o�l�l�o�w�s�.� 

�I�n� �m�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s�,� �m�o�l�e�c�u�l�e�s� �a�r�e� �b�r�o�k�e�n� �u�p� �i�n�t�o� �c�h�a�r�g�e�d� �f�r�a�g�m�e�n�t�s�.� �T�h�e� 

�f�r�a�g�m�e�n�t�s� �a�r�e� �c�l�a�s�s�i�f�i�e�d� �b�y� �m�a�s�s�-�t�o�-�c�h�a�r�g�e� �r�a�t�i�o�,� �a�n�d� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �f�r�a�g�m�e�n�t�s� �a�t� �e�a�c�h� 

�m�a�s�s�-�t�o�-�c�h�a�r�g�e� �r�a�t�i�o� �i�s� �r�e�c�o�r�d�e�d�.� �F�r�o�m� �t�h�i�s� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� 

�o�r�i�g�i�n�a�l� �m�o�l�e�c�u�l�e� �m�a�y� �b�e� �d�e�d�u�c�e�d�.� 

�T�h�e� �s�a�m�p�l�e� �t�o� �b�e� �a�n�a�l�y�z�e�d� �i�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �i�o�n� �s�o�u�r�c�e�,� �a� �c�h�a�m�b�e�r� �e�v�a�c�u�a�t�e�d� �t�o� 

�a�b�o�u�t� �1�0�°�°� �T�o�r�r�.� �I�n� �t�h�e� �i�o�n� �s�o�u�r�c�e�,� �a� �h�o�t� �f�i�l�a�m�e�n�t� �p�r�o�d�u�c�e�s� �e�l�e�c�t�r�o�n�s� �w�h�i�c�h� �t�r�a�v�e�l� �a�c�r�o�s�s� �t�h�e� 

�c�h�a�m�b�e�r� �t�o� �t�h�e� �a�n�o�d�e�.� �T�h�e�s�e� �e�n�e�r�g�e�t�i�c� �e�l�e�c�t�r�o�n�s� �i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�e� �s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s�.� �S�o�m�e� 

�s�a�m�p�l�e� �m�o�l�e�c�u�l�e�s� �l�o�s�e� �e�l�e�c�t�r�o�n�s� �i�n� �t�h�e� �p�r�o�c�e�s�s�,� �b�e�c�o�m�i�n�g� �p�o�s�i�t�i�v�e� �i�o�n�s�.� �T�h�i�s� �p�r�o�c�e�s�s� �i�s� �r�e�f�e�r�r�e�d� 

�t�o� �a�s� �e�l�e�c�t�r�o�n� �i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n�.� �O�t�h�e�r� �i�o�n�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �e�x�i�s�t�,� �b�u�t� �a�r�e� �n�o�t� �r�e�l�e�v�a�n�t� �t�o� �t�h�i�s� 

�w�o�r�k�.� �T�h�e� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �u�s�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �u�s�e�s� �7�0� �e�V� �e�l�e�c�t�r�o�n�s� �f�o�r� �e�l�e�c�t�r�o�n� 

�i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n�.� 

�T�h�e� �p�o�s�i�t�i�v�e� �i�o�n�s� �a�r�e� �o�f�t�e�n� �u�n�s�t�a�b�l�e� �a�n�d� �b�r�e�a�k� �i�n�t�o� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�u�t�r�a�l� �f�r�a�g�m�e�n�t�s�.� 

�S�e�v�e�r�a�l� �s�t�a�n�d�a�r�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�h�w�a�y�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�e�r�t�a�i�n� �a�t�o�m�s� 

�o�r� �g�r�o�u�p�s� �f�a�v�o�r�s� �c�l�e�a�v�a�g�e� �o�f� �p�a�r�t�i�c�u�l�a�r� �b�o�n�d�s� �i�n� �t�h�e� �m�o�l�e�c�u�l�e�.� �T�h�e� �p�r�e�s�s�u�r�e� �i�n�s�i�d�e� �t�h�e� 

�i�n�s�t�r�u�m�e�n�t� �i�s� �1�0�°�°� �T�o�r�r� �o�r� �l�e�s�s�,� �s�o� �o�n�l�y� �u�n�i�m�o�l�e�c�u�l�a�r� �p�a�t�h�w�a�y�s� �a�r�e� �a�v�a�i�l�a�b�l�e�.� �M�a�s�s� �s�p�e�c�t�r�a�l� 

�a�n�a�l�y�s�i�s� �i�s� �f�e�a�s�i�b�l�e� �b�e�c�a�u�s�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s� �a�r�e� �s�o�m�e�w�h�a�t� �p�r�e�d�i�c�t�a�b�l�e�.� 

�T�h�e� �p�o�s�i�t�i�v�e� �i�o�n�s� �a�r�e� �g�u�i�d�e�d� �b�y� �e�l�e�c�t�r�i�c� �f�i�e�l�d�s� �i�n�t�o� �t�h�e� �a�n�a�l�y�z�e�r�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t� �u�s�e�d� 

�i�n� �t�h�i�s� �w�o�r�k� �h�a�s� �a� �q�u�a�d�r�u�p�o�l�e� �m�a�s�s� �f�i�l�t�e�r�,� �w�h�i�c�h� �g�e�n�e�r�a�t�e�s� �R�F� �a�n�d� �D�C� �f�i�e�l�d�s� �b�e�t�w�e�e�n� �t�h�e� 

�d�e�t�e�c�t�o�r� �a�n�d� �t�h�e� �e�n�t�r�a�n�c�e� �t�o� �t�h�e� �a�n�a�l�y�z�e�r� �c�h�a�m�b�e�r�.� �T�h�e� �p�a�t�h� �o�f� �a�n� �i�o�n� �i�n� �t�h�e�s�e� �f�i�e�l�d�s� 

�d�e�p�e�n�d�s� �o�n� �i�t�s� �m�a�s�s�-�t�o�-�c�h�a�r�g�e� �r�a�t�i�o�.� �T�h�e� �f�i�e�l�d�s� �c�a�n� �b�e� �a�d�j�u�s�t�e�d� �s�o� �t�h�a�t� �o�n�l�y� �i�o�n�s� �o�f� �a� 

�p�a�r�t�i�c�u�l�a�r� �m�a�s�s�-�t�o�-�c�h�a�r�g�e� �r�a�t�i�o� �h�i�t� �t�h�e� �d�e�t�e�c�t�o�r�.� �(�F�o�r� �s�i�m�p�l�i�c�i�t�y�,� �m�o�s�t� �i�o�n�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� 

�s�i�n�g�l�y� �c�h�a�r�g�e�d�.� �O�c�c�a�s�i�o�n�a�l�l�y�,� �m�u�l�t�i�p�l�y� �c�h�a�r�g�e�d� �s�p�e�c�i�e�s� �d�o� �a�p�p�e�a�r� �i�n� �a� �s�p�e�c�t�r�u�m�.� �T�h�e�y� �a�r�e� 

�u�s�u�a�l�l�y� �s�m�a�l�l� �i�n� �a�b�u�n�d�a�n�c�e� �a�n�d� �e�a�s�y� �t�o� �i�d�e�n�t�i�f�y�.�)� �T�h�e� �f�i�e�l�d�s� �c�a�n� �b�e� �a�d�j�u�s�t�e�d� �q�u�i�c�k�l�y� �t�o� 

�m�o�n�i�t�o�r� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �s�e�v�e�r�a�l� �i�o�n�s�.� �A� �s�p�e�c�t�r�u�m� �s�p�a�n�n�i�n�g� �8�0�0� �a�m�u� �c�a�n� �b�e� �s�c�a�n�n�e�d� �i�n� �J�e�s�s� 

�t�h�a�n� �o�n�e� �s�e�c�o�n�d�.� 
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�A� �m�a�s�s� �s�p�e�c�t�r�u�m� �i�s� �u�s�u�a�l�l�y� �p�r�e�s�e�n�t�e�d� �a�s� �a� �g�r�a�p�h� �o�r� �a� �t�a�b�l�e� �o�f� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �i�o�n�s� 

�v�e�r�s�u�s� �m�a�s�s� �n�u�m�b�e�r�.� �T�h�e� �i�o�n� �o�f� �h�i�g�h�e�s�t� �a�b�u�n�d�a�n�c�e� �i�s� �c�a�l�l�e�d� �t�h�e� �b�a�s�e� �p�e�a�k�.� �O�f�t�e�n�,� �t�h�e� �r�e�s�t� �o�f� 

�t�h�e� �s�p�e�c�t�r�u�m� �i�s� �n�o�r�m�a�l�i�z�e�d� �t�o� �t�h�i�s� �p�e�a�k�,� �w�h�o�s�e� �a�b�u�n�d�a�n�c�e� �i�s� �d�e�f�i�n�e�d� �a�s� �1�0�0�.� �T�h�e� �a�b�u�n�d�a�n�c�e�s� 

�o�f� �o�t�h�e�r� �p�e�a�k�s� �a�r�e� �g�i�v�e�n� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �b�a�s�e� �p�e�a�k�.� 

�T�o� �i�d�e�n�t�i�f�y� �a� �c�o�m�p�o�u�n�d� �f�r�o�m� �i�t�s� �m�a�s�s� �s�p�e�c�t�r�u�m�,� �t�h�e� �a�t�o�m�i�c� �c�o�m�p�o�s�i�t�i�o�n�s� �a�n�d� 

�s�t�r�u�c�t�u�r�e�s� �o�f� �i�t�s� �m�a�j�o�r� �f�r�a�g�m�e�n�t�s� �m�u�s�t� �b�e� �i�d�e�n�t�i�f�i�e�d�.� �I�s�o�t�o�p�i�c� �a�b�u�n�d�a�n�c�e�s� �a�r�e� �t�h�e� �k�e�y� �t�o� 

�d�e�d�u�c�i�n�g� �a� �f�r�a�g�m�e�n�t ��s� �a�t�o�m�i�c� �c�o�m�p�o�s�i�t�i�o�n�.� �C�o�n�s�i�d�e�r� �a� �f�r�a�g�m�e�n�t� �o�f� �m�a�s�s� �M� �a�n�d� �a�b�u�n�d�a�n�c�e� 

�1�0�0�.� �E�a�c�h� �c�a�r�b�o�n� �i�n� �t�h�e� �f�r�a�g�m�e�n�t� �c�o�n�t�r�i�b�u�t�e�s� �a�n� �a�b�u�n�d�a�n�c�e� �o�f� �1�.�1� �t�o� �t�h�e� �p�e�a�k� �a�t� �m�a�s�s� �M�+�1�.� 

�E�a�c�h� �o�x�y�g�e�n� �c�o�n�t�r�i�b�u�t�e�s� �0�.�2� �t�o� �t�h�e� �p�e�a�k� �a�t� �M�+�2�.� �E�a�c�h� �f�r�a�g�m�e�n�t� �m�u�s�t� �a�l�s�o� �b�e� �a� �l�o�g�i�c�a�l� 

�c�h�e�m�i�c�a�l� �u�n�i�t�.� �A� �p�e�a�k� �o�f� �m�a�s�s� �M� �m�a�y� �b�e� �i�d�e�n�t�i�f�i�e�d� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �w�h�a�t� �a�t�o�m�s� �a�r�e� �r�e�q�u�i�r�e�d� 

�t�o� �m�a�k�e� �u�p� �t�h�e� �o�b�s�e�r�v�e�d� �a�b�u�n�d�a�n�c�e�s� �a�t� �M�+�1� �a�n�d� �M�+�2�.� �C�o�n�s�i�d�e�r� �a� �s�p�e�c�t�r�u�m� �w�i�t�h� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �p�e�a�k�s�:� �7�3� �a�m�u� �w�i�t�h� �a� �r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e� �o�f� �1�0�0�,� �7�4� �a�m�u� �w�i�t�h� �a� �r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e� 

�o�f� �4�.�4�,� �a�n�d� �7�5� �a�m�u� �w�i�t�h� �a� �r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e� �o�f� �0�.�2�.� �T�h�e� �i�s�o�t�o�p�i�c� �a�b�u�n�d�a�n�c�e�s� �i�n�d�i�c�a�t�e� �a�n� 

�e�m�p�i�r�i�c�a�l� �f�o�r�m�u�l�a� �o�f� �C�,�H�g�O�.� 

�T�h�e� �p�a�r�e�n�t� �i�o�n� �i�s� �t�h�e� �o�r�i�g�i�n�a�l� �m�o�l�e�c�u�l�e�,� �s�i�n�g�l�y� �c�h�a�r�g�e�d� �a�f�t�e�r� �h�a�v�i�n�g� �l�o�s�t� �o�n�e� �e�l�e�c�t�r�o�n�.� 

�I�t� �i�s� �a�l�s�o� �c�a�l�l�e�d� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n�.� �I�f� �i�t� �i�s� �p�r�e�s�e�n�t�,� �i�t� �w�i�l�l� �b�e� �t�h�e� �m�a�j�o�r� �p�e�a�k� �a�t� �h�i�g�h�e�s�t�-�m�a�s�s� 

�i�n� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �a� �p�u�r�e� �c�o�m�p�o�u�n�d�.� �A�n�y� �h�i�g�h�e�r�-�m�a�s�s� �p�e�a�k�s� �c�a�n� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �t�h�e� 

�n�a�t�u�r�a�l� �a�b�u�n�d�a�n�c�e�s� �o�f� �h�e�a�v�i�e�r� �i�s�o�t�o�p�e�s�.� �A�l�l� �o�t�h�e�r� �i�o�n� �f�r�a�g�m�e�n�t�s� �m�u�s�t� �r�e�s�u�l�t� �f�r�o�m�  ��l�o�g�i�c�a�l� 

�n�e�u�t�r�a�l� �l�o�s�s�e�s �� �f�r�o�m� �t�h�e� �p�a�r�e�n�t� �i�o�n� �(�i�.�e�.�,� �l�o�s�s� �o�f� �C�H�3�,� �H�,� �o�r� �C�(�C�H�3�)�3�)�.� �T�h�e� �p�a�r�e�n�t� �i�o�n� �p�e�a�k� �i�s� 

�n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�h�e� �b�a�s�e� �p�e�a�k�.� �O�f�t�e�n�,� �t�h�e� �p�a�r�e�n�t� �i�o�n� �i�s� �n�o�t� �d�e�t�e�c�t�e�d�.� 

�T�o� �i�d�e�n�t�i�f�y� �t�h�e� �p�a�r�e�n�t� �i�o�n�,� �l�o�g�i�c�a�l� �n�e�u�t�r�a�l�]� �l�o�s�s�e�s�,� �a�n�d� �f�r�a�g�m�e�n�t�s�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� 

�k�n�o�w� �t�h�e� �c�o�m�m�o�n� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�h�w�a�y�s�.� �F�r�a�g�m�e�n�t�a�t�i�o�n� �i�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� 

�c�o�m�p�o�s�i�t�i�o�n� �o�f� �a�n� �i�o�n�.� �T�h�e� �m�o�r�e� �s�t�a�b�l�e� �i�o�n�s� �w�i�l�l� �b�e� �m�o�r�e� �a�b�u�n�d�a�n�t�.� �W�h�e�r�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� 

�i�n�v�o�l�v�e�s� �l�o�s�s� �o�f� �a�n� �a�l�k�y�l� �g�r�o�u�p�,� �t�h�e� �t�e�n�d�e�n�c�y� �i�s� �t�o� �l�o�s�e� �t�h�e� �l�a�r�g�e�s�t� �a�l�k�y�l� �g�r�o�u�p� �p�o�s�s�i�b�l�e� �b�y� 

�b�r�e�a�k�i�n�g� �o�n�l�y� �o�n�e� �b�o�n�d�.� �T�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �l�o�s�t� �n�e�u�t�r�a�l� �f�r�a�g�m�e�n�t� �i�s� �a�l�s�o� �i�m�p�o�r�t�a�n�t�.� �I�t� 

�s�h�o�u�l�d� �b�e� �a� �w�h�o�l�e� �m�o�l�e�c�u�l�e� �(�C�O�)� �o�r� �a� �f�a�i�r�l�y� �s�t�a�b�l�e� �f�r�e�e� �r�a�d�i�c�a�l� �(�C�H�,�=�C�H ��C�H�,� �-� �)�.� 

�F�o�r� �h�y�d�r�o�c�a�r�b�o�n�s�,� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�h�w�a�y� �i�s� �s�i�m�p�l�e� �o�-�b�o�n�d� 

�d�i�s�s�o�c�i�a�t�i�o�n�:� 

�R�t�C�R�,� �+� �R�:� �+� �E�R�,� �(�2�.�1�)� 
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�W�h�e�n� �z�-�b�o�n�d�s� �o�r� �a�t�o�m�s� �w�i�t�h� �l�o�n�e� �p�a�i�r�s� �a�r�e� �p�r�e�s�e�n�t�,� �a�-�c�l�e�a�v�a�g�e� �i�s� �i�m�p�o�r�t�a�n�t�:� 

�R�-�C�R�,�-�Y�R� �+� �R�-� �+� �C�R�,�=�¥�R�,� �o�r� �(�2�.�2�)� 
�R ��-�C�H�,�-�C�H�+�C�H�,� �+� �R�-� �+� �C�H�,�=�C�H�-�C�H�,�.� �(�2�.�3�)� 

�O�n�e� �e�l�e�c�t�r�o�n� �i�s� �l�o�s�t� �f�r�o�m� �t�h�e� �l�o�n�e� �p�a�i�r� �o�r� �t�h�e� �z�-�b�o�n�d� �i�n� �t�h�e� �i�n�i�t�i�a�l� �i�o�n�i�z�a�t�i�o�n�.� �T�h�e� �r�e�m�a�i�n�i�n�g� 

�e�l�e�c�t�r�o�n� �i�s� �d�o�n�a�t�e�d� �t�o� �f�o�r�m� �a�n�o�t�h�e�r� �b�o�n�d� �t�o� �a�n� �a�d�j�a�c�e�n�t� �a�t�o�m�.� �T�o� �c�o�m�p�l�e�t�e� �t�h�e� �b�o�n�d�,� 

�a�n�o�t�h�e�r� �b�o�n�d� �t�o� �t�h�i�s� �a�-�a�t�o�m� �i�s� �c�l�e�a�v�e�d�.� �T�h�i�s� �i�s� �a�l�s�o� �c�a�l�l�e�d� �r�a�d�i�c�a�l�-�s�i�t�e� �i�n�i�t�i�a�t�i�o�n�.� �A�n� �e�l�e�c�t�r�o�n� 

�d�o�n�a�t�e�d� �f�r�o�m� �t�h�e� �r�a�d�i�c�a�l� �s�i�t�e� �i�n�i�t�i�a�t�e�s� �f�r�a�g�m�e�n�t�a�t�i�o�n�.� �T�h�e� �a�b�i�l�i�t�y� �t�o� �c�a�u�s�e� �a�-�c�l�e�a�v�a�g�e� 

�d�e�c�r�e�a�s�e�s� �a�s� �f�o�l�l�o�w�s�:� �N� �>� �S�,�O�,�7�,� �R�-� �>� �C�l�,� �B�r� �>� �H�.� 

�A�n�o�t�h�e�r� �c�o�m�m�o�n� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�h�w�a�y� �i�s� �c�h�a�r�g�e�-�s�i�t�e� �i�n�i�t�i�a�t�i�o�n�.� �I�t� �i�s� �n�o�t� �i�m�p�o�r�t�a�n�t� 

�f�o�r� �t�h�e� �s�p�e�c�i�e�s� �t�o� �b�e� �a�n�a�l�y�z�e�d� �i�n� �t�h�i�s� �w�o�r�k�.� �S�e�v�e�r�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�a�t�h�w�a�y�s� �a�r�e� �a�l�s�o� 

�a�v�a�i�l�a�b�l�e� �w�h�i�c�h� �a�r�e� �n�o�t� �i�m�p�o�r�t�a�n�t� �i�n� �t�h�i�s� �w�o�r�k�.� 
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�2�.�7�.�4� �M�a�s�s� �S�p�e�c�t�r�a�l� �A�n�a�l�y�s�i�s� �o�f� �C�o�p�p�e�r� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�n�d� �R�e�l�a�t�e�d� �S�p�e�c�i�e�s� 

�A� �g�l�a�s�s� �t�u�b�e� �w�i�t�h� �a� �g�l�a�s�s�-�t�o�-�m�e�t�a�l� �s�e�a�l� �t�o� �a� �C�a�j�o�n� �V�C�R� �f�i�t�t�i�n�g� �w�a�s� �u�s�e�d� �t�o� �h�o�l�d� 

�s�t�a�n�d�a�r�d�s� �f�o�r� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �(�M�S�D�)� �a�n�a�l�y�s�i�s�.� �T�h�e� �s�a�m�p�l�e� �t�u�b�e� �w�a�s� �m�a�t�e�d� �w�i�t�h� 

�a�n�o�t�h�e�r� �t�u�b�i�n�g� �s�e�c�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �a� �p�l�u�g� �v�a�l�v�e�.� �T�h�u�s� �t�h�e� �a�l�k�o�x�i�d�e� �c�o�u�l�d� �b�e� �l�o�a�d�e�d� �i�n�t�o� �t�h�e� 

�t�u�b�e� �i�n� �t�h�e� �d�r�y� �b�o�x� �a�n�d� �r�e�m�a�i�n� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�t�m�o�s�p�h�e�r�e�.� �T�h�e� �t�u�b�i�n�g� �w�a�s� 

�c�o�n�n�e�c�t�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �i�n�l�e�t�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �c�o�o�l�e�d� �w�i�t�h� �i�c�e� �w�h�i�l�e� �t�h�e� 

�g�a�s� �i�n� �t�h�e� �t�u�b�e� �w�a�s� �e�v�a�c�u�a�t�e�d�.� �T�h�e�n� �t�h�e� �i�c�e� �w�a�s� �r�e�m�o�v�e�d�.� �T�h�e� �p�l�u�g� �v�a�l�v�e� �w�a�s� �o�p�e�n�e�d� 

�b�r�i�e�f�l�y� �t�o� �i�n�t�r�o�d�u�c�e� �a� �s�a�m�p�l�e� �t�o� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �b�u�t� �t�h�e� �a�l�k�o�x�i�d�e� �r�e�q�u�i�r�e�d� �w�a�r�m�i�n�g� 

�w�i�t�h� �h�e�a�t�i�n�g� �t�a�p�e�.� 

�M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �p�r�o�v�e�d� �l�e�s�s� �u�s�e�f�u�l� �t�h�a�n� �h�o�p�e�d�.� �T�h�e� �a�l�c�o�h�o�l� �c�o�u�l�d� �n�o�t� �b�e� 

�d�i�s�t�i�n�g�u�i�s�h�e�d� �f�r�o�m� �t�h�e� �a�l�k�o�x�i�d�e�.� �S�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �f�o�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �c�o�p�p�e�r� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2�.�9� �a�n�d� �2�.�1�0�.� �T�h�e� �b�a�s�e� �p�e�a�k� �f�o�r� �b�o�t�h� �w�a�s� �5�8� 

�a�m�u�,� �(�C�H�;�)�,�N�C�H�{�.� �O�t�h�e�r� �c�o�m�m�o�n� �m�a�s�s� �f�r�a�g�m�e�n�t�s� �s�h�o�w�e�d� �n�o� �c�o�n�s�i�s�t�e�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e�s�.� �T�h�e� �p�a�r�e�n�t� �a�l�c�o�h�o�l� �m�a�s�s�,� �8�9� �a�m�u�,� �a�p�p�e�a�r�e�d� �i�n� �s�m�a�l�l� �a�m�o�u�n�t�s� �(�a�b�o�u�t� �4� 

�p�e�r� �c�e�n�t� �o�f� �t�h�e� �5�8� �a�m�u� �p�e�a�k�)� �i�n� �b�o�t�h� �a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e� �s�p�e�c�t�r�a�.� �A�l�k�o�x�y� �f�r�a�g�m�e�n�t�s� �w�o�u�l�d� 

�b�e� �e�x�p�e�c�t�e�d� �f�r�o�m� �b�o�t�h� �s�p�e�c�i�e�s�,� �a�n�d� �h�y�d�r�o�g�e�n� �i�s� �a�l�w�a�y�s� �p�r�e�s�e�n�t� �i�n� �a� �v�a�c�u�u�m� �s�y�s�t�e�m�.� �I�t� �i�s� 

�q�u�i�t�e� �r�e�a�s�o�n�a�b�l�e� �f�o�r� �f�r�a�g�m�e�n�t�s� �t�o� �a�c�q�u�i�r�e� �h�y�d�r�o�g�e�n� �a�t�o�m�s� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r�.� 

�T�h�e� �b�a�s�e� �p�e�a�k� �a�t� �5�8� �a�m�u� �i�s� �p�r�o�d�u�c�e�d� �b�y� �a�-�c�l�e�a�v�a�g�e� �i�n�i�t�i�a�t�e�d� �b�y� �a� �r�a�d�i�c�a�l� �s�i�t�e� �o�n� �t�h�e� 

�n�i�t�r�o�g�e�n�.� �B�o�t�h� �t�h�e� �t�e�r�t�i�a�r�y� �a�m�i�n�e� �i�o�n� �a�n�d� �t�h�e� �m�e�t�h�o�x�y� �n�e�u�t�r�a�l� �a�r�e� �r�e�a�s�o�n�a�b�l�y� �s�t�a�b�l�e�,� �s�o� �t�h�e� 

�h�i�g�h� �a�b�u�n�d�a�n�c�e� �o�f� �t�h�i�s� �p�e�a�k� �i�s� �e�x�p�e�c�t�e�d�.� �T�h�e� �t�e�r�t�i�a�r�y� �a�m�i�n�e� �i�o�n� �(�5�8� �a�m�u�)� �l�o�s�e�s� �a� �n�e�u�t�r�a�l� 

�m�e�t�h�y�l� �r�a�d�i�c�a�l� �(�1�5� �a�m�u�)� �t�o� �g�i�v�e� �a� �p�e�a�k� �a�t� �4�3� �a�m�u�.� �N�o�t�e� �t�h�a�t� �t�h�e� �C�H�, ��C�H�,� �b�o�n�d� �i�s� �a�l�s�o� 

�a�c�t�i�v�a�t�e�d� �f�o�r� �a�-�c�l�e�a�v�a�g�e� �b�y� �t�h�e� �o�x�y�g�e�n�.� �T�h�e�r�e� �i�s� �a� �m�a�j�o�r� �p�e�a�k� �a�t� �3�0� �a�m�u�,� �C�H�,�O�t�.� 

�T�h�e� �p�e�a�k� �a�t� �4�4� �a�m�u� �i�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �C�H�,�C�H�,�O�t�a�n�d� �(�C�H�3�)�.�N�T�,� �w�h�i�c�h� �a�r�e� 

�f�o�r�m�e�d� �b�y� �o�-�b�o�n�d� �d�i�s�s�o�c�i�a�t�i�o�n�.� �T�h�e�r�e� �m�a�y� �a�l�s�o� �b�e� �a� �c�o�n�t�r�i�b�u�t�i�o�n� �a�t� �4�4� �a�m�u� �f�r�o�m� �r�e�s�i�d�u�a�l� 

�c�a�r�b�o�n� �d�i�o�x�i�d�e� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �a�n�d� �t�h�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m�.� �T�h�i�s� �s�h�o�u�l�d� �b�e� �c�o�n�s�t�a�n�t� 

�d�u�r�i�n�g� �a�n� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �c�a�n� �b�e� �e�l�i�m�i�n�a�t�e�d� �b�y� �b�a�c�k�g�r�o�u�n�d� �s�u�b�t�r�a�c�t�i�o�n�.� �T�h�e� �4�2� �a�m�u� �p�e�a�k� �i�s� 

�p�r�o�b�a�b�l�y� �p�r�o�d�u�c�e�d� �b�y� �h�y�d�r�o�g�e�n� �l�o�s�s� �f�r�o�m� �t�h�e� �o�r�g�a�n�i�c� �f�r�a�g�m�e�n�t�s� �m�a�k�i�n�g� �u�p� �t�h�e� �4�4� �a�n�d� �4�3� 

�a�m�u� �p�e�a�k�s�.� �M�e�t�h�y�l� �i�o�n�s� �a�p�p�e�a�r� �a�t� �1�5� �a�m�u�.� 
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�e� � � � � � � � � �M�a�l�l�a� �.� �|� �i�p�l� �4� �|� �W�h�i� �o�h� �e�o� �W�l� �b�e�n�s�!� �|� �L�b�a�l� � � � � 

�1�0� �1�4� �1�8� �2�2� �2�6� �3�0� �3�4� �3�8� �4�2� �4�6� �5�0� �5�4� �5�8� �6�6� �7�0� �7�4� �7�8� �8�2� �8�6� �9�0� �9�8� 
�m�/�e� �(�a�m�u�)� 

�F�i�g�u�r�e� �2�.�9� �M�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 
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�4�4� 
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�1�5� 

�g�g� 
�|� �M�a�l� �|�,� �|� �l�i�l� �o�t� �a� 

�1�0� �1�4� �1�8� �2�2� �2�6� �3�0� �3�4� �3�8� �4�2� �4�6� �5�0� �5�4� �5�8� �6�6� �7�0� �7�4� �7�8� �8�2� �8�6� �9�0� �9�8� 
�m�/�e� �(�a�m�u�)� 

�F�i�g�u�r�e� �2�.�1�0� �M�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�4�0� 
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�N�e�i�t�h�e�r� �t�h�e� �p�a�r�e�n�t� �i�o�n� �n�o�r� �f�r�a�g�m�e�n�t�s� �c�o�n�t�a�i�n�i�n�g� �c�o�p�p�e�r� �a�t�o�m�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� 

�s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�.� �C�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �a�r�e� �i�d�e�n�t�i�f�i�a�b�l�e� �b�y� �t�h�e� �i�s�o�t�o�p�i�c� 

�r�a�t�i�o�s� �o�f� �C�u� �a�n�d� �C�u�.� �A� �f�r�a�g�m�e�n�t� �c�o�n�t�a�i�n�i�n�g� �c�o�p�p�e�r� �w�o�u�l�d� �h�a�v�e� �p�e�a�k�s� �i�n� �a� �r�a�t�i�o� �o�f� �1�.�0� �t�o� 

�0�.�4�5�,� �t�h�e� �s�e�c�o�n�d� �2� �a�m�u� �h�e�a�v�i�e�r� �t�h�a�n� �t�h�e� �f�i�r�s�t�.� �T�h�e� �i�o�n�i�z�a�t�i�o�n� �m�e�t�h�o�d� �m�a�y� �p�r�e�v�e�n�t� �d�e�t�e�c�t�i�o�n� 

�o�f� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s�.� 

�C�o�p�p�e�r� �a�t�o�m�s� �o�r� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �m�a�y� �o�c�c�u�r� �p�r�i�m�a�r�i�l�y� �a�s� �n�e�u�t�r�a�l�s� �o�r� 

�n�e�g�a�t�i�v�e�s�,� �w�h�i�c�h� �a�r�e� �n�o�t� �d�e�t�e�c�t�e�d�.� �T�h�i�s� �h�a�s� �b�e�e�n� �s�e�e�n� �i�n� �m�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �o�t�h�e�r� 

�m�e�t�a�l�o�r�g�a�n�i�c�s� �u�s�i�n�g� �e�l�e�c�t�r�o�n� �i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n� �[�3�1�]�.� �A� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�u�m�,� �c�o�l�l�e�c�t�e�d� �i�n� �t�h�e� 

�s�a�m�e� �m�a�n�n�e�r�,� �o�f� �c�o�p�p�e�r� �(�I�I�)� �a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� �a�l�s�o� �s�h�o�w�e�d� �n�o� �e�v�i�d�e�n�c�e� �o�f� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� 

�f�r�a�g�m�e�n�t�s�.� �C�o�p�p�e�r� �a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� �c�a�n� �b�e� �s�u�b�l�i�m�e�d� �w�i�t�h�o�u�t� �d�e�c�o�m�p�o�s�i�t�i�o�n� �a�n�d� �i�s� �n�o�t� �w�a�t�e�r�-� 

�s�e�n�s�i�t�i�v�e�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �p�r�e�m�a�t�u�r�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �i�s� �n�o�t� 

�p�r�e�v�e�n�t�i�n�g� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �f�r�o�m� �r�e�a�c�h�i�n�g� �t�h�e� �d�e�t�e�c�t�o�r�.� 

�B�e�c�a�u�s�e� �n�o� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �a�r�e� �d�e�t�e�c�t�e�d� �f�r�o�m� �t�h�e� �p�r�e�c�u�r�s�o�r�,� �i�t� �i�s� 

�i�m�p�o�s�s�i�b�l�e� �t�o� �p�r�o�v�e� �t�h�a�t� �t�h�e� �a�l�k�o�x�i�d�e� �p�r�e�c�u�r�s�o�r� �r�e�a�c�h�e�s� �t�h�e� �i�o�n�i�z�a�t�i�o�n� �c�h�a�m�b�e�r�.� �O�n�e� �m�i�g�h�t� 

�a�r�g�u�e� �t�h�a�t� �a�l�l� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �d�e�c�o�m�p�o�s�e�s� �i�n� �t�h�e� �s�a�m�p�l�e� �t�u�b�e�,� �a�n�d� �t�h�e� �s�p�e�c�t�r�a� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� 

�a�n�d� �a�l�c�o�h�o�l� �l�o�o�k� �s�o� �s�i�m�i�l�a�r� �b�e�c�a�u�s�e� �t�h�e�y� �a�r�e�,� �i�n� �f�a�c�t�,� �b�o�t�h� �s�p�e�c�t�r�a� �o�f� �t�h�e� �a�l�c�o�h�o�l�.� �H�o�w�e�v�e�r�,� 

�e�l�e�c�t�r�o�n� �i�m�p�a�c�t� �i�o�n�i�z�a�t�i�o�n� �i�s� �k�n�o�w�n� �t�o� �b�e� �u�n�s�u�i�t�a�b�l�e� �f�o�r� �o�t�h�e�r� �m�e�t�a�l�o�r�g�a�n�i�c�s� �[�3�1�]�.� �T�h�e� 

�a�v�a�i�l�a�b�l�e� �M�S�D� �c�a�n� �d�e�t�e�c�t� �n�o� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �f�r�o�m� �c�o�p�p�e�r� �(�I�I�)� �a�c�e�t�y�l�a�c�e�t�o�n�a�t�e�.� 

�T�h�e� �a�l�k�o�x�i�d�e� �t�r�a�n�s�p�o�r�t�s� �t�h�r�o�u�g�h� �a� �l�o�n�g�e�r� �a�n�d� �m�o�r�e� �t�o�r�t�u�o�u�s� �p�a�t�h� �f�o�r� �s�u�c�c�e�s�s�f�u�l� �d�e�p�o�s�i�t�i�o�n� �i�n� 

�t�h�e� �r�e�a�c�t�o�r� �t�h�a�n� �i�t� �d�o�e�s� �t�o� �r�e�a�c�h� �t�h�e� �M�S�D� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� �t�u�b�e�.� �T�h�u�s�,� �i�t� �i�s� �e�q�u�a�l�l�y� 

�r�e�a�s�o�n�a�b�l�e� �t�o� �a�r�g�u�e� �t�h�a�t� �t�h�e� �a�l�k�o�x�i�d�e� �p�r�e�c�u�r�s�o�r� �d�o�e�s� �r�e�a�c�h� �t�h�e� �i�o�n�i�z�a�t�i�o�n� �c�h�a�m�b�e�r�.� �T�h�e� 

�a�l�c�o�h�o�l� �a�n�d� �t�h�e� �a�l�k�o�x�i�d�e� �s�p�e�c�t�r�a� �l�o�o�k� �s�o� �s�i�m�i�l�a�r� �b�e�c�a�u�s�e� �t�h�e� �i�o�n�i�z�a�t�i�o�n� �m�e�t�h�o�d�,� �e�l�e�c�t�r�o�n� 

�i�m�p�a�c�t� �w�i�t�h� �7�0� �e�V� �e�l�e�c�t�r�o�n�s�,� �i�s� �t�o�o� �s�t�r�o�n�g� �f�o�r� �m�o�s�t� �m�e�t�a�l�o�r�g�a�n�i�c�s�.� 

�O�t�h�e�r� �i�o�n�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �d�o� �e�x�i�s�t�.� �F�o�r� �e�x�a�m�p�l�e�,� �c�h�e�m�i�c�a�l� �i�o�n�i�z�a�t�i�o�n� �g�e�n�e�r�a�l�l�y� �r�e�s�u�l�t�s� 

�i�n� �l�e�s�s� �f�r�a�g�m�e�n�t�a�t�i�o�n�,� �a�n�d� �m�i�g�h�t� �r�e�v�e�a�l� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n�.� �A�l�t�h�o�u�g�h� �m�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� 

�w�i�t�h� �c�h�e�m�i�c�a�l� �i�o�n�i�z�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �o�n� �c�a�m�p�u�s�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�h�a�t� �u�s�e� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �t�o� 

�o�b�t�a�i�n� �a� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �w�a�s� �o�f� �v�e�r�y� �l�i�m�i�t�e�d� �v�a�l�u�e� �t�o� �t�h�i�s� �p�r�o�j�e�c�t�.� �M�a�s�s� 

�s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �w�i�t�h� �c�h�e�m�i�c�a�l� �i�o�n�i�z�a�t�i�o�n� �i�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�o�r� �i�n�t�e�g�r�a�t�i�o�n� �i�n�t�o� �t�h�e� 

�4�1



�e�x�p�e�r�i�m�e�n�t�a�l� �f�l�o�w� �s�y�s�t�e�m�,� �s�o� �i�t� �w�o�u�l�d� �s�t�i�l�l� �b�e� �i�m�p�o�s�s�i�b�l�e� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �a�l�k�o�x�i�d�e� �u�n�d�e�r� 

�d�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �n�i�t�r�o�g�e�n� �a�t�o�m�,� �a�l�l� �o�f� �t�h�e� �e�x�p�e�c�t�e�d� �o�r�g�a�n�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� 

�h�a�v�e� �s�i�m�i�l�a�r� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s�.� �T�h�e� �m�o�s�t� �a�b�u�n�d�a�n�t� �p�e�a�k� �s�h�o�u�l�d� �b�e� �5�8� �a�m�u� �f�o�r� �t�h�e� 

�a�m�i�n�o�a�l�k�o�x�i�d�e�,� �t�h�e� �a�m�i�n�o�a�l�c�o�h�o�l�,� �t�h�e� �a�m�i�n�o�a�l�d�e�h�y�d�e�,� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�,� �a�n�d� �_� �t�r�i�m�e�t�h�y�]�l�-� 

�a�m�i�n�e�.� �O�n�e� �m�u�s�t� �r�e�l�y� �o�n� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e�s� �o�f� �f�r�a�g�m�e�n�t�s� �t�o� �i�d�e�n�t�i�f�y� 

�p�r�o�d�u�c�t�s�.� �T�h�i�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �b�e�c�o�m�e�s� �d�i�f�f�i�c�u�l�t� �w�i�t�h� �a� �m�u�l�t�i�c�o�m�p�o�n�e�n�t� �s�a�m�p�l�e�.� �A�l�s�o�,� �t�h�e� 

�r�e�l�a�t�i�v�e� �i�o�n� �a�b�u�n�d�a�n�c�e�s� �f�r�o�m� �a� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �a�r�e� �u�n�r�e�l�i�a�b�l�e� �u�n�l�e�s�s� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �i�s� 

�r�u�n�n�i�n�g� �n�e�a�r� �s�t�e�a�d�y� �s�t�a�t�e�.� �U�s�u�a�l�l�y�,� �p�u�l�s�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �t�o� �a�v�o�i�d� �f�l�o�o�d�i�n�g� �t�h�e� 

�i�n�s�t�r�u�m�e�n�t�.� �E�v�e�n� �w�h�e�n� �a� �l�o�w�,� �s�t�e�a�d�y� �f�l�o�w� �w�a�s� �m�a�i�n�t�a�i�n�e�d�,� �a�m�i�n�e� �g�r�o�u�p�s� �p�o�s�e�d� �a� �p�r�o�b�l�e�m�.� 

�T�h�e�y� �a�r�e� �p�u�m�p�e�d� �m�o�r�e� �s�l�o�w�l�y� �t�h�a�n� �o�t�h�e�r� �s�p�e�c�i�e�s� �a�n�d� �t�e�n�d� �t�o� �a�c�c�u�m�u�l�a�t�e� �i�n� �t�h�e� �m�a�s�s� 

�s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e�i�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �g�r�a�d�u�a�l�l�y� �t�h�r�o�u�g�h�o�u�t� �a�n�y� �g�i�v�e�n� �e�x�p�e�r�i�m�e�n�t�.� 

�T�h�e� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �p�r�o�v�e�d� �m�o�s�t� �u�s�e�f�u�l� �f�o�r� �i�d�e�n�t�i�f�y�i�n�g� �v�e�r�y� �l�o�w� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �p�r�o�d�u�c�t�s�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �C�O� �o�r� �C�O�,� �i�n� �t�h�e� �I�R� �s�p�e�c�t�r�u�m� �m�i�g�h�t� �b�e� �d�u�e� �t�o� �a� �c�h�a�n�g�e� �i�n� 

�t�h�e� �b�e�n�c�h� �a�t�m�o�s�p�h�e�r�e� �o�r� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�t�m�o�s�p�h�e�r�e�.� �T�h�e� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �s�a�m�p�l�e�s� 

�o�n�l�y� �t�h�e� �r�e�a�c�t�o�r� �a�t�m�o�s�p�h�e�r�e�.� 
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�2�.�7�.�5� �P�r�o�t�o�n� �N�u�c�l�e�a�r� �M�a�g�n�e�t�i�c� �R�e�s�o�n�a�n�c�e� �S�p�e�c�t�r�o�s�c�o�p�y� 

�O�n� �o�c�c�a�s�i�o�n�,� �t�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �w�a�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�r�a�p�,� �l�o�c�a�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �s�a�m�p�l�i�n�g� �v�a�l�v�e� �a�n�d� �t�h�e� �v�a�c�u�u�m� �p�u�m�p� �p�l�u�g� �v�a�l�v�e�.� �A�f�t�e�r� 

�a� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �f�i�n�i�s�h�e�d� �a�n�d� �t�h�e� �s�y�s�t�e�m� �f�l�u�s�h�e�d� �a�n�d� �c�o�o�l�e�d�,� �t�h�e� �e�n�t�i�r�e� �s�y�s�t�e�m�,� 

�i�n�c�l�u�d�i�n�g� �t�h�e� �t�r�a�p�,� �w�a�s� �b�r�o�u�g�h�t� �t�o� �a�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e� �w�i�t�h� �h�e�l�i�u�m�.� �T�h�e� �t�r�a�p� �w�a�s� �t�h�e�n� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �a�n�d� �t�h�e� �i�n�l�e�t� �a�n�d� �o�u�t�l�e�t� �p�l�u�g�g�e�d� �w�i�t�h� �s�e�p�t�a�.� �T�h�e� �t�r�a�p� �w�a�s� �p�l�a�c�e�d� 

�i�n� �a�n� �i�c�e� �b�a�t�h� �t�o� �m�e�l�t� �t�h�e� �c�o�n�d�e�n�s�e�d� �s�p�e�c�i�e�s�.� �T�h�i�s� �r�e�q�u�i�r�e�d� �t�h�a�t� �o�n�e� �s�e�p�t�a� �b�e� �r�e�m�o�v�e�d� �b�r�i�e�f�l�y� 

�t�o� �r�e�l�e�a�s�e� �p�r�e�s�s�u�r�e� �i�n� �t�h�e� �t�r�a�p�.� �T�h�e� �m�e�l�t�e�d� �c�o�n�d�e�n�s�a�t�e� �c�o�l�l�e�c�t�e�d� �i�n� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �t�r�a�p� 

�a�n�d� �c�o�u�l�d� �b�e� �s�a�m�p�l�e�d� �w�i�t�h� �a� �s�y�r�i�n�g�e�.� �T�h�e� �h�o�p�e� �w�a�s� �t�h�a�t�,� �b�y� �k�e�e�p�i�n�g� �t�h�e� �t�r�a�p�p�e�d� �p�r�o�d�u�c�t�s� �i�n� 

�a�n� �i�c�e� �b�a�t�h�,� �s�e�c�o�n�d�a�r�y� �r�e�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e�m� �w�o�u�l�d� �b�e� �r�e�d�u�c�e�d�.� 

�C�o�n�d�e�n�s�e�d� �p�r�o�d�u�c�t�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �d�e�u�t�e�r�a�t�e�d� �c�h�l�o�r�o�f�o�r�m� �a�n�d� �s�u�b�m�i�t�t�e�d� �f�o�r� 

�p�r�o�t�o�n� �N�M�R� �a�n�a�l�y�s�i�s� �[�3�2�]� �t�o� �c�o�n�f�i�r�m� �i�n�f�r�a�r�e�d� �a�n�d� �m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�a�l�y�s�i�s�.� �T�h�e� �t�r�a�p� �w�a�s� 

�k�e�p�t� �i�n� �a�n� �i�c�e� �b�a�t�h� �o�r� �f�r�e�e�z�e�r� �u�n�t�i�l� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d�,� �i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �a�n�a�l�y�s�i�s�,� �t�o� 

�m�i�n�i�m�i�z�e� �r�e�a�c�t�i�o�n�s� �a�n�d� �e�v�a�p�o�r�a�t�i�o�n�.� �S�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �d�i�m�e�t�h�y�]�l�-� 

�e�t�h�y�l�a�m�i�n�e�,� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n�.� 

�B�e�c�a�u�s�e� �N�M�R� �w�a�s� �a� �s�e�c�o�n�d�a�r�y� �t�e�c�h�n�i�q�u�e�,� �i�t� �w�i�l�l� �n�o�t� �b�e� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l� �h�e�r�e�.� 

�R�.� �S�.� �M�a�c�o�m�b�e�r ��s� �b�o�o�k� �i�s� �a� �g�o�o�d� �s�o�u�r�c�e� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �[�3�3�]�.� 

�4�3



�R�e�f�e�r�e�n�c�e�s� �f�o�r� �C�h�a�p�t�e�r� �2� 

�1�.� �M�.� �L�.� �H�a�i�r� �i�n� �S�i�l�a�n�e�s�,� �S�u�r�f�a�c�e�s�,� �a�n�d� �I�n�t�e�r�f�a�c�e�s�,� �D�.� �E�.� �L�e�y�d�e�n�,� �E�d�.�,� �G�o�r�d�o�n� �a�n�d� �B�r�e�a�c�h�,� 

�N�e�w� �Y�o�r�k�,� �1�9�8�6�,� �p�p�.� �2�5�-�3�5�.� 

�2�.� �M�i�c�h�a�e�l� �E�r�b�a�n�i�k�,� �C�o�m�m�e�r�c�i�a�l� �C�r�y�s�t�a�l� �L�a�b�o�r�a�t�o�r�i�e�s�,� �I�n�c�.�,� �N�a�p�l�e�s�,� �F�L�,� �p�e�r�s�o�n�a�l� 

�c�o�m�m�u�n�i�c�a�t�i�o�n�.� 

�3�.� �T�h�e� �a�u�t�h�o�r� �w�o�u�l�d� �l�i�k�e� �t�o� �t�h�a�n�k� �D�r�.� �K�i�r�k� �H�.� �S�c�h�u�l�z�,� �c�u�r�r�e�n�t�l�y� �a�t� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�o�r�t�h� 

�D�a�k�o�t�a�,� �f�o�r� �c�o�l�l�e�c�t�i�o�n� �a�n�d� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �L�E�E�D� �d�a�t�a�.� 

�4�.� �M�.� �A�.� �G�r�e�e�n�,� �S�o�l�a�r� �C�e�l�l�s�:� �O�p�e�r�a�t�i�n�g� �P�r�i�n�c�i�p�l�e�s�,� �T�e�c�h�n�o�l�o�g�y�,� �a�n�d� �S�y�s�t�e�m� �A�p�p�l�i�c�a�t�i�o�n�s�,� 

�P�r�e�n�t�i�c�e�-�H�a�l�l�,� �N�e�w� �J�e�r�s�e�y�,� �1�9�8�2�,� �p�p�.� �2�4�,� �8�8�-�9�0�.� 

�5�.� �T�h�e� �a�s�s�i�s�t�a�n�c�e� �o�f� �D�o�n� �B�r�a�n�d�o�m� �a�n�d� �B�r�i�a�n� �R�i�s�c�h� �o�f� �t�h�e� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� 

�D�e�p�a�r�t�m�e�n�t� �i�n� �o�b�t�a�i�n�i�n�g� �S�E�M� �p�h�o�t�o�g�r�a�p�h�s� �i�s� �g�r�a�t�e�f�u�l�l�y� �a�c�k�n�o�w�l�e�d�g�e�d�.� 

�6�.� �M�.� �A�.� �L�o�g�a�n�,� �T�h�e� �B�e�l�l� �S�y�s�t�e�m� �T�e�c�h�n�i�c�a�l� �J�o�u�r�n�a�l�,� �4�0�(�3�)�,� �8�8�5�-�9�1�9�,� �1�9�6�1�.� 

�7�.� �(�a�)� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �3�r�d� �E�d�i�t�i�o�n�,� �C�h�a�p�m�a�n� �a�n�d� 

�H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�7�5�.� 

�(�b�)� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �V�o�l�u�m�e� �2�,� �2�n�d� �E�d�i�t�i�o�n�,� 

�C�h�a�p�m�a�n� �a�n�d� �H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�8�0�.� 

�8�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�.� 

�9�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �C�o�r�r�e�l�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �a�n�d� �R�a�m�a�n� �S�p�e�c�t�r�a� �o�f� �O�r�g�a�n�i�c� �C�o�m�p�o�u�n�d�s�,� 

�H�e�r�t�i�l�l�o�n� �P�r�e�s�s�,� �P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�6�9�.� 

�1�0�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �I�n�t�e�r�p�r�e�t�e�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �1�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�4�.� 

�1�1�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �I�n�t�e�r�p�r�e�t�e�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �2�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�6�.� 

�1�2�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �A� �S�y�s�t�e�m�a�t�i�c� �A�p�p�r�o�a�c�h� �t�o� �t�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �H�e�r�t�i�l�l�o�n� 

�P�r�e�s�s�,� �B�u�f�f�a�l�o�,� �1�9�6�7�.� 

�1�3�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�.� �3�.� 

�1�4�.� �I�b�i�d�,� �s�p�e�c�t�r�u�m� �7�9�.� 

�1�5�.� �S�.� �C�.� �G�o�e�l�,� �K�.� �S�.� �K�r�a�m�e�r�,� �M�.� �Y�.� �C�h�i�a�n�g�,� �a�n�d� �W�.� �E�.� �B�u�h�r�o�,� �P�o�l�y�h�e�d�r�o�n�,� �9�(�4�)�,� �6�1�1�-�6�1�3�,� 

�1�9�9�0�.� 

�4�4



�1�6�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�p�.� �1�1�5�-�1�1�8�,� �1�2�8�.� 

�1�7�.� �(�a�)� �I�b�i�d�,� �p�p�.� �7�2�-�7�3�.� 
�(�b�)� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �A� �S�y�s�t�e�m�a�t�i�c� �A�p�p�r�o�a�c�h� �t�o� �t�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� 

�H�e�r�t�i�l�l�o�n� �P�r�e�s�s�,� �B�u�f�f�a�l�o�,� �1�9�6�7�,� �p�p�.� �3�3�-�3�4�.� 

�(�c�)� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �I�n�t�e�r�p�r�e�t�e�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �1�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� 

�1�9�6�4�,� �p�p�.� �1�7�7�-�1�7�9�.� 

�(�d�)� �G�.� �S�o�c�r�a�t�e�s�,� �I�n�f�r�a�r�e�d� �C�h�a�r�a�c�t�e�r�i�s�t�i�c� �G�r�o�u�p� �F�r�e�q�u�e�n�c�i�e�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� 

�C�h�i�c�h�e�s�t�e�r�,� �1�9�8�0�,� �p�p�.� �6�,� �2�8�.� 

�1�8�.� �(�a�)� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �A� �S�y�s�t�e�m�a�t�i�c� �A�p�p�r�o�a�c�h� �t�o� �t�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� 

�H�e�r�t�i�l�l�o�n� �P�r�e�s�s�,� �B�u�f�f�a�l�o�,� �1�9�6�7�,� �p�p�.� �8�2�-�8�9�.� 

�(�b�)� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �I�n�t�e�r�p�r�e�t�e�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �1�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� 

�1�9�6�4�,� �p�.� �1�0�.� 

�1�9�.� �S�a�d�t�l�e�r� �B�o�o�k� �o�f� �S�t�a�n�d�a�r�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�i�e�s�,� �I�n�c�.�,� 

�P�h�i�l�a�d�e�l�p�h�i�a�,� �P�A�,� �1�9�7�8�,� �S�p�e�c�t�r�u�m� �4�5�5�3�V�.� 

�2�0�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�p�.� �2�9�3�-�3�3�3�.� 

�2�1�.� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �V�o�l�u�m�e� �2�,� �2�n�d� �E�d�i�t�i�o�n�,� 

�C�h�a�p�m�a�n� �a�n�d� �H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�8�0�,� �p�p�.� �5�2�-�5�5�.� 

�2�2�.� �(�a�)� �I�b�i�d�,� �p�p�.� �2�4�-�2�6�.� 

�(�b�)� �G�.� �S�o�c�r�a�t�e�s�,� �I�n�f�r�a�r�e�d� �G�r�o�u�p� �C�h�a�r�a�c�t�e�r�i�s�t�i�c� �F�r�e�q�u�e�n�c�i�e�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� 

�C�h�i�c�h�e�s�t�e�r�,� �1�9�8�0�,� �p�p�.� �6�,� �3�4�.� 

�2�3�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�p�.� �2�2�6�-�2�4�3�.� 

�2�4�.� �(�a�)� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �A� �S�y�s�t�e�m�a�t�i�c� �A�p�p�r�o�a�c�h� �t�o� �t�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� 

�H�e�r�t�i�l�l�o�n� �P�r�e�s�s�,� �B�u�f�f�a�l�o�,� �1�9�6�7�,� �p�.� �3�3�.� 

�(�b�)� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �3�r�d� �E�d�i�t�i�o�n�,� �C�h�a�p�m�a�n� �a�n�d� 

�H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�7�5�,� �p�.� �2�8�9�.� 

�(�c�)� �G�.� �S�o�c�r�a�t�e�s�,� �I�n�f�r�a�r�e�d� �C�h�a�r�a�c�t�e�r�i�s�t�i�c� �G�r�o�u�p� �F�r�e�q�u�e�n�c�i�e�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� 

�C�h�i�c�h�e�s�t�e�r�,� �1�9�8�0�,� �p�p�.� �5�3�-�5�4�.� 
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�2�5�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �C�o�r�r�e�l�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �a�n�d� �R�a�m�a�n� �S�p�e�c�t�r�a� �o�f� �O�r�g�a�n�i�c� �C�o�m�p�o�u�n�d�s�,� 

�H�e�r�t�i�l�l�o�n� �P�r�e�s�s�,� �P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�6�9�,� �p�.� �1�0�4�.� 

�2�6�.� �(�a�)� �S�a�d�t�l�e�r� �B�o�o�k� �o�f� �S�t�a�n�d�a�r�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�p�e�c�t�r�u�m� �3�6�7�4�7�K�.� 

�(�b�)� �S�a�d�t�l�e�r� �B�o�o�k� �o�f� �S�t�a�n�d�a�r�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�p�e�c�t�r�u�m� �1�6�9�2�0�K�.� 

�2�7�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �I�n�t�e�r�p�r�e�t�e�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �2�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�6�,� 

�p�p�.� �4�0�-�8�8�.� 

�2�8�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�.� �1�2�8�.� 

�2�9�.� �H�.� �A�.� �S�z�y�m�a�n�s�k�i�,� �A� �S�y�s�t�e�m�a�t�i�c� �A�p�p�r�o�a�c�h� �t�o� �t�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �H�e�r�t�i�l�l�o�n� 

�P�r�e�s�s�,� �B�u�f�f�a�l�o�,� �1�9�6�7�,� �p�.� �2�0�.� 

�3�0�.� �F�.� �W�.� �M�c�L�a�f�f�e�r�t�y�,� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �M�a�s�s� �S�p�e�c�t�r�a�,� �3�r�d� �E�d�i�t�i�o�n�,� �U�n�i�v�e�r�s�i�t�y� �S�c�i�e�n�c�e� �B�o�o�k�s�,� 

�C�a�l�i�f�o�r�n�i�a�,� �1�9�8�0�.� 

�3�1�.� �D�r�.� �A�.� �M�.� �D�i�e�t�r�i�c�h�,� �D�e�p�a�r�t�m�e�n�t� �o�f� �C�i�v�i�l� �E�n�g�i�n�e�e�r�i�n�g�,� �V�.�P�.�I�.� �&� �S�.�U�.�,� �p�e�r�s�o�n�a�l� 

�c�o�m�m�u�n�i�c�a�t�i�o�n�.� 

�3�2�.� �T�h�e� �a�s�s�i�s�t�a�n�c�e� �o�f� �C�h�r�i�s�t�o�p�h�e�r� �P�.� �R�o�y� �o�f� �t�h�e� �D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�s�t�r�y� �a�t� �V�.�P�.�I�.� �&� �S�.�U�.� �i�n� 

�p�r�e�p�a�r�i�n�g� �s�a�m�p�l�e�s� �a�n�d� �c�o�l�l�e�c�t�i�n�g� �d�a�t�a� �i�s� �g�r�a�t�e�f�u�l�l�y� �a�c�k�n�o�w�l�e�d�g�e�d�.� 

�3�3�.� �R�.� �S�.� �M�a�c�o�m�b�e�r�,� �N�M�R� �S�p�e�c�t�r�o�s�c�o�p�y�:� �E�s�s�e�n�t�i�a�l� �T�h�e�o�r�y� �a�n�d� �P�r�a�c�t�i�c�e�,� �H�a�r�c�o�u�r�t� �B�r�a�c�e� 

�J�o�v�a�n�o�v�i�c�h�,� �S�a�n� �D�i�e�g�o�,� �1�9�8�8�.� 
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�3�.� �T�h�e�r�m�a�l� �D�e�p�o�s�i�t�i�o�n� �f�r�o�m� �C�o�p�p�e�r� �(�I�I�)� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�L�a�r�g�e� �a�r�e�a� �f�i�l�m�s� �a�r�e� �c�o�m�m�o�n�l�y� �d�e�p�o�s�i�t�e�d� �b�y� �t�h�e�r�m�a�l� �c�h�e�m�i�c�a�l� �v�a�p�o�r� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e� 

�g�a�s� �p�h�a�s�e� �p�r�e�c�u�r�s�o�r� �p�a�s�s�e�s� �o�v�e�r� �t�h�e� �h�o�t� �s�u�b�s�t�r�a�t�e� �a�n�d� �d�e�c�o�m�p�o�s�e�s�.� �V�o�l�a�t�i�l�e� �p�r�o�d�u�c�t�s� �l�e�a�v�e� 

�t�h�e� �s�y�s�t�e�m� �w�h�i�l�e� �n�o�n�v�o�l�a�t�i�l�e�s� �d�e�p�o�s�i�t� �a� �f�i�l�m� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e�.� �T�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e�r�m�a�l� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �a�f�f�e�c�t�s� �t�h�e� �p�u�r�i�t�y� �o�f� �t�h�e� �f�i�l�m�.� �T�o� �a�v�o�i�d� �c�o�n�t�a�m�i�n�a�t�i�o�n� �b�y� �l�i�g�a�n�d�s� �o�r� �l�i�g�a�n�d� 

�f�r�a�g�m�e�n�t�s�,� �t�h�e�r�e� �m�u�s�t� �b�e� �e�n�o�u�g�h� �e�n�e�r�g�y� �a�v�a�i�l�a�b�l�e� �a�s� �h�e�a�t� �t�o� �b�r�e�a�k� �t�h�e� �d�e�s�i�r�e�d� �b�o�n�d�s� �a�n�d� �t�o� 

�d�e�s�o�r�b� �u�n�w�a�n�t�e�d� �p�r�o�d�u�c�t�s� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� 

�I�n�t�u�i�t�i�v�e�l�y�,� �t�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �h�o�t�t�e�r� �i�s� �b�e�t�t�e�r�,� �w�h�i�c�h� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�h�e� �c�a�s�e�.� �I�t� 

�m�i�g�h�t� �b�e� �d�e�s�i�r�a�b�l�e� �t�o� �l�e�a�v�e� �t�h�e� �m�e�t�a�l ��l�i�g�a�n�d� �b�o�n�d� �i�n�t�a�c�t�,� �b�u�t� �b�r�e�a�k� �t�h�e� �b�o�n�d� �a�l�p�h�a� �t�o� �i�t�,� �a�n�d� 

�d�e�p�o�s�i�t� �a� �m�u�l�t�i�c�o�m�p�o�n�e�n�t� �f�i�l�m� �s�u�c�h� �a�s� �a�l�u�m�i�n�u�m� �n�i�t�r�i�d�e� �o�r� �c�o�p�p�e�r� �o�x�i�d�e�.� �H�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� 

�m�a�y� �b�r�e�a�k� �t�h�e� �l�i�g�a�n�d� �i�n�t�o� �l�e�s�s� �v�o�l�a�t�i�l�e� �f�r�a�g�m�e�n�t�s� �w�h�i�c�h� �c�o�n�t�a�m�i�n�a�t�e� �t�h�e� �f�i�l�m�.� �A�l�s�o�,� �t�h�e� 

�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�o� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d�.� 

�W�i�t�h� �i�t�s� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� �a�n�d� �r�e�s�i�s�t�a�n�c�e� �t�o� �e�l�e�c�t�r�o�m�i�g�r�a�t�i�o�n�,� �c�o�p�p�e�r� �h�a�s� �p�o�t�e�n�t�i�a�l� 

�m�i�c�r�o�e�l�e�c�t�r�o�n�i�c�s� �a�p�p�l�i�c�a�t�i�o�n�s�,� �i�f� �l�o�w�-�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�o�s�i�t�i�o�n� �o�f� �p�u�r�e� �f�i�l�m�s� �c�a�n� �b�e� �a�c�h�i�e�v�e�d�.� 

�C�o�p�p�e�r� �o�x�i�d�e� �f�i�l�m� �g�r�o�w�t�h� �i�s� �p�o�t�e�n�t�i�a�l�l�y� �i�m�p�o�r�t�a�n�t� �f�o�r� �s�e�m�i�c�o�n�d�u�c�t�o�r�/�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �s�u�p�e�r�-� 

�c�o�n�d�u�c�t�o�r� �h�y�b�r�i�d� �t�e�c�h�n�o�l�o�g�y�.� 

�T�h�e� �(�-�d�i�k�e�t�o�n�a�t�e�s� �a�r�e� �p�o�p�u�l�a�r� �c�o�p�p�e�r� �M�O�C�V�D� �p�r�e�c�u�r�s�o�r�s�.� �C�o�p�p�e�r� �(�I�I�)� �h�e�x�a�f�l�u�o�r�o�-� 

�a�c�e�t�y�l�a�c�e�t�o�n�a�t�e�,� �C�u�(�h�f�a�c�)�o�,� �i�s� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �b�e�c�a�u�s�e� �o�f� �i�t�s� �h�i�g�h� �v�o�l�a�t�i�l�i�t�y�.� �H�o�w�e�v�e�r�,� 

�C�u�(�h�f�a�c�)�,� �i�s� �s�t�a�b�l�e� �t�o� �2�5�0�°�C� �[�1�]�.� �A�t� �2�5�0�°�C� �t�o� �3�0�0�°�C�,� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �c�o�p�p�e�r� �i�n�t�o� �s�i�l�i�c�o�n� �i�s� 

�s�i�g�n�i�f�i�c�a�n�t�,� �w�h�i�c�h� �i�s� �u�n�a�c�c�e�p�t�a�b�l�e� �f�o�r� �d�e�v�i�c�e� �m�a�n�u�f�a�c�t�u�r�e� �[�2�]�.� �A� �c�h�a�n�g�e� �o�f� �p�r�e�c�u�r�s�o�r� �m�i�g�h�t� 

�a�l�l�o�w� �l�o�w�e�r� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�C�o�p�p�e�r� �t�-�b�u�t�o�x�i�d�e� �[�3�]�,� �c�o�p�p�e�r� �{�-�d�i�k�e�t�o�n�a�t�e� �t�r�i�a�l�k�y�l�p�h�o�s�p�h�i�n�e�s� �[�4�]�,� �c�o�p�p�e�r� �c�y�c�l�o�-� 

�p�e�n�t�a�d�i�e�n�y�l� �t�r�i�a�l�k�y�l�p�h�o�s�p�h�i�n�e�s� �[�5�]�,� �c�o�p�p�e�r� �a�l�k�o�x�y� �t�r�i�a�l�k�y�l�p�h�o�s�p�h�i�n�e�s� �[�5�]�,� �c�o�p�p�e�r� �a�l�k�y�n�e� �-� 

�d�i�k�e�t�o�n�a�t�e�s� �[�6�]�,� �f�l�u�o�r�i�n�a�t�e�d� �c�o�p�p�e�r� �6�-�k�e�t�o�i�m�i�n�e�s� �[�7�]�,� �a�n�d� �c�o�p�p�e�r� �{�-�d�i�k�e�t�o�n�a�t�e� �c�y�c�l�o�a�l�k�e�n�e�s� �(�8�]� 

�h�a�v�e� �b�e�e�n� �t�e�s�t�e�d� �f�o�r� �c�o�p�p�e�r� �M�O�C�V�D�.� �O�f� �t�h�e�s�e�,� �o�n�l�y� �c�o�p�p�e�r� �@�-�d�i�k�e�t�o�n�a�t�e� �t�r�i�a�l�k�y�l�p�h�o�s�p�h�i�n�e�s� 

�a�n�d� �c�o�p�p�e�r� �(�-�d�i�k�e�t�o�n�a�t�e� �c�y�c�l�o�a�l�k�e�n�e�s� �a�r�e� �r�e�p�o�r�t�e�d� �t�o� �d�e�p�o�s�i�t� �c�o�p�p�e�r� �b�e�l�o�w� �2�5�0�°�C�.� �N�o�n�e� �a�r�e� 

�c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�.� 
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�C�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�,� �C�u�(�O�C�H�,�C�H�,�N�(�C�H�3�)�.�)�o�,� �i�s� �a� �c�o�m�m�e�r�c�i�a�l�l�y� 

�a�v�a�i�l�a�b�l�e�,� �s�u�b�l�i�m�a�b�l�e�,� �w�a�t�e�r�-�s�e�n�s�i�t�i�v�e� �s�o�l�i�d�.� �E�a�c�h� �l�i�g�a�n�d� �f�o�r�m�s� �a� �f�i�v�e�-�m�e�m�b�e�r�e�d� �c�h�e�l�a�t�e� �r�i�n�g� 

�w�i�t�h� �t�h�e� �c�e�n�t�r�a�l� �c�o�p�p�e�r� �[�9�]�,� �b�i�n�d�i�n�g� �t�o� �t�h�e� �c�o�p�p�e�r� �v�i�a� �t�h�e� �n�i�t�r�o�g�e�n� �(�l�o�n�e� �p�a�i�r� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� 

�t�h�e� �c�e�n�t�r�a�l� �m�e�t�a�l� �i�o�n�)� �a�n�d� �t�h�e� �o�x�y�g�e�n� �(�c�o�v�a�l�e�n�t� �b�o�n�d� �w�i�t�h� �t�h�e� �c�e�n�t�r�a�l� �m�e�t�a�l� �i�o�n�)�.� �T�h�e� 

�a�l�k�o�x�i�d�e� �h�y�d�r�o�l�y�z�e�s� �t�o� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� �T�h�i�s� �a�l�c�o�h�o�l� �a�l�s�o� �h�a�s� �a� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� 

�s�t�r�u�c�t�u�r�e�,� �a�s� �t�h�e� �a�l�c�o�h�o�l�i�c� �p�r�o�t�o�n� �h�y�d�r�o�g�e�n� �b�o�n�d�s� �i�n�t�r�a�m�o�l�e�c�u�l�a�r�l�y� �w�i�t�h� �t�h�e� �l�o�n�e� �p�a�i�r� �o�n� �t�h�e� 

�n�i�t�r�o�g�e�n� �[�1�0�]�.� 

�T�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� �r�e�p�o�r�t�e�d� �t�o� �b�e� 

�e�i�t�h�e�r� �1�8�4�°�C� �[�9�]� �o�r� �1�2�0�°�C� �[�1�1�]�.� �T�h�u�s�,� �t�h�i�s� �a�m�i�n�o�a�l�k�o�x�i�d�e� �m�a�y� �b�e� �u�s�e�f�u�l� �f�o�r� �M�O�C�V�D� �a�t� �l�o�w�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�n� �C�u�(�h�f�a�c�)�,�.� �A� �p�r�e�v�i�o�u�s� �r�e�p�o�r�t� �s�u�g�g�e�s�t�s� �t�h�a�t� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�d�e�c�o�m�p�o�s�e�s� �t�o� �a� �m�i�x�t�u�r�e� �o�f� �c�o�p�p�e�r� �m�e�t�a�l�,� �c�o�p�p�e�r� �(�I�)� �o�x�i�d�e�,� �a�n�d� �c�o�p�p�e�r� �(�I�T�)� �o�x�i�d�e� �w�h�e�n� �h�e�a�t�e�d� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n� �f�l�o�w� �f�r�o�m� �2�5� �t�o� �3�0�0�°�C� �o�v�e�r� �t�w�o� �h�o�u�r�s� �[�9�]�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� 

�a�s�-�d�e�p�o�s�i�t�e�d� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �t�h�e� �f�i�l�m� �m�a�y� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� �d�e�p�o�s�i�t�i�o�n� 

�c�o�n�d�i�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �i�t� �l�e�a�d�s� �t�o� �q�u�e�s�t�i�o�n�s� �a�s� �t�o� �w�h�e�t�h�e�r� �s�i�n�g�l�e� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �f�i�l�m�s� �c�a�n� �b�e� 

�d�e�p�o�s�i�t�e�d�.� 

�T�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �u�s�i�n�g� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�s� �a� �l�o�w�-� 

�t�e�m�p�e�r�a�t�u�r�e� �p�r�e�c�u�r�s�o�r� �f�o�r� �c�o�p�p�e�r� �a�n�d�/�o�r� �c�o�p�p�e�r� �o�x�i�d�e�s�,� �a� �s�t�u�d�y� �o�f� �d�e�p�o�s�i�t�i�o�n� �c�h�e�m�i�s�t�r�y� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �u�n�d�e�r�t�a�k�e�n�.� �A�n� �u�n�u�s�u�a�l� �f�e�a�t�u�r�e� �o�f� �t�h�i�s� �s�t�u�d�y� �i�s� �t�h�e� �u�s�e� �o�f� 

�i�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s� �i�n� �s�i�t�u� �t�o� �i�d�e�n�t�i�f�y� �g�a�s� �p�h�a�s�e� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�i�o�n�.� �S�e�c�o�n�d�a�r�y� 

�c�h�e�m�i�c�a�l� �i�n�f�o�r�m�a�t�i�o�n� �c�o�m�e�s� �f�r�o�m� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�a�c�t�o�r� �e�x�i�t� �g�a�s� �a�n�d� 

�s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�l�m�.� 

�3�.�2� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d�s� �a�n�d� �P�r�o�c�e�d�u�r�e�s� 

�T�h�e� �w�a�r�m�-�w�a�l�l� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r� �w�a�s� �e�v�a�c�u�a�t�e�d� �b�y� �a� �d�i�r�e�c�t�-�d�r�i�v�e� 

�m�e�c�h�a�n�i�c�a�l� �p�u�m�p�.� �T�h�e� �s�u�b�s�t�r�a�t�e� �w�a�s� �m�o�u�n�t�e�d� �o�n� �a� �r�e�s�i�s�t�a�n�c�e� �h�e�a�t�e�r�.� �T�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r� 

�w�a�s� �a�l�s�o� �t�h�e� �i�n�f�r�a�r�e�d� �c�e�l�l�.� �T�h�e� �c�a�r�r�i�e�r� �g�a�s� �a�n�d� �r�e�a�c�t�o�r� �w�i�n�d�o�w� �p�u�r�g�e� �f�l�o�w�s� �w�e�r�e� �h�e�l�i�u�m� �a�t� 

�5� �s�c�c�m� �a�n�d� �2� �s�c�c�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �s�u�b�l�i�m�e�d� �a�t� �9�0� �t�o� �9�8�°�C�.� �D�e�p�o�s�i�t�i�o�n� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�8� �h�o�u�r�s�.� �T�h�e� �a�p�p�a�r�a�t�u�s� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �a�r�e� 

�d�e�s�c�r�i�b�e�d� �f�u�l�l�y� �i�n� �C�h�a�p�t�e�r� �2�.� �P�r�e�l�i�m�i�n�a�r�y� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �q�u�a�r�t�z� 

�b�e�c�a�u�s�e� �o�f� �f�i�n�a�n�c�i�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�.� �S�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �w�a�s� �t�h�e� �s�u�b�s�t�r�a�t�e� �u�s�e�d� �f�o�r� �m�o�s�t� �o�f� �t�h�e� 

�4�8



�s�u�b�s�e�q�u�e�n�t� �w�o�r�k�.� �T�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� �r�e�s�u�l�t�s� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �w�e�r�e� �r�e�q�u�i�r�e�d� �f�o�r� 

�c�o�m�p�a�r�i�s�o�n� �t�o� �a�n�t�i�c�i�p�a�t�e�d� �p�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� 

�S�a�m�p�l�e�s� �f�o�r� �A�u�g�e�r� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �w�e�r�e� 

�s�t�o�r�e�d� �i�n� �a� �v�a�c�u�u�m� �d�e�s�s�i�c�a�t�o�r� �u�n�t�i�l� �t�h�e� �i�n�s�t�r�u�m�e�n�t�s� �w�e�r�e� �a�v�a�i�l�a�b�l�e�.� �F�i�l�m�s� �s�t�o�r�e�d� �i�n� �t�h�e� 

�d�e�s�s�i�c�a�t�o�r� �s�h�o�w�e�d� �l�e�s�s� �p�o�s�t�-�d�e�p�o�s�i�t�i�o�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� �f�r�o�m� �c�a�r�b�o�n� �a�n�d� �o�x�y�g�e�n� �t�h�a�n� �t�h�o�s�e� �h�e�l�d� 

�f�o�r� �s�i�m�i�l�a�r� �t�i�m�e�s� �i�n� �a�i�r�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�s�s�i�c�a�t�o�r� �w�a�s� �a� �s�o�u�r�c�e� �o�f� �c�h�l�o�r�i�n�e� �s�u�r�f�a�c�e� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�,� �p�r�o�b�a�b�l�y� �b�e�c�a�u�s�e� �r�e�s�i�d�u�e� �f�r�o�m� �c�h�e�m�i�c�a�l�s� �p�r�e�v�i�o�u�s�l�y� �s�t�o�r�e�d� �i�n� �t�h�e� �d�e�s�s�i�c�a�t�o�r� 

�r�e�m�a�i�n�e�d� �i�n� �t�h�e� �o�-�r�i�n�g� �s�e�a�l� �e�v�e�n� �a�f�t�e�r� �c�l�e�a�n�i�n�g�.� �T�h�i�s� �s�u�r�f�a�c�e� �c�h�l�o�r�i�n�e� �o�n� �t�h�e� �f�i�l�m�s� �c�o�u�l�d� �b�e� 

�r�e�m�o�v�e�d� �b�y� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t�.� �P�o�t�a�s�s�i�u�m� �a�n�d� �s�o�d�i�u�m� �w�e�r�e� �a�l�s�o� �d�e�t�e�c�t�a�b�l�e� �b�e�f�o�r�e� �i�o�n� 

�b�o�m�b�a�r�d�m�e�n�t�,� �b�u�t� �w�e�r�e� �m�o�r�e� �q�u�i�c�k�l�y� �r�e�m�o�v�e�d� �b�y� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t� �t�h�a�n� �w�a�s� �c�h�l�o�r�i�n�e�.� 

�3�.�3� �R�e�s�u�l�t�s� �o�f� �P�r�e�l�i�m�i�n�a�r�y� �E�x�p�e�r�i�m�e�n�t�s� 

�3�.�3�.�1� �S�p�e�c�t�r�a�l� �S�t�a�n�d�a�r�d�s� 

�S�t�a�n�d�a�r�d� �v�a�p�o�r� �p�h�a�s�e� �i�n�f�r�a�r�e�d� �a�n�d� �m�a�s�s� �s�p�e�c�t�r�a� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �i�n� �C�h�a�p�t�e�r� �2�.� �T�h�e� �I�R� �s�p�e�c�t�r�a� �a�r�e� �q�u�i�t�e� 

�s�i�m�i�l�a�r�,� �b�u�t� �m�a�y� �b�e� �d�i�s�t�i�n�g�u�i�s�h�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �p�e�a�k� �i�n�t�e�n�s�i�t�y� �a�n�d� �p�o�s�i�t�i�o�n� �t�h�a�t� �r�e�s�u�l�t� 

�f�r�o�m� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �c�o�p�p�e�r� �f�o�r� �h�y�d�r�o�g�e�n�.� �I�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �t�h�e� �a�l�k�o�x�i�d�e� 

�a�n�d� �t�h�e� �a�l�c�o�h�o�l� �b�y� �m�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �i�n� �o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�a�r�a�t�u�s�.� �N�o� �c�o�p�p�e�r�-� 

�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �a�r�e� �d�e�t�e�c�t�e�d�.� 

�C�e�r�t�a�i�n� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �v�o�l�a�t�i�l�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e� 

�(�f�o�r�m�a�l�d�e�h�y�d�e�,� �a�c�e�t�a�l�d�e�h�y�d�e�,� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�,� �a�c�e�t�o�n�e�)� �c�a�n� �b�e� �p�u�r�c�h�a�s�e�d� �c�o�m�m�e�r�c�i�a�l�l�y� 

�a�n�d� �h�a�n�d�l�e�d� �r�e�a�d�i�l�y� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m�.� �S�t�a�n�d�a�r�d� �v�a�p�o�r� �p�h�a�s�e� �i�n�f�r�a�r�e�d� �a�n�d� �m�a�s�s� 

�s�p�e�c�t�r�a� �o�f� �t�h�e�s�e� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �t�o� �a�l�l�o�w� �t�h�e�i�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�n� �s�p�e�c�t�r�a� �c�o�l�l�e�c�t�e�d� 

�d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e�s�e� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �w�i�l�l� �n�o�t� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l�,� �b�u�t� �w�i�l�l� �b�e� �r�e�f�e�r�r�e�d� 

�t�o� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �C�o�l�l�e�c�t�e�d� �s�t�a�n�d�a�r�d�s� �w�e�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �p�u�b�l�i�s�h�e�d� 

�s�t�a�n�d�a�r�d�s� �[�1�2�]�.� �N�o� �p�u�b�l�i�s�h�e�d� �s�t�a�n�d�a�r�d�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �a�l�k�o�x�i�d�e�.� 

�S�t�a�n�d�a�r�d� �p�r�o�t�o�n� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �(�N�M�R�)� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�o�l�,� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�,� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e� �i�n� �d�e�u�t�e�r�a�t�e�d� �c�h�l�o�r�o�f�o�r�m� �w�e�r�e� �a�l�s�o� �c�o�l�l�e�c�t�e�d� 

�f�o�r� �c�o�m�p�a�r�i�s�o�n� �t�o� �s�p�e�c�t�r�a� �o�f� �s�p�e�c�i�e�s� �c�o�n�d�e�n�s�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n�.� 

�4�9



�3�.�3�.�2� �R�e�a�c�t�i�o�n�s� �o�f� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �U�n�d�e�r� �D�e�p�o�s�i�t�i�o�n� �C�o�n�d�i�t�i�o�n�s� 

�B�e�c�a�u�s�e� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e� �b�o�t�h� �i�n�c�l�u�d�e� �t�h�e� �a�m�i�n�o�a�l�k�o�x�y� �g�r�o�u�p�,� �t�h�e� �b�e�h�a�v�i�o�r� 

�o�f� �t�h�e� �a�l�c�o�h�o�l� �u�n�d�e�r� �d�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �a�l�k�o�x�i�d�e� �d�e�p�o�s�i�t�i�o�n� 

�c�h�e�m�i�s�t�r�y�.� �A�l�s�o�,� �t�h�e� �a�l�c�o�h�o�l� �i�s� �a� �p�o�t�e�n�t�i�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�,� �a�n�d� �m�a�y� 

�u�n�d�e�r�g�o� �s�e�c�o�n�d�a�r�y� �d�e�c�o�m�p�o�s�i�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �a�l�l�o�w�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �p�r�o�d�u�c�t�s� 

�t�h�a�t� �m�a�y� �b�e� �f�o�r�m�e�d� �b�y� �t�h�e� �a�l�c�o�h�o�l� �a�l�o�n�e�.� 

�D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �w�a�s� 

�u�n�h�e�a�t�e�d�,� �b�e�c�a�u�s�e� �t�h�e� �a�l�c�o�h�o�l� �h�a�s� �s�u�f�f�i�c�i�e�n�t� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �m�a�i�n�t�a�i�n� 

�a� �v�a�p�o�r� �p�h�a�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�o�r� �t�h�a�t� �w�a�s� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �b�y� �I�R�.� �T�h�e� �r�e�s�t� �o�f� �t�h�e� 

�r�e�a�c�t�o�r� �s�y�s�t�e�m� �w�a�s� �h�e�a�t�e�d� �a�s� �f�o�r� �a� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e� �s�u�b�s�t�r�a�t�e� �w�a�s� �s�i�n�g�l�e� �c�r�y�s�t�a�l� �s�t�r�o�n�t�i�u�m� 

�t�i�t�a�n�a�t�e�.� �T�h�e� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�m�p�e�d� �f�r�o�m� �8�0�°�C� �t�o� �3�5�5�°�C�.� �I�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �o�f� 

�v�o�l�a�t�i�l�e� �s�p�e�c�i�e�s� �i�n� �t�h�e� �r�e�a�c�t�o�r� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �i�n�t�e�r�m�e�d�i�a�t�e� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s�.� �M�a�s�s� 

�s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �c�o�n�c�u�r�r�e�n�t�l�y�.� 

�A�s� �e�x�p�e�c�t�e�d�,� �n�o� �c�o�p�p�e�r� �d�e�p�o�s�i�t�e�d� �i�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�.� �T�h�i�s� �c�o�n�f�i�r�m�e�d� �t�h�a�t� �s�u�c�c�e�s�s�f�u�l� 

�d�e�p�o�s�i�t�i�o�n� �w�a�s� �d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�.� �T�h�e�r�e� �w�a�s� �s�o�m�e� �c�o�n�c�e�r�n� �i�n�i�t�i�a�l�l�y� �t�h�a�t� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �r�e�a�c�t�i�v�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �a�n�d� �h�o�t� �h�e�a�t�e�r� �l�e�a�d�s� �m�i�g�h�t� �l�e�a�d� �t�o� �s�o�m�e� �s�o�u�r�c�e� �f�o�r� �c�o�p�p�e�r� 

�d�e�p�o�s�i�t�i�o�n� �o�t�h�e�r� �t�h�a�n� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �o�r�i�g�i�n�a�l�l�y� �f�e�d�.� �T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �s�h�o�w�s� 

�t�h�a�t� �c�o�p�p�e�r� �i�s� �n�o�t� �d�e�p�o�s�i�t�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r� �h�a�r�d�w�a�r�e� �u�n�d�e�r� �d�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� 

�A�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �1�5�0�°�C�,� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �s�h�o�w� �g�a�s�e�o�u�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�o�l� �a�n�d� �n�o� �o�t�h�e�r� �s�p�e�c�i�e�s�.� �A�t� �1�5�0�°�C�,� �a� �s�m�a�l�l� �p�e�a�k� �a�p�p�e�a�r�s� �a�t� �1�7�5�0� �c�m!"�!�.� �A�s�i�d�e� �f�r�o�m� �t�h�i�s� 

�p�e�a�k�,� �t�h�e�r�e� �i�s� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� �R�e�f�e�r� �t�o� �F�i�g�u�r�e� �3�.�l�a�.� �A�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� 

�n�e�a�r� �2�0�0�°�C�,� �t�h�e� �p�e�a�k� �a�t� �1�7�5�0� �c�m�!� �i�s� �m�o�r�e� �i�n�t�e�n�s�e�,� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �3�.�1�b�.� �T�h�i�s� �p�e�a�k� �i�s� 

�n�a�r�r�o�w�,� �n�e�a�r�l�y� �s�y�m�m�e�t�r�i�c�,� �a�n�d� �c�e�n�t�e�r�e�d� �a�t� �1�7�5�0� �c�m�!� �f�o�r� �s�t�a�g�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�5�0�°�C� �t�o� 

�3�5�5�°�C�.� 

�T�h�e� �n�e�x�t� �n�e�w� �f�e�a�t�u�r�e�s� �a�p�p�e�a�r� �i�n� �t�h�e� �I�R� �s�p�e�c�t�r�u�m� �a�t� �a�b�o�u�t� �3�5�0�°�C�.� �F�i�g�u�r�e� �3�.�1�c� �s�h�o�w�s� 

�a� �s�m�a�l�l� �p�e�a�k� �n�e�a�r� �1�6�4�0� �c�m!"�!�,� �w�h�i�c�h� �m�a�y� �b�e� �a� �C�=�N� �o�r� �C�=�C� �s�t�r�e�t�c�h�.� �I�m�i�n�e�s� �d�o� �a�b�s�o�r�b� �i�n� �t�h�i�s� 

�r�e�g�i�o�n� �[�1�3�]�,� �a�s� �d�o� �c�a�r�b�o�n�  �� �c�a�r�b�o�n� �d�o�u�b�l�e� �b�o�n�d�s� �[�1�4�]�.� �T�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �p�e�a�k� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 

�p�i�n�p�o�i�n�t� �b�e�c�a�u�s�e� �i�t� �i�s� �s�m�a�l�l� �a�n�d� �b�r�o�a�d�,� �a�n�d� �e�a�s�i�l�y� �d�i�s�t�o�r�t�e�d� �b�y� �n�o�i�s�e� �o�r� �w�a�t�e�r� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� 
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�3�2�5�0�1� �2�3�0�0�1� �W�a�v�e�r�n�m�b�e�r� �(�e�n�v�!�)� �1�7�8�0�.� �1�0�0�0� 

�F�i�g�u�r�e� �3�.�1� �I�n�f�r�a�r�e�d� �s�p�e�c�t�r�a�,� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�!� �a�t� 
�(�a�)� �1�5�0�°�C�,� �(�b�)� �2�0�0�°�C�,� �a�n�d� �(�c�)� �3�5�5�°�C� 

�5�1



�T�h�e�r�e� �i�s� �n�o� �b�a�s�i�s� �f�o�r� �a� �c�o�n�c�l�u�s�i�v�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�i�s� �s�p�e�c�i�e�s�.� �T�h�e�r�e� �i�s� �a�l�s�o� �a� �s�m�a�l�l� �f�e�a�t�u�r�e� 

�i�n�d�i�c�a�t�i�v�e� �o�f� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �j�u�s�t� �b�e�l�o�w� �2�3�0�0� �c�m!"� �.� �T�h�e�r�e� �a�r�e� �n�o� �o�t�h�e�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� �I�R� 

�s�p�e�c�t�r�u�m�.� �T�h�e�r�e� �i�s� �n�o� �m�a�s�s� �s�p�e�c�t�r�a�l� �e�v�i�d�e�n�c�e� �f�o�r� �n�e�w� �s�p�e�c�i�e�s�.� �A�g�a�i�n�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�i�s� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �s�p�e�c�i�e�s� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �t�r�a�c�e�.� 

�A� �p�e�a�k� �a�t� �1�7�5�0� �c�m�!� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a� �v�a�p�o�r�-�p�h�a�s�e� �a�l�d�e�h�y�d�e� �o�r� �k�e�t�o�n�e� �C�=�O� 

�s�t�r�e�t�c�h�.� �A�p�p�a�r�e�n�t�l�y�,� �o�x�i�d�a�t�i�v�e� �d�e�h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �t�o� �a�n� �a�l�d�e�h�y�d�e� �b�e�g�i�n�s� �a�t� 

�1�5�0�°�C�.� �L�i�k�e�l�y� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t�s� �a�r�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�a�l�d�e�h�y�d�e� �(�(�C�H�,�)�,�N�C�H�,�C�H�O�)�,� �f�o�r�m�-� 

�a�l�d�e�h�y�d�e� �(�C�H�,�O�)�,� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e� �(�C�H�,�C�H�O�)�.� �N�o� �s�k�e�l�e�t�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �t�o� 

�f�o�r�m� �t�h�e�s�e� �a�l�d�e�h�y�d�e�s�.� 

�A� �k�e�t�o�n�e� �p�r�o�d�u�c�t� �i�s� �u�n�l�i�k�e�l�y� �b�e�c�a�u�s�e� �i�t�s� �f�o�r�m�a�t�i�o�n� �i�n�v�o�l�v�e�s� �e�i�t�h�e�r� �m�i�g�r�a�t�i�o�n� �o�f� �t�h�e� 

�o�x�y�g�e�n� �o�n� �t�h�e� �l�i�g�a�n�d�,� �o�r� �f�o�r�m�a�t�i�o�n� �o�f� �a� �c�a�r�b�o�n�  �� �c�a�r�b�o�n� �b�o�n�d� �t�o� �c�o�u�p�l�e� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�s� �o�r� 

�t�o� �c�o�u�p�l�e� �a� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t� �a�n�d� �a� �w�h�o�l�e� �l�i�g�a�n�d�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �k�e�t�o�n�e�s� �f�r�o�m� �p�r�i�m�a�r�y� �a�l�k�o�x�y� 

�s�p�e�c�i�e�s� �h�a�s� �n�o�t� �b�e�e�n� �o�b�s�e�r�v�e�d� �o�v�e�r� �c�o�p�p�e�r� �o�r� �c�o�p�p�e�r� �(�I�)� �o�x�i�d�e� �[�1�5�-�1�8�]�,� �t�i�t�a�n�i�u�m� �o�x�i�d�e� �(�T�i�O�)� 

�[�1�9�]�,� �o�r� �z�i�n�c� �o�x�i�d�e� �(�Z�n�O�)� �[�2�0�]�.� �P�r�i�m�a�r�y� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �h�a�v�e� �n�o�t� �b�e�e�n� 

�s�t�u�d�i�e�d�,� �s�o� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �m�i�g�r�a�t�i�o�n� �o�r� �c�o�u�p�l�i�n�g� �r�e�a�c�t�i�o�n�s� �t�o� �f�o�r�m� �k�e�t�o�n�e�s� �d�o� �o�c�c�u�r� �o�n� �t�h�i�s� 

�s�u�r�f�a�c�e�.� �H�o�w�e�v�e�r�,� �i�t� �s�e�e�m�s� �u�n�l�i�k�e�l�y�.� 

�C�a�r�b�o�n�  �� �o�x�y�g�e�n� �d�o�u�b�l�e� �b�o�n�d� �s�t�r�e�t�c�h�i�n�g� �v�i�b�r�a�t�i�o�n�s� �a�b�s�o�r�b� �i�n�f�r�a�r�e�d� �s�t�r�o�n�g�l�y�.� �T�h�e�i�r� 

�s�i�g�n�a�l�s� �a�r�e� �o�f�t�e�n� �t�h�e� �m�o�s�t� �i�n�t�e�n�s�e� �i�n� �a� �s�i�n�g�l�e�-�c�o�m�p�o�n�e�n�t� �s�p�e�c�t�r�u�m�.� �T�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �a�l�s�o� 

�o�c�c�u�p�i�e�s� �a� �u�n�i�q�u�e� �r�e�g�i�o�n� �i�n� �t�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m�,� �s�o� �i�t� �i�s� �v�i�s�i�b�l�e� �e�v�e�n� �i�n� �a� �c�o�m�p�l�e�x� �o�r� 

�m�u�l�t�i�c�o�m�p�o�n�e�n�t� �s�y�s�t�e�m�.� �T�h�e� �i�d�e�n�t�i�t�y� �o�f� �t�h�e� �c�a�r�b�o�n�y�l�-�c�o�n�t�a�i�n�i�n�g� �c�o�m�p�o�u�n�d� �m�u�s�t� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �a�n�d� �f�r�o�m� �o�t�h�e�r� �p�e�a�k�s� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� 

�N�o�t�e� �t�h�a�t� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �c�a�n� �c�h�a�n�g�e� �b�y� �u�p� �t�o� �3�0� �c�m�?� �f�o�r� �t�h�e� �s�a�m�e� 

�s�p�e�c�i�e�s� �i�n� �t�h�e� �l�i�q�u�i�d� �a�n�d� �t�h�e� �g�a�s� �p�h�a�s�e� �[�2�1�]�.� 

�T�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� �a�l�c�o�h�o�l� �w�a�s� �s�c�a�l�e�d� �a�n�d� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� 

�s�p�e�c�t�r�u�m� �t�a�k�e�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �o�v�e�r� �2�0�0�°�C� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �T�h�e� �s�c�a�l�i�n�g� �f�a�c�t�o�r� �w�a�s� �c�h�o�s�e�n� 

�t�o� �r�e�d�u�c�e� �t�h�e� �p�e�a�k� �n�e�a�r� �3�5�4�5� �c�m!"� �t�o� �t�h�e� �l�e�v�e�l� �o�f� �n�o�i�s�e� �i�n� �t�h�e� �s�p�e�c�t�r�u�m�.� �T�h�i�s� �m�a�y� �r�e�s�u�l�t� �i�n� �a� 

�s�l�i�g�h�t� �o�v�e�r�s�u�b�t�r�a�c�t�i�o�n�,� �a�s� �a�n� �o�v�e�r�t�o�n�e� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�s� �e�x�p�e�c�t�e�d� �i�n� �t�h�i�s� �r�e�g�i�o�n� �[�2�2�]�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �o�v�e�r�t�o�n�e� �i�n�t�e�n�s�i�t�y� �i�s� �u�s�u�a�l�l�y� �a�b�o�u�t� �o�n�e� �p�e�r� �c�e�n�t� �o�f� �t�h�e� �c�a�r�b�o�n�y�]� �s�t�r�e�t�c�h� �i�n�t�e�n�s�i�t�y� 

�5�2



�[�2�2�]�,� �s�o� �a�n�y� �o�v�e�r�s�u�b�t�r�a�c�t�i�o�n� �s�h�o�u�l�d� �b�e� �q�u�i�t�e� �s�m�a�l�l�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �c�a�r�b�o�n�y�l�-�c�o�n�t�a�i�n�i�n�g� �p�r�o�d�u�c�t� �(�F�i�g�u�r�e� �3�.�2�)�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� �s�p�e�c�t�r�a� �o�f� �a�c�e�t�o�n�e�,� 

�f�o�r�m�a�l�d�e�h�y�d�e�,� �a�c�e�t�a�l�d�e�h�y�d�e�,� �a�n�d� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e� �w�h�i�c�h� �w�e�r�e� �o�b�t�a�i�n�e�d� �i�n� �t�h�i�s� �l�a�b�o�r�a�t�o�r�y�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �w�a�s� �a�l�s�o� �c�o�m�p�a�r�e�d� �t�o� �p�u�b�l�i�s�h�e�d� �v�a�p�o�r� �p�h�a�s�e� �s�p�e�c�t�r�a� �f�o�r� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�e�,� �t�r�i�m�e�t�h�y�l�a�m�i�n�e�,� �p�r�o�p�i�o�n�a�l�d�e�h�y�d�e�,� �m�e�t�h�y�l� �e�t�h�y�l�]� �k�e�t�o�n�e�,� �d�i�e�t�h�y�l� �k�e�t�o�n�e�,� �a�n�d� �a�m�m�o�n�i�a� 

�[�2�3�]�.� �N�o�n�e� �o�f� �t�h�e�s�e� �s�p�e�c�i�e�s� �m�a�t�c�h�e�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�.� �T�h�e� �p�e�a�k�s� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�s�p�e�c�t�r�u�m� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�o�s�e� �e�x�p�e�c�t�e�d� �f�o�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �i�t� �w�a�s� 

�n�o�t� �p�o�s�s�i�b�l�e� �t�o� �o�b�t�a�i�n� �e�i�t�h�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�t�s�e�l�f� �o�r� �a� �p�u�b�l�i�s�h�e�d� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�u�m�.� 

�A�l�t�h�o�u�g�h� �f�o�r�m�a�t�i�o�n� �o�f� �a� �k�e�t�o�n�e� �i�s� �u�n�l�i�k�e�l�y�,� �s�e�v�e�r�a�l� �k�e�t�o�n�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �t�h�e� 

�s�a�k�e� �o�f� �c�o�m�p�l�e�t�e�n�e�s�s�.� �T�h�e� �c�a�r�b�o�n�y�l�!� �s�t�r�e�t�c�h�e�s� �o�f� �a�c�e�t�o�n�e�,� �m�e�t�h�y�l� �e�t�h�y�l� �k�e�t�o�n�e�,� �a�n�d� �d�i�e�t�h�y�l� 

�k�e�t�o�n�e� �a�r�e� �p�o�s�i�t�i�o�n�e�d� �s�i�m�i�l�a�r�l�y� �t�o� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� �t�h�e� �u�n�i�d�e�n�t�i�f�i�e�d� �p�r�o�d�u�c�t�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �p�e�a�k�s� �o�f� �t�h�e�s�e� �k�e�t�o�n�e�s� �b�e�t�w�e�e�n� �1�0�0�0� �c�m�?�!� �a�n�d� �1�5�0�0� �c�m �� �a�r�e� �n�o�t� �s�i�m�i�l�a�r� �t�o� �p�e�a�k�s� �i�n� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �b�e�t�w�e�e�n� �1�0�0�0� �c�m� �a�n�d� �1�5�0�0� �c�m�7�!�.� �A�c�e�t�o�n�e� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �u�n�l�i�k�e�l�y� 

�b�e�c�a�u�s�e� �i�t�s� �C ��H� �s�t�r�e�t�c�h�e�s� �o�c�c�u�p�y� �a� �h�i�g�h�e�r� �r�a�n�g�e� �t�h�a�n� �t�h�e� �C ��H� �s�t�r�e�t�c�h�e�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�s�p�e�c�t�r�u�m�.� �A�l�t�h�o�u�g�h� �t�h�e� �C�  ��H� �s�t�r�e�t�c�h�e�s� �o�f� �t�h�e� �o�t�h�e�r� �k�e�t�o�n�e�s� �d�o� �o�v�e�r�l�a�p� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� 

�(�a�b�o�u�t� �2�9�7�0� �c�m ��)� �C�- ��H� �s�t�r�e�t�c�h�e�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�,� �t�h�e�y� �l�a�c�k� �t�h�e� �t�w�o�-�p�r�o�n�g�e�d� 

�1� �a�n�d� �a�t� �a�b�o�u�t� �a�p�p�e�a�r�a�n�c�e� �s�e�e�n� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �(�p�e�a�k�s� �a�t� �a�b�o�u�t� �2�9�7�0� �c�m �� 

�2�7�9�0� �c�m!"�)�.� �S�i�m�i�l�a�r�l�y� �s�h�a�p�e�d� �C�  ��H� �s�t�r�e�t�c�h�e�s� �a�r�e� �s�e�e�n� �f�o�r� �a�m�i�n�e�s� �a�n�d� �h�i�g�h�e�r� �a�l�d�e�h�y�d�e�s� �[�2�3�]�.� 

�T�h�e� �u�n�i�d�e�n�t�i�f�i�e�d� �p�r�o�d�u�c�t� �i�s� �n�o�t� �a� �k�e�t�o�n�e�,� �b�u�t� �a�n� �a�l�d�e�h�y�d�e�.� 

�T�h�e� �v�a�p�o�r� �p�h�a�s�e� �f�o�r�m�a�l�d�e�h�y�d�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�s� �c�e�n�t�e�r�e�d� �a�t� �1�7�4�5� �c�m!"�,� �n�o�t� �f�a�r� �o�f�f� 

�f�r�o�m� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� �t�h�e� �a�l�d�e�h�y�d�i�c� �p�r�o�d�u�c�t� �d�e�r�i�v�e�d� �f�r�o�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� 

�(�W�i�t�h� �a� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�f�  �� �2�1�°�C�,� �f�o�r�m�a�l�d�e�h�y�d�e� �w�i�l�l� �n�o�t� �c�o�n�d�e�n�s�e� �i�n� �t�h�e� �s�y�s�t�e�m�.�)� �H�o�w�e�v�e�r�,� 

�f�o�r�m�a�l�d�e�h�y�d�e ��s� �C ��H� �s�t�r�e�t�c�h�e�s�,� �2�7�2�0�  �� �2�9�0�0� �c�m ��!�,� �a�r�e� �m�o�r�e� �i�n�t�e�n�s�e� �t�h�a�n� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�.� 

�T�h�e�i�r� �a�b�s�e�n�c�e� �f�r�o�m� �t�h�e� �s�p�e�c�t�r�u�m� �r�u�l�e�s� �o�u�t� �f�o�r�m�a�l�d�e�h�y�d�e� �a�s� �a� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�.� �T�h�e� 

�a�b�s�e�n�c�e� �o�f� �t�h�e� �f�o�r�m�a�l�d�e�h�y�d�e� �C ��H� �b�e�n�d�i�n�g� �m�o�d�e�s�,� �c�e�n�t�e�r�e�d� �a�t� �1�5�0�3� �c�m!"� �a�n�d� �o�n�e�-�t�h�i�r�d� �o�f� �t�h�e� 

�i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �c�a�r�b�o�n�y�]� �s�t�r�e�t�c�h�,� �c�o�n�f�i�r�m�s� �t�h�i�s� �a�n�a�l�y�s�i�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� 

�f�o�r�m�a�l�d�e�h�y�d�e� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �l�a�r�g�e� �l�o�b�e�s� �a�t� �1�7�7�5� �c�m�!� �a�n�d� �1�7�1�5� �c�m ��,� �n�o�t� �a�t� �a�l�l� �c�o�n�s�i�s�t�e�n�t� 

�w�i�t�h� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �u�n�i�d�e�n�t�i�f�i�e�d� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�.� �T�h�e� �p�r�o�d�u�c�t� �a�l�d�e�h�y�d�e� �i�s� �n�o�t� �f�o�r�m�-� 

�a�l�d�e�h�y�d�e�.� 
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�T�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� �v�a�p�o�r� �p�h�a�s�e� �a�c�e�t�a�l�d�e�h�y�d�e� �i�s� �c�e�n�t�e�r�e�d� �n�e�a�r� �1�7�5�0� �c�m�"�}�,� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �u�n�i�d�e�n�t�i�f�i�e�d� �a�l�d�e�h�y�d�e�.� �(�W�i�t�h� �a� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�f� �2�1�°�C� �[�2�4�a�]�,� �a�c�e�t�a�l�d�e�h�y�d�e� 

�w�i�l�l� �n�o�t� �c�o�n�d�e�n�s�e� �i�n� �t�h�e� �s�y�s�t�e�m�.�)� �A�c�e�t�a�l�d�e�h�y�d�e� �h�a�s� �p�e�a�k�s� �a�t� �1�3�8�0� �c�m!"� �a�n�d� �1�1�3�0� �c�m ��!� �t�h�a�t� 

�a�r�e� �a�b�o�u�t� �o�n�e� �t�h�i�r�d� �o�f� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �a�c�e�t�a�l�d�e�h�y�d�e� �C�=�O� �s�t�r�e�t�c�h�.� �T�h�e�s�e� �p�e�a�k�s� �a�r�e� �n�o�t� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�.� �T�h�e� �C�=�O� �s�t�r�e�t�c�h� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� �i�s� �b�r�o�a�d�e�r� �t�h�a�n� �t�h�e� 

�s�t�r�e�t�c�h� �o�f� �t�h�e� �u�n�i�d�e�n�t�i�f�i�e�d� �a�l�d�e�h�y�d�e� �(�a�b�o�u�t� �t�w�i�c�e� �t�h�e� �f�u�l�l� �w�i�d�t�h� �a�t� �h�a�l�f� �m�a�x�i�m�u�m�)�.� 

�F�o�r�m�a�t�i�o�n� �o�f� �a�c�e�t�a�l�d�e�h�y�d�e� �s�u�g�g�e�s�t�s� �f�o�r�m�a�t�i�o�n� �o�f� �a�n� �e�q�u�a�l� �a�m�o�u�n�t� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�e�.� 

�A�l�t�h�o�u�g�h� �s�o�m�e� �p�e�a�k� �p�o�s�i�t�i�o�n�s� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�e� �m�a�t�c�h� �t�h�o�s�e� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�,� �t�h�e� 

�p�e�a�k� �s�h�a�p�e�s� �a�r�e� �d�r�a�s�t�i�c�a�l�l�y� �d�i�f�f�e�r�e�n�t�.�  ��T�h�e� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�e�d� �f�r�o�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�a�b�o�v�e� �1�5�0�°�C� �i�s� �n�o�t� �a�c�e�t�a�l�d�e�h�y�d�e�.� 

�P�r�o�p�i�o�n�a�l�d�e�h�y�d�e� �h�a�s� �p�e�a�k�s� �a�t� �2�9�9�3� �c�m ��,� �1�4�2�3� �c�m!"�,� �a�n�d� �1�1�0�5� �c�m!"�!�.� �T�h�e�s�e� �p�e�a�k�s� �a�r�e� 

�n�o�t� �s�i�m�i�l�a�r� �i�n� �p�o�s�i�t�i�o�n� �o�r� �s�h�a�p�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �p�e�a�k�s� �a�t� �2�9�7�0� �c�m!"�!�,� �1�4�5�8� �c�m�"�}�,� 

�1�2�7�0� �c�m!"�,� �1�1�6�7� �c�m!"�,� �a�n�d� �1�0�4�0� �c�m!"�4�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �i�s� �n�o�t� �t�h�a�t� �o�f� �p�r�o�p�i�o�n�a�l�-� 

�d�e�h�y�d�e�.� 

�T�h�e�r�e� �a�r�e� �n�o� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �I�R� �s�p�e�c�t�r�u�m� 

�w�o�u�l�d� �p�r�o�b�a�b�l�y� �l�o�o�k� �q�u�i�t�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �s�p�e�c�t�r�u�m�,� �a�l�t�h�o�u�g�h� �p�e�a�k�s� 

�r�e�l�a�t�e�d� �t�a� �C ��O� �s�t�r�e�t�c�h�e�s� �s�h�o�u�l�d� �b�e� �a�b�s�e�n�t�.� �T�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� 

�e�x�p�e�c�t�e�d� �t�o� �a�p�p�e�a�r� �b�e�t�w�e�e�n� �1�7�2�0� �c�m!"�!� �a�n�d� �1�7�8�0� �c�m�"�}�,� �l�i�k�e� �o�t�h�e�r� �a�l�d�e�h�y�d�e�s�.� �A�l�d�e�h�y�d�i�c� �C�  ��H� 

�s�t�r�e�t�c�h�e�s� �a�r�e� �w�e�a�k� �a�n�d� �c�o�n�s�i�s�t� �o�f� �t�w�o� �l�o�b�e�s�,� �o�n�e� �a�t� �2�8�3�0� �c�m!"�!� �t�o� �2�8�1�0� �c�m!"�!� �a�n�d� �o�n�e� �n�e�a�r� 

�2�7�2�0� �c�m�!� �{�2�5�]�.� �T�h�e�s�e� �a�l�d�e�h�y�d�i�c� �C�  ��H� �s�t�r�e�t�c�h�e�s� �a�r�e� �e�a�s�i�l�y� �o�v�e�r�l�a�p�p�e�d� �b�y� �C�  ��H� �s�t�r�e�t�c�h�e�s� �o�f� 

�o�t�h�e�r� �s�t�r�u�c�t�u�r�a�l� �g�r�o�u�p�s�.� �T�h�i�s� �i�s� �c�l�e�a�r� �i�n� �F�i�g�u�r�e� �3�.�2�,� �w�h�i�c�h� �c�o�m�p�a�r�e�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� 

�t�o� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �v�a�p�o�r� �p�h�a�s�e� �a�c�e�t�a�l�d�e�h�y�d�e�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �h�a�s� �o�n�e� �p�e�a�k� �b�e�t�w�e�e�n� �1�0�0�0� �c�m�!� �a�n�d� �1�1�0�0� �c�m�.� �T�h�i�s� 

�f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �i�s� �e�m�p�t�y� �f�o�r� �t�h�e� �s�t�a�n�d�a�r�d� �a�l�d�e�h�y�d�e�s� �a�n�d� �k�e�t�o�n�e�s� �e�x�a�m�i�n�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�b�r�o�a�d� �a�n�d� �a�s�y�m�m�e�t�r�i�c� �p�e�a�k� �d�u�e� �t�o� �t�h�e� �C�  ��N� �s�t�r�e�t�c�h� �o�f� �t�r�i�m�e�t�h�y�l�a�m�i�n�e�,� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�,� 

�a�n�d� �m�e�t�h�y�l�d�i�e�t�h�y�l�a�m�i�n�e� �a�p�p�e�a�r�s� �b�e�t�w�e�e�n� �1�0�4�0� �c�m!" ��a�n�d� �1�0�6�0� �c�m�.� �T�h�e� �p�e�a�k� �a�t� �1�0�4�0� �c�m!"�!� 

�i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �c�a�n� �r�e�a�s�o�n�a�b�l�y� �b�e� �a�s�s�i�g�n�e�d� �t�o� �a� �C�  ��N� �s�t�r�e�t�c�h�.� 
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�M�o�s�t� �o�f� �t�h�e� �p�e�a�k�s� �b�e�t�w�e�e�n� �1�1�0�0� �c�m!"� �a�n�d� �1�5�0�0� �c�m!"� �i�n� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�s�p�e�c�t�r�u�m� �h�a�v�e� �b�e�e�n� �a�s�s�i�g�n�e�d� �t�o� �w�a�g�g�i�n�g� �a�n�d� �b�e�n�d�i�n�g� �m�o�d�e�s� �o�f� �m�e�t�h�y�l� �a�n�d� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s�.� 

�M�o�s�t� �w�a�g�g�i�n�g� �a�n�d� �b�e�n�d�i�n�g� �m�o�t�i�o�n�s� �s�h�o�u�l�d� �b�e� �s�t�r�o�n�g�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�m�o�l�e�c�u�l�e�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �e�x�i�s�t�s� �p�r�i�m�a�r�i�l�y� �a�s� �a� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� �i�n� �t�h�e� �v�a�p�o�r� 

�p�h�a�s�e�.� �S�u�c�h� �a� �r�i�n�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �n�o�t� �e�x�p�e�c�t�e�d� �f�o�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �T�h�e� �1�1�0�0� �c�m!"�!� 

�t�o� �1�5�0�0� �c�m!"�!� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �a�l�s�o� �i�n�c�l�u�d�e�s� �C�  ��N� �s�t�r�e�t�c�h�e�s�,� �w�h�i�c�h� �s�h�o�u�l�d� �b�e� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� 

�c�h�a�n�g�e� �f�r�o�m� �r�i�n�g� �t�o� �c�h�a�i�n� �c�o�n�f�o�r�m�a�t�i�o�n�.� �N�o�t�i�c�e�a�b�l�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �e�x�p�e�c�t�e�d� �b�e�t�w�e�e�n� �t�h�e� 

�a�l�c�o�h�o�l� �a�n�d� �a�l�d�e�h�y�d�e� �s�p�e�c�t�r�a� �b�e�t�w�e�e�n� �1�1�0�0� �c�m�!� �a�n�d� �1�5�0�0� �c�m�"�!�.� 

�E�x�c�e�p�t� �f�o�r� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �a�n�d� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �d�i�m�e�t�h�y�]�-� 

�e�t�h�y�l�a�m�i�n�e�,� �(�C�H�3�)�,�.�N�C�H�.�C�H�s�,� �a�r�e� �v�e�r�y� �s�i�m�i�l�a�r�,� �e�s�p�e�c�i�a�l�l�y� �b�e�t�w�e�e�n� �1�0�0�0� �c�m� �a�n�d� �1�5�0�0� �c�m�"�?�.� 

�T�h�e� �b�e�n�d�i�n�g� �a�n�d� �w�a�g�g�i�n�g� �m�o�t�i�o�n�s� �o�f� �m�e�t�h�y�l� �a�n�d� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s� �i�n� �t�h�i�s� �t�e�r�t�i�a�r�y� �a�m�i�n�e� 

�s�h�o�u�l�d� �a�p�p�r�o�x�i�m�a�t�e� �t�h�o�s�e� �i�n� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �(�C�H�,�)�,�N�C�H�,�C�H�=�O�.� �A� �b�e�t�t�e�r� �m�a�t�c�h� 

�w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �b�e�t�w�e�e�n� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�n� �t�h�i�s� �r�a�n�g�e� �t�h�a�n� 

�b�e�t�w�e�e�n� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �c�a�n�n�o�t� �b�e� �r�e�p�r�o�d�u�c�e�d� �b�y� �a�d�d�i�n�g� �t�h�e� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e� �a�n�d� 

�a�n�y� �o�f� �t�h�e� �a�l�d�e�h�y�d�e�s� �o�r� �k�e�t�o�n�e�s� �c�o�n�s�i�d�e�r�e�d� �a�s� �p�o�s�s�i�b�l�e� �p�r�o�d�u�c�t�s�.� 

�M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �s�h�o�w�s� �n�o� �c�l�e�a�r� �e�v�i�d�e�n�c�e� �f�o�r� �f�o�r�m�a�l�d�e�h�y�d�e� �(�m�o�s�t� �a�b�u�n�d�a�n�t� 

�f�r�a�g�m�e�n�t�s� �2�9�,� �3�0� �a�m�u�)� �o�r� �a�c�e�t�a�l�d�e�h�y�d�e� �(�m�o�s�t� �a�b�u�n�d�a�n�t� �f�r�a�g�m�e�n�t�s� �2�9�,� �4�4� �a�m�u�)�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �t�h�e� �a�m�i�n�o�a�l�c�o�h�o�l� �o�v�e�r�l�a�p�s� �t�h�e� �p�a�t�t�e�r�n�s� �o�f� �i�t�s� 

�p�o�t�e�n�t�i�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�.� �T�h�e� �b�a�s�e� �p�e�a�k� �o�f� �t�h�e� �a�l�c�o�h�o�l�,� �5�8� �a�m�u�,� �i�s� �a�l�s�o� �t�h�e� �b�a�s�e� 

�p�e�a�k� �f�o�r� �t�r�i�m�e�t�h�y�l�a�m�i�n�e�,� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�,� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �a�n�d� �t�h�e� �e�x�p�e�c�t�e�d� 

�b�a�s�e� �p�e�a�k� �f�o�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �U�n�i�q�u�e� �p�e�a�k�s�,� �s�u�c�h� �a�s� �t�h�e� �p�a�r�e�n�t� �m�a�s�s� �o�f� �t�h�e� �a�l�c�o�h�o�l�,� 

�a�r�e� �t�o�o� �s�m�a�l�l� �t�o� �b�e� �u�s�e�d� �r�e�l�i�a�b�l�y� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �a�b�u�n�d�a�n�c�e� �f�o�r� �o�t�h�e�r� �f�r�a�g�m�e�n�t�s� 

�a�n�d� �s�u�b�t�r�a�c�t� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� 

�r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �i�s� �i�n�c�o�n�c�l�u�s�i�v�e�,� �b�u�t� �d�o�e�s� �n�o�t� �c�o�n�t�r�a�d�i�c�t� �t�h�e� �e�v�i�d�e�n�c�e� �o�f� �i�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s�.� 

�B�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �s�t�a�n�d�a�r�d�s�,� �a� �n�u�m�b�e�r� �o�f� �p�l�a�u�s�i�b�l�e� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �a�r�e� �s�h�o�w�n� �n�o�t� 

�t�o� �b�e� �p�r�o�d�u�c�t�s� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�v�e�r� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�t� �1�5�0�°�C� �a�n�d� 

�a�b�o�v�e�.� �T�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �p�r�o�d�u�c�t� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�a�t� �e�x�p�e�c�t�e�d� �f�o�r� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�o�e�t�h�a�n�a�l�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f�f�e�r�s� �n�o� �c�o�n�t�r�a�d�i�c�t�i�o�n�.� �A�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r�,� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �a�l�s�o� �t�h�e� �p�r�o�d�u�c�t� �m�o�s�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �k�n�o�w�n� �c�h�e�m�i�s�t�r�y� �o�f� 
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�a�l�k�o�x�y� �s�p�e�c�i�e�s�.� �T�h�u�s�,� �t�h�e� �p�r�o�d�u�c�t� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �w�h�i�c�h� �g�i�v�e�s� �r�i�s�e� �t�o� 

�a� �p�e�a�k� �a�t� �1�7�5�0� �c�m ��?� �i�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� 

�A�d�m�i�t�t�e�d�l�y�,� �t�h�i�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� �i�n�d�i�r�e�c�t�.� �P�o�s�i�t�i�v�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� �i�m�p�o�s�s�i�b�l�e� 

�w�i�t�h�o�u�t� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �t�h�e� �p�r�o�d�u�c�t� 

�m�o�s�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a�l�l� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �a�n�d� �w�i�t�h� �t�h�e� �k�n�o�w�n� �c�h�e�m�i�s�t�r�y� �o�f� �a�l�k�o�x�y� 

�s�p�e�c�i�e�s�.� �R�e�s�u�l�t�s� �o�f� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �s�u�p�p�o�r�t� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�i�e�s� �h�a�v�i�n�g� �a�n� 

�i�n�f�r�a�r�e�d� �p�e�a�k� �a�t� �1�7�5�0� �c�m!"�!� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� 

�I�n� �s�u�m�m�a�r�y�,� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �t�o� �a�n� �a�l�d�e�h�y�d�e� �b�e�g�i�n�s� 

�a�t� �a� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�°�C� �o�v�e�r� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �i�n� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r�.� �T�h�e� 

�a�l�d�e�h�y�d�e� �i�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �A� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�d�u�c�t�,� �w�h�i�c�h� �m�a�y� 

�c�o�n�t�a�i�n� �a� �c�a�r�b�o�n�  �� �n�i�t�r�o�g�e�n� �o�r� �c�a�r�b�o�n�  �� �c�a�r�b�o�n� �d�o�u�b�l�e� �b�o�n�d�,� �i�s� �f�o�r�m�e�d� �a�b�o�v�e� �3�5�0�°�C�.� �F�u�r�t�h�e�r� 

�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�d�u�c�t� �w�a�s� �n�o�t� �p�o�s�s�i�b�l�e� �w�i�t�h� �t�h�e� �o�n�-�l�i�n�e� �a�n�a�l�y�t�i�c�a�l� 

�i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� 

�3�.�3�.�3� �D�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �C�o�p�p�e�r� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �t�o� �o�b�t�a�i�n� �a� �p�r�e�l�i�m�i�n�a�r�y� �i�d�e�a� �o�f� �t�h�e� �c�h�a�n�g�e�s� �i�n� 

�c�h�e�m�i�s�t�r�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r�.� �I�t� �a�l�s�o� �p�r�o�v�i�d�e�s� 

�c�o�n�t�r�o�l� �d�a�t�a� �f�o�r� �l�a�t�e�r� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �P�o�s�s�i�b�l�e� �c�a�t�a�l�y�t�i�c� �a�c�t�i�v�i�t�y� �o�f� �m�e�t�a�l� 

�s�u�r�f�a�c�e�s� �i�n� �t�h�e� �r�e�a�c�t�o�r� �w�a�s� �a� �c�o�n�c�e�r�n� �i�n�i�t�i�a�l�l�y�.� �T�h�i�s� �c�o�n�c�e�r�n� �w�a�s� �u�n�f�o�u�n�d�e�d�,� �a�s� �d�a�t�a� �o�b�t�a�i�n�e�d� 

�d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�i�s� �c�o�n�t�r�o�l� �e�x�p�e�r�i�m�e�n�t�.� 

�C�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �a�n�d� �t�h�e� �s�y�s�t�e�m� 

�p�r�e�p�a�r�e�d� �a�s� �f�o�r� �d�e�p�o�s�i�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�u�b�s�t�r�a�t�e� �w�a�s� �n�o�t� �h�e�a�t�e�d� �r�e�s�i�s�t�i�v�e�l�y�.� �I�n�s�t�e�a�d�,� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �w�a�s� �r�a�m�p�e�d� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �2�3�0�°�C� �u�n�d�e�r� 

�v�a�c�u�u�m� �w�i�t�h� �t�h�e� �u�s�u�a�l� �f�l�o�w� �o�f� �h�e�l�i�u�m� �c�a�r�r�i�e�r� �g�a�s�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �d�e�c�o�m�p�o�s�e�d� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� 

�t�u�b�e�.� �T�h�e� �v�o�l�a�t�i�l�e� �s�p�e�c�i�e�s� �l�e�a�v�i�n�g� �t�h�e� �t�u�b�e� �w�e�r�e� �a�n�a�l�y�z�e�d� �a�s� �t�h�e�y� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �r�e�a�c�t�o�r�.� 

�T�h�e�r�e� �w�a�s� �n�o� �d�e�p�o�s�i�t�i�o�n� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e�.� 

�B�e�l�o�w� �1�5�0�°�C�,� �i�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s� �s�h�o�w�s� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �A�t� �a� 

�p�r�e�c�u�r�s�o�r� �t�u�b�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�°�C�,� �t�h�e� �s�p�e�c�t�r�u�m� �i�s� �s�t�i�l�l� �t�y�p�i�c�a�l� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�,� �b�u�t� �a� �s�m�a�l�l� 
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�p�e�a�k� �n�e�a�r� �1�7�5�0� �c�m!"�!� �a�p�p�e�a�r�s� �(�F�i�g�u�r�e� �3�.�3�a�)�.� �T�h�i�s� �p�r�o�d�u�c�t� �i�s� �a�s�s�i�g�n�e�d� �a�s� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�a�l� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �a�l�c�o�h�o�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �s�t�u�d�y�.� 

�A�t� �1�8�0�°�C�,� �t�h�e� �a�l�d�e�h�y�d�e� �p�e�a�k� �i�s� �m�o�r�e� �o�b�v�i�o�u�s�.� �O�t�h�e�r� �p�e�a�k�s� �b�e�g�i�n� �t�o� �c�h�a�n�g�e� �i�n� 

�i�n�t�e�n�s�i�t�y� �a�n�d� �p�o�s�i�t�i�o�n�,� �i�n�d�i�c�a�t�i�n�g� �a� �m�i�x�t�u�r�e� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �a�l�c�o�h�o�l�.� �F�o�r� �e�x�a�m�p�l�e�,� �p�e�a�k�s� 
�1� �a�t� �1�0�9�0� �c�m�?� �a�n�d� �1�0�3�2� �c�m ��,� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�,� �a�r�e� �n�o�w� �a�t� �1�0�8�7� �c�m!"� �a�n�d� 

�1�0�3�4� �c�m�,� �T�h�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �a�l�c�o�h�o�l� �a�r�e� �1�0�8�4� �c�m!"�!� �a�n�d� �1�0�4�4�/�1�0�3�8� �c�m!"� �(�d�o�u�b�l�e�t�)�.� �R�e�f�e�r� �t�o� 

�F�i�g�u�r�e� �3�.�3�b�.� 

�W�i�t�h� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �a�t� �2�1�0�°�C� �(�F�i�g�u�r�e� �3�.�3�c�)� �t�h�e� �s�p�e�c�t�r�u�m� �i�s� �d�o�m�i�n�a�t�e�d� �b�y� �t�h�e� 

�a�l�c�o�h�o�l�.� �T�h�e� �p�e�a�k� �a�t� �1�7�5�0� �c�m�"�!� �i�s� �s�t�r�o�n�g�,� �a�n�d� �a� �n�e�w� �p�e�a�k� �i�s� �j�u�s�t� �v�i�s�i�b�l�e� �a�b�o�v�e� �t�h�e� 

�b�a�c�k�g�r�o�u�n�d� �n�e�a�r� �1�6�4�0� �c�m�}�.� �T�h�e� �1�6�4�0� �c�m!"� �p�e�a�k� �m�a�y� �i�n�d�i�c�a�t�e� �C�=�N� �o�r� �C�=�C�,� �a�s� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e� �a�l�c�o�h�o�l� �r�e�a�c�t�i�o�n� �s�t�u�d�i�e�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�.� �T�h�e� �o�n�l�y� �c�h�a�n�g�e� �i�n� �t�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �a�s� 

�t�h�e� �t�u�b�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�a�c�h�e�s� �2�3�0�°�C� �i�s� �a� �m�o�d�e�r�a�t�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �1�6�4�0� �c�m!"� �p�e�a�k� �i�n�t�e�n�s�i�t�y�.� 

�T�h�e� �s�a�m�e� �p�r�o�d�u�c�t� �r�e�s�u�l�t�s� �f�r�o�m� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�t� �a� �s�u�b�s�t�r�a�t�e� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�5�0�°�C�.� �I�t� �i�s� �c�u�r�i�o�u�s� �t�h�a�t� �t�h�i�s� �p�r�o�d�u�c�t� �a�p�p�e�a�r�s� �a�t� �a� �m�u�c�h� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e� �b�y� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�o�p�p�e�r� �a�l�k�o�x�i�d�e�.� 

�O�n�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �l�o�w�-�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �1�6�4�0� �c�m�!� �p�e�a�k� �i�s� �a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t�.� �I�n� �t�h�e� �a�l�c�o�h�o�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�,� �d�e�c�o�m�p�o�s�i�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� 

�o�n�l�y� �a�t� �t�h�e� �h�o�t� �s�a�m�p�l�e� �s�t�a�g�e�,� �a� �s�m�a�l�l� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� �o�f� �t�h�e� �I�R� �c�e�l�l�.� �T�h�e� �s�p�e�c�i�e�s� 

�t�h�a�t� �a�b�s�o�r�b�s� �a�t� �1�6�4�0� �c�m� �m�a�y� �b�e� �p�r�o�d�u�c�e�d�,� �b�u�t� �a�t� �l�e�v�e�l�s� �u�n�d�e�t�e�c�t�a�b�l�e� �b�y� �t�h�e� �I�R�.� �I�n� �t�h�i�s� 

�a�l�k�o�x�i�d�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�,� �d�e�c�o�m�p�o�s�i�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �i�t�s�e�l�f�.� �A� 

�l�a�r�g�e�r� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �I�R� �c�e�l�l� �a�r�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�.� �T�h�e� �s�p�e�c�i�e�s� �w�h�i�c�h� 

�a�b�s�o�r�b�s� �a�t� �1�6�4�0� �c�m ��!� �i�s� �p�r�e�s�e�n�t� �i�n� �d�e�t�e�c�t�a�b�l�e� �a�m�o�u�n�t�s�.� 

�A�n�o�t�h�e�r� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �l�o�w�-�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �1�6�4�0� �c�m�!� �p�e�a�k� �i�s� 

�m�o�r�e� �c�h�e�m�i�s�t�r�y� �r�e�l�a�t�e�d�.� �S�t�u�d�i�e�s� �o�f� �p�r�o�p�o�x�y� �s�p�e�c�i�e�s� �a�d�s�o�r�b�e�d� �o�n� �c�o�p�p�e�r� �(�1�1�0�)� �[�1�6�]�,� �c�o�p�p�e�r� �(�1�)� 

�o�x�i�d�e� �(�1�0�0�)� �[�1�8�]�,� �t�i�t�a�n�i�u�m� �o�x�i�d�e� �(�0�0�1�)�-�{�1�1�0�}� �[�1�9�]�,� �a�n�d� �z�i�n�c� �o�x�i�d�e� �(�0�0�0�1�)� �[�2�0�]� �i�n� �U�H�V� �i�n�d�i�c�a�t�e� 

�t�h�a�t� �t�h�e� �p�r�o�p�o�x�y� �g�r�o�u�p� �b�i�n�d�s� �v�i�a� �i�t�s� �o�x�y�g�e�n� �t�o� �a� �m�e�t�a�l� �a�t�o�m�,� �f�o�r�m�i�n�g� �a� �m�e�t�a�l� �a�l�k�o�x�i�d�e� �o�n� 

�t�h�e� �s�u�r�f�a�c�e�.� �O�n� �e�a�c�h� �s�u�r�f�a�c�e�,� �t�h�e� �p�r�o�p�o�x�y� �g�r�o�u�p� �d�e�c�o�m�p�o�s�e�s� �a�t� �a� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�.� 

�(�C�u�+�7�0�°�C�.� �C�u�,�0�3�2�5�0�°�C�.� �T�i�O�,�+�3�1�0�°�C�.� �Z�n�O�-�2�2�0�°�C�.�)� �T�h�i�s� �i�s� �r�e�a�s�o�n�a�b�l�e�,� �b�e�c�a�u�s�e� �d�i�f�f�e�r�e�n�t� 

�m�e�t�a�l� �a�l�k�o�x�i�d�e�s� �d�e�c�o�m�p�o�s�e� �a�t� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� 
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�F�i�g�u�r�e� �3�.�3� �I�n�f�r�a�r�e�d� �s�p�e�c�t�r�a�,� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 
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�T�h�e� �c�u�r�r�e�n�t� �e�x�p�e�r�i�m�e�n�t� �i�n�v�o�l�v�e�s� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �a� �c�o�p�p�e�r� �a�l�k�o�x�i�d�e�.� �T�h�e� 

�p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t� �w�i�t�h� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �t�h�e� �s�a�m�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s�,� �b�u�t� �w�i�t�h� �a� 

�s�t�r�o�n�t�i�u�m� �o�r� �t�i�t�a�n�i�u�m� �m�e�t�a�l� �c�e�n�t�e�r�.� �I�t� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �t�h�e� �p�r�o�d�u�c�t� �g�i�v�i�n�g� �r�i�s�e� �t�o� �a� 

�b�a�n�d� �a�t� �1�6�4�0� �c�m�?�!� �s�h�o�u�l�d� �a�p�p�e�a�r� �a�t� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �c�o�p�p�e�r�,� �s�t�r�o�n�t�i�u�m�,� �a�n�d� 

�t�i�t�a�n�i�u�m� �a�l�k�o�x�i�d�e�s�.� �I�n� �f�a�c�t�,� �i�t� �i�s� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �t�h�e� �p�r�o�d�u�c�t� �h�a�v�i�n�g� �a� �b�a�n�d� �a�t� �1�7�5�0� �c�m!"�!� �d�o�e�s� 

�a�p�p�e�a�r� �a�t� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�d�e�h�y�d�e� �d�e�c�o�m�p�o�s�i�t�i�o�n�s�.� 

�E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �p�e�a�k� �n�e�a�r� �1�7�5�0� �c�m�?�!� �r�e�v�e�a�l�s� �t�h�a�t� �a�t� �1�8�0�°�C� �(�F�i�g�u�r�e� �3�.�3�b�)�,� �i�t� �i�s� �n�o�t� 

�t�h�e� �s�h�a�r�p� �p�e�a�k� �c�e�n�t�e�r�e�d� �a�t� �1�7�5�0� �c�m� �t�h�a�t� �i�s� �e�x�p�e�c�t�e�d� �f�r�o�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �I�t� �i�s� �b�r�o�a�d�e�r� �a�n�d� �f�l�a�t�t�e�r�.� �I�t� �l�o�o�k�s� �r�a�t�h�e�r� �l�i�k�e� �t�w�o� �p�e�a�k�s�,� �t�h�e� 

�e�x�p�e�c�t�e�d� �p�e�a�k� �a�t� �1�7�5�0� �c�m!"�!� �a�n�d� �a�n�o�t�h�e�r� �c�e�n�t�e�r�e�d� �n�e�a�r� �1�7�2�5� �c�m�"�!�.� �T�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �p�e�a�k� �i�s� 

�n�o�t� �a�n� �a�r�t�i�f�a�c�t� �o�f� �l�o�w� �a�l�d�e�h�y�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �C�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�e�s� �o�f� �s�i�m�i�l�a�r� �i�n�t�e�n�s�i�t�y� �i�n� �t�h�e� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �n�e�a�r�l�y� �s�y�m�m�e�t�r�i�c� �a�n�d� �c�e�n�t�e�r�e�d� �a�t� �1�7�5�0� 

�c�m!"�!�,� �T�h�e�r�e� �i�s� �n�o�t�h�i�n�g� �e�l�s�e� �i�n� �t�h�e� �s�p�e�c�t�r�u�m� �t�o� �i�n�d�i�c�a�t�e� �a� �n�e�w� �p�r�o�d�u�c�t�.� 

�T�h�e� �1�7�2�5� �c�m!"� �p�e�a�k� �a�p�p�e�a�r�s� �i�n� �m�o�s�t� �e�x�p�e�r�i�m�e�n�t�s� �i�n�v�o�l�v�i�n�g� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�o�x�i�d�e�,� �b�u�t� �n�o�t� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �i�n�v�o�l�v�i�n�g� �o�n�l�y� �t�h�e� �a�l�c�o�h�o�l�.� �I�t� �i�s� �i�n� �t�h�e� �c�o�r�r�e�c�t� �r�e�g�i�o�n� �f�o�r� �a� 

�c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�.� �C�o�m�p�a�r�i�s�o�n� �w�i�t�h� �s�t�a�n�d�a�r�d�s� �s�h�o�w�s� �i�t� �i�s� �n�o�t� �a�c�e�t�a�l�d�e�h�y�d�e� �o�r� �f�o�r�m�a�l�d�e�h�y�d�e�.� 

�T�h�i�s� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �i�s� �d�i�s�c�u�s�s�c�d� �i�n� �S�e�c�t�i�o�n� �3�.�5�.�1�.�1�,� �a�f�t�e�r� �r�e�s�u�l�t�s� �o�f� �a�l�l� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� 

�e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �d�e�t�a�i�l�e�d�.� 

�S�p�e�c�t�r�a� �c�o�l�l�e�c�t�e�d� �a�t� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �1�5�0�°�C� �w�e�r�e� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� 

�s�p�e�c�t�r�a� �f�o�r� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �1�5�0�°�C�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �w�a�s� �t�h�e�n� 

�s�u�b�t�r�a�c�t�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �f�i�n�a�l� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �l�o�o�k�s� 

�s�u�b�s�t�a�n�t�i�a�l�l�y� �l�i�k�e� �t�h�e� �o�n�e� �o�b�t�a�i�n�e�d� �f�o�r� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �i�n� �s�e�c�t�i�o�n� �3�.�3�.�2�.� �B�y� �t�h�e� 

�s�a�m�e� �r�e�a�s�o�n�i�n�g� �e�m�p�l�o�y�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�3�.�2�,� �t�h�e� �p�r�o�d�u�c�t� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �a�b�o�v�e� �1�5�0�°�C� �i�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �A�d�m�i�t�t�e�d�l�y�,� �t�h�e� �r�e�a�s�o�n�i�n�g� 

�b�e�h�i�n�d� �t�h�i�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� �i�n�d�i�r�e�c�t�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �m�o�s�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a�l�l� 

�o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �a�n�d� �w�i�t�h� �t�h�e� �k�n�o�w�n� �c�h�e�m�i�s�t�r�y� �o�f� �a�l�k�o�x�y� �s�p�e�c�i�e�s�.� 

�I�n� �r�u�l�i�n�g� �o�u�t� �k�e�t�o�n�e�s� �a�s� �p�o�t�e�n�t�i�a�l� �p�r�o�d�u�c�t�s�,� �i�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �c�o�u�p�l�i�n�g� �o�f� �a�l�k�o�x�y� 

�s�p�e�c�i�e�s� �t�o� �f�o�r�m� �k�e�t�o�n�e�s� �h�a�s� �n�o�t� �b�e�e�n� �o�b�s�e�r�v�e�d� �o�n� �c�o�p�p�e�r� �o�r� �c�o�p�p�e�r� �(�I�)� �o�x�i�d�e� �s�u�r�f�a�c�e�s�,� �n�o�r� �h�a�s� 
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�m�i�g�r�a�t�i�o�n� �o�f� �t�h�e� �o�x�y�g�e�n� �i�n� �a� �p�r�i�m�a�r�y� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �[�1�5�-�2�0�]�.� �C�o�p�p�e�r� �(�I�I�)� �o�x�i�d�e� �s�u�r�f�a�c�e�s� �h�a�v�e� 

�n�o�t� �b�e�e�n� �s�t�u�d�i�e�d�,� �s�o� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�o�p�p�e�r� �(�I�I�)� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �a�l�l�o�w�s� 

�f�o�r�m�a�t�i�o�n� �o�f� �k�e�t�o�n�e�s�.� �H�o�w�e�v�e�r�,� �i�t� �s�e�e�m�s� �u�n�l�i�k�e�l�y�,� �e�s�p�e�c�i�a�l�l�y� �s�i�n�c�e� �t�h�e� �s�a�m�e� �p�r�o�d�u�c�t� �i�s� 

�p�r�o�d�u�c�e�d� �b�y� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �o�v�e�r� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� 

�B�y� �t�h�e� �e�n�d� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �i�s� �c�o�a�t�e�d� �i�n�s�i�d�e� �w�i�t�h� �a� �d�e�p�o�s�i�t� 

�r�a�n�g�i�n�g� �i�n� �c�o�l�o�r� �f�r�o�m� �y�e�l�l�o�w� �t�o� �r�o�s�e�-�r�e�d�,� �s�u�g�g�e�s�t�i�v�e� �o�f� �c�o�p�p�e�r� �m�e�t�a�l� �a�n�d�/�o�r� �c�o�p�p�e�r� �(�I�)� �o�x�i�d�e�.� 

�T�h�e� �r�e�d� �r�e�g�i�o�n�s� �t�u�r�n�e�d� �b�l�a�c�k�,� �a� �c�o�l�o�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �c�o�p�p�e�r� �(�I�I�)� �o�x�i�d�e�,� �s�h�o�r�t�l�y� �a�f�t�e�r� �e�x�p�o�s�u�r�e� 

�t�o� �l�a�b�o�r�a�t�o�r�y� �a�i�r�.� �T�h�e� �d�e�p�o�s�i�t�s� �d�i�s�s�o�l�v�e�d� �q�u�i�c�k�l�y� �i�n� �a�q�u�a� �r�e�g�i�a�,� �b�u�t� �a�p�p�e�a�r�e�d� �u�n�t�o�u�c�h�e�d� �b�y� 

�a�c�e�t�o�n�e�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�e� �d�e�p�o�s�i�t�s� �w�e�r�e� �l�a�r�g�e�l�y� �i�n�o�r�g�a�n�i�c�,� �n�o�t� �o�r�g�a�n�i�c�.� �T�h�u�s�,� �t�h�e�r�e� �i�s� 

�q�u�a�l�i�t�a�t�i�v�e� �e�v�i�d�e�n�c�e� �f�o�r� �d�e�p�o�s�i�t�i�o�n� �o�f� �m�i�x�e�d� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �c�o�p�p�e�r� �o�n� �t�h�e� �t�u�b�e� �w�a�l�l�s�.� 

�A�n�a�l�y�s�i�s� �o�f� �p�u�r�i�t�y� �a�n�d� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �w�a�s� �i�m�p�o�s�s�i�b�l�e� �w�i�t�h�o�u�t� �b�r�e�a�k�i�n�g� �t�h�e� �t�u�b�e�.� �I�t� �w�a�s� 

�d�e�c�i�d�e�d� �t�h�a�t� �a�n�a�l�y�s�i�s� �o�f� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �a�t� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �w�o�u�l�d� �b�e� �m�o�r�e� �v�a�l�u�a�b�l�e�.� 

�I�n� �s�u�m�m�a�r�y�,� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �b�e�g�i�n�s� �t�o� �d�e�c�o�m�p�o�s�e� �a�t� �1�5�0�°�C� �t�o� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �t�h�e� �s�a�m�e� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�e�d� �f�r�o�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�t� �t�h�i�s� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A�n�o�t�h�e�r� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �i�s� �a�l�s�o� �a�p�p�a�r�e�n�t� �i�n� �t�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�u�m�.� �A�s� �t�h�e� �t�u�b�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�r�o�a�c�h�e�s� �2�0�0�°�C�,� �s�i�g�n�i�f�i�c�a�n�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�s� �d�e�t�e�c�t�e�d� �a�s� �w�e�l�l� �a�s� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �A�b�o�v�e� �2�1�0�°�C�,� �a� �n�e�w� �p�r�o�d�u�c�t� �a�p�p�e�a�r�s�,� �w�h�i�c�h� �m�a�y� �c�o�n�t�a�i�n� �a� 

�c�a�r�b�o�n ��n�i�t�r�o�g�e�n� �o�r� �c�a�r�b�o�n�  �� �c�a�r�b�o�n� �d�o�u�b�l�e� �b�o�n�d�.� �T�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �t�h�e� �s�a�m�e� �p�r�o�d�u�c�t� �f�o�r�m�e�d� 

�b�y� �t�h�e� �a�l�c�o�h�o�l�,� �a�n�d� �m�a�y� �i�n�v�o�l�v�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �a�l�k�o�x�i�d�e� �l�i�g�a�n�d�.� 

�3�.�3�.�4� �D�e�p�o�s�i�t�i�o�n� �o�n� �a� �Q�u�a�r�t�z� �S�u�b�s�t�r�a�t�e� 

�T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�c�o�u�l�d� �b�e� �s�u�b�l�i�m�e�d�,� �m�o�v�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�y�s�t�e�m�,� �a�n�d� �d�e�c�o�m�p�o�s�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r� �t�o� �d�e�p�o�s�i�t� �a� 

�f�i�l�m�.� �A�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�m� �p�r�o�p�e�r�t�i�e�s� �t�o� �b�e� �e�x�p�e�c�t�e�d� �w�a�s� �o�b�t�a�i�n�e�d�.� �D�e�p�o�s�i�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �o�n� �q�u�a�r�t�z� �a�t� �2�7�0�- ��2�8�0�°�C�.� �P�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �c�o�p�p�e�r� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �w�o�u�l�d� �d�e�c�o�m�p�o�s�e� �a�t� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �f�i�l�m�s� �w�e�r�e� 

�o�p�a�q�u�e�,� �r�e�d�,� �a�n�d� �n�o�n�-�c�o�n�d�u�c�t�i�v�e�.� �I�n�f�r�a�r�e�d� �a�n�d� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �d�u�r�i�n�g� 

�d�e�p�o�s�i�t�i�o�n�.� �F�i�g�u�r�e� �3�.�4� �i�s� �a� �t�y�p�i�c�a�l� �I�R� �s�p�e�c�t�r�u�m�.� 
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�T�h�e� �f�i�l�m� �c�o�m�p�o�s�i�t�i�o�n�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �i�n� 

�c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t� �f�o�r� �d�e�p�t�h� �p�r�o�f�i�l�i�n�g�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �t�h�e� �c�o�p�p�e�r� �w�a�s� 

�d�e�d�u�c�e�d� �f�r�o�m� �t�h�e� �p�o�s�i�t�i�o�n�s� �a�n�d� �s�h�a�p�e�s� �o�f� �t�h�e� �c�o�p�p�e�r� �2�p� �a�n�d� �c�o�p�p�e�r� �L�V�V� �A�u�g�e�r� �t�r�a�n�s�i�t�i�o�n� 

�p�e�a�k�s� �[�1�6�]�.� �C�o�l�l�e�c�t�i�o�n� �o�f� �s�p�e�c�t�r�a� �w�a�s� �a�l�t�e�r�n�a�t�e�d� �w�i�t�h� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t� �u�n�t�i�l� �n�o� �o�x�y�g�e�n� �o�r� 

�c�o�p�p�e�r� �o�x�i�d�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �r�e�m�o�v�a�l� �o�f� �a�l�l� �s�u�r�f�a�c�e� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� �S�i�l�i�c�o�n� 

�w�a�s� �n�o�t� �d�e�t�e�c�t�e�d�,� �s�o� �t�h�e� �s�u�b�s�t�r�a�t�e� �w�a�s� �n�o�t� �y�e�t� �e�x�p�o�s�e�d� �b�y� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t�.� �S�u�c�h� �a� 

�s�p�e�c�t�r�u�m� �i�s� �c�o�n�s�i�d�e�r�e�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �b�u�l�k� �f�i�l�m�.� 

�T�h�e� �c�a�r�b�o�n�-�t�o�-�c�o�p�p�e�r� �a�t�o�m�i�c� �r�a�t�i�o�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�5� �t�o� �0�.�7� �i�n� �t�h�e� �b�u�l�k� �f�i�l�m�.� �N�o� 

�n�i�t�r�o�g�e�n� �w�a�s� �d�e�t�e�c�t�e�d�.� �T�h�i�s� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �d�a�t�a� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d�s� 

�f�r�a�g�m�e�n�t� �a�t� �2�8�0�°�C�,� �a�n�d� �c�a�r�b�o�n� �f�r�a�g�m�e�n�t�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �f�i�l�m�s�.� 

�W�i�t�h� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�t� �2�8�0�°�C�,� �a�n� �a�l�d�e�h�y�d�e� �s�p�e�c�i�e�s� �w�a�s� �d�e�t�e�c�t�e�d� �b�y� �i�n�f�r�a�r�e�d� 

�s�p�e�c�t�r�o�s�c�o�p�y�.� �T�h�i�s� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�s� �a�c�t�u�a�l�l�y� �t�w�o� �p�e�a�k�s�,� �o�n�e� �a�t� �1�7�5�0� �c�m�!� �a�n�d� �o�n�e� �a�t� 

�1�7�2�5� �c�m!"�.� �T�h�e� �s�a�m�e� �t�w�o� �s�p�e�c�i�e�s� �w�e�r�e� �s�e�e�n� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �1�7�5�0� �c�m!"�!� 

�p�e�a�k� �r�e�p�r�e�s�e�n�t�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �T�h�e� �o�t�h�e�r� �p�e�a�k� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�5�.�1�.�1�,� �a�f�t�e�r� 

�a�l�l� �o�f� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �d�e�t�a�i�l�e�d�.� 

�P�e�a�k�s� �o�t�h�e�r� �t�h�a�n� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�n�d�i�c�a�t�e� �a� �m�i�x�t�u�r�e� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�a�n�d� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �a�s� �w�e�l�l� �a�s� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �(�t�w�o� �l�o�b�e�s� �n�e�a�r� 

�2�1�5�0� �c�m�)�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�a�c�t�o�r� �e�x�i�t� �g�a�s� �c�o�n�f�i�r�m�s� �t�h�a�t� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �i�s� 

�p�r�o�d�u�c�e�d� �a�t� �2�8�0�°�C� �a�n�d� �s�h�o�w�s� �a�n� �a�c�c�o�m�p�a�n�y�i�n�g� �p�r�o�d�u�c�t�i�o�n� �o�f� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �S�i�g�n�a�l�s� �a�t� 

�2�8� �a�m�u� �(�C�O�)� �a�n�d� �4�4� �a�m�u� �(�C�O�,�)� �a�r�e� �t�h�r�e�e� �t�o� �f�o�u�r� �t�i�m�e�s� �a�s� �i�n�t�e�n�s�e� �a�s� �t�h�e� �s�i�g�n�a�l� �a�t� �5�8� �a�m�u� 

�(�b�a�s�e� �p�e�a�k� �f�o�r� �d�i�m�e�t�h�y�]� �t�e�r�t�i�a�r�y� �a�m�i�n�e�s�)� �w�i�t�h� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�t� �2�8�0�°�C�.� �W�h�e�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� 

�c�o�o�l�e�d� �t�o� �1�0�0�°�C�,� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �c�l�o�s�e�l�y� �r�e�s�e�m�b�l�e�s� �t�h�e� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�o�l� �a�n�d� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �(�F�i�g�u�r�e� �2�.�9�,� �F�i�g�u�r�e� �2�.�1�0�)�.� �(�I�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s� �i�s� �a�n� 

�u�n�r�e�l�i�a�b�l�e� �i�n�d�i�c�a�t�o�r� �o�f� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �p�r�o�d�u�c�t�i�o�n�,� �b�e�c�a�u�s�e� �o�f� �i�n�t�e�r�f�e�r�e�n�c�e� �f�r�o�m� �c�a�r�b�o�n� �d�i�o�x�i�d�e� 

�i�n� �t�h�e� �b�e�n�c�h� �b�u�t� �o�u�t�s�i�d�e� �t�h�e� �r�e�a�c�t�o�r�.�)� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �s�m�a�l�l�,� �c�a�r�b�o�n�-�c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �i�s� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n�.� 

�I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �t�e�l�l� �w�h�e�t�h�e�r� �t�h�e�r�e� �i�s� �a� �p�e�a�k� �a�t� �1�6�4�0� �c�m!"�!�.� �T�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �b�a�s�e�l�i�n�e� 

�i�s� �u�n�s�t�a�b�l�e� �b�e�c�a�u�s�e� �a� �c�o�n�s�t�a�n�t� �s�t�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �n�o�t� �m�a�i�n�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e�s�e� 
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�e�x�p�e�r�i�m�e�n�t�s�.� �W�i�d�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �c�a�n� �a�f�f�e�c�t� �t�h�e� �r�e�a�c�t�o�r� 

�t�e�m�p�e�r�a�t�u�r�e�.� �E�x�p�e�r�i�e�n�c�e� �h�a�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �b�a�s�e�l�i�n�e� �t�e�n�d�s� �t�o� �c�u�r�v�e� �w�h�e�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� 

�t�h�e� �r�e�a�c�t�o�r� �c�h�a�n�g�e�s� �m�o�r�e� �t�h�a�n� �a� �f�e�w� �d�e�g�r�e�e�s�.� 

�W�h�e�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �c�o�o�l�e�d� �t�o� �1�0�0�°�C�,� �i�n�f�r�a�r�e�d� �s�i�g�n�a�l�s� �f�r�o�m� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �a�n�d� 

�c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �d�i�s�a�p�p�e�a�r�.� �O�t�h�e�r� �p�e�a�k�s� �i�n� �t�h�e� �s�p�e�c�t�r�u�m� �(�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�,� 

�s�o�m�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�)� �r�e�m�a�i�n�.� �W�h�e�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �r�e�t�u�r�n�s� �t�o� �2�8�0�°�C�,� �t�h�e� �c�a�r�b�o�n� 

�m�o�n�o�x�i�d�e� �a�n�d� �a�l�d�e�h�y�d�e� �s�i�g�n�a�l�s� �a�l�s�o� �r�e�t�u�r�n�.� �T�h�u�s� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�c�c�u�r�s� �a�t� �t�h�e� �h�o�t� �s�u�b�s�t�r�a�t�e�,� 

�n�o�t� �e�l�s�e�w�h�e�r�e� �i�n� �t�h�e� �s�y�s�t�e�m�.� 

�T�h�e� �a�l�k�o�x�y� �l�i�g�a�n�d�s� �f�r�a�g�m�e�n�t�,� �b�u�t� �n�o� �n�i�t�r�o�g�e�n� �i�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �f�i�l�m�s�,� �s�o� �v�o�l�a�t�i�l�e� 

�n�i�t�r�o�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �m�u�s�t� �b�e� �p�r�o�d�u�c�e�d�.� �P�o�s�s�i�b�i�l�i�t�i�e�s� �a�r�e� �a�m�m�o�n�i�a�,� �m�e�t�h�y�l�a�m�i�n�e�,� 

�d�i�m�e�t�h�y�l�a�m�i�n�e� �a�n�d� �d�i�m�e�t�h�y�l�e�t�h�y�l�a�m�i�n�e�.� �N�o�n�e� �o�f� �t�h�e�s�e� �a�r�e� �d�e�t�e�c�t�e�d� �b�y� �I�R� �o�r� �m�a�s�s� �s�p�e�c�t�r�a�l� 

�a�n�a�l�y�s�i�s�.� 

�A�m�m�o�n�i�a� �h�a�s� �a� �d�i�s�t�i�n�c�t�i�v�e� �I�R� �s�p�e�c�t�r�u�m�.� �I�t� �s�h�o�u�l�d� �b�e� �v�i�s�i�b�l�e� �i�f� �p�r�e�s�e�n�t� �i�n� �d�e�t�e�c�t�a�b�l�e� 

�a�m�o�u�n�t�s�.� �W�i�t�h� �i�t�s� �m�o�s�t� �a�b�u�n�d�a�n�t� �p�e�a�k� �a�t� �1�7� �a�m�u�,� �a�m�m�o�n�i�a� �s�h�o�u�l�d� �a�l�s�o� �b�e� �d�e�t�e�c�t�a�b�l�e� �b�y� 

�m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� �W�a�t�e�r� �i�s� �t�h�e� �o�t�h�e�r� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�t�r�i�b�u�t�o�r� �t�o� �m�a�s�s� �1�7�,� �a�n�d� �t�h�e� �r�a�t�i�o� �o�f� �1�7� 

�t�o� �1�8� �a�m�u� �f�o�r� �w�a�t�e�r� �i�s� �a� �c�o�n�s�t�a�n�t�.� �T�h�e�r�e� �i�s� �n�o� �d�e�v�i�a�t�i�o�n� �f�r�o�m� �t�h�i�s� �v�a�l�u�e� �i�n� �t�h�e� �d�a�t�a�.� �T�h�e� 

�e�v�i�d�e�n�c�e� �i�s� �a�g�a�i�n�s�t� �a�m�m�o�n�i�a�.� 

�S�i�g�n�a�l�s� �f�r�o�m� �t�h�e� �a�m�i�n�e�s� �c�o�u�l�d� �b�e� �h�i�d�d�e�n� �a�m�o�n�g�s�t� �t�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �a�l�c�o�h�o�l� �p�e�a�k�s� �i�n� 

�t�h�e� �I�R� �s�p�e�c�t�r�a�.� �S�m�a�l�l� �a�m�o�u�n�t�s� �o�f� �t�h�e� �a�m�i�n�e�s� �a�r�e� �n�o�t� �d�e�t�e�c�t�a�b�l�e� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� �T�h�e�i�r� 

�p�a�t�t�e�r�n�s� �w�o�u�l�d� �b�e� �l�o�s�t� �a�m�o�n�g� �t�h�e� �f�r�a�g�m�e�n�t�s� �o�f� �t�h�e� �m�o�r�e� �p�l�e�n�t�i�f�u�l� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� 

�s�p�e�c�i�e�s� �a�s� �w�e�l�l� �a�s� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �a�n�d� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e�.� �S�o�m�e� �a�m�i�n�e� �o�r� �a�m�i�n�e�s� �m�u�s�t� �b�e� 

�r�e�m�o�v�i�n�g� �n�i�t�r�o�g�e�n� �f�r�o�m� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�,� �b�u�t� �t�h�e�y� �a�r�e� �n�o�t� �d�e�t�e�c�t�a�b�l�e� �w�i�t�h� �t�h�e� �a�v�a�i�l�a�b�l�e� 

�a�n�a�l�y�t�i�c�a�l� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� 

�I�n� �s�u�m�m�a�r�y�,� �d�e�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� �f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �w�a�s� �p�e�r�f�o�r�m�e�d� 

�o�n� �q�u�a�r�t�z� �a�t� �2�8�0�°�C�.� �F�i�l�m�s� �a�r�e� �h�e�a�v�i�l�y� �c�o�n�t�a�m�i�n�a�t�e�d� �w�i�t�h� �c�a�r�b�o�n�,� �a�l�t�h�o�u�g�h� �c�o�m�p�l�e�t�e� �l�i�g�a�n�d�s� 

�w�e�r�e� �n�o�t� �e�n�t�r�a�p�p�e�d�.� �M�a�j�o�r� �v�o�l�a�t�i�l�e� �p�r�o�d�u�c�t�s� �a�t� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �a�r�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �O�t�h�e�r� �v�o�l�a�t�i�l�e� �p�r�o�d�u�c�t�s� �i�n�c�l�u�d�e� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e�,� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e�,� �a�n�d� �p�o�s�s�i�b�l�y� �a�n� �a�m�i�n�e�.� �L�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �i�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�r�o�b�l�e�m�,� �r�e�s�u�l�t�i�n�g� �i�n� 

�c�a�r�b�o�n�-�c�o�n�t�a�m�i�n�a�t�e�d� �f�i�l�m�s�.� 

�6�4



�3�.�4� �R�e�s�u�l�t�s� �o�f� �T�h�e�r�m�a�l� �D�e�p�o�s�i�t�i�o�n� �o�n� �S�t�r�o�n�t�i�u�m� �T�i�t�a�n�a�t�e� 

�B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s�,� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�5�0�°�C�,� 

�2�0�0�°�C� �a�n�d� �2�6�0�°�C� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �s�t�u�d�y�.� �N�o� �d�e�p�o�s�i�t�i�o�n� �i�s� �e�x�p�e�c�t�e�d� �b�e�l�o�w� �1�5�0�°�C�.� �D�e�p�o�s�i�t�i�o�n� 

�i�s� �e�x�p�e�c�t�e�d� �a�t� �2�6�0�°�C�,� �b�u�t� �c�o�n�t�a�m�i�n�a�t�i�o�n� �d�u�e� �t�o� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �i�s� �a� �p�o�s�s�i�b�i�l�i�t�y�.� �A�t� 

�2�0�0�°�C�,� �d�e�p�o�s�i�t�i�o�n� �i�s� �e�x�p�e�c�t�e�d�,� �b�u�t� �d�e�c�o�m�p�o�s�i�t�i�o�n� �i�s� �n�o�t� �e�x�p�e�c�t�e�d� �t�o� �i�n�v�o�l�v�e� �s�i�g�n�i�f�i�c�a�n�t� �l�i�g�a�n�d� 

�f�r�a�g�m�e�n�t�a�t�i�o�n�.� �P�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �m�a�j�o�r� �p�r�o�d�u�c�t�s� �a�t� �2�0�0�°�C� �a�r�e� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �f�o�r�m�a�t�i�o�n� �o�f� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �o�n�l�y� �c�l�e�a�v�a�g�e� 

�o�f� �c�o�p�p�e�r�  �� �o�x�y�g�e�n� �b�o�n�d�s�.� �H�i�g�h� �f�i�l�m� �p�u�r�i�t�y� �i�s� �e�x�p�e�c�t�e�d� �a�t� �2�0�0�°�C�.� 
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�3�.�4�.�1� �R�e�s�u�l�t�s� �a�t� �1�5�0�°�C� 

�A�s� �e�x�p�e�c�t�e�d�,� �n�o� �d�e�p�o�s�i�t�i�o�n� �o�c�c�u�r�r�e�d� �a�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �1�5�0�°�C�.� 

�D�e�p�o�s�i�t�i�o�n� �a�t� �1�5�0�°�C� �r�e�s�u�l�t�e�d� �i�n� �t�r�a�n�s�l�u�c�e�n�t�,� �n�o�n�-�c�o�n�d�u�c�t�i�v�e� �y�e�l�l�o�w� �f�i�l�m�s�.� �A�u�g�e�r� �a�n�a�l�y�s�i�s� 

�s�h�o�w�s� �t�h�e� �f�i�l�m�s� �t�e� �c�o�n�t�a�i�n� �c�o�p�p�e�r� �a�n�d� �t�o� �b�e� �v�e�r�y� �t�h�i�n�.� �T�h�e� �t�i�t�a�n�i�u�m� �s�i�g�n�a�l� �f�r�o�m� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �i�s� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �a�f�t�e�r� �s�h�o�r�t� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t�.� �C�h�l�o�r�i�n�e� �a�n�d� �c�a�r�b�o�n� �a�r�e� �p�r�e�s�e�n�t� �a�n�d� 

�d�e�c�r�e�a�s�i�n�g� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �f�i�l�m�s�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �p�o�s�t�-�d�e�p�o�s�i�t�i�o�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� �p�e�r�s�i�s�t�s� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �f�i�l�m�s�,� �a�n�d� �n�o� �r�e�g�i�o�n� �i�n� �t�h�e� �d�e�p�t�h� �p�r�o�f�i�l�e� �i�s� �i�d�e�n�t�i�f�i�a�b�l�e� �a�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� 

�b�u�l�k� �f�i�l�m�.� �T�h�u�s�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �t�h�e� �a�s�-�d�e�p�o�s�i�t�e�d� �f�i�l�m�s�.� 

�I�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �s�h�o�w�s� �a� �s�m�a�l�l� �p�e�a�k� �n�e�a�r� �3�5�4�5� �c�m�}�,� �b�a�r�e�l�y� �v�i�s�i�b�l�e� 

�a�m�o�n�g�s�t� �t�h�e� �w�a�t�e�r� �s�i�g�n�a�l� �a�n�d� �t�h�e� �n�o�i�s�e�.� �(�W�a�t�e�r� �a�p�p�e�a�r�s� �i�n� �t�h�e� �s�p�e�c�t�r�u�m� �b�e�c�a�u�s�e� �t�h�e� �o�v�e�r�a�l�l� 

�i�n�t�e�n�s�i�t�y� �i�s� �l�o�w�,� �a�n�d� �s�m�a�l�l� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� �w�a�t�e�r� �i�n� �t�h�e� �b�e�n�c�h� �a�r�e� �n�o�t�i�c�e�a�b�l�e�.�)� 

�T�h�i�s� �i�n�d�i�c�a�t�e�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�s� �f�o�r�m�e�d�.� �T�h�e� �a�m�o�u�n�t� �i�s� �s�m�a�l�l�,� �b�e�c�a�u�s�e� �m�o�s�t� �p�e�a�k�s� �i�n� 

�t�h�e� �s�p�e�c�t�r�u�m� �a�r�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �p�u�r�e� �a�l�k�o�x�i�d�e�.� �T�h�e� �1�7�5�0� �c�m�!� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�s� 

�p�r�e�s�e�n�t� �o�n�l�y� �i�n� �e�a�r�l�y� �s�p�e�c�t�r�a�.� �T�h�e� �l�o�w�e�r�-�f�r�e�q�u�e�n�c�y� �s�t�r�e�t�c�h� �(�1�7�2�5� �c�m ��)� �i�s� �q�u�i�t�e� �s�m�a�l�l� �b�u�t� 

�p�r�e�s�e�n�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�w�o� �d�a�y�s� �o�f� �a�n� �e�x�p�e�r�i�m�e�n�t�.� �F�i�g�u�r�e� �3�.�5� �i�s� �a� �t�y�p�i�c�a�l� �I�R� �s�p�e�c�t�r�u�m�.� �N�o�t�e� 

�t�h�a�t� �t�h�e� �s�u�b�s�t�r�a�t�e� �h�a�s� �a� �y�e�l�l�o�w� �c�a�s�t� �a�f�t�e�r� �t�w�e�l�v�e� �h�o�u�r�s�,� �a�n�d� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �f�u�r�t�h�e�r� �i�n� �c�o�l�o�r�.� 

�T�h�u�s� �t�h�e� �1�7�5�0� �c�m�!� �p�e�a�k�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �i�s� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e� �1�7�2�5� �c�m!"� �p�e�a�k� �p�e�r�s�i�s�t�s� �e�v�e�n� �w�h�e�n� �t�h�e�r�e� �i�s� �n�o� �a�p�p�a�r�e�n�t� �d�e�p�o�s�i�t�i�o�n� 

�o�c�c�u�r�r�i�n�g�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �a�d�d�e�d� �n�o� �i�n�f�o�r�m�a�t�i�o�n�.� 

�I�n� �s�u�m�m�a�r�y�,� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �p�r�o�d�u�c�e�s� �t�h�i�n�,� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� 

�f�i�l�m�s� �a�t� �a� �m�i�n�i�m�u�m� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�°�C�.� �T�h�e� �f�i�l�m�s� �a�r�e� �n�o�n�-�c�o�n�d�u�c�t�i�v�e� �a�n�d� �s�o� 

�t�h�i�n� �t�h�a�t� �p�o�s�t�-�d�e�p�o�s�i�t�i�o�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� �m�a�k�e�s� �i�t� �i�m�p�o�s�s�i�b�l�e� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �p�u�r�i�t�y� �o�f� �t�h�e� �a�s�-� 

�d�e�p�o�s�i�t�e�d� �f�i�l�m�.� �O�r�g�a�n�i�c� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�i�o�n� �a�r�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�n�d� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� 
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�3�.�4�.�2� �R�e�s�u�l�t�s� �a�t� �2�0�0�°�C� 

�D�e�p�o�s�i�t�i�o�n� �o�c�c�u�r�s� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �2�0�0�°�C� �t�o� �2�1�0�°�C�.� 

�T�h�e� �s�u�b�s�t�r�a�t�e� �a�p�p�e�a�r�s� �t�o� �b�e� �e�v�e�n�l�y� �c�o�a�t�e�d� �w�i�t�h� �a� �p�i�n�k�,� �o�p�a�q�u�e�,� �c�o�n�d�u�c�t�i�v�e� �f�i�l�m�.� �R�e�s�i�s�t�i�v�i�t�i�e�s� 

�o�n� �t�h�e� �o�r�d�e�r� �o�f� �2�0�0� �»�0�Q�-�c�m� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �f�o�u�r�-�p�o�i�n�t� �p�r�o�b�e� �[�2�6�]�.� �A� �f�i�l�m� �s�t�o�r�e�d� �i�n� 

�l�a�b�o�r�a�t�o�r�y� �a�i�r� �d�a�r�k�e�n�e�d� �t�o� �a� �r�o�s�e� �c�o�l�o�r� �o�v�e�r� �t�h�r�e�e� �w�e�e�k�s�.� �A�f�t�e�r� �t�e�n� �w�e�e�k�s�,� �t�h�e� �f�i�l�m� �w�a�s� �n�e�a�r�l�y� 

�b�l�a�c�k�.� �S�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�i�s� �f�i�l�m� �a�f�t�e�r� �o�n�e� �w�e�e�k� �o�f� �e�x�p�o�s�u�r�e� �t�o� �a�i�r�.� �S�u�r�f�a�c�e� 

�a�n�a�l�y�s�i�s� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �b�u�l�k� �f�i�l�m� �w�e�r�e� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�o�s�e� �f�o�r� �a� �f�i�l�m� �s�t�o�r�e�d� �i�n� �t�h�e� 

�v�a�c�u�u�m� �d�e�s�s�i�c�a�t�o�r� �f�o�r� �o�n�e� �w�e�e�k�.� 

�A�u�g�e�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�l�m�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�f�t�e�r� �a� �s�h�o�r�t� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t� �t�o� �r�e�m�o�v�e� 

�p�o�s�t�-�d�e�p�o�s�i�t�i�o�n� �c�o�n�t�a�m�i�n�a�n�t�s�.� �F�i�g�u�r�e� �3�.�6� �i�s� �a� �t�y�p�i�c�a�l� �A�u�g�e�r� �s�p�e�c�t�r�u�m�.� �C�a�r�b�o�n� �a�n�d� �n�i�t�r�o�g�e�n� 

�a�r�e� �b�e�l�o�w� �d�e�t�e�c�t�a�b�l�e� �l�e�v�e�l�s� �(�l�e�s�s� �t�h�a�n� �1� �a�t�o�m�i�c� �p�e�r� �c�e�n�t�)�.� �T�h�e� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �o�x�y�g�e�n� 

�p�r�e�s�e�n�t� �m�a�y� �b�e� �d�u�e� �t�o� �r�e�c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �b�y� �o�x�y�g�e�n� �i�n� �t�h�e� �v�a�c�u�u�m� �s�y�s�t�e�m� 

�b�e�t�w�e�e�n� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t� �a�n�d� �a�n�a�l�y�s�i�s�.� �T�h�i�s� �p�h�e�n�o�m�e�n�o�n� �i�s� �c�o�m�m�o�n� �o�n� �n�i�c�k�e�l� �a�n�d� 

�a�l�u�m�i�n�u�m� �s�u�r�f�a�c�e�s� �[�2�7�]�.� �F�i�g�u�r�e� �3�.�7� �s�h�o�w�s� �t�h�e� �c�o�p�p�e�r� �2�p� �a�n�d� �c�o�p�p�e�r� �L�V�V� �p�e�a�k�s� �c�o�l�l�e�c�t�e�d� 

�d�u�r�i�n�g� �X�P�S�.� �T�h�e� �a�b�s�e�n�c�e� �o�f� �s�h�a�k�e�u�p� �s�a�t�e�l�l�i�t�e�s� �i�n� �t�h�e� �c�o�p�p�e�r� �2�p� �r�e�g�i�o�n� �a�n�d� �t�h�e� �s�h�a�p�e� �a�n�d� 

�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�o�p�p�e�r� �L�V�V� �A�u�g�e�r� �t�r�a�n�s�i�t�i�o�n� �p�e�a�k� �c�o�n�f�i�r�m� �t�h�a�t� �c�o�p�p�e�r� �m�e�t�a�l� �i�s� �t�h�e� �o�n�l�y� 

�o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �p�r�e�s�e�n�t� �[�2�8�]�.� 

�S�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �(�S�E�M�)� �r�e�v�e�a�l�s� �a� �f�i�l�m� �o�f� �u�n�i�f�o�r�m�,� �s�p�h�e�r�o�i�d� �g�r�a�i�n�s�,� 

�b�e�t�w�e�e�n� �0�.�2�5� �u�m� �a�n�d� �0�.�5� �p�m� �i�n� �d�i�a�m�e�t�e�r�,� �d�e�n�s�e�l�y� �p�a�c�k�e�d� �o�n� �t�h�e� �s�m�o�o�t�h�,� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� 

�s�u�r�f�a�c�e� �[�2�9�]�.� �T�h�e� �f�i�l�m� �a�p�p�e�a�r�s� �t�o� �b�e� �a�b�o�u�t� �1� �y�m� �t�h�i�c�k�.� �A�d�h�e�s�i�o�n� �o�f� �t�h�e� �f�i�l�m� �t�o� �t�h�e� �s�u�b�s�t�r�a�t�e� 

�i�s� �p�o�o�r�.� �T�h�e� �f�i�l�m� �i�s� �e�a�s�i�l�y� �s�c�r�a�t�c�h�e�d�.� 

�T�h�e� �I�R� �s�p�e�c�t�r�u�m� �(�F�i�g�u�r�e� �3�.�8�)� �s�h�o�w�s� �p�r�i�m�a�r�i�l�y� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� 

�D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�s� �o�n�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�.� �B�o�t�h� �t�h�e� �n�a�r�r�o�w� �1�7�5�0� �c�m!"� �a�n�d� �t�h�e� 

�b�r�o�a�d�e�r� �1�7�2�5� �c�m!"� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�e�s� �a�r�e� �p�r�e�s�e�n�t�.� �A�t� �2�0�0�°�C� �t�o� �2�1�0�°�C�,� �t�h�e� �1�7�5�0� �c�m �� �p�e�a�k� �i�s� 

�m�o�r�e� �i�n�t�e�n�s�e� �r�e�l�a�t�i�v�e� �t�o� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �1�5�0�°�C�.� �T�h�e� �1�7�5�0� �c�m!"�!� �p�e�a�k� �a�l�s�o� �p�e�r�s�i�s�t�s� �t�h�r�o�u�g�h�o�u�t� 

�t�h�e� �t�w�o� �d�a�y�s� �o�f� �a�n� �e�x�p�e�r�i�m�e�n�t�.� �D�u�r�i�n�g� �t�h�i�s� �t�i�m�e�,� �t�h�e� �f�i�l�m� �b�e�c�o�m�e�s� �i�n�c�r�e�a�s�i�n�g�l�y� �r�i�c�h� �i�n� �c�o�l�o�r�.� 

�A�g�a�i�n�,� �t�h�e� �1�7�5�0� �c�m�!� �p�e�a�k� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e� �1�7�2�5� �c�m ��!� �p�e�a�k� �i�s� �a�l�s�o� �p�r�e�s�e�n�t� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� �a�t� �a� �s�m�a�l�l� �b�u�t� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �i�n�t�e�n�s�i�t�y�.� 
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�V�o�l�a�t�i�l�e� �o�r�g�a�n�i�c�s� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �w�e�r�e� �c�o�n�d�e�n�s�e�d� �i�n� �a� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�r�a�p� 

�a�n�d� �d�i�s�s�o�l�v�e�d� �i�n� �d�e�u�t�e�r�a�t�e�d� �c�h�l�o�r�o�f�o�r�m� �f�o�r� �p�r�o�t�o�n� �N�M�R� �a�n�a�l�y�s�i�s� �[�3�0�]�.� �R�e�f�e�r� �t�o� �F�i�g�u�r�e� �3�.�9�.� 

�N�e�i�t�h�e�r� �a�l�d�e�h�y�d�i�c� �(�6�=�9�  �� �1�1� �p�p�m�)� �n�o�r� �a�l�c�o�h�o�l�i�c� �(�6� �+� �5� �p�p�m�)� �p�r�o�t�o�n�s� �a�r�e� �v�i�s�i�b�l�e�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�a�l�c�o�h�o�l�i�c� �h�y�d�r�o�g�e�n� �s�i�g�n�a�l� �i�s� �o�f�t�e�n� �b�r�o�a�d� �a�n�d� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�c�t�,� �s�o� �a�n� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �c�a�n� �b�e� 

�m�a�d�e� �b�a�s�e�d� �o�n� �o�t�h�e�r� �p�r�o�t�o�n�s� �i�n� �t�h�e� �m�o�l�e�c�u�l�e�.� �T�h�e� �m�a�j�o�r� �p�r�o�d�u�c�t� �d�e�t�e�c�t�e�d� �i�s� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �H�O�C�H�,�C�H�,�N�(�C�H�3�)� �4�.� �T�h�e� �l�a�r�g�e� �s�i�n�g�l�e�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s� 

�o�n� �t�h�e� �n�i�t�r�o�g�e�n�.� �T�h�e� �t�r�i�p�l�e�t�s� �n�e�a�r� �2�.�5� �p�p�m� �a�n�d� �3�.�5� �p�p�m� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�w�o� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s� 

�b�e�t�w�e�e�n� �t�h�e� �n�i�t�r�o�g�e�n� �a�n�d� �t�h�e� �o�x�y�g�e�n�.� �T�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �i�n� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� 

�O�=�C�H�C�H�,�.�N�(�C�H�3�)�.�,� �s�h�o�u�l�d� �p�r�o�d�u�c�e� �a� �d�o�u�b�l�e�t� �n�e�a�r� �3�.�5� �p�p�m�.� �T�h�i�s� �d�o�u�b�l�e�t� �i�s� �n�o�t� �a�p�p�a�r�e�n�t�.� 

�T�h�e� �f�e�a�t�u�r�e� �j�u�s�t� �b�e�l�o�w� �3� �p�p�m� �r�e�m�a�i�n�s� �u�n�i�d�e�n�t�i�f�i�e�d�.� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�e� �f�a�i�l�u�r�e� �t�o� �d�e�t�e�c�t� �t�h�e� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t� �b�y� 

�N�M�R�.� �T�h�e� �a�l�d�e�h�y�d�e� �m�a�y� �r�e�a�c�t� �i�n� �t�h�e� �t�r�a�p�,� �e�i�t�h�e�r� �d�u�r�i�n�g� �t�h�e� �t�w�o� �d�a�y�s� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �o�r� 

�w�h�e�n� �t�h�e� �c�o�n�d�e�n�s�a�t�e� �i�s� �m�e�l�t�e�d� �f�o�r� �d�i�s�s�o�l�u�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �e�n�v�i�s�i�o�n� �t�h�e� 

�e�x�p�e�c�t�e�d� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �t�r�a�p� �(�a�l�c�o�h�o�l� �a�n�d� �a�l�d�e�h�y�d�e�)� �b�e�i�n�g� �r�e�a�c�t�i�v�e� �a�t� �0�°�C� �a�n�d� �b�e�l�o�w�.� 

�T�h�e� �a�l�d�e�h�y�d�e� �m�a�y� �b�e� �e�x�t�r�e�m�e�l�y� �v�o�l�a�t�i�l�e� �a�n�d� �m�a�y� �e�v�a�p�o�r�a�t�e� �w�h�e�n� �t�h�e� �t�r�a�p� �i�s� �m�o�v�e�d� 

�f�r�o�m� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�o� �t�h�e� �i�c�e� �b�a�t�h� �t�o� �m�e�l�t� �t�h�e� �c�o�n�d�e�n�s�a�t�e�.� �I�t� �m�i�g�h�t�,� �t�h�e�r�e�f�o�r�e�,� �b�e� �a�b�s�e�n�t� 

�f�r�o�m� �t�h�e� �l�i�q�u�i�d� �s�a�m�p�l�e� �f�o�r� �N�M�R�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �l�i�k�e�l�y� �t�o� �b�e� �m�o�r�e� �v�o�l�a�t�i�l�e� �t�h�a�n� 

�t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �a�l�c�o�h�o�l� �(�n�o�r�m�a�l� �b�o�i�l�i�n�g� �p�o�i�n�t� �1�3�3�°�C� �[�2�4�b�]�)�,� �b�e�c�a�u�s�e� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� 

�d�e�c�r�e�a�s�e�s� �t�h�e� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �o�f� �a�l�c�o�h�o�l�s�.� �H�o�w�e�v�e�r�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �u�n�l�i�k�e�l�y� �t�o� �b�e� 

�m�o�r�e� �v�o�l�a�t�i�l�e� �t�h�a�n� �a�c�e�t�a�l�d�e�h�y�d�e� �(�n�o�r�m�a�l� �b�o�i�l�i�n�g� �p�o�i�n�t� �2�1�°�C� �[�2�4�a�]�)�,� �w�h�i�c�h� �h�a�s� �a� �l�o�w�e�r� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �(�R�e�c�a�l�l� �t�h�a�t� �a�c�e�t�a�l�d�e�h�y�d�e� �a�n�d� �t�h�e� �m�o�r�e� �v�o�l�a�t�i�l�e� �f�o�r�m�a�l�d�e�h�y�d�e� �a�r�e� �p�r�o�v�e�n� 

�n�o�t� �t�o� �b�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �b�y� �I�R� �s�p�e�c�t�r�o�s�c�o�p�y�.�)� �O�f� �c�o�u�r�s�e�,� �l�i�q�u�i�d�s� �d�o� �e�v�a�p�o�r�a�t�e� �b�e�l�o�w� 

�t�h�e�i�r� �n�o�r�m�a�l�]� �b�o�i�l�i�n�g� �p�o�i�n�t�.� �L�o�s�s� �o�f� �t�h�e� �a�l�d�e�h�y�d�e� �b�y� �e�v�a�p�o�r�a�t�i�o�n� �i�s� �a� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� 

�i�t�s� �a�b�s�e�n�c�e� �f�r�o�m� �t�h�e� �N�M�R� �s�p�e�c�t�r�u�m�.� 

�A� �t�h�i�r�d� �e�x�p�l�a�n�a�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �a�l�d�e�h�y�d�e� �u�n�d�e�r�g�o�e�s� �a�n� �a�l�d�o�l� �c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n� �i�n� 

�t�h�e� �h�o�t� �t�u�b�i�n�g� �e�n� �r�o�u�t�e� �t�o� �t�h�e� �t�r�a�p�,� �p�r�o�d�u�c�i�n�g� �a� �h�y�d�r�o�x�y�a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t� �s�u�c�h� �a�s� 

�(�C�H�,�;�)�,�N�C�H�,�C�H�(�O�H�)�C�(�N�(�C�H�3�)�.�)�C�H�O� �[�3�1�]�.� �S�u�c�h� �a� �p�r�o�d�u�c�t� �m�i�g�h�t� �c�o�n�d�e�n�s�e� �i�n� �t�h�e� �r�e�a�c�t�o�r� 

�o�u�t�l�e�t� �l�i�n�e�,� �n�e�v�e�r� �r�e�a�c�h�i�n�g� �t�h�e� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�r�a�p�.� �A�l�d�o�l� �c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �a�r�e� �p�o�s�s�i�b�l�e� 

�a�t� �1�0�0�°�C� �i�n� �t�h�e� �g�a�s� �p�h�a�s�e�,� �e�v�e�n� �w�h�e�n� �t�h�e� �a�l�d�e�h�y�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �l�o�w�.� �F�o�r� �e�x�a�m�p�l�e�,� �a�l�d�o�l� 
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�c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �o�f�t�e�n� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �c�a�t�a�l�y�t�i�c� �t�e�s�t�i�n�g� �[�3�2�]�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� 

�a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t� �r�e�a�c�t�s� �a�n�d� �c�o�n�d�e�n�s�e�s� �b�e�f�o�r�e� �t�h�e� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�r�a�p�.� 

�T�h�e� �N�M�R� �r�e�s�u�l�t�s� �h�i�g�h�l�i�g�h�t� �t�h�e� �v�a�l�u�e� �o�f� �i�n� �s�i�t�u� �s�t�u�d�i�e�s�.� �I�R� �r�e�s�u�l�t�s� �c�l�e�a�r�l�y� �i�n�d�i�c�a�t�e� �a�n� 

�a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t�,� �b�u�t� �i�t� �i�s� �n�o�t� �r�e�v�e�a�l�e�d� �b�y� �N�M�R� �a�n�a�l�y�s�i�s� �o�f� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �c�o�n�d�e�n�s�a�t�e�.� 

�W�i�t�h�o�u�t� �a�n� �i�n� �s�i�t�u� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�,� �i�t�s� �e�x�i�s�t�e�n�c�e� �w�o�u�l�d� �g�o� �u�n�d�e�t�e�c�t�e�d�.� 

�I�n� �s�u�m�m�a�r�y�,� �c�o�n�d�u�c�t�i�v�e� �f�i�l�m�s� �o�f� �p�u�r�e� �m�e�t�a�l�l�i�c� �c�o�p�p�e�r� �a�r�e� �d�e�p�o�s�i�t�e�d� �a�t� �2�0�0 ��2�1�0�°�C� �o�n� 

�s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �T�h�e� �f�i�l�m�s� �c�o�n�s�i�s�t� �o�f� �s�m�a�l�l�,� �d�e�n�s�e�l�y� �p�a�c�k�e�d�,� �s�p�h�e�r�o�i�d� �g�r�a�i�n�s� �w�h�i�c�h� �s�h�o�w� 

�p�o�o�r� �a�d�h�e�s�i�o�n� �t�o� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�r�e� 

�t�h�e� �p�r�i�m�a�r�y� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�.� 

�3�.�4�.�3� �R�e�s�u�l�t�s� �a�t� �2�6�0�°�C� 

�R�e�d�,� �o�p�a�q�u�e� �f�i�l�m�s� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� 

�2�5�0�°�C� �t�o� �2�7�0�°�C�.� �T�h�e�r�e� �w�a�s� �n�o� �v�a�r�i�a�b�i�l�i�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �s�t�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �I�R� 

�s�p�e�c�t�r�a�.� �A�l�t�h�o�u�g�h� �X�P�S� �s�h�o�w�e�d� �c�o�p�p�e�r� �p�r�e�s�e�n�t� �o�n�l�y� �i�n� �t�h�e� �m�e�t�a�l�l�i�c� �s�t�a�t�e�,� �f�i�l�m�s� �w�e�r�e� �o�n�l�y� �6�0� 

�t�o� �7�5� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �c�o�p�p�e�r�.� �A� �t�y�p�i�c�a�l� �A�u�g�e�r� �s�p�e�c�t�r�u�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�1�0�.� �A� �s�m�a�l�l� 

�t�i�t�a�n�i�u�m� �s�i�g�n�a�l� �f�r�o�m� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �v�i�s�i�b�l�e� �i�n� �t�h�i�s� �s�p�e�c�t�r�u�m�.� �O�x�y�g�e�n� �a�n�d� �c�a�r�b�o�n� �c�o�n�t�a�-� 

�m�i�n�a�t�i�o�n� �p�e�r�s�i�s�t�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �f�i�l�m�s�.� �T�h�e� �m�i�n�i�m�u�m� �c�a�r�b�o�n� �c�o�n�t�e�n�t� �r�a�n�g�e�d� �f�r�o�m� �1�0� �t�o� �3�0� 

�a�t�o�m�i�c� �p�e�r� �c�e�n�t�.� �N�i�t�r�o�g�e�n� �w�a�s� �a�b�s�e�n�t�.� �T�h�e� �f�i�l�m�s� �w�e�r�e� �c�o�n�d�u�c�t�i�v�e�,� �h�o�w�e�v�e�r�,� �t�h�e� �r�e�s�i�s�t�i�v�i�t�y� �a�s� 

�m�e�a�s�u�r�e�d� �b�y� �f�o�u�r�-�p�o�i�n�t�-�p�r�o�b�e� �w�a�s� �t�w�o� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �g�r�e�a�t�e�r� �t�h�a�n� �f�o�r� �f�i�l�m�s� �g�r�o�w�n� �a�t� 

�2�0�0�°�C�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �o�n� �q�u�a�r�t�z� �a�t� �2�8�0�°�C�.� �F�i�l�m�s� �s�h�o�w�e�d� �b�e�t�t�e�r� 

�a�d�h�e�s�i�o�n� �t�o� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �t�h�a�n� �t�h�o�s�e� �g�r�o�w�n� �a�t� �2�0�0�°�C�,� �b�u�t� �w�e�r�e� �s�t�i�l�l� �e�a�s�i�l�y� �s�c�r�a�t�c�h�e�d� �o�f�f�.� 

�A� �t�y�p�i�c�a�l� �I�R� �s�p�e�c�t�r�u�m� �t�a�k�e�n� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �(�F�i�g�u�r�e� �3�.�1�1�)� �s�h�o�w�s� �m�o�s�t�l�y� �p�e�a�k�s� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�a�l� �a�r�e� �p�r�e�s�e�n�t�.� �A�g�a�i�n�,� �t�h�e� �c�a�r�b�o�n�y�]� �s�t�r�e�t�c�h� �a�t� �1�7�2�5� �c�m ��!� �i�s� �p�r�e�s�e�n�t�,� �b�u�t� �t�i�n�y�.� �T�h�e�r�e� �i�s� 

�a�l�s�o� �a� �f�e�a�t�u�r�e� �j�u�s�t� �t�o� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�e�s�,� �n�e�a�r� �1�6�4�0� �e�m�}�,� �I�t� �a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� 

�=�N� �o�r� �C�=�C� �s�t�r�e�t�c�h� �s�e�e�n� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s�.� �I�R� �s�p�e�c�t�r�o�s�c�o�p�y� �a�l�s�o� �s�h�o�w�s� �c�a�r�b�o�n� 

�m�o�n�o�x�i�d�e� �a�s� �a� �p�r�o�d�u�c�t�.� �T�h�i�s� �d�a�t�a� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� 
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�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�3�.�3�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �C�O� �i�m�p�l�i�e�s� �l�i�g�a�n�d� 

�f�r�a�g�m�e�n�t�a�t�i�o�n�,� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� 

�T�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �w�a�s� �a�g�a�i�n� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�r�a�p� �a�n�d� �t�h�e� 

�c�o�n�d�e�n�s�a�t�e� �s�u�b�m�i�t�t�e�d� �f�o�r� �N�M�R� �a�n�a�l�y�s�i�s�.� �R�e�f�e�r� �t�o� �F�i�g�u�r�e� �3�.�1�2�.� �T�h�e� �s�p�e�c�t�r�u�m� �i�s� �n�e�a�r�l�y� �t�h�e� 

�s�a�m�e� �a�s� �t�h�a�t� �f�o�r� �t�h�e� �m�a�t�e�r�i�a�l� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �a�t� �2�0�0�°�C�,� �a�n�d� �i�s� �a�g�a�i�n� �i�d�e�n�t�i�f�i�e�d� �a�s� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� �T�h�e� �b�r�o�a�d� �p�e�a�k� �a�t� �3�.�7� �i�s� �p�r�o�b�a�b�l�y� �t�h�e� �a�l�c�o�h�o�l�i�c� �p�r�o�t�o�n�.� �D�u�e� �t�o� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�,� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�i�s� �s�i�g�n�a�l� �c�a�n� �v�a�r�y� �w�i�d�e�l�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �[�3�3�]�.� �F�a�i�l�u�r�e� �t�o� �d�e�t�e�c�t� �t�h�e� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�t� �b�y� �N�M�R� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �a�s� �i�n� 

�s�e�c�t�i�o�n� �3�.�4�.�2�.� 

�I�n� �s�u�m�m�a�r�y�,� �m�e�t�a�l�l�i�c� �c�o�p�p�e�r� �f�i�l�m�s� �d�e�p�o�s�i�t� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�t� �2�6�0�°�C�.� �L�i�g�a�n�d� 

�f�r�a�g�m�e�n�t�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �h�e�a�v�y� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�m� �b�y� �c�a�r�b�o�n� �a�n�d� �o�x�y�g�e�n�.� �T�h�e� 

�n�i�t�r�o�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�(�s�)� �m�u�s�t� �b�e� �q�u�i�t�e� �v�o�l�a�t�i�l�e�,� �a�s� �t�h�e�y� �a�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �f�i�l�m�.� 

�M�a�j�o�r� �p�r�o�d�u�c�t�s� �i�n�c�l�u�d�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� 
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�5� �|� �4� �3� �2� �1� 

�C�h�e�m�i�c�a�l� �S�h�i�f�t�,� �p�p�m� 

�F�i�g�u�r�e� �3�.�1�2� �P�r�o�t�o�n� �N�M�R� �o�f� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �c�o�n�d�e�n�s�a�t�e�,� �2�6�0�°�C� 
�7�8� 
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�3�.�5� �D�i�s�c�u�s�s�i�o�n� 

�3�.�5�.�1� �T�h�e� �1�7�2�5� �c�m�}� �C�a�r�b�o�n�y�l� �S�t�r�e�t�c�h� 

�O�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �p�r�o�j�e�c�t�,� �t�h�e� �1�7�2�5� �c�m�!� �p�e�a�k� �w�a�s� �a�l�m�o�s�t� �u�b�i�q�u�i�t�o�u�s�.� �C�a�r�e�f�u�l� 

�e�x�a�m�i�n�a�t�i�o�n� �f�o�u�n�d� �i�t� �i�n� �n�e�a�r�l�y� �e�v�e�r�y� �s�p�e�c�t�r�u�m� �r�e�l�a�t�e�d� �t�o� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �I�t� 

�w�a�s� �q�u�i�t�e� �p�r�o�m�i�n�e�n�t� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� �p�r�e�c�u�r�s�o�r� �w�a�s� �p�l�a�c�e�d� �o�n�l�i�n�e� �i�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� 

�h�a�d� �n�o�t� �b�e�e�n� �c�o�r�r�e�c�t�l�y� �t�r�e�a�t�e�d� �t�o� �r�e�m�o�v�e� �s�u�r�f�a�c�e� �h�y�d�r�o�x�y�l�s�.� �O�n� �s�u�c�h� �o�c�c�a�s�i�o�n�s�,� �t�h�e� �f�i�r�s�t� 

�s�p�e�c�t�r�u�m� �s�h�o�w�e�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �a� �s�t�r�o�n�g� �1�7�2�5� �c�m!"�!� �p�e�a�k�.� �O�v�e�r� �a�b�o�u�t� �f�i�v�e� �h�o�u�r�s�,� 

�t�h�e� �s�p�e�c�t�r�u�m� �s�h�i�f�t�e�d� �t�o� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�,� �a�n�d� �t�h�e� �1�7�2�5� �c�m!"�!� �w�a�s� �b�a�r�e�l�y� �v�i�s�i�b�l�e� 

�a�b�o�v�e� �t�h�e� �b�a�s�e�l�i�n�e�.� �O�n�c�e� �p�s�e�u�d�o�-�s�t�e�a�d�y� �s�t�a�t�e� �w�a�s� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m�,� �t�h�e� 

�i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �1�7�2�5� �c�m!"�!� �p�e�a�k� �r�e�m�a�i�n�e�d� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �a�n�d� �s�m�a�l�l�.� �T�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �p�e�a�k� 

�w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�.� �T�h�e� �p�e�a�k� �w�a�s� �p�r�e�s�e�n�t� �e�v�e�n� �w�h�e�n� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �w�a�s� �n�o�t� �h�e�a�t�e�d�.� �T�h�e� �1�7�2�5� �c�m!"� �p�e�a�k� �i�s� �n�o�t� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �d�e�p�o�s�i�t�i�o�n� �i�n� �t�h�e� 

�r�e�a�c�t�o�r�.� 

�T�h�e� �p�e�a�k� �a�t� �1�7�2�5� �c�m ��!� �i�s� �i�n�d�i�c�a�t�i�v�e� �o�f� �a� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s�,� �a�n� �a�l�d�e�h�y�d�e� �o�r� �k�e�t�o�n�e�.� �B�y� 

�c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a�,� �i�t� �i�s� �n�o�t� �v�a�p�o�r� �p�h�a�s�e� �a�c�e�t�a�l�d�e�h�y�d�e�,� �a�c�e�t�o�n�e�,� �o�r� 

�f�o�r�m�a�l�d�e�h�y�d�e�.� �N�o�r� �i�s� �i�t� �f�o�r�m�a�l�d�e�h�y�d�e� �o�r� �a�c�e�t�a�l�d�e�h�y�d�e� �c�o�n�d�e�n�s�e�d� �o�n� �t�h�e� �I�R� �w�i�n�d�o�w�s�.� �T�h�e� 

�r�e�a�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �w�e�l�l� �a�b�o�v�e� �t�h�e� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�f� �e�i�t�h�e�r� �c�o�m�p�o�u�n�d�.� �T�h�e� �l�i�q�u�i�d� �p�h�a�s�e� 

�c�a�r�b�o�n�y�]� �s�t�r�e�t�c�h� �o�f� �a�c�e�t�o�n�e� �i�n� �s�o�l�u�t�i�o�n� �d�o�e�s� �a�p�p�e�a�r� �n�e�a�r� �1�7�2�5� �c�m ��!�,� �a�l�t�h�o�u�g�h� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� 

�c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �i�s� �a�t� �1�7�4�0� �c�m!"�!� �[�2�1�]�.� �B�e�c�a�u�s�e� �a�c�e�t�o�n�e� �i�s� �u�s�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �a�s� �a� �c�l�e�a�n�i�n�g� 

�s�o�l�v�e�n�t�,� �t�h�e� �s�y�s�t�e�m� �w�a�s� �t�e�s�t�e�d� �a�t� �v�a�r�i�o�u�s� �t�i�m�e�s� �u�n�d�e�r� �d�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �a�n� �e�m�p�t�y� 

�p�r�e�c�u�r�s�o�r� �t�u�b�e�,� �a�n�d� �w�i�t�h� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e�.� �T�h�e� �p�e�a�k� �a�t� 

�1�7�2�5� �c�m ��!� �i�s� �v�i�s�i�b�l�e� �w�h�e�n�,� �a�n�d� �o�n�l�y� �w�h�e�n�,� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� 

�t�u�b�e�.� �T�h�e� �p�e�a�k� �a�t� �1�7�2�5� �c�m!"�!� �m�u�s�t� �b�e� �d�u�e� �t�o� �a� �c�o�n�t�a�m�i�n�a�n�t� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �a�n�d� �n�o�t� �i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�a�r�a�t�u�s�.� 

�T�h�e� �a�l�d�e�h�y�d�e� �(�o�r� �k�e�t�o�n�e�)� �g�i�v�i�n�g� �r�i�s�e� �t�o� �t�h�e� �p�e�a�k� �a�t� �1�7�2�5� �c�m� �i�s� �n�o�t� �v�a�p�o�r� �p�h�a�s�e� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �A� �p�e�a�k� �a�t� �1�7�5�0� �c�m�7�!� �h�a�s� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�e� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h� �o�f� 

�v�a�p�o�r� �p�h�a�s�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �T�h�i�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �I�R� �a�n�d� �m�a�s�s� 

�s�p�e�c�t�r�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �(�w�h�i�c�h� �r�e�v�e�a�l� �n�o� �o�t�h�e�r� �n�i�t�r�o�g�e�n� �c�o�n�t�a�i�n�i�n�g� �p�r�o�d�u�c�t�s�)� �a�n�d� 

�w�i�t�h� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �c�l�e�a�n� �f�i�l�m�s� �(�w�h�i�c�h� �m�a�k�e�s� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �d�u�r�i�n�g� �t�h�e�r�m�a�l� 
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�d�e�p�o�s�i�t�i�o�n� �u�n�l�i�k�e�l�y�)�.� �T�h�e� �1�7�2�5� �c�m� �p�e�a�k� �i�s� �n�o�t� �p�r�o�d�u�c�e�d� �b�y� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� 

�c�o�n�d�e�n�s�e�d� �o�n� �t�h�e� �I�R� �w�i�n�d�o�w�s�.� �I�f� �t�h�a�t� �w�e�r�e� �t�h�e� �c�a�s�e�,� �t�h�e� �p�e�a�k� �w�o�u�l�d� �b�e� �a�p�p�a�r�e�n�t� �i�n� �s�p�e�c�t�r�a� 

�o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �i�n� �t�h�e� �s�y�s�t�e�m� �w�i�t�h� �t�h�e� �s�u�b�s�t�r�a�t�e� �h�o�t�.� 

�B�e�c�a�u�s�e� �t�h�e� �p�e�a�k� �a�t� �1�7�2�5� �c�m ��!� �i�s� �s�o� �s�m�a�l�l�,� �t�h�e� �c�a�r�b�o�n�y�l�!� �s�p�e�c�i�e�s� �c�a�n�n�o�t� �b�e� �i�d�e�n�t�i�f�i�e�d� 

�f�r�o�m� �I�R� �s�p�e�c�t�r�a� �a�l�o�n�e�.� �T�h�e� �c�a�r�b�o�n�y�l� �s�p�e�c�i�e�s� �c�a�n�n�o�t� �b�e� �i�d�e�n�t�i�f�i�e�d� �f�r�o�m� �m�a�s�s� �s�p�e�c�t�r�a�,� �a�s� �t�h�e� 

�a�l�c�o�h�o�l� �a�n�d� �a�l�k�o�x�i�d�e� �s�p�e�c�t�r�a� �l�o�o�k� �t�h�e� �s�a�m�e�.� 

�T�h�e� �p�e�a�k� �a�t� �1�7�2�5� �c�m ��?� �i�s� �n�o�t� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �t�h�e� �a�l�k�o�x�i�d�e�.� �I�t� �i�s� �n�o�t� 

�a� �p�e�a�k� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a� �d�e�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�,� �b�e�c�a�u�s�e� �i�t�s� �i�n�t�e�n�s�i�t�y� �d�o�e�s� �n�o�t� �i�n�c�r�e�a�s�e� �w�h�e�n� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �i�s� �h�e�a�t�e�d�.� �I�t� �i�s� �n�o�t� �a� �p�e�a�k� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a� �s�p�e�c�i�e�s� �c�o�n�s�u�m�e�d� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n�,� 

�b�e�c�a�u�s�e� �i�t�s� �i�n�t�e�n�s�i�t�y� �d�o�e�s� �n�o�t� �d�e�c�r�e�a�s�e� �w�h�e�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �h�e�a�t�e�d�.� �A�n� �e�x�a�c�t� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� 

�1� �i�s� �n�o�t� �o�f� �t�h�e� �t�r�a�c�e� �c�o�n�t�a�m�i�n�a�n�t� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �w�h�i�c�h� �g�i�v�e�s� �r�i�s�e� �t�o� �a� �p�e�a�k� �a�t� �1�7�2�5� �c�m �� 

�n�e�c�e�s�s�a�r�y� �t�o� �t�h�i�s� �w�o�r�k�.� �T�h�e� �c�o�n�t�a�m�i�n�a�n�t� �d�o�e�s� �n�o�t� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �c�h�e�m�i�s�t�r�y� 

�t�h�a�t� �i�s� �t�h�e� �f�o�c�u�s� �o�f� �t�h�i�s� �w�o�r�k�.� 

�3�.�5�.�2� �T�h�e�r�m�a�l� �D�e�p�o�s�i�t�i�o�n� �C�h�e�m�i�s�t�r�y� 

�3�.�5�.�2�.�1� �M�a�j�o�r� �D�e�p�o�s�i�t�i�o�n� �P�r�o�d�u�c�t�s� 

�T�h�e� �m�a�j�o�r� �p�r�o�d�u�c�t�s� �t�o� �b�e� �i�n�c�l�u�d�e�d� �i�n� �a� �p�r�o�p�o�s�e�d� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �a�r�e� �c�o�p�p�e�r� �(�0�)�,� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �T�h�e�s�e� �p�r�o�d�u�c�t�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�c�o�p�p�e�r� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�5�0�°�C� �t�o� 

�2�7�0�°�C�.� �U�l�t�r�a�h�i�g�h� �v�a�c�u�u�m� �s�t�u�d�i�e�s� �o�f� �p�r�i�m�a�r�y� �a�l�c�o�h�o�l�s� �a�d�s�o�r�b�e�d� �o�n� �m�e�t�a�l� �[�1�5�,�1�6�]� �a�n�d� �o�x�i�d�e� 

�[�1�7�-�2�0�]� �s�u�r�f�a�c�e�s� �p�r�o�v�i�d�e� �e�x�c�e�l�l�e�n�t� �r�e�f�e�r�e�n�c�e�s� �f�o�r� �p�r�o�p�o�s�a�l� �o�f� �a� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y�.� 

�A�l�c�o�h�o�l�s� �a�d�s�o�r�b�e�d� �o�n� �s�u�r�f�a�c�e�s� �[�1�5�-�2�0�]� �m�a�y� �e�i�t�h�e�r� �d�e�s�o�r�b� �i�n�t�a�c�t�,� �o�r� �m�a�y� �l�o�s�e� �t�h�e� 

�a�l�c�o�h�o�l�i�c� �h�y�d�r�o�g�e�n� �t�o� �f�o�r�m� �a� �s�u�r�f�a�c�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s�.� �T�h�e�r�e� �a�r�e� �t�w�o� �c�o�m�m�o�n� �r�e�a�c�t�i�o�n� 

�p�a�t�h�w�a�y�s� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �s�u�r�f�a�c�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s�:� �6�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �t�h�e� �a�l�d�e�h�y�d�e�,� 

�a�n�d� �h�y�d�r�o�g�e�n� �r�e�c�o�m�b�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �t�h�e� �a�l�c�o�h�o�l�.� 

�H�y�d�r�o�g�e�n�s� �o�n� �t�h�e� �c�a�r�b�o�n� �t�o� �t�h�e� �s�u�r�f�a�c�e� �(�a� �t�o� �t�h�e� �o�x�y�g�e�n�)� �a�r�e� �a�c�t�i�v�a�t�e�d� �b�y� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �t�h�e� �o�x�y�g�e�n� �h�e�t�e�r�o�a�t�o�m� �[�1�6�]�.� �O�n�e� �o�f� �t�h�e�s�e� �@�-�h�y�d�r�o�g�e�n�s� �m�a�y� �b�e� �l�o�s�t� �t�o� �t�h�e� �s�u�r�f�a�c�e�,� 

�w�h�i�c�h� �t�r�i�g�g�e�r�s� �f�o�r�m�a�t�i�o�n� �o�f� �a� �d�o�u�b�l�e� �b�o�n�d� �b�e�t�w�e�e�n� �t�h�e� �o�x�y�g�e�n� �a�n�d� �c�a�r�b�o�n�.� �T�h�e� �a�l�d�e�h�y�d�e� 

�f�o�r�m�e�d� �d�e�s�o�r�b�s�.� �T�h�e� �h�y�d�r�o�g�e�n� �r�e�l�e�a�s�e�d� �o�n�t�o� �t�h�e� �s�u�r�f�a�c�e� �m�a�y� �r�e�a�c�t� �w�i�t�h� �a�n�o�t�h�e�r� �s�u�r�f�a�c�e� 
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�a�l�k�o�x�y� �g�r�o�u�p� �t�o� �f�o�r�m� �t�h�e� �a�l�c�o�h�o�l�,� �w�h�i�c�h� �d�e�s�o�r�b�s�.� �S�i�m�i�l�a�r� �r�e�a�c�t�i�o�n�s� �o�f� �t�h�e� �a�l�k�o�x�y� �l�i�g�a�n�d�s� �a�r�e� 

�e�x�p�e�c�t�e�d� �w�h�e�n� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�d�s�o�r�b�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �o�r� 

�t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�:� �{�§�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �a�n�d� �r�e�a�c�t�i�o�n� �w�i�t�h� 

�s�u�r�f�a�c�e� �h�y�d�r�o�g�e�n� �t�o� �f�o�r�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� 

�A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �a�p�p�e�a�r�s� �i�n� �F�i�g�u�r�e� �3�.�1�3�.� �N�o�t�e� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�n�g� 

�a�l�k�o�x�y� �l�i�g�a�n�d�s�,� �w�h�i�c�h� �a�r�e� �n�o�r�m�a�l�l�y� �d�r�a�w�n� �a�s� �b�i�d�e�n�t�a�t�e�,� �h�a�v�e� �b�e�e�n� �d�r�a�w�n� �a�s� �u�n�i�d�e�n�t�a�t�e� �f�o�r� 

�c�o�n�v�e�n�i�e�n�c�e�.� �T�h�e� �a�v�a�i�l�a�b�l�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �d�o� �n�o�t� �a�l�l�o�w� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �a�n�d� �s�t�r�u�c�t�u�r�e� 

�o�f� �t�h�e� �a�d�s�o�r�b�e�d� �a�l�k�o�x�i�d�e� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �t�o� �e�x�p�e�c�t� �a�n� �e�q�u�i�l�i�b�r�i�u�m� 

�b�e�t�w�e�e�n� �t�h�e� �u�n�i�d�e�n�t�a�t�e� �a�n�d� �b�i�d�e�n�t�a�t�e� �f�o�r�m�s�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�r�e� �t�h�e� �c�o�p�p�e�r� �c�e�n�t�e�r ��s� �d�e�s�i�r�e� �f�o�r� 

�h�i�g�h�e�r� �c�o�o�r�d�i�n�a�t�i�o�n� �c�a�n� �b�e� �m�e�t� �b�y� �t�h�e� �s�u�r�f�a�c�e�.� �A� �s�i�m�i�l�a�r� �e�q�u�i�l�i�b�r�i�u�m� �b�e�t�w�e�e�n� �i�n�t�r�a�-� 

�m�o�l�e�c�u�l�a�r�l�y� �h�y�d�r�o�g�e�n� �b�o�n�d�e�d� �a�n�d� �n�o�n�-�i�n�t�r�a�m�o�l�e�c�u�l�a�r�l�y� �h�y�d�r�o�g�e�n� �b�o�n�d�e�d� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�o�e�t�h�a�n�o�l� �e�x�i�s�t�s� �[�1�0�]�.� 

�F�i�g�u�r�e� �3�.�1�3� �r�e�f�l�e�c�t�s� �t�h�e� �a�u�t�h�o�r ��s� �u�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �t�h�e� �s�h�o�r�t�-�t�e�r�m� �f�a�t�e� �o�f� �t�h�e� 

�e�l�i�m�i�n�a�t�e�d� �G�-�h�y�d�r�o�g�e�n�.� �I�t� �m�a�y� �b�e� �b�o�u�n�d� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �o�r� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� 

�T�h�i�s� �i�s� �c�e�r�t�a�i�n�l�y� �r�e�a�s�o�n�a�b�l�e�,� �b�a�s�e�d� �o�n� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �o�f� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �d�e�r�i�v�e�d� �f�r�o�m� 

�a�d�s�o�r�b�e�d� �a�l�c�o�h�o�l�s�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �h�y�d�r�o�g�e�n� �r�e�m�a�i�n�s� �a�t�t�a�c�h�e�d� �t�o� �i�t�s� �o�w�n� 

�m�e�t�a�l� �c�e�n�t�e�r� �t�o� �f�o�r�m� �a� �c�o�p�p�e�r� �h�y�d�r�i�d�e�.� �R�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l�,� �l�e�a�v�i�n�g� �t�h�e� 

�c�o�p�p�e�r� �m�e�t�a�l� �a�t�o�m� �b�e�h�i�n�d�,� �w�o�u�l�d� �f�o�l�l�o�w�.� �W�i�t�h� �t�h�e� �a�v�a�i�l�a�b�l�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�q�u�i�p�m�e�n�t�,� �i�t� �i�s� 

�i�m�p�o�s�s�i�b�l�e� �t�o� �t�e�l�l� �w�h�e�t�h�e�r� �a�b�s�t�r�a�c�t�e�d� �h�y�d�r�o�g�e�n�s� �a�r�e� �m�o�b�i�l�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �r�e�a�c�t� �w�i�t�h� 

�n�e�i�g�h�b�o�r�i�n�g� �a�d�s�o�r�b�e�d� �s�p�e�c�i�e�s�,� �o�r� �w�h�e�t�h�e�r� �t�h�e�y� �r�e�m�a�i�n� �a�t�t�a�c�h�e�d� �t�o� �t�h�e�i�r� �m�e�t�a�l� �c�e�n�t�e�r� �a�n�d� 

�u�n�d�e�r�g�o� �f�u�r�t�h�e�r� �r�e�a�c�t�i�o�n� �t�h�e�r�e�.� 

�T�h�e� �s�u�r�f�a�c�e� �m�o�b�i�l�i�t�y� �o�f� �a�b�s�t�r�a�c�t�e�d� �8�-�h�y�d�r�o�g�e�n�s� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �i�n� �a�n� �u�l�t�r�a�h�i�g�h� 

�v�a�c�u�u�m� �s�y�s�t�e�m� �b�y� �t�h�e�r�m�a�l� �d�e�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�.� �A� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �o�r� �c�o�p�p�e�r� �m�e�t�a�l� 

�s�u�b�s�t�r�a�t�e� �c�o�u�l�d� �b�e� �p�r�e�d�o�s�e�d� �w�i�t�h� �a�t�o�m�i�c� �d�e�u�t�e�r�i�u�m�.� �T�h�e�n� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�c�o�u�l�d� �b�e� �d�o�s�e�d� �o�n�t�o� �t�h�e� �s�u�r�f�a�c�e�.� �I�f� �e�l�i�m�i�n�a�t�e�d� �h�y�d�r�o�g�e�n�s� �a�r�e� �n�o�t� �m�o�b�i�l�e�,� �D�,� �s�h�o�u�l�d� �d�e�s�o�r�b�,� 

�b�u�t� �n�o�t� �H�,� �o�r� �H�D�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �d�e�u�t�e�r�a�t�e�d� �a�l�c�o�h�o�l�,� �(�C�H�3�)�,�N�C�H�,�C�H�,�O�D�,� �i�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �e�v�i�d�e�n�c�e� �f�o�r� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� �a�b�s�t�r�a�c�t�e�d� �8�-�h�y�d�r�o�g�e�n�s�.� �T�h�e� �s�u�r�f�a�c�e� �d�e�u�t�e�r�i�u�m� �i�s� 

�e�x�p�e�c�t�e�d� �t�o� �r�e�a�c�t� �w�i�t�h� �a�l�k�o�x�y� �l�i�g�a�n�d�s�,� �a�n�d� �t�h�e� �r�a�t�i�o� �o�f� �a�l�c�o�h�o�l� �t�o� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�e�d� �s�h�o�u�l�d� 

�e�x�c�e�e�d� �o�n�e�.� 

�8�1



�H� 
�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �A� �o�r�s� 

�/� �b�e�t�a� 
�a�d�s�o�r�p�t�i�o�n� �M�e�e� �h�y�d�r�o�g�e�n�s� 

�q�i�n� 
�H� 

�U� 
� � 

� � � � 

�H�,�C�7� �O�o �� 

�H�j�C ��N�r� 
�b�e�t�a�-�h�y�d�r�i�d�e� �H�.�C� �C�H�,� 
�e�l�i�m�i�n�a�t�i�o�n� 

�H�G� �&� �H�g� �H�g� �w�r�,� 

�o�s� �G�H� 
�L�e� �o�n�d� 

�m�e� �0� �o�o� �H� �a�l�d�e�h�y�d�e� �O� 

�c�u� �|� �H�e� �N�y� 
�i� �H�C� �a� 

�r�e�d�u�c�t�i�v�e� �\� 
�e�l�i�m�i�n�a�t�i�o�n� �H�,�C� �C�H�,� 

�a�l�c�o�h�o�l� �C�u�.� �h�o� 

�F�i�g�u�r�e� �3�.�1�3� �T�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�a�t�h�w�a�y� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 
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�O�n�e� �m�i�g�h�t� �q�u�e�s�t�i�o�n� �h�o�w� �a� �c�o�p�p�e�r� �s�p�e�c�i�e�s� �w�i�t�h� �a� �f�o�r�m�a�l� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �2�+� �c�a�n� 

�d�e�p�o�s�i�t� �c�l�e�a�n� �c�o�p�p�e�r� �m�e�t�a�l� �w�i�t�h�o�u�t� �a� �c�o�r�e�d�u�c�t�a�n�t�,� �a�s� �i�s� �r�e�q�u�i�r�e�d� �b�y� �c�o�p�p�e�r� �(�I�I�)� �@�-�d�i�k�e�t�o�n�a�t�e�s� 

�[�3�4�]�.� �T�h�e� �f�o�r�m�a�l� �c�h�a�n�g�e� �i�n� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �f�r�o�m� �c�o�p�p�e�r� �(�I�I�)� �t�o� �c�o�p�p�e�r� �(�0�)�,� �a�n�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �(�@�-�d�i�k�e�t�o�n�a�t�e� �a�s� �f�a�r� �a�s� �n�e�e�d� �f�o�r� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� �i�s� �c�o�n�c�e�r�n�e�d�,� �a�r�e� 

�e�x�p�l�a�i�n�e�d� �a�s� �f�o�l�l�o�w�s�.� 

�E�a�c�h� �c�o�p�p�e�r� �(�I�I�)� �a�t�o�m� �i�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �t�w�o� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d�s�.� �T�h�e� 

�B�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �o�n�e� �a�l�k�o�x�y� �l�i�g�a�n�d� �t�o� �f�o�r�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �l�e�a�v�e�s� �o�n�e� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d� �a�n�d� �a� �h�y�d�r�i�d�e�.� �T�h�e� �h�y�d�r�i�d�i�c� �h�y�d�r�o�g�e�n� �t�h�e�n� �r�e�a�c�t�s� �w�i�t�h� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �a�l�k�o�x�y� �l�i�g�a�n�d� �a�n�d� �u�n�d�e�r�g�o�e�s� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�a�n�d� �c�o�p�p�e�r� �m�e�t�a�l�.� �T�h�i�s� �i�s� �t�h�e� �p�a�t�h�w�a�y� �i�n� �F�i�g�u�r�e� �3�.�1�3�.� �T�h�u�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �t�w�o� 

�o�r�g�a�n�i�c� �p�r�o�d�u�c�t�s� �r�e�s�u�l�t�s� �f�o�r�m�a�l�l�y� �i�n� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e�.� �S�i�m�i�l�a�r�l�y�,� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� 

�f�r�o�m� �a� �m�e�t�a�l� �h�y�d�r�i�d�e� �r�e�s�u�l�t�s� �i�n� �f�o�r�m�a�l� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �m�e�t�a�l� �c�e�n�t�e�r� �[�3�5�]�.� �P�r�o�d�u�c�t�i�o�n� �o�f� 

�c�o�p�p�e�r� �m�e�t�a�l�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �k�n�o�w�n� 

�s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �a�n�d� �m�e�t�a�l�o�r�g�a�n�i�c� �c�h�e�m�i�s�t�r�y�.� �R�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� 

�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �a�l�d�e�h�y�d�e� �a�r�e� �i�n�t�e�r�d�e�p�e�n�d�e�n�t�.� �T�h�e� �f�a�c�t� �t�h�a�t� �b�o�t�h� �p�a�t�h�w�a�y�s� �a�r�e� 

�a�v�a�i�l�a�b�l�e� �t�o� �a�n� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �a�l�l�o�w�s� �t�h�e� �c�o�p�p�e�r� �(�I�I�)� �a�l�k�o�x�i�d�e� �t�o� �d�e�c�o�m�p�o�s�e� �c�l�e�a�n�l�y� �w�i�t�h�o�u�t� �a� 

�r�e�a�c�t�i�v�e� �c�o�f�e�e�d�.� 

�A� �s�i�m�i�l�a�r� �h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �p�a�t�h�w�a�y� �i�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �t�o� �@�-�d�i�k�e�t�o�n�a�t�e� �l�i�g�a�n�d�s�.� �T�h�e� 

�8�-�d�i�k�e�t�o�n�e� �i�s� �t�h�e� �o�n�l�y� �s�t�a�b�l�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t� �n�o�t� �i�n�v�o�l�v�i�n�g� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n�.� �A�n� 

�e�x�t�e�r�n�a�l� �h�y�d�r�o�g�e�n� �s�o�u�r�c�e� �i�s� �r�e�q�u�i�r�e�d� �t�o� �f�o�r�m� �t�h�e� �k�e�t�o�n�e� �f�r�o�m� �t�h�e� �k�e�t�o�n�a�t�e�.� �W�i�t�h�o�u�t� �a� 

�r�e�a�c�t�i�v�e� �c�o�f�e�e�d�,� �@�-�d�i�k�e�t�o�n�a�t�e� �f�r�a�g�m�e�n�t�s� �r�e�m�a�i�n� �b�o�u�n�d� �t�o� �t�h�e� �m�e�t�a�l� �c�e�n�t�e�r�.� �T�h�u�s� �c�l�e�a�n� �f�i�l�m�s� 

�o�f� �c�o�p�p�e�r� �m�e�t�a�l� �c�a�n�n�o�t� �b�e� �d�e�p�o�s�i�t�e�d� �f�r�o�m� �c�o�p�p�e�r� �(�I�I�)� �6�-�d�i�k�e�t�o�n�a�t�e�s� �w�i�t�h�o�u�t� �a� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� 

�t�o� �p�r�o�v�i�d�e� �h�y�d�r�o�g�e�n�.� 

�I�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �h�y�d�r�o�g�e�n� �s�o�u�r�c�e�s� �o�t�h�e�r� �t�h�a�n� �(�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �(�s�u�c�h� �a�s� 

�a�d�s�o�r�b�e�d� �h�y�d�r�o�x�y�l�]� �g�r�o�u�p�s� �o�r� �h�y�d�r�o�g�e�n� �f�r�o�m� �t�h�e� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �w�a�l�l�s� �o�f� �t�h�e� �r�e�a�c�t�o�r�)�,� �t�h�e� �r�a�t�i�o� 

�o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �t�o� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �p�r�o�d�u�c�e�d� �b�y� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� 

�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �s�h�o�u�l�d� �b�e� �o�n�e�-�t�o�-�o�n�e�.� �T�h�e� �r�a�t�i�o� �o�f� �a�l�c�o�h�o�l� �t�o� �a�l�d�e�h�y�d�e� 

�c�o�l�l�e�c�t�e�d� �i�n� �t�h�i�s� �s�y�s�t�e�m� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �a� �d�e�p�o�s�i�t�i�o�n� �r�u�n� �m�i�g�h�t� �b�e� �s�o�m�e�w�h�a�t� �h�i�g�h�e�r�,� 

�b�e�c�a�u�s�e� �s�o�u�r�c�e�s� �o�f� �h�y�d�r�o�g�e�n� �o�t�h�e�r� �t�h�a�n� �l�i�g�a�n�d� �d�e�c�o�m�p�o�s�i�t�i�o�n� �c�a�n�n�o�t� �b�e� �e�l�i�m�i�n�a�t�e�d�.� �H�o�w�e�v�e�r�,� 
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�i�t� �w�o�u�l�d� �b�e� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �k�n�o�w� �h�o�w� �c�l�o�s�e�l�y� �t�h�e� �r�a�t�i�o� �o�f� �a�l�c�o�h�o�l� �t�o� �a�l�d�e�h�y�d�e� �a�p�p�r�o�a�c�h�e�s� �o�n�e�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �s�t�a�n�d�a�r�d�s� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e�,� �s�o� �I�R� �s�p�e�c�t�r�a� �c�a�n�n�o�t� �b�e� 

�q�u�a�n�t�i�f�i�e�d�.� �I�t� �w�a�s� �h�o�p�e�d� �t�h�a�t� �N�M�R� �a�n�a�l�y�s�i�s� �o�f� �p�r�o�d�u�c�t�s� �c�o�n�d�e�n�s�e�d� �i�n� �t�h�e� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� 

�t�r�a�p� �w�o�u�l�d� �r�e�v�e�a�l� �t�h�e� �r�a�t�i�o� �o�f� �a�l�c�o�h�o�l� �t�o� �a�l�d�e�h�y�d�e�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �n�o� �a�l�d�e�h�y�d�e� �w�a�s� �d�e�t�e�c�t�e�d� 

�b�y� �N�M�R�.� 

�3�.�5�.�2�.�2� �H�i�g�h�-�T�e�m�p�e�r�a�t�u�r�e� �D�e�p�o�s�i�t�i�o�n� �P�r�o�d�u�c�t�s� 

�A�t� �a� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�6�0�°�C�,� �a� �n�e�w� �p�r�o�d�u�c�t� �i�s� �d�e�t�e�c�t�e�d� �b�y� �a� �p�e�a�k� �a�t� 

�1�6�4�0� �c�m!"�!� �i�n� �t�h�e� �I�R� �s�p�e�c�t�r�u�m�.� �T�h�i�s� �p�e�a�k� �s�u�g�g�e�s�t�s� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �C�=�C� �o�r� �C�=�N� �b�o�n�d�.� 

�F�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �n�e�w� �s�p�e�c�i�e�s� �i�s� �r�e�l�a�t�e�d� �t�o� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n�,� �s�i�n�c�e� �i�t�s� �a�p�p�e�a�r�a�n�c�e� �i�s� 

�a�c�c�o�m�p�a�n�i�e�d� �b�y� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �C�O� �a�n�d� �C�O�Q�,� �a�n�d� �b�y� �i�n�c�l�u�s�i�o�n� �o�f� �c�a�r�b�o�n� �a�n�d� �o�x�y�g�e�n� �i�n� �t�h�e� 

�f�i�l�m�.� �W�i�t�h�o�u�t� �a� �m�o�r�e� �s�p�e�c�i�f�i�c� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�,� �t�h�e� �p�r�o�p�o�s�e�d� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �i�s� �n�e�c�e�s�s�a�r�i�l�y� 

�s�p�e�c�u�l�a�t�i�v�e�.� �T�h�e� �p�e�a�k� �i�s� �t�o�o� �s�m�a�l�l� �t�o� �a�l�l�o�w� �f�u�r�t�h�e�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �b�y� �I�R�,� �a�n�d� �n�e�i�t�h�e�r� �m�a�s�s� 

�s�p�e�c�t�r�a�l� �o�r� �N�M�R� �a�n�a�l�y�s�i�s� �o�f� �s�p�e�c�i�e�s� �t�h�a�t� �l�e�f�t� �t�h�e� �r�e�a�c�t�o�r� �w�e�r�e� �r�e�v�e�a�l�i�n�g�.� 

�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d� �h�a�s� �a� �h�e�t�e�r�o�a�t�o�m� �a�t� �e�a�c�h� �e�n�d� �t�h�a�t� �m�a�y� 

�i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� �o�r� �t�h�e� �m�e�t�a�l� �c�e�n�t�e�r�.� �D�i�s�c�u�s�s�i�o�n� �t�h�u�s� �f�a�r� �h�a�s� �e�m�p�h�a�s�i�z�e�d� �b�o�n�d�i�n�g� �v�i�a� 

�t�h�e� �o�x�y�g�e�n�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �a�c�t�i�v�a�t�i�o�n� �o�f� �8�-�h�y�d�r�o�g�e�n�s� �f�o�r� �e�l�i�m�i�n�a�t�i�o�n�.� �T�h�e� �n�i�t�r�o�g�e�n� �m�a�y� 

�a�l�s�o� �i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e�.� �A� �h�y�d�r�o�g�e�n� �f�r�o�m� �a�n� �a�m�i�n�e� �m�e�t�h�y�l� �g�r�o�u�p�,� �o�r� �p�o�s�s�i�b�l�y� �a�n� �e�n�t�i�r�e� 

�a�m�i�n�e� �m�e�t�h�y�l� �g�r�o�u�p�,� �m�a�y� �b�e� �l�o�s�t� �t�o� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�i�s� �c�a�n� �t�r�i�g�g�e�r� �f�o�r�m�a�t�i�o�n� �o�f� �C�=�N� �b�o�n�d�s� 

�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �g�r�o�u�p�.� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�y� �i�s� �t�h�a�t� �m�u�l�t�i�p�l�e� �h�y�d�r�o�g�e�n�s� �m�a�y� �b�e� �l�o�s�t� �t�o� �t�h�e� �s�u�r�f�a�c�e�,� �r�a�t�h�e�r� �t�h�a�n� 

�j�u�s�t� �o�n�e� �6�-�h�y�d�r�o�g�e�n�.� �F�o�r�m�a�t�i�o�n� �o�f� �C�=�C� �b�o�n�d�s� �m�a�y� �c�o�m�p�e�t�e� �w�i�t�h� �f�o�r�m�a�t�i�o�n� �o�f� �C�=�O� �b�o�n�d�s�.� 

�O�l�e�f�i�n� �f�o�r�m�a�t�i�o�n� �m�i�g�h�t� �l�e�a�d� �t�o� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �a�n�d� �f�i�l�m� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� 

�T�h�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �m�a�y� �u�n�d�e�r�g�o� �d�e�o�x�y�g�e�n�a�t�i�o�n�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �h�y�d�r�o�c�a�r�b�o�n� �m�a�y� 

�b�e� �d�e�h�y�d�r�o�g�e�n�a�t�e�d�,� �l�e�a�v�i�n�g� �h�y�d�r�o�c�a�r�b�o�n� �f�r�a�g�m�e�n�t�s� �a�n�d� �c�a�r�b�o�n� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �t�h�e� �f�i�l�m�.� 

�I�n� �d�e�f�e�n�s�e� �o�f� �t�h�i�s� �s�p�e�c�u�l�a�t�i�v�e� �a�n�d� �n�o�n�s�p�e�c�i�f�i�c� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �c�o�n�t�a�m�i�n�a�n�t� 

�i�n�c�o�r�p�o�r�a�t�i�o�n�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �i�s� �o�f�f�e�r�e�d�.� �S�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �i�s� �o�f�t�e�n� �s�t�u�d�i�e�d� �u�n�d�e�r� �t�h�e� �c�a�r�e�f�u�l�l�y� 

�c�o�n�t�r�o�l�l�e�d� �c�o�n�d�i�t�i�o�n�s� �a�v�a�i�l�a�b�l�e� �i�n� �u�l�t�r�a�h�i�g�h� �v�a�c�u�u�m�.� �E�v�e�n� �w�i�t�h� �a�n�a�l�y�s�i�s� �b�y� �X�-�r�a�y� 

�p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y�,� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �f�o�r�m�a�t�i�o�n� �o�f� �C�O�,� �C�O�,�,� 
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�a�n�d� �n�o�n�v�o�l�a�t�i�l�e� �c�a�r�b�o�n�-�c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �f�r�o�m� �a�d�s�o�r�b�e�d� �o�r�g�a�n�i�c�s� �a�r�e� �n�o�t� �f�u�l�l�y� �u�n�d�e�r�s�t�o�o�d�.� 

�S�t�u�d�i�e�s� �o�f� �c�a�r�b�o�x�y�l�a�t�e�s� �[�3�6�]�,� �a�l�k�o�x�i�d�e�s� �[�1�8�]�,� �a�n�d� �a�l�d�e�h�y�d�e�s� �[�3�7�]�,� �o�v�e�r� �C�u�.�O� �h�a�v�e� �r�e�v�e�a�l�e�d� �s�o�m�e� 

�o�f� �t�h�e� �p�r�o�c�e�s�s�e�s�,� �b�u�t� �n�o�t� �t�h�e� �p�r�e�c�i�s�e� �n�a�t�u�r�e�s� �o�f� �m�a�n�y� �s�u�r�f�a�c�e� �s�p�e�c�i�e�s�.� 

�R�e�d�u�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �o�x�y�g�e�n�a�t�e� �s�p�e�c�i�e�s� �t�o� �s�u�r�f�a�c�e� �h�y�d�r�o�c�a�r�b�o�n�s� �o�n� �C�u�.�O� �h�a�s� �b�e�e�n� 

�o�b�s�e�r�v�e�d� �f�r�o�m� �0�°�C� �t�o� �3�2�5�°�C�.� �S�t�u�d�i�e�s� �s�u�g�g�e�s�t� �t�h�a�t� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �h�y�d�r�o�c�a�r�b�o�n�s� �m�a�y� 

�b�e� �f�o�r�m�e�d� �[�3�7�]�.� �T�h�e�s�e� �s�u�r�f�a�c�e� �h�y�d�r�o�c�a�r�b�o�n�s� �a�r�e� �o�b�s�e�r�v�e�d� �t�o� �d�e�h�y�d�r�o�g�e�n�a�t�e� �o�n� �C�u�,�O� �a�b�o�v�e� 

�2�2�5�°�C� �[�3�7�]�.� �D�e�h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �a�c�r�o�l�e�i�n� �o�n� �t�h�e� �s�u�r�f�a�c�e� �e�v�e�n� �o�c�c�u�r�s� �b�e�l�o�w� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� 

�[�3�7�]�.� �T�h�u�s� �s�u�r�f�a�c�e� �o�x�y�g�e�n� �r�e�l�e�a�s�e�d� �b�y� �r�e�d�u�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �w�o�u�l�d� �b�e� �a�v�a�i�l�a�b�l�e� 

�f�o�r� �p�r�o�d�u�c�t�i�o�n� �o�f� �C�O� �a�n�d� �C�O�,� �f�r�o�m� �s�u�r�f�a�c�e� �h�y�d�r�o�c�a�r�b�o�n�s� �a�n�d� �f�o�r� �i�n�c�l�u�s�i�o�n� �i�n� �t�h�e� �f�i�l�m�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �a�b�o�v�e� �3�2�5�°�C�,� �s�u�r�f�a�c�e� �c�a�r�b�o�n� �e�x�t�r�a�c�t�s� �l�a�t�t�i�c�e� �o�x�y�g�e�n� �f�r�o�m� �C�u�,�O� �t�o� �f�o�r�m� �C�O� �a�n�d� 

�C�O�,� �[�1�8�,�3�7�]�.� �E�x�t�r�a�c�t�i�o�n� �o�f� �l�a�t�t�i�c�e� �o�x�y�g�e�n� �m�i�g�h�t� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �f�i�l�m� �g�r�o�w�t�h� 

�o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�b�o�v�e� �2�5�0�°�C�,� �w�h�i�l�e� �t�h�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �i�s� �e�x�p�o�s�e�d�,� �b�u�t� �i�s� �n�o�t� �e�x�p�e�c�t�e�d� �t�o� 

�b�e� �i�m�p�o�r�t�a�n�t� �o�n�c�e� �t�h�e� �o�x�i�d�e� �i�s� �c�o�v�e�r�e�d� �b�y� �c�o�p�p�e�r� �m�e�t�a�l�.� �E�x�t�r�a�c�t�i�o�n� �o�f� �l�a�t�t�i�c�e� �o�x�y�g�e�n� �a�l�l�o�w�s� 

�c�o�m�p�l�e�t�e� �b�u�r�n�o�f�f� �o�f� �s�u�r�f�a�c�e� �c�a�r�b�o�n� �f�r�o�m� �C�u�,�O� �i�n� �u�l�t�r�a�h�i�g�h� �v�a�c�u�u�m� �a�t� �5�2�5�°�C� �t�o� �7�2�5�°�C� 

�[�1�8�,�3�6�,�3�7�]�.� �H�o�w�e�v�e�r�,� �a�t� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �2�5�0�°�C� �t�o� �2�7�0�°�C�,� �o�n� �t�h�e� �g�r�o�w�i�n�g� �m�e�t�a�l� 

�f�i�l�m�,� �c�a�r�b�o�n�a�c�e�o�u�s� �s�p�e�c�i�e�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �r�e�m�a�i�n�.� 

�T�h�u�s� �t�h�e�r�e� �i�s� �p�r�e�c�e�d�e�n�t� �f�o�r� �s�u�r�f�a�c�e� �r�e�d�u�c�t�i�o�n� �(�d�e�o�x�y�g�e�n�a�t�i�o�n�)�,� �d�e�h�y�d�r�o�g�e�n�a�t�i�o�n�,� �a�n�d� 

�f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �o�x�y�g�e�n� �c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �o�n� �o�x�i�d�e� �s�u�r�f�a�c�e�s�.� �S�u�c�h� �p�r�o�c�e�s�s�e�s� �m�a�y� �l�e�a�d� �t�o� 

�f�o�r�m�a�t�i�o�n� �o�f� �C�=�C� �a�n�d� �C�=�N� �c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s�,� �a�s� �w�e�l�l� �a�s� �t�o� �o�t�h�e�r� �n�o�n�v�o�l�a�t�i�l�e� �c�a�r�b�o�n�a�c�e�o�u�s� 

�s�p�e�c�i�e�s� �t�h�a�t� �m�a�y� �b�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� �S�p�e�c�i�f�i�c� �o�r�g�a�n�i�c� �p�r�o�d�u�c�t�s� �o�f� �t�h�i�s� �s�e�t� �o�f� 

�r�e�a�c�t�i�o�n�s� �c�a�n�n�o�t� �b�e� �i�d�e�n�t�i�f�i�e�d� �w�i�t�h� �t�h�e� �a�v�a�i�l�a�b�l�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� 

�A�l�t�h�o�u�g�h� �c�o�n�t�a�m�i�n�a�t�i�o�n�  ��a�b�o�v�e� �2�5�0�°�C� �i�s� �d�e�s�c�r�i�b�e�d� �a�s�  ��s�e�v�e�r�e ��,� �t�h�e� �l�i�g�a�n�d� 

�f�r�a�g�m�e�n�t�a�t�i�o�n� �r�e�a�c�t�i�o�n� �i�s� �a�c�t�u�a�l�l�y� �a� �m�i�n�o�r� �o�n�e�.� �T�h�e�r�e� �i�s� �o�n�e� �c�a�r�b�o�n� �a�t�o�m� �f�o�r� �e�v�e�r�y� �t�w�o� �o�r� 

�t�h�r�e�e� �c�o�p�p�e�r� �a�t�o�m�s� �i�n� �t�h�e� �f�i�l�m�s�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �c�o�n�t�a�i�n�s� �e�i�g�h�t� �c�a�r�b�o�n� �a�t�o�m�s� �f�o�r� �e�a�c�h� �c�o�p�p�e�r� 

�a�t�o�m�.� �M�o�s�t� �o�f� �t�h�e� �l�i�g�a�n�d�s� �a�r�e� �p�r�o�b�a�b�l�y� �e�l�i�m�i�n�a�t�e�d� �v�i�r�t�u�a�l�l�y� �i�n�t�a�c�t�,� �g�a�i�n�i�n�g� �o�r� �l�o�s�i�n�g� �o�n�l�y� 

�h�y�d�r�o�g�e�n�.� �T�h�i�s� �h�i�g�h�l�i�g�h�t�s� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �f�i�l�m� �q�u�a�l�i�t�y� �t�o� �d�e�p�o�s�i�t�i�o�n� �c�h�e�m�i�s�t�r�y�.� �E�v�e�n� �a� 

�m�i�n�o�r� �r�e�a�c�t�i�o�n� �c�a�n� �h�a�v�e� �a� �l�a�r�g�e� �e�f�f�e�c�t� �o�n� �f�i�l�m� �p�u�r�i�t�y�.� 
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�3�.�5�.�2�.�3� �A�l�t�e�r�n�a�t�i�v�e� �R�e�a�c�t�i�o�n� �P�a�t�h�w�a�y�s� 

�T�h�e� �#�-�h�y�d�r�i�d�e�/�r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �p�a�t�h�w�a�y� �e�x�p�l�a�i�n�s� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a� �i�n� �a� 

�s�a�t�i�s�f�a�c�t�o�r�y� �m�a�n�n�e�r�.� �I�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �b�a�s�e�d� �o�n� �t�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �a�l�k�o�x�y� �s�p�e�c�i�e�s� �o�n� �s�u�r�f�a�c�e�s� �i�n� 

�u�l�t�r�a�h�i�g�h� �v�a�c�u�u�m�.� �I�t� �e�x�p�l�a�i�n�s� �h�o�w� �c�l�e�a�n� �m�e�t�a�l� �f�i�l�m�s� �d�e�p�o�s�i�t� �f�r�o�m� �a� �c�o�p�p�e�r� �(�I�I�)� �p�r�e�c�u�r�s�o�r�.� 

�H�o�w�e�v�e�r�,� �s�o�m�e� �s�m�a�l�]� �d�o�u�b�t� �m�u�s�t� �r�e�m�a�i�n�,� �b�e�c�a�u�s�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �w�a�s� �n�o�t� �p�o�s�i�t�i�v�e�l�y� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �a� �p�r�o�d�u�c�t� �b�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �I�R� �s�p�e�c�t�r�a�l� �s�t�a�n�d�a�r�d�s� �o�r� �b�y� �N�M�R�.� 

�P�e�r�h�a�p�s� �a�n�o�t�h�e�r� �c�a�r�b�o�n�y�l�-�c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �h�a�s� �b�e�e�n� �i�n�c�o�r�r�e�c�t�l�y� �i�d�e�n�t�i�f�i�e�d�.� �T�h�i�s� 

�s�e�e�m�s� �u�n�l�i�k�e�l�y�,� �b�e�c�a�u�s�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �f�i�t�s� �t�h�e� �e�v�i�d�e�n�c�e� �s�o� �w�e�l�l�,� �a�n�d� �b�e�c�a�u�s�e� �s�o� �m�a�n�y� 

�o�t�h�e�r� �p�o�t�e�n�t�i�a�l� �p�r�o�d�u�c�t�s� �h�a�v�e� �b�e�e�n� �r�u�l�e�d� �o�u�t� �b�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �s�t�a�n�d�a�r�d� �I�R� �s�p�e�c�t�r�a�.� �I�n� �t�h�e� 

�a�u�t�h�o�r ��s� �o�p�i�n�i�o�n�,� �t�h�e�r�e� �i�s� �l�i�t�t�l�e� �d�o�u�b�t� �t�h�a�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �a� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�.� 

�H�o�w�e�v�e�r�,� �i�t� �i�s� �d�i�s�t�u�r�b�i�n�g� �t�h�a�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �i�s� �n�o�t� �d�e�t�e�c�t�e�d� �b�y� �N�M�R�,� 

�a�l�t�h�o�u�g�h� �i�t� �s�h�o�u�l�d� �b�e� �p�r�e�s�e�n�t� �i�n� �a� �o�n�e�-�t�o�-�o�n�e� �r�a�t�i�o� �w�i�t�h� �t�h�e� �a�l�c�o�h�o�l�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �a�n�o�t�h�e�r� 

�p�o�s�s�i�b�i�l�i�t�y�,� �t�h�a�t� �t�h�e� �a�l�d�e�h�y�d�e� �i�s� �a�c�t�u�a�l�l�y� �a� �m�i�n�o�r� �d�e�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�,� �a�n�d� �t�h�e� �a�l�c�o�h�o�l� �i�s� �t�h�e� 

�m�a�j�o�r� �o�r�g�a�n�i�c� �p�r�o�d�u�c�t� �o�f� �d�e�p�o�s�i�t�i�o�n�.� �I�f� �t�h�i�s� �i�s� �t�h�e� �c�a�s�e�,� �s�o�m�e� �s�o�u�r�c�e� �o�f� �h�y�d�r�o�g�e�n� �o�t�h�e�r� �t�h�a�n� 

�8�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �f�r�o�m� �t�h�e� �l�i�g�a�n�d� �m�u�s�t� �e�x�i�s�t�.� 

�A� �l�e�a�k� �i�n� �t�h�e� �s�y�s�t�e�m� �i�s� �o�n�e� �p�o�s�s�i�b�i�l�i�t�y�.� �T�h�i�s� �i�s� �v�e�r�y� �u�n�l�i�k�e�l�y�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� 

�t�h�o�r�o�u�g�h�l�y� �t�e�s�t�e�d� �f�o�r� �l�e�a�k�s�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �e�v�a�c�u�a�t�e�d�,� �t�h�e�n� �t�h�e� �v�a�l�v�e�s� �t�o� �t�h�e� �h�e�l�i�u�m� �t�a�n�k� 

�a�n�d� �t�h�e� �v�a�c�u�u�m� �p�u�m�p� �s�h�u�t�.� �T�h�e� �m�e�t�e�r�i�n�g� �v�a�l�v�e� �t�o� �t�h�e� �M�S�D� �w�a�s� �o�p�e�n�e�d�.� �N�o� �c�h�a�n�g�e� �i�n� �t�h�e� 

�s�y�s�t�e�m� �p�r�e�s�s�u�r�e� �w�a�s� �o�b�s�e�r�v�e�d� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �a�n� �h�o�u�r� �b�y� �M�S�D�.� �T�h�e� �s�y�s�t�e�m� �c�a�n� �a�l�s�o� �h�o�l�d� 

�7� �p�s�i�g� �o�f� �h�e�l�i�u�m� �o�v�e�r�n�i�g�h�t� �w�i�t�h�o�u�t� �l�o�s�i�n�g� �p�r�e�s�s�u�r�e�.� �A�s�i�d�e� �f�r�o�m� �l�e�a�k� �t�e�s�t�s�,� �r�e�a�s�o�n�i�n�g� �r�u�l�e�s� �o�u�t� 

�l�e�a�k�s� �a�s� �a� �s�o�u�r�c�e� �o�f� �h�y�d�r�o�g�e�n�.� 

�I�f� �t�h�e� �s�y�s�t�e�m� �l�e�a�k�s�,� �w�a�t�e�r� �w�i�l�l� �b�e� �a�d�m�i�t�t�e�d�.� �W�a�t�e�r� �i�s� �a� �r�e�a�d�y� �s�o�u�r�c�e� �o�f� �h�y�d�r�o�g�e�n� �a�n�d� 

�w�i�l�l� �l�e�a�d� �t�o� �p�r�o�d�u�c�t�i�o�n� �o�f� �a�l�c�o�h�o�l� �f�r�o�m� �a�n� �a�l�k�o�x�i�d�e�.� �H�o�w�e�v�e�r�,� �a�l�k�o�x�i�d�e�s� �a�r�e� �w�a�t�e�r�-�s�e�n�s�i�t�i�v�e� �a�t� 

�a�n�y� �t�e�m�p�e�r�a�t�u�r�e�.� �I�f� �h�y�d�r�o�l�y�s�i�s� �w�e�r�e� �t�h�e� �m�a�j�o�r� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�i�n�g� �a�l�c�o�h�o�l�,� �a�l�c�o�h�o�l� �w�o�u�l�d� �b�e� 

�o�b�v�i�o�u�s� �i�n� �t�h�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �b�e�l�o�w� �1�5�0�°�C�.� �A�l�c�o�h�o�l� �w�o�u�l�d� �b�e� �p�r�o�d�u�c�e�d� �a�l�l� �t�h�e� �t�i�m�e�,� �n�o�t� �j�u�s�t� 

�d�u�r�i�n�g� �f�i�l�m� �d�e�p�o�s�i�t�i�o�n�.� �A� �s�y�s�t�e�m� �l�e�a�k� �i�s� �n�o�t� �t�h�e� �s�o�u�r�c�e� �o�f� �h�y�d�r�o�g�e�n� �f�o�r� �a�l�c�o�h�o�l� �p�r�o�d�u�c�t�i�o�n�.� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�l�e� �h�y�d�r�o�g�e�n� �s�o�u�r�c�e� �i�s� �c�o�m�p�l�e�t�e� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n�.� �A�n� �o�c�c�a�s�i�o�n�a�l� 

�l�i�g�a�n�d� �m�a�y� �c�o�m�p�l�e�t�e�l�y� �d�e�c�o�m�p�o�s�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m�.� �T�h�i�s� �w�o�u�l�d� �r�e�l�e�a�s�e� �t�e�n� 
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�h�y�d�r�o�g�e�n� �a�t�o�m�s�,� �a�l�l�o�w�i�n�g� �f�o�r�m�a�t�i�o�n� �o�f� �t�e�n� �a�l�c�o�h�o�l�s� �f�r�o�m� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �f�i�v�e� �a�l�k�o�x�i�d�e� 

�m�o�l�e�c�u�l�e�s�.� �I�n� �e�x�c�h�a�n�g�e� �f�o�r� �f�i�v�e� �c�o�p�p�e�r� �a�t�o�m�s� �d�e�p�o�s�i�t�e�d�,� �f�o�u�r� �a�t�o�m�s� �o�f� �s�u�r�f�a�c�e� �c�a�r�b�o�n� �w�o�u�l�d� 

�b�e� �d�e�p�o�s�i�t�e�d�.� �I�n� �f�a�c�t�,� �l�e�s�s� �t�h�a�n� �o�n�e� �s�u�r�f�a�c�e� �c�a�r�b�o�n� �a�t�o�m� �d�e�p�o�s�i�t�s� �f�o�r� �e�v�e�r�y� �o�n�e� �h�u�n�d�r�e�d� 

�a�l�k�o�x�i�d�e� �m�o�l�e�c�u�l�e�s� �d�e�c�o�m�p�o�s�e�d� �a�t� �2�0�0�°�C� �(�b�a�s�e�d� �o�n� �f�i�l�m� �a�n�a�l�y�s�i�s� �b�y� �A�u�g�e�r� �s�p�e�c�t�r�o�s�c�o�p�y�)�.� �A�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�5�.�2�.�2�,� �s�u�r�f�a�c�e� �c�a�r�b�o�n�s� �p�r�o�d�u�c�e�d� �b�y� �d�e�h�y�d�r�o�g�e�n�a�t�i�o�n� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� 

�r�e�m�a�i�n� �i�n� �t�h�e� �f�i�l�m� �u�n�l�e�s�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �e�x�c�e�e�d�s� �5�0�0�°�C� �a�n�d� �a� �s�o�u�r�c�e� �o�f� �o�x�y�g�e�n� �i�s� �a�v�a�i�l�a�b�l�e�.� 

�I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �v�i�s�u�a�l�i�z�e� �a� �r�e�a�c�t�i�o�n� �t�h�a�t� �c�o�u�l�d� �r�e�l�e�a�s�e� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �h�y�d�r�o�g�e�n� �(�t�o� �p�r�o�d�u�c�e� 

�a�l�c�o�h�o�l�)� �a�n�d� �p�r�o�d�u�c�e� �n�o� �o�t�h�e�r� �s�p�e�c�i�e�s� �d�e�t�e�c�t�a�b�l�e� �b�y� �v�a�p�o�r� �p�h�a�s�e� �i�n�f�r�a�r�e�d� �a�n�a�l�y�s�i�s� �o�r� �b�y� 

�s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�l�m�.� 

�S�t�i�l�l�,� �t�h�e�r�e� �m�u�s�t� �b�e� �s�o�m�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �f�a�i�l�u�r�e� �t�o� �d�e�t�e�c�t� �t�h�e� �a�l�d�e�h�y�d�e� �b�y� �N�M�R�.� 

�T�h�e� �m�o�s�t� �o�b�v�i�o�u�s� �o�n�e� �i�s� �t�h�a�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �m�a�y� �b�e� �v�e�r�y� �v�o�l�a�t�i�l�e�.� �A�f�t�e�r� �t�h�e� �t�r�a�p� �i�s� 

�m�o�v�e�d� �f�r�o�m� �t�h�e� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �b�a�t�h� �t�o� �a�n� �i�c�e� �b�a�t�h� �t�o� �m�e�l�t� �t�h�e� �c�o�n�d�e�n�s�a�t�e�,� �a�n�d� �h�e�l�d� �t�h�e�r�e� �f�o�r� 

�s�e�v�e�r�a�l� �h�o�u�r�s� �u�n�t�i�l� �t�h�e� �N�M�R� �s�p�e�c�t�r�u�m� �i�s� �c�o�l�l�e�c�t�e�d�,� �p�e�r�h�a�p�s� �v�e�r�y� �l�i�t�t�l�e� �o�f� �t�h�e� �a�l�d�e�h�y�d�e� �r�e�m�a�i�n�s� 

�i�n� �t�h�e� �l�i�q�u�i�d� �c�o�n�d�e�n�s�a�t�e�.� 

�I�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m�,� �t�h�e� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y�s� �c�a�n�n�o�t� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �b�e�y�o�n�d� �a�l�l� 

�d�o�u�b�t�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �b�y� �{�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n�,� �a�n�d� �t�h�e� �r�e�l�a�t�e�d� 

�p�r�o�d�u�c�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �b�y� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n�,� �i�s� �t�h�e� �p�a�t�h�w�a�y� �m�o�s�t� �c�o�n�s�i�s�t�e�n�t� 

�w�i�t�h� �t�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �a�n�d� �w�i�t�h� �t�h�e� �k�n�o�w�n� �c�h�e�m�i�s�t�r�y� �o�f� �s�u�r�f�a�c�e� �a�l�k�o�x�y� �s�p�e�c�i�e�s�.� 

�3�.�5�.�2�.�4� �S�u�b�s�t�r�a�t�e� �E�f�f�e�c�t�s� �o�n� �D�e�p�o�s�i�t�i�o�n� 

�F�i�l�m�s� �g�r�o�w�n� �f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �a�r�e� �c�o�m�p�o�s�e�d� 

�o�f� �s�p�h�e�r�o�i�d� �g�r�a�i�n�s� �w�i�t�h� �d�i�a�m�e�t�e�r�s� �o�f� �1� �y�m� �o�r� �l�e�s�s�.� �T�h�e�y� �a�d�h�e�r�e� �p�o�o�r�l�y� �t�o� �t�h�e� �s�u�b�s�t�r�a�t�e�,� �a�n�d� 

�a�p�p�e�a�r� �p�o�o�r�l�y� �c�o�n�n�e�c�t�e�d� �t�o� �o�n�e� �a�n�o�t�h�e�r�.� �B�e�c�a�u�s�e� �t�h�e�s�e� �s�m�a�l�l� �g�r�a�i�n�s� �h�a�v�e� �a� �h�i�g�h� �s�u�r�f�a�c�e� �a�r�e�a�,� 

�t�h�e� �f�i�l�m�s� �a�r�e� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �o�x�i�d�a�t�i�o�n� �i�n� �a�i�r�.� �B�e�c�a�u�s�e� �t�h�e� �g�r�a�i�n�s� �a�r�e� �p�o�o�r�l�y� �c�o�n�n�e�c�t�e�d�,� �t�h�e� 

�s�h�e�e�t� �r�e�s�i�s�t�i�v�i�t�i�e�s� �a�r�e� �q�u�i�t�e� �h�i�g�h�.� �T�h�e� �r�e�s�i�s�t�i�v�i�t�y� �o�f� �b�u�l�k� �c�o�p�p�e�r� �i�s� �1�.�6�7�8� �p�Q�-�c�m� �[�3�8�]�.� �T�h�e� 

�r�e�s�i�s�t�i�v�i�t�y� �o�f� �p�u�r�e� �(�a�s� �m�e�a�s�u�r�e�d� �b�y� �A�u�g�e�r� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�s�p�e�c�t�r�o�s�c�o�p�y�)� �c�o�p�p�e�r� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �a�t� �2�0�0�°�C� �i�s� �a�b�o�u�t� �2�0�0� �p�Q�-�c�m�.� �P�e�r�h�a�p�s� �a�n�o�t�h�e�r� 

�s�u�b�s�t�r�a�t�e� �w�o�u�l�d� �i�n�t�e�r�a�c�t� �f�a�v�o�r�a�b�l�y� �w�i�t�h� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m� �a�n�d� �y�i�e�l�d� �l�o�w�e�r� �r�e�s�i�s�t�i�v�i�t�y�.� 
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�M�e�n�t�i�o�n� �s�h�o�u�l�d� �b�e� �m�a�d�e� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �d�e�p�o�s�i�t�i�o�n� �a�t� �1�5�0�°�C� �c�o�n�s�i�s�t�e�n�t�l�y� �r�e�s�u�l�t�s� �i�n� 

�u�n�i�f�o�r�m�,� �e�x�t�r�e�m�e�l�y� �t�h�i�n� �f�i�l�m�s�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �s�u�b�s�t�r�a�t�e� �h�a�s� �s�o�m�e� �c�a�t�a�l�y�t�i�c� �e�f�f�e�c�t� �o�n� 

�t�h�e� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r�,� �a�n�d� �d�e�p�o�s�i�t�i�o�n� �c�e�a�s�e�s� �w�h�e�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� 

�c�o�m�p�l�e�t�e�l�y� �c�o�v�e�r�e�d� �b�y� �c�o�p�p�e�r�.� �T�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �d�e�p�o�s�i�t�i�o�n� �i�s� �n�o�t� �s�i�m�p�l�y� �d�u�e� �t�o� �h�y�d�r�o�l�y�s�i�s� �b�y� 

�h�y�d�r�o�x�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �s�u�r�f�a�c�e�.� �I�f� �t�h�a�t� �w�e�r�e� �t�h�e� �c�a�s�e�,� �d�e�p�o�s�i�t�i�o�n� �o�f� �a� �s�i�m�i�l�a�r� �f�i�l�m� 

�w�o�u�l�d� �r�e�s�u�l�t� �a�t� �l�o�w�e�r� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s�.� �A�l�k�o�x�i�d�e�s� �a�r�e� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �h�y�d�r�o�l�y�s�i�s� �a�t� �a�n�y� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �a�l�s�o� �b�e�g�i�n�s� �t�o� �d�e�c�o�m�p�o�s�e� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �a�t� �a�b�o�u�t� �1�5�0�°�C�,� 

�a�s� �o�b�s�e�r�v�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�3�.�3�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �o�x�i�d�e� �s�u�r�f�a�c�e� �e�n�c�o�u�r�a�g�e�s� 

�d�e�c�o�m�p�o�s�i�t�i�o�n�.� �C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �m�a�y� �d�e�p�o�s�i�t� �s�e�l�e�c�t�i�v�e�l�y� �o�n� �o�x�i�d�e�s� �a�t� �1�5�0�°�C�.� 

�I�t� �w�o�u�l�d� �b�e� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �k�n�o�w� �w�h�e�t�h�e�r� �t�h�e� �m�i�n�i�m�u�m� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �t�h�e� �s�a�m�e� �o�n� 

�n�o�n�o�x�i�d�e� �s�u�b�s�t�r�a�t�e�s�,� �s�u�c�h� �a�s� �s�i�l�i�c�o�n�.� 

�3�.�6� �C�o�n�c�l�u�s�i�o�n�s� 

�U�n�d�e�r� �a� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �h�e�l�i�u�m� �a�t�m�o�s�p�h�e�r�e�,� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� 

�t�h�e�r�m�a�l�l�y� �s�t�a�b�l�e� �t�o� �1�5�0�°�C�.� �A�t� �1�5�0�°�C�,� �a� �v�e�r�y� �t�h�i�n� �c�o�p�p�e�r�-�c�o�n�t�a�i�n�i�n�g� �f�i�l�m� �g�r�o�w�s� �o�n� �s�t�r�o�n�t�i�u�m� 

�t�i�t�a�n�a�t�e�.� �A�p�p�a�r�e�n�t�l�y� �t�h�e�r�e� �i�s� �s�o�m�e� �c�a�t�a�l�y�t�i�c� �e�f�f�e�c�t� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�t� �1�5�0�°�C�.� �V�o�l�a�t�i�l�e� �b�y�-� 

�p�r�o�d�u�c�t�s� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �i�n�c�l�u�d�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� 

�P�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�d�e�h�y�d�e� �o�c�c�u�r� �b�y� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �a�n�d� �b�y� �£�-�h�y�d�r�i�d�e� 

�e�l�i�m�i�n�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �o�f� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d�s�.� 

�T�h�e� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �a�n�d� �(�£�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y�s� �a�r�e� 

�M�a�i�n�t�a�i�n�e�d� �a�t� �2�0�0�°�C�,� �b�u�t� �a�r�e� �m�o�r�e� �e�f�f�i�c�i�e�n�t�.� �T�h�i�c�k�e�r�,� �c�o�n�d�u�c�t�i�v�e� �f�i�l�m�s� �o�f� �c�o�p�p�e�r� �m�e�t�a�l� 

�d�e�p�o�s�i�t�.� �T�h�e� �i�n�t�e�r�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �t�w�o� �p�a�t�h�w�a�y�s� �a�l�l�o�w�s� �d�e�p�o�s�i�t�i�o�n� �o�f� �p�u�r�e� �c�o�p�p�e�r� �m�e�t�a�l� 

�w�i�t�h�o�u�t� �a� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d�.� �T�h�e� �f�i�l�m� �m�o�r�p�h�o�l�o�g�y�,� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �s�u�b�m�i�c�r�o�n� �s�p�h�e�r�o�i�d� �g�r�a�i�n�s�,� 

�p�r�o�m�o�t�e�s� �c�o�n�t�a�m�i�n�a�t�i�o�n� �b�y� �t�h�e� �a�i�r�.� �T�h�i�s� �m�o�r�p�h�o�l�o�g�y� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �t�h�e� �f�i�l�m� �r�e�s�i�s�t�i�v�i�t�y�.� �T�h�i�s� 

�i�s� �a� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �t�h�e� �s�u�b�s�t�r�a�t�e�,� �n�o�t� �t�h�e� �p�r�e�c�u�r�s�o�r�.� �T�h�e� �c�o�p�p�e�r� �f�i�l�m�s� �a�d�h�e�r�e� �p�o�o�r�l�y� �t�o� 

�s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �s�h�o�u�l�d� �b�e� �e�v�a�l�u�a�t�e�d� �f�o�r� �d�e�p�o�s�i�t�i�o�n� �o�n� 

�d�i�f�f�e�r�e�n�t� �s�u�b�s�t�r�a�t�e�s�.� 

�N�e�a�r� �2�6�0�°�C�,� �a�n�o�t�h�e�r� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�a�t�h�w�a�y� �f�o�r� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�o�x�i�d�e� �b�e�c�o�m�e�s� �a�v�a�i�l�a�b�l�e�.� �L�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �i�s� �a� �p�r�o�b�l�e�m�.� �V�o�l�a�t�i�l�e� �p�r�o�d�u�c�t�s� �i�n�c�l�u�d�e� 

�c�a�r�b�o�n� �m�o�n�o�x�i�d�e�,� �c�a�r�b�o�n� �d�i�o�x�i�d�e�,� �a�n�d� �a� �C�=�N� �o�r� �C�=�C� �s�p�e�c�i�e�s�,� �a�s� �w�e�l�l� �a�s� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�8�8



�e�t�h�a�n�a�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� �B�e�c�a�u�s�e� �o�f� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n�,� �t�h�e� �d�e�p�o�s�i�t�e�d� �f�i�l�m�s� �a�r�e� 

�h�i�g�h�l�y� �c�o�n�t�a�m�i�n�a�t�e�d� �w�i�t�h� �c�a�r�b�o�n� �a�n�d� �o�x�y�g�e�n�.� 

�C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� �p�o�t�e�n�t�i�a�l�l�y� �u�s�e�f�u�l� �f�o�r� �d�e�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� �m�e�t�a�l� 

�o�n�t�o� �e�l�e�c�t�r�o�n�i�c� �s�u�b�s�t�r�a�t�e�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �n�e�a�r� �2�0�0�°�C�.� �N�e�a�r� �2�0�0�°�C�,� �t�h�e� �a�v�a�i�l�a�b�l�e� �r�e�a�c�t�i�o�n� 

�p�a�t�h�w�a�y�s� �l�e�a�d� �t�o� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �w�h�o�l�e� �l�i�g�a�n�d�s� �a�n�d� �d�e�p�o�s�i�t�i�o�n� �o�f� �p�u�r�e� �c�o�p�p�e�r� �m�e�t�a�l�.� �H�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �r�e�s�u�l�t� �i�n� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �b�y� �a�d�d�i�t�i�o�n�a�l� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y�s�,� �w�h�i�c�h� �l�e�a�d�s� �t�o� 

�c�o�n�t�a�m�i�n�a�t�e�d� �f�i�l�m�s�.� �T�h�u�s� �t�h�e� �f�i�l�m� �q�u�a�l�i�t�y� �i�s� �c�l�e�a�r�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e�r�m�a�l� 

�d�e�c�o�m�p�o�s�i�t�i�o�n�.� �T�h�e� �a�p�p�r�o�p�r�i�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�o�r� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �d�e�p�o�s�i�t�i�o�n� �c�a�n� �b�e� 

�d�i�s�c�o�v�e�r�e�d� �b�y� �o�b�s�e�r�v�i�n�g� �t�h�e� �v�a�p�o�r� �p�h�a�s�e� �I�R� �s�p�e�c�t�r�a� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �t�h�e� �c�o�r�r�e�c�t� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�,� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�c�c�u�r�s�,� �b�u�t� �n�o� �p�r�o�d�u�c�t�s� �o�f� 

�l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �a�r�e� �o�b�s�e�r�v�e�d�.� 

�T�h�e� �v�a�l�u�e� �o�f� �a�n� �i�n� �s�i�t�u� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e�,� �s�u�c�h� �a�s� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y�,� 

�s�h�o�u�l�d� �n�o�t� �b�e� �u�n�d�e�r�e�s�t�i�m�a�t�e�d�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�,� �a� �m�a�j�o�r� �d�e�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�,� �w�a�s� 

�u�n�d�e�t�e�c�t�e�d� �b�y� �p�o�s�t�-�r�e�a�c�t�o�r� �m�a�s�s� �s�p�e�c�t�r�a�l� �a�n�d� �N�M�R� �a�n�a�l�y�s�i�s�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�o�e�t�h�a�n�o�l� �b�y� �(�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �i�s� �v�i�t�a�l� �t�o� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �o�f� �c�l�e�a�n� �c�o�p�p�e�r� �f�i�l�m�s� �f�r�o�m� 

�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�n� �i�n�e�r�t� �a�t�m�o�s�p�h�e�r�e�.� 

�I�t� �i�s� �s�i�g�n�i�f�i�c�a�n�t� �t�h�a�t� �d�e�p�o�s�i�t�i�o�n� �o�f� �p�u�r�e� �c�o�p�p�e�r� �w�a�s� �a�c�h�i�e�v�e�d� �a�t� �2�0�0�°�C�,� �b�e�c�a�u�s�e� 

�d�i�f�f�u�s�i�o�n� �o�f� �c�o�p�p�e�r� �i�n�t�o� �s�i�l�i�c�o�n� �i�s� �l�e�s�s� �l�i�k�e�l�y� �t�o� �p�o�s�e� �a� �p�r�o�b�l�e�m� �a�t� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �[�2�]�.� 

�D�i�f�f�u�s�i�o�n� �i�s� �a� �p�r�o�b�l�e�m� �a�t� �2�5�0�°�C�,� �t�h�e� �m�i�n�i�m�u�m� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e� �w�i�d�e�l�y�-�u�s�e�d� 

�c�o�p�p�e�r� �(�I�I�)� �@�-�d�i�k�e�t�o�n�a�t�e�s�.� �I�t� �i�s� �a�l�s�o� �s�i�g�n�i�f�i�c�a�n�t� �t�h�a�t� �p�u�r�e� �c�o�p�p�e�r� �f�i�l�m�s� �a�r�e� �d�e�p�o�s�i�t�e�d� �w�i�t�h�o�u�t� 

�a�n�y� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d�,� �w�h�i�c�h� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �c�l�e�a�n� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �c�o�p�p�e�r� �{�-�d�i�k�e�t�o�n�a�t�e�s�.� �I�n� �s�p�i�t�e� 

�o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �o�f� �h�a�n�d�l�i�n�g� �w�a�t�e�r�-�s�e�n�s�i�t�i�v�e� �c�o�m�p�o�u�n�d�s�,� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�h�a�s� �t�h�e�s�e� �t�w�o� �a�d�v�a�n�t�a�g�e�s� �o�v�e�r� �t�h�e� �8�-�d�i�k�e�t�o�n�a�t�e�s� �a�s� �a� �p�r�e�c�u�r�s�o�r� �f�o�r� �c�o�p�p�e�r� �M�O�C�V�D�.� 

�C�o�p�p�e�r� �a�l�s�o� �d�e�p�o�s�i�t�s� �f�r�o�m� �c�o�p�p�e�r� �(�1�)� �h�e�x�a�f�l�u�o�r�o�a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� �c�y�c�l�o�o�c�t�a�d�i�e�n�e� �a�t� 

�2�0�0�°�C�.� �H�o�w�e�v�e�r�,� �a� �h�y�d�r�o�g�e�n� �c�o�f�e�e�d� �i�s� �r�e�q�u�i�r�e�d�.� �I�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �h�y�d�r�o�g�e�n�,� �d�e�p�o�s�i�t�i�o�n� �o�c�c�u�r�s� 

�v�i�a� �a� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�,� �a�n�d� �o�n�l�y� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�.� �A�g�a�i�n�,� �c�o�p�p�e�r� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �h�a�s� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �2�0�0�°�C� �d�e�p�o�s�i�t�i�o�n� �w�i�t�h�o�u�t� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�.� 
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�H�o�w�e�v�e�r�,� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �i�s� �a� �l�e�s�s� �p�r�o�m�i�s�i�n�g� �p�r�e�c�u�r�s�o�r� �t�h�a�n� �t�h�e� 

�c�o�p�p�e�r� �(�I�)� �6�-�d�i�k�e�t�o�n�a�t�e� �t�r�i�a�l�k�y�l�p�h�o�s�p�h�i�n�e�s� �[�4�]�.� �T�h�o�s�e� �c�o�m�p�o�u�n�d�s� �d�e�p�o�s�i�t� �c�o�n�d�u�c�t�i�v�e� �c�o�p�p�e�r� 

�f�i�l�m�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �l�o�w� �a�s� �1�5�0�°�C� �w�i�t�h�o�u�t� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d�,� �a�r�e� �a�p�p�a�r�e�n�t�l�y� �m�o�r�e� �v�o�l�a�t�i�l�e� 

�t�h�a�n� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�,� �a�n�d� �a�r�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �a�i�r� �a�n�d� �w�a�t�e�r�.� 
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�R�e�f�e�r�e�n�c�e�s� �f�o�r� �C�h�a�p�t�e�r� �3� 

�1�.� �F�.� �A�.� �H�o�u�l�e�,� �C�.� �R�.� �J�o�n�e�s�,� �T�.� �B�a�u�m�,� �C�.� �P�i�c�o�,� �a�n�d� �C�.� �A�.� �K�o�v�a�c�,� �A�p�p�l�i�e�d� �P�h�y�s�i�c�s� �L�e�t�t�e�r�s�,� 

�4�6�(�2�)�,� �2�0�4�-�2�0�6�,� �1�9�8�5�.� 

�2�.� �P�.�L�.� �P�e�i�,� �C�.� �H�.� �T�i�n�g�,� �C�.� �C�h�i�a�n�g�,� �C�.� �S�.� �W�e�i�,� �a�n�d� �D�.� �B�.� �F�r�a�s�e�r�,� �M�a�t�e�r�i�a�l�s� �R�e�s�e�a�r�c�h� �S�o�c�i�e�t�y� 

�S�y�m�p�o�s�i�u�m� �P�r�o�c�e�e�d�i�n�g�s� �V�L�S�I� �V�,� �3�5�9�-�3�6�7�,� �1�9�9�0�.� 

�3�.� �P�.�M�.� �J�e�f�f�r�i�e�s� �a�n�d� �G�.� �S�.� �G�i�r�o�l�a�m�i�,� �C�h�e�m�i�s�t�r�y� �o�f� �M�a�t�e�r�i�a�l�s�,� �1�(�1�)�,� �8�-�1�0�,� �1�9�8�9�.� 

�4�.� �H�.� �K�.� �S�h�i�n�,� �K�.� �M�.� �C�h�i�,� �M�.� �J�.� �H�a�m�p�d�e�n�-�S�m�i�t�h�,� �T�.� �T�.� �K�o�d�a�s�,� �J�.� �D�.� �F�a�r�r�,� �a�n�d� �M�.� �P�a�f�f�e�t�t�,� 

�A�d�v�a�n�c�e�d� �M�a�t�e�r�i�a�l�s�,� �3�(�5�)�,� �2�4�6�-�2�4�8�,� �1�9�9�1�.� 

�5�.� �M�.� �J�.� �H�a�m�p�d�e�n�-�S�m�i�t�h�,� �T�.� �T�.� �K�o�d�a�s�,� �M�.� �P�a�f�f�e�t�t�,� �J�.� �D�.� �F�a�r�r�,� �a�n�d� �H�.� �K�.� �S�h�i�n�,� �C�h�e�m�i�s�t�r�y� �o�f� 

�M�a�t�e�r�i�a�l�s�,� �2�(�6�)�,� �6�3�6�-�6�3�9�,� �1�9�9�0�.� 

�6�.� �T�.� �H�.� �B�a�u�m� �a�n�d� �C�.� �E�.� �L�a�r�s�o�n�,� �C�h�e�m�i�s�t�r�y� �o�f� �M�a�t�e�r�i�a�l�s�,� �4�(�2�)�,� �3�6�5�-�3�6�9�,� �1�9�9�2�.� 

�7�.� �S�.�M�.� �F�i�n�e�,� �P�.� �N�.� �D�y�e�r�,� �J�.� �A�.� �T�.� �N�o�r�m�a�n�,� �B�.� �A�.� �M�u�r�a�t�o�r�e�,� �a�n�d� �R�.� �L�.� �I�a�m�p�i�e�t�r�o�,� �M�a�t�e�r�i�a�l�s� 

�R�e�s�e�a�r�c�h� �S�o�c�i�e�t�y� �S�y�m�p�o�s�i�u�m� �P�r�o�c�e�e�d�i�n�g�s�,� �2�0�4�,� �4�1�5�,� �1�9�9�0�.� 

�8�.� �R�.� �K�u�m�a�r�,� �F�.� �R�.� �F�r�o�n�e�z�e�k�,� �A�.� �W�.� �M�a�v�e�r�i�c�k�,� �W�.� �G�.� �L�a�i�,� �a�n�d� �G�.� �L�.� �G�r�i�f�f�i�n�,� �C�h�e�m�i�s�t�r�y� �o�f� 

�M�a�t�e�r�i�a�l�s�,� �4�(�3�)�,� �5�7�7�-�5�8�2�,� �1�9�9�2�.� 

�9�.� �S�.� �C�.� �G�o�e�l�,� �K�.� �S�.� �K�r�a�m�e�r�,� �M�.� �Y�.� �C�h�i�a�n�g�,� �&� �W�.� �E�.� �B�u�h�r�o�,� �P�o�l�y�h�e�d�r�o�n�,� �9�(�4�)�,� �6�1�1�-�6�1�3�,� 

�1�9�9�0�.� 

�1�0�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�4�,� �p�p�.� �1�1�5�-�1�1�8�,� �1�2�8�.� 

�1�1�.� �F�r�a�n�k� �W�a�g�n�e�r�,� �S�t�r�e�m� �C�h�e�m�i�c�a�l�s�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�.� 

�1�2�.� �(�a�)� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� 

�L�a�b�s�,� �P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�8�.� 

�(�b�)� �S�a�d�t�l�e�r� �B�o�o�k� �o�f� �S�t�a�n�d�a�r�d� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�i�e�s�,� �I�n�c�.�,� 

�P�h�i�l�a�d�e�l�p�h�i�a�,� �P�A�,� �1�9�7�8�.� 

�(�c�)� �T�h�e� �M�a�s�s� �S�p�e�c�t�r�o�m�e�t�r�y� �D�a�t�a� �C�e�n�t�r�e�,� �E�i�g�h�t� �P�e�a�k� �I�n�d�e�x� �o�f� �M�a�s�s� �S�p�e�c�t�r�a�,� �3�r�d� �E�d�i�t�i�o�n�,� 

�T�h�e� �R�o�y�a�l� �S�o�c�i�e�t�y� �o�f� �C�h�e�m�i�s�t�r�y�,� �N�o�t�t�i�n�g�h�a�m�,� �1�9�8�3�.� 

�1�3�.� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �V�o�l�u�m�e� �2�,� �2�n�d� �E�d�i�t�i�o�n�,� 

�C�h�a�p�m�a�n� �a�n�d� �H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�8�0�,� �p�p�.� �5�2�-�5�5�.� 

�1�4�.� �I�b�i�d�,� �p�p�.� �2�4�-�2�6�.� 
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�1�5�.� �I�.� �E�.� �W�a�c�h�s� �a�n�d� �R�.� �J�.� �M�a�d�i�x�,� �J�o�u�r�n�a�l� �o�f� �C�a�t�a�l�y�s�i�s�,� �5�3�,� �2�0�8�-�2�2�7�,� �1�9�7�8�.� 

�1�6�.� �M�.� �B�o�w�k�e�r� �a�n�d� �R�.� �J�.� �M�a�d�i�x�,� �S�u�r�f�a�c�e� �S�c�i�e�n�c�e�,� �1�1�6�,� �5�4�9�-�5�7�2�,� �1�9�8�2�.� 

�1�7�.� �D�.� �F�.� �C�o�x� �a�n�d� �K�.� �H�.� �S�c�h�u�l�z�,� �J�o�u�r�n�a�l� �o�f� �V�a�c�u�u�m� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y� �A�,� �8�(�3�)�,� �2�5�9�9�-� 

�2�6�0�4�,� �1�9�9�0�.� 

�1�8�.� �K�.� �H�.� �S�c�h�u�l�z� �a�n�d� �D�.� �F�.� �C�o�x�,� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �s�u�b�m�i�t�t�e�d�.� 

�1�9�.� �K�.� �S�.� �K�i�m� �a�n�d� �M�.� �A�.� �B�a�r�t�e�a�u�,� �J�o�u�r�n�a�l� �o�f� �M�o�l�e�c�u�l�a�r� �C�a�t�a�l�y�s�i�s�,� �6�3�,� �1�0�3�,� �1�9�9�0�.� 

�2�0�.� �J�.� �M�.� �V�o�h�s� �a�n�d� �M�.� �A�.� �B�a�r�t�e�a�u�,� �S�u�r�f�a�c�e� �S�c�i�e�n�c�e�,� �2�2�1�,� �5�9�0�,� �1�9�8�9�.� 

�2�1�.� �L�.� �J�.� �B�e�l�l�a�m�y�,� �T�h�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a� �o�f� �C�o�m�p�l�e�x� �M�o�l�e�c�u�l�e�s�,� �V�o�l�u�m�e� �1�,� �3�r�d� �E�d�i�t�i�o�n�,� 

�C�h�a�p�m�a�n� �a�n�d� �H�a�l�l�,� �L�o�n�d�o�n�,� �1�9�7�5�,� �p�.� �1�5�3�.� 

�2�2�.� �R�.� �A�.� �N�y�q�u�i�s�t�,� �T�h�e� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �V�a�p�o�r� �P�h�a�s�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�a�,� �S�a�d�t�l�e�r� �R�e�s�e�a�r�c�h� �L�a�b�s�,� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �1�9�8�8�,� �p�.� �2�9�5�.� 

�2�3�.� �C�.� �J�.� �P�o�u�c�h�e�r�t�,� �T�h�e� �A�l�d�r�i�c�h� �L�i�b�r�a�r�y� �o�f� �F�T�-�I�R� �S�p�e�c�t�r�a�,� �V�o�l�u�m�e� �3�,� �A�s�t� �E�d�i�t�i�o�n�,� �A�l�d�r�i�c�h� 

�C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �M�i�l�w�a�u�k�e�e�,� �1�9�8�5�.� 

�2�4�.� �(�a�)� �A�l�d�r�i�c�h� �C�a�t�a�l�o�g� �H�a�n�d�b�o�o�k� �o�f� �F�i�n�e� �C�h�e�m�i�c�a�l�s�,� �A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �M�i�l�w�a�u�k�e�e�,� 

�1�9�9�0�,� �p�.� �2�.� 

�(�b�)� �f�b�i�d�.�,� �p�.� �5�1�2�.� 

�2�5�.� �G�.� �S�o�c�r�a�t�e�s�,� �I�n�f�r�a�r�e�d� �C�h�a�r�a�c�t�e�r�i�s�t�i�c� �G�r�o�u�p� �F�r�e�q�u�e�n�c�i�e�s�,� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �C�h�i�c�h�e�s�t�e�r�,� 

�1�9�8�0�,� �p�p�.� �6�3�-�6�4�.� 

�2�6�.� �T�h�i�s� �r�e�s�i�s�t�i�v�i�t�y� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�s�u�m�i�n�g� �a� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �o�f� �1� �y�m�,� �r�e�a�s�o�n�a�b�l�e� �b�a�s�e�d� �o�n� 

�S�E�M� �a�n�a�l�y�s�i�s�.� �I�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�f�i�n�i�t�e� �s�h�e�e�t� �r�e�s�i�s�t�i�v�i�t�y�,� �a�s� �t�h�e� �o�r�i�g�i�n�a�l� �m�e�a�s�u�r�e�m�e�n�t� �h�a�s� 

�b�e�e�n� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�h�e� �f�i�n�i�t�e� �s�i�z�e� �o�f� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �p�u�b�l�i�s�h�e�d� �b�y� �M�.� �A�.� �L�o�g�a�n�,� 

�T�h�e� �B�e�l�l� �S�y�s�t�e�m� �T�e�c�h�n�i�c�a�l� �J�o�u�r�n�a�l�,� �4�0�(�3�)�,� �8�8�5�-�9�1�9�,� �1�9�6�1�.� 

�2�7�.� �F�r�a�n�k� �C�r�o�m�e�r�,� �D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�s�t�r�y�,� �V�.�P�.�I�.� �&� �S�.�U�.�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�.� 

�2�8�.� �(�a�)� �J�.� �P�.� �T�o�b�i�n�,� �W�.� �H�i�r�s�c�h�w�a�l�d�,� �a�n�d� �J�.� �C�u�n�n�i�n�g�h�a�m�,� �A�p�p�l�i�e�d� �S�u�r�f�a�c�e� �S�c�i�e�n�c�e�,� �1�6�,� �4�4�1�,� 

�1�9�8�3�.� 

�(�b�)� �T�.� �H�.� �F�l�e�i�s�c�h�,� �G�.� �W�.� �Z�a�j�a�c�,� �J�.� �O�.� �S�c�h�r�e�i�n�e�r�,� �a�n�d� �G�.� �J�.� �M�a�i�n�s�,� �A�p�p�l�i�e�d� �S�u�r�f�a�c�e� �S�c�i�e�n�c�e�,� 

�2�6�,� �4�8�8�-�4�9�7�,� �1�9�8�6�.� 

�2�9�.� �T�h�e� �a�s�s�i�s�t�a�n�c�e� �o�f� �D�o�n�a�l�d� �B�r�a�n�d�o�m�,� �A�g�n�i�t�a� �H�a�n�d�l�o�s�,� �a�n�d� �B�r�i�a�n� �R�i�s�c�h� �o�f� �t�h�e� �D�e�p�a�r�t�m�e�n�t� 

�o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �V�.�P�.�I�.� �&� �S�.�U�.�,� �i�n� �o�b�t�a�i�n�i�n�g� �S�E�M� �s�p�e�c�t�r�a� �i�s� �g�r�a�t�e�f�u�l�l�y� 

�a�c�k�n�o�w�l�e�d�g�e�d�.� 
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�3�0�.� �C�h�r�i�s�t�o�p�h�e�r� �P�.� �R�o�y� �a�n�d� �K�e�l�l�y� �E�.� �M�a�t�t�h�e�w�s� �o�f� �t�h�e� �D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�s�t�r�y�,� �V�.�P�.�I�.� �&� 

�S�.�U�.�,� �a�r�e� �g�r�a�t�e�f�u�l�l�y� �a�c�k�n�o�w�l�e�d�g�e�d� �f�o�r� �t�h�e�i�r� �c�o�l�l�e�c�t�i�o�n� �o�f� �t�h�e� �N�M�R� �s�p�e�c�t�r�a�.� 

�3�1�.� �R�.� �T�.� �M�o�r�r�i�s�o�n� �a�n�d� �R�.� �N�.� �B�o�y�d�,� �O�r�g�a�n�i�c� �C�h�e�m�i�s�t�r�y�,� �4�t�h� �E�d�i�t�i�o�n�,� �A�l�l�y�n� �a�n�d� �B�a�c�o�n�,� �B�o�s�t�o�n�,� 

�1�9�8�3�,� �p�.� �8�6�7�-�8�6�9�.� 

�3�2�.� �M�.� �E�.� �D�a�v�i�s�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�.� 

�3�3�.� �R�.� �S�.� �M�a�c�o�m�b�e�r�,� �N�M�R� �S�p�e�c�t�r�o�s�c�o�p�y�:� �E�s�s�e�n�t�i�a�l� �T�h�e�o�r�y� �a�n�d� �P�r�a�c�t�i�c�e�,� �H�a�r�c�o�u�r�t� �B�r�a�c�e� 

�J�o�v�a�n�o�v�i�c�h�,� �S�a�n� �D�i�e�g�o�,� �1�9�8�8�,� �p�.� �6�7�.� 

�3�4�.� �Y�.� �A�r�i�t�a�,� �M�a�t�e�r�i�a�l�s� �R�e�s�e�a�r�c�h� �S�o�c�i�e�t�y� �S�y�m�p�o�s�i�u�m� �S�e�r�i�e�s� �V�L�S�I� �V�,� �3�3�5�-�3�4�4�,� �1�9�9�0�.� 

�3�5�.� �F�.� �A�.� �C�o�t�t�o�n� �a�n�d� �G�.� �W�i�l�k�i�n�s�o�n�,� �A�d�v�a�n�c�e�d� �I�n�o�r�g�a�n�i�c� �C�h�e�m�i�s�t�r�y�,� �5�t�h� �E�d�i�t�i�o�n�,� �W�i�l�e�y� 

�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�,� �1�9�8�8�,� �e�s�p�.� �p�p�.� �1�1�3�7�-�1�1�3�7�.� 

�3�6�.� �K�.� �H�.� �S�c�h�u�l�z� �a�n�d� �D�.� �F�.� �C�o�x�,� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �9�6�(�1�8�)�,� �7�3�9�4�-�7�3�9�8�,� �1�9�9�2�.� 

�3�7�.� �K�.� �H�.� �S�c�h�u�l�z� �a�n�d� �D�.� �F�.� �C�o�x�,� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �s�u�b�m�i�t�t�e�d�.� 

�3�8�.� �R�.� �C�.� �W�e�a�s�t�,� �E�d�i�t�o�r�,� �C�R�C� �H�a�n�d�b�o�o�k� �o�f� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s�,� �6�7�t�h� �E�d�i�t�i�o�n�,� �C�R�C� �P�r�e�s�s�,� 

�I�n�c�.�,� �B�o�c�a� �R�a�t�o�n�,� �F�L�,� �1�9�8�6�,� �p�.� �F�-�1�2�0�.� 
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�4�.� �P�h�o�t�o�a�s�s�i�s�t�e�d� �D�e�p�o�s�i�t�i�o�n� �f�r�o�m� �C�o�p�p�e�r� �(�I�I�)� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e�r�e� �i�s� �c�o�n�s�i�d�e�r�a�b�l�e� �i�n�t�e�r�e�s�t� �i�n� �c�o�p�p�e�r� �a�s� �a�n� �i�n�t�e�r�c�o�n�n�e�c�t� �m�a�t�e�r�i�a�l� �f�o�r� �e�l�e�c�t�r�o�n�i�c� 

�d�e�v�i�c�e�s� �o�n� �c�h�i�p�s�.� �C�o�p�p�e�r� �d�o�e�s� �n�o�t� �e�x�h�i�b�i�t� �e�l�e�c�t�r�o�m�i�g�r�a�t�i�o�n�,� �w�h�i�c�h� �l�i�m�i�t�s� �t�h�e� �m�i�n�i�a�t�u�r�i�z�a�t�i�o�n� 

�p�o�s�s�i�b�l�e� �w�i�t�h� �a�l�u�m�i�n�u�m� �i�n�t�e�r�c�o�n�n�e�c�t�s� �[�1�]�.� �C�o�p�p�e�r� �h�a�s� �a� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� 

�d�i�f�f�i�c�u�l�t� �t�o� �p�a�t�t�e�r�n�.� 

�C�o�p�p�e�r� �f�o�r�m�s� �n�o� �v�o�l�a�t�i�l�e� �s�i�m�p�l�e� �h�a�l�i�d�e�s� �[�2�]�,� �s�o� �i�t� �c�a�n�n�o�t� �b�e� �e�t�c�h�e�d� �w�i�t�h� �f�l�u�o�r�i�n�e�.� 

�L�a�s�e�r� �a�b�l�a�t�i�o�n� �f�o�r� �p�a�t�t�e�r�n�i�n�g� �c�a�n� �c�a�u�s�e� �e�x�t�r�e�m�e� �l�o�c�a�l� �h�e�a�t�i�n�g� �a�n�d� �s�u�b�s�t�r�a�t�e� �d�a�m�a�g�e�.� �L�a�s�e�r� 

�a�b�l�a�t�i�o�n� �m�a�y� �a�l�s�o� �a�l�l�o�w� �r�e�d�e�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� �o�n� �o�t�h�e�r� �r�e�g�i�o�n�s� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �[�3�]�.� �C�h�e�m�i�c�a�l� 

�v�a�p�o�r� �d�e�p�o�s�i�t�i�o�n� �w�i�t�h� �a� �p�h�o�t�o�l�y�t�i�c�a�l�l�y� �a�c�t�i�v�e� �p�r�e�c�u�r�s�o�r� �c�o�u�l�d� �s�o�l�v�e� �t�h�e� �p�a�t�t�e�r�n�i�n�g� �p�r�o�b�l�e�m�.� �A� 

�p�a�t�t�e�r�n� �o�f� �l�i�g�h�t� �c�o�u�l�d� �i�n�i�t�i�a�t�e� �g�r�o�w�t�h� �o�f� �a� �p�a�t�t�e�r�n�e�d� �f�i�l�m�.� �C�o�p�p�e�r� �w�o�u�l�d� �b�e� �d�e�p�o�s�i�t�e�d� �o�n�l�y� 

�w�h�e�r�e� �d�e�s�i�r�e�d�.� 

�L�i�g�h�t�-�i�n�d�u�c�e�d� �c�h�e�m�i�c�a�l� �v�a�p�o�r� �d�e�p�o�s�i�t�i�o�n� �h�a�s� �t�w�o� �c�o�m�m�o�n� �m�e�c�h�a�n�i�s�m�s�.� �I�n� �p�h�o�t�o�l�y�t�i�c� 

�d�e�p�o�s�i�t�i�o�n�,� �l�i�g�h�t� �a�b�s�o�r�b�e�d� �b�y� �t�h�e� �p�r�e�c�u�r�s�o�r� �p�r�o�v�i�d�e�s� �e�n�e�r�g�y� �f�o�r� �d�e�c�o�m�p�o�s�i�t�i�o�n�.� �I�n� �p�y�r�o�l�y�t�i�c� 

�d�e�p�o�s�i�t�i�o�n�,� �l�i�g�h�t� �a�b�s�o�r�b�e�d� �b�y� �t�h�e� �s�u�b�s�t�r�a�t�e� �p�r�o�v�i�d�e�s� �h�e�a�t� �t�o� �d�e�c�o�m�p�o�s�e� �t�h�e� �p�r�e�c�u�r�s�o�r�.� �T�h�e� 

�t�e�r�m�  ��p�h�o�t�o�a�s�s�i�s�t�e�d �� �e�n�c�o�m�p�a�s�s�e�s� �b�o�t�h� �m�e�c�h�a�n�i�s�m�s�.� �T�h�e� �m�e�c�h�a�n�i�s�m�s� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� 

�s�e�p�a�r�a�t�e� �a�n�d� �o�f�t�e�n� �c�o�e�x�i�s�t�.� �E�v�e�n� �i�f� �a� �n�o�n�a�b�s�o�r�b�i�n�g� �s�u�b�s�t�r�a�t�e� �i�s� �u�s�e�d�,� �t�h�e� �g�r�o�w�i�n�g� �f�i�l�m� �w�i�l�l� 

�o�f�t�e�n� �a�b�s�o�r�b� �U�V� �l�i�g�h�t� �a�n�d� �b�e�c�o�m�e� �h�o�t�.� �H�o�w�e�v�e�r�,� �f�o�r� �a� �n�o�n�a�b�s�o�r�b�i�n�g� �s�u�b�s�t�r�a�t�e�,� �i�n�i�t�i�a�l� 

�n�u�c�l�e�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�m� �m�u�s�t� �b�e� �a� �p�h�o�t�o�l�y�t�i�c� �p�r�o�c�e�s�s�.� �F�o�r� �a� �p�h�o�t�o�l�y�t�i�c� �p�r�o�c�e�s�s�,� �t�h�e� �q�u�e�s�t�i�o�n� �o�f� 

�w�h�e�t�h�e�r� �g�a�s� �p�h�a�s�e� �o�r� �s�u�r�f�a�c�e� �a�d�s�o�r�b�e�d� �m�o�l�e�c�u�l�e�s� �d�e�c�o�m�p�o�s�e� �b�e�c�o�m�e�s� �i�m�p�o�r�t�a�n�t�.� 

�D�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�i�m�a�r�i�l�y� �o�f� �a�d�s�o�r�b�e�d� �m�o�l�e�c�u�l�e�s� �a�l�l�o�w�s� �g�r�e�a�t�e�r� �p�a�t�t�e�r�n� �d�e�f�i�n�i�t�i�o�n�.� 

�A�n� �e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �t�e�s�t� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �p�h�o�t�o�a�s�s�i�s�t�e�d� 

�d�e�p�o�s�i�t�i�o�n� �w�i�t�h� �c�o�p�p�e�r� �(�I�I�)� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �P�y�r�o�l�y�t�i�c� �a�n�d� �p�h�o�t�o�l�y�t�i�c� �d�e�p�o�s�i�t�i�o�n� �c�a�n� 

�b�e� �s�e�p�a�r�a�t�e�d�,� �a�t� �l�e�a�s�t� �f�o�r� �t�h�e� �n�u�c�l�e�a�t�i�o�n� �p�r�o�c�e�s�s�,� �b�y� �t�a�k�i�n�g� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �b�a�n�d� �g�a�p� �o�f� �t�h�e� 

�s�u�b�s�t�r�a�t�e�.� �G�a�s� �p�h�a�s�e� �a�n�d� �s�u�r�f�a�c�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �c�a�n� �b�e� �s�e�p�a�r�a�t�e�d� �b�y� �r�o�t�a�t�i�n�g� �t�h�e� �s�u�b�s�t�r�a�t�e� 

�o�u�t� �o�f� �d�i�r�e�c�t� �l�i�g�h�t�.� �T�h�e� �g�a�s� �p�h�a�s�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�s� �a�r�e� �d�e�t�e�c�t�e�d� �i�n� �s�i�t�u� �b�y� �i�n�f�r�a�r�e�d� 

�s�p�e�c�t�r�o�m�e�t�r�y�.� �S�e�c�o�n�d�a�r�y� �c�h�e�m�i�c�a�l� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �p�r�o�v�i�d�e�d� �b�y� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� 

�d�e�p�o�s�i�t�e�d� �f�i�l�m�.� 

�9�4



�C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �h�a�s� �b�e�e�n� �t�e�s�t�e�d� �f�o�r� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n�.� �N�o� �d�e�p�o�s�i�t�i�o�n� 

�o�c�c�u�r�s� �b�e�l�o�w� �1�5�0�°�C�.� �F�i�l�m�s� �d�e�p�o�s�i�t�e�d� �n�e�a�r� �2�5�0�°�C� �s�h�o�w� �s�i�g�n�i�f�i�c�a�n�t� �c�a�r�b�o�n� �c�o�n�t�a�m�i�n�a�t�i�o�n� �d�u�e� 

�t�o� �l�i�g�a�n�d� �f�r�a�g�m�e�n�t�a�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �n�e�a�r� �2�0�0�°�C� �a�r�e� �p�u�r�e� �c�o�p�p�e�r� �a�n�d� 

�c�o�n�d�u�c�t�i�v�e�.� �A�t� �a�l�l� �t�h�r�e�e� �t�e�m�p�e�r�a�t�u�r�e�s�,� �c�o�p�p�e�r� �(�0�)� �i�s� �t�h�e� �o�n�l�y� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �c�o�p�p�e�r� 

�d�e�p�o�s�i�t�e�d�.� �T�h�e� �m�a�j�o�r� �o�r�g�a�n�i�c� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �a�r�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �T�h�e�s�e� �p�r�o�d�u�c�t�s� �a�r�e� �f�o�r�m�e�d� �b�y� �t�w�o� �i�n�t�e�r�d�e�p�e�n�d�e�n�t� �p�a�t�h�w�a�y�s�:� 

�§�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �t�h�e� �a�l�d�e�h�y�d�e�;� �a�n�d� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �t�o� �f�o�r�m� �t�h�e� �a�l�c�o�h�o�l�.� 

�I�t� �w�a�s� �h�o�p�e�d� �t�h�a�t� �p�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �w�o�u�l�d� �l�e�a�d� �t�o� �f�i�l�m� �g�r�o�w�t�h� �a�t� �l�o�w�e�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d�/�o�r� �a�c�t�i�v�a�t�e� �d�i�f�f�e�r�e�n�t� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�a�t�h�w�a�y�s� �f�r�o�m� �t�h�e� �t�h�e�r�m�a�l� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�c�e�s�s�,� �w�h�i�c�h� �c�o�u�l�d� �b�e� �d�e�d�u�c�e�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t�s� �d�e�t�e�c�t�e�d� �b�y� �I�R�.� 

�4�.�2� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�t�h�o�d�s� �a�n�d� �P�r�o�c�e�d�u�r�e�s� 

�T�h�e� �w�a�r�m�-�w�a�l�l� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r� �w�a�s� �e�v�a�c�u�a�t�e�d� �b�y� �a� �d�i�r�e�c�t�-�d�r�i�v�e� 

�m�e�c�h�a�n�i�c�a�l� �v�a�c�u�u�m� �p�u�m�p�.� �T�h�e� �s�u�b�s�t�r�a�t�e� �w�a�s� �m�o�u�n�t�e�d� �o�n� �a� �r�e�s�i�s�t�a�n�c�e� �h�e�a�t�e�r�.� �T�h�e� 

�d�e�p�o�s�i�t�i�o�n� �r�e�a�c�t�o�r� �i�s� �a�l�s�o� �a�n� �i�n�f�r�a�r�e�d� �c�e�l�l�.� �A� �s�a�p�p�h�i�r�e� �w�i�n�d�o�w� �a�d�m�i�t�s� �u�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t� �t�o� �t�h�e� 

�r�e�a�c�t�o�r�.� �C�a�r�r�i�e�r� �g�a�s� �a�n�d� �r�e�a�c�t�o�r� �w�i�n�d�o�w� �p�u�r�g�e� �f�l�o�w�s� �w�e�r�e� �h�e�l�i�u�m� �a�t� �5� �s�c�c�m� �a�n�d� �2� �s�c�c�m� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�r�e�c�u�r�s�o�r� �s�u�b�l�i�m�e�d� �b�e�t�w�e�e�n� �9�0� �a�n�d� �9�8�°�C�.� �D�e�p�o�s�i�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� 

�M�a�i�n�t�a�i�n�e�d� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�8� �h�o�u�r�s�.� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �s�t�u�d�y� �w�e�r�e� �s�e�l�e�c�t�e�d� �b�a�s�e�d� �o�n� 

�p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �o�n� �e�a�r�l�i�e�r� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n�.� 

�T�h�e� �U�V� �s�o�u�r�c�e� �w�a�s� �a� �S�p�e�c�t�r�o�n�i�c�s� �C�o�r�p�o�r�a�t�i�o�n� �B�-�1�0�0� �l�a�m�p�.� �T�h�e� �s�u�b�s�t�r�a�t�e�,� �s�t�r�o�n�t�i�u�m� 

�t�i�t�a�n�a�t�e�,� �h�a�s� �a� �b�a�n�d� �g�a�p� �a�t� �3�.�2� �e�V�.� �P�h�o�t�o�n�s� �o�f� �g�r�e�a�t�e�r� �e�n�e�r�g�y� �m�a�y� �h�e�a�t� �t�h�e� �s�u�b�s�t�r�a�t�e�,� �w�h�i�l�e� 

�p�h�o�t�o�n�s� �o�f� �l�o�w�e�r� �e�n�e�r�g�y� �w�i�l�l� �n�o�t�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�s�s� �o�f� �h�e�a�t�i�n�g� �b�y� �a�b�s�o�r�p�t�i�o�n� �o�f� 

�p�h�o�t�o�n�s� �m�a�y� �b�e� �f�o�u�n�d� �i�n� �C�h�a�p�t�e�r� �2�.� 

�T�h�e� �U�V� �l�a�m�p� �h�a�s� �a� �s�t�r�o�n�g� �l�i�n�e� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �b�a�n�d� �g�a�p�.� �O�r�i�e�l� �f�i�l�t�e�r� �n�u�m�b�e�r� 

�5�9�4�7�2� �p�a�s�s�e�s� �o�n�l�y� �e�n�e�r�g�i�e�s� �b�e�l�o�w� �t�h�e� �b�a�n�d� �g�a�p�.� �O�r�i�e�l� �f�i�l�t�e�r� �n�u�m�b�e�r� �5�9�4�6�0� �p�a�s�s�e�s� �t�h�o�s�e� �a�n�d� �a� 

�l�i�m�i�t�e�d� �r�a�n�g�e� �o�f� �e�n�e�r�g�i�e�s� �a�b�o�v�e� �t�h�e� �b�a�n�d� �g�a�p�.� �R�e�f�e�r� �t�o� �F�i�g�u�r�e� �4�.�1�.� �W�i�t�h� �f�i�l�t�e�r� �5�9�4�7�2� �i�n� 

�p�l�a�c�e�,� �o�n�l�y� �p�h�o�t�o�l�y�t�i�c� �n�u�c�l�e�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�m� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �p�o�s�s�i�b�l�e�.� �W�i�t�h� �f�i�l�t�e�r� �5�9�4�6�0� �i�n� 

�p�l�a�c�e�,� �t�h�e�r�e� �i�s� �p�o�t�e�n�t�i�a�l� �f�o�r� �p�h�o�t�o�l�y�t�i�c� �a�n�d� �p�y�r�o�l�y�t�i�c� �d�e�p�o�s�i�t�i�o�n�.� 
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�e�y�e�o�s� �A�r�e�i�y�i�q�u�e�  ��(�e�s�j�o�e�d�s�)� �e�o�u�e�a�i�o�s�a�y



�T�h�e� �s�u�b�s�t�r�a�t�e� �h�o�l�d�e�r� �c�a�n� �b�e� �r�o�t�a�t�e�d� �9�0�°�.� �T�h�i�s� �s�h�i�e�l�d�s� �t�h�e� �s�u�b�s�t�r�a�t�e� �f�r�o�m� �d�i�r�e�c�t� 

�i�n�c�i�d�e�n�t� �U�V� �r�a�d�i�a�t�i�o�n� �a�n�d� �a�l�l�o�w�s� �s�e�p�a�r�a�t�i�o�n� �o�f� �g�a�s� �p�h�a�s�e� �f�r�o�m� �s�u�r�f�a�c�e� �d�e�c�o�m�p�o�s�i�t�i�o�n�.� 

�T�h�e� �a�p�p�a�r�a�t�u�s� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �m�o�r�e� �f�u�l�l�y� �i�n� �C�h�a�p�t�e�r� �2�.� 

�4�.�3� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�4�.�3�.�1� �P�r�e�l�i�m�i�n�a�r�y� �E�x�p�e�r�i�m�e�n�t�s� 

�4�.�3�.�1�.�1� �U�l�t�r�a�v�i�o�l�e�t� �A�b�s�o�r�p�t�i�o�n� �S�p�e�c�t�r�a� 

�T�h�e� �u�l�t�r�a�v�i�o�l�e�t� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�a� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�n�d� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�o�e�t�h�a�n�o�l� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�.� �T�h�e� �U�V� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �s�o�l�i�d� �a�l�k�o�x�i�d�e� �w�a�s� �m�e�a�s�u�r�e�d� 

�b�y� �r�e�f�l�e�c�t�a�n�c�e� �(�r�e�f�e�r� �t�o� �C�h�a�p�t�e�r� �2�)�,� �s�o� �t�h�e� �s�p�e�c�t�r�u�m� �c�a�n�n�o�t� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�a�l�k�o�x�i�d�e� �i�n� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �w�a�s� �u�s�e�d� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �c�h�a�n�c�e�s� �o�f� �d�e�c�o�m�p�o�s�i�t�i�o�n� 

�d�u�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�,� �b�e�c�a�u�s�e� �a�l�k�o�x�i�d�e�s� �a�r�e� �l�e�s�s� �s�t�a�b�l�e� �i�n� �s�o�l�u�t�i�o�n� �t�h�a�n� �a�s� �s�o�l�i�d�s�.� �B�e�c�a�u�s�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �n�o�t� �c�o�n�t�r�o�l�l�e�d�,� �t�h�e� �s�p�e�c�t�r�a� �c�a�n�n�o�t� �b�e� �c�o�m�p�a�r�e�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �q�u�a�l�i�t�a�t�i�v�e� �r�e�s�u�l�t�s� �a�r�e� �i�m�p�o�r�t�a�n�t�.� 

�C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�b�s�o�r�b�s� �i�n� �t�h�e� �r�e�g�i�o�n� �n�e�a�r� �t�h�e� �b�a�n�d� �g�a�p� �o�f� �s�t�r�o�n�t�i�u�m� 

�t�i�t�a�n�a�t�e�,� �3�.�2� �e�V�.� �T�h�e� �U�V� �l�a�m�p� �a�l�s�o� �e�m�i�t�s� �s�t�r�o�n�g�l�y� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�d�o�e�s� �n�o�t� �a�b�s�o�r�b� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� �T�h�e� �a�l�c�o�h�o�l� �a�n�d� �t�h�e� �a�l�k�o�x�i�d�e� �h�a�v�e� �s�i�m�i�l�a�r� �f�i�v�e�-�m�e�m�b�e�r�e�d� �r�i�n�g� 

�s�t�r�u�c�t�u�r�e�s�.� �T�h�e�y� �d�i�f�f�e�r� �c�h�e�m�i�c�a�l�l�y� �i�n� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �c�o�p�p�e�r� �f�o�r� �t�h�e� �h�y�d�r�o�x�y�l� �h�y�d�r�o�g�e�n�.� 

�T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �a�b�s�o�r�p�t�i�o�n� �n�e�a�r� �3�.�2� �e�V� �(�3�8�8� �n�m�)� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�o�p�p�e�r ��o�x�y�g�e�n� �b�o�n�d� �i�n� 

�t�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �n�o�t� �t�o� �b�o�n�d�s� �w�i�t�h�i�n� �t�h�e� �a�l�k�o�x�y� �g�r�o�u�p�.� �U�V� �l�i�g�h�t� �i�n� �t�h�e� �r�e�g�i�o�n� �o�f� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �b�a�n�d� �g�a�p� �m�a�y� �e�n�c�o�u�r�a�g�e� �c�l�e�a�n� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �c�o�p�p�e�r� �f�r�o�m� �t�h�e� �l�i�g�a�n�d�.� �U�V� �l�i�g�h�t� 

�n�e�a�r� �3�8�8� �n�m� �s�h�o�u�l�d� �n�o�t� �c�a�u�s�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �a�m�i�n�o�a�l�k�o�x�y� �l�i�g�a�n�d�,� �w�h�i�c�h� �w�o�u�l�d� �l�i�k�e�l�y� 

�r�e�s�u�l�t� �i�n� �c�o�n�t�a�m�i�n�a�t�e�d� �f�i�l�m�s�.� �F�i�l�t�e�r�s� �a�r�e� �u�s�e�d� �t�o� �r�e�s�t�r�i�c�t� �t�h�e� �U�V� �l�i�g�h�t� �i�n�c�i�d�e�n�t� �o�n� �t�h�e� �s�a�m�p�l�e� 

�t�o� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �b�a�n�d� �g�a�p� �r�e�g�i�o�n�.� 

�C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�b�s�o�r�b�s� �l�i�g�h�t� �e�n�e�r�g�y� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �b�a�n�d� �g�a�p� �o�f� 

�s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e�.� �L�i�g�h�t� �o�f� �l�o�w�e�r� �e�n�e�r�g�y� �t�h�a�n� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �b�a�n�d� �g�a�p� �m�a�y� �c�a�u�s�e� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �T�h�u�s�,� �i�t� �m�a�y� �b�e� �p�o�s�s�i�b�l�e� �t�o� �s�e�p�a�r�a�t�e� 
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�p�h�o�t�o�l�y�t�i�c� �a�n�d� �p�y�r�o�l�y�t�i�c� �e�f�f�e�c�t�s� �w�i�t�h� �t�h�e� �f�i�l�t�e�r�s�.� �T�h�e� �U�V� �a�b�s�o�r�p�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�o�p�p�e�r� 

�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�p�p�e�a�r� �p�r�o�m�i�s�i�n�g� �f�o�r� �t�h�i�s� �s�t�u�d�y�.� 

�4�.�3�.�1�.�2� �T�e�s�t� �o�f� �E�x�c�i�m�e�r� �L�a�s�e�r� �a�s� �U�l�t�r�a�v�i�o�l�e�t� �S�o�u�r�c�e� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �U�V� �s�o�u�r�c�e� �f�o�r� �t�h�i�s� �p�r�o�j�e�c�t� �w�a�s� �t�o� �b�e� �a� �L�u�m�o�n�i�c�s� �T�E�-�8�6�0�-�4�.� �T�h�i�s� �l�a�s�e�r� �i�s� 

�c�a�p�a�b�l�e� �o�f� �p�r�o�d�u�c�i�n�g� �t�w�o� �l�i�n�e�s� �n�e�a�r� �t�h�e� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �b�a�n�d� �g�a�p� �u�s�i�n�g� �o�n�l�y� �h�e�l�i�u�m� �a�n�d� 

�n�i�t�r�o�g�e�n�,� �o�n�e� �a�t� �3�3�7� �n�m� �a�n�d� �o�n�e� �a�t� �4�2�8� �n�m�.� �S�e�v�e�r�a�l� �a�t�t�e�m�p�t�s� �a�t� �p�h�o�t�o�d�e�p�o�s�i�t�i�o�n� �f�r�o�m� 

�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �o�n�t�o� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �e�a�c�h� �l�i�n�e�.� �T�h�e� 

�s�u�b�s�t�r�a�t�e� �w�a�s� �n�o�t� �h�e�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �h�e�a�t�e�r� �d�u�r�i�n�g� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �a�t�t�e�m�p�t�s�.� �N�o� 

�d�e�p�o�s�i�t�i�o�n� �r�e�s�u�l�t�e�d�.� 

�T�h�e� �p�o�w�e�r� �o�f� �t�h�e� �3�3�7� �n�m� �l�i�n�e� �i�s� �a�b�o�u�t� �3�.�5� �m�J�/�p�u�l�s�e�.� �T�h�e� �p�o�w�e�r� �o�f� �t�h�e� �4�2�8� �n�m� �l�i�n�e� 

�i�s� �a�b�o�u�t� �0�.�5� �m�J�/�p�u�l�s�e�.� �I�t� �w�a�s� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �t�h�e� �p�o�w�e�r� �o�f� �t�h�e� �l�a�s�e�r� �a�t� �t�h�e�s�e� �l�i�n�e�s� �w�a�s� 

�i�n�s�u�f�f�i�c�i�e�n�t� �t�o� �c�a�u�s�e� �d�e�p�o�s�i�t�i�o�n�.� �O�n�l�y� �a� �m�i�n�u�s�c�u�l�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �m�o�l�e�c�u�l�e�s� �m�i�g�h�t� 

�b�e� �p�h�o�t�o�l�y�z�e�d�,� �a�n�d� �t�h�e� �p�o�w�e�r� �w�a�s� �i�n�s�u�f�f�i�c�i�e�n�t� �t�o� �c�h�a�n�g�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�.� 

�T�h�e� �l�a�s�e�r� �c�a�n� �o�u�t�p�u�t� �w�i�t�h� �m�o�r�e� �p�o�w�e�r� �a�t� �o�t�h�e�r� �w�a�v�e�l�e�n�g�t�h�s�,� �b�u�t� �h�a�l�o�g�e�n� �g�a�s�e�s� �a�r�e� �r�e�q�u�i�r�e�d�.� 

�I�t� �w�a�s� �n�o�t� �f�e�a�s�i�b�l�e� �t�o� �b�u�i�l�d� �a� �g�a�s� �h�a�n�d�l�i�n�g� �s�y�s�t�e�m� �f�o�r� �t�h�e� �s�a�f�e� �u�s�e� �o�f� �h�a�l�o�g�e�n�s�.� �A�l�s�o�,� �a�t� �t�h�e� 

�m�o�r�e� �p�o�w�e�r�f�u�l� �l�a�s�e�r� �w�a�v�e�l�e�n�g�t�h�s�,� �t�h�e� �e�n�e�r�g�y� �o�f� �e�a�c�h� �p�h�o�t�o�n� �e�x�c�e�e�d�s� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� 

�s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �b�a�n�d� �g�a�p�.� �I�t� �w�o�u�l�d� �b�e� �i�m�p�o�s�s�i�b�l�e� �t�o� �c�o�n�d�u�c�t� �p�u�r�e�l�y� �p�h�o�t�o�l�y�t�i�c� �d�e�p�o�s�i�t�i�o�n� 

�o�n� �s�t�r�o�n�t�i�u�m� �t�i�t�a�n�a�t�e� �w�i�t�h� �a�n�y� �o�f� �t�h�e�m�.� 

�T�h�e� �l�a�s�e�r� �w�a�s� �r�e�t�i�r�e�d�,� �a�n�d� �f�u�r�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �t�h�e� �S�p�e�c�t�r�o�n�i�c�s� 

�B�-�1�0�0� �U�V� �l�a�m�p�.� 

�4�.�3�.�1�.�3� �T�e�s�t� �f�o�r� �P�h�o�t�o�d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �D�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� 

�I�n� �o�r�d�e�r� �t�o� �c�o�n�f�i�r�m� �t�h�a�t� �t�h�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�y� �l�i�g�a�n�d� �w�o�u�l�d� �b�e� �u�n�a�f�f�e�c�t�e�d� �b�y� �U�V� 

�l�i�g�h�t�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �p�r�e�c�u�r�s�o�r� �t�u�b�e� �a�n�d� �t�h�e� �s�y�s�t�e�m� �p�r�e�p�a�r�e�d� �a�s� 

�u�s�u�a�l� �f�o�r� �d�e�p�o�s�i�t�i�o�n�.� �A�s� �e�x�p�e�c�t�e�d�,� �n�o� �c�o�p�p�e�r� �d�e�p�o�s�i�t�e�d� �i�n� �t�h�i�s� �c�o�n�t�r�o�l� �e�x�p�e�r�i�m�e�n�t�,� �a�g�a�i�n� 

�d�e�m�o�n�s�t�r�a�t�i�n�g� �t�h�a�t� �t�h�e� �c�o�p�p�e�r� �a�l�k�o�x�i�d�e� �i�s� �t�h�e� �o�n�l�y� �s�o�u�r�c�e� �o�f� �c�o�p�p�e�r� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n�.� �T�h�e� 

�U�V� �l�a�m�p� �s�h�o�n�e� �u�n�f�i�l�t�e�r�e�d� �i�n�t�o� �t�h�e� �r�e�a�c�t�o�r�.� �B�e�c�a�u�s�e� �t�h�e� �a�l�c�o�h�o�l� �d�o�e�s� �n�o�t� �a�b�s�o�r�b� �l�i�g�h�t� �i�n� �t�h�e� 
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�r�e�g�i�o�n�s� �t�h�a�t� �t�h�e� �l�a�m�p� �e�m�i�t�s� �s�t�r�o�n�g�l�y�,� �t�h�e� �p�r�o�d�u�c�t�s� �s�h�o�u�l�d� �d�e�p�e�n�d� �o�n�l�y� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e� 

�t�e�m�p�e�r�a�t�u�r�e�.� �I�n�d�e�e�d�,� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �w�i�t�h�o�u�t� �t�h�e� �l�a�m�p�.� 

�B�e�l�o�w� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�5�0�°�C�,� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �s�h�o�w� �v�a�p�o�r� �p�h�a�s�e� �d�i�m�e�t�h�y�]�-� 

�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �n�o� �o�t�h�e�r� �s�p�e�c�i�e�s�.� �A�t� �1�5�0�°�C�,� �a� �s�m�a�l�l� �p�e�a�k� �a�p�p�e�a�r�s� �n�e�a�r� �1�7�5�0� �c�m ��.� �F�o�r� 

�s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �2�3�0�°�C�,� �t�h�e� �I�R� �s�p�e�c�t�r�u�m� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �e�x�c�e�p�t� �f�o�r� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �1�7�5�0� �c�m!"�!� �p�e�a�k�.� �T�h�e�r�e� �a�r�e� �n�o� �p�e�a�k�s� �t�o� �i�n�d�i�c�a�t�e� �a�m�i�n�e�s� �o�r� �a�m�m�o�n�i�a� �a�r�e� 

�p�r�e�s�e�n�t�.� 

�T�h�e� �p�e�a�k� �a�t� �1�7�5�0� �c�m�!� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a� �c�a�r�b�o�n�y�l� �s�t�r�e�t�c�h�.� �F�o�r�m�a�l�d�e�h�y�d�e� 

�(�H�,�C�=�O�)�,� �a�c�e�t�a�l�d�e�h�y�d�e� �(�C�H�,�C�H�=�O�)�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �(�(�C�H�3�)�,�N�C�H�,�C�H�=�O�)�,� �m�e�t�h�y�l� 

�e�t�h�y�l� �k�e�t�o�n�e� �(�(�C�H�;�)�(�C�H�3�;�C�H�,�)�C�=�O�)�,� �a�c�e�t�o�n�e� �(�(�C�H�3�)�,�C�=�O�)�,� �a�n�d� �d�i�e�t�h�y�l� �k�e�t�o�n�e� 

�(�C�H�,�C�H�,�)�,�C�=�O�)� �a�r�e� �p�o�s�s�i�b�l�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� �a�l�c�o�h�o�l�.� �S�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �o�f� �a�l�l� 

�e�x�c�e�p�t� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�r�e� �a�v�a�i�l�a�b�l�e�.� �C�o�n�s�u�l�t�a�t�i�o�n� �o�f� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� 

�c�a�r�b�o�n�y�]� �s�t�r�e�t�c�h�e�s� �i�n� �a�l�l� �o�f� �t�h�e� �s�t�a�n�d�a�r�d�s� �a�r�e� �n�e�a�r� �1�7�5�0� �c�m ��}�.� �H�o�w�e�v�e�r�,� �o�t�h�e�r� �p�e�a�k�s� �b�e�t�w�e�e�n� 

�1�0�0�0� �c�m�?�!� �a�n�d� �2�0�0�0� �c�m!"� �i�n� �t�h�e� �s�t�a�n�d�a�r�d� �s�p�e�c�t�r�a� �a�r�e� �n�o�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �p�r�o�d�u�c�t� 

�s�p�e�c�t�r�u�m�.� �E�v�i�d�e�n�c�e� �i�s� �m�o�s�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l� �a�s� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� 

�p�r�o�d�u�c�t�.� �T�h�i�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �i�n� �C�h�a�p�t�e�r� �3�.� 

�N�o�t�e� �t�h�a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �p�r�o�d�u�c�t�s� �o�f� �d�e�c�o�m�p�o�s�i�t�i�o�n� �a�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �s�e�e�n� 

�f�o�r� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�,� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �3�.� �T�h�e�r�e� �i�s� �n�o� 

�e�v�i�d�e�n�c�e� �f�o�r� �p�h�o�t�o�l�y�t�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l�.� 

�4�.�3�.�2� �A�t�t�e�m�p�t�e�d� �P�h�o�t�o�a�s�s�i�s�t�e�d� �D�e�p�o�s�i�t�i�o�n� �a�t� �1�5�0�°�C� 

�I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �U�V� �l�i�g�h�t� �w�o�u�l�d� �i�n�i�t�i�a�t�e� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�o�s�i�t�i�o�n�,� 

�s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �f�r�o�m� �1�0�0�°�C� �t�o� �1�4�0�°�C� �w�e�r�e� �t�e�s�t�e�d� �a�t� �i�n�t�e�r�v�a�l�s� �o�f� �1�0�°�C� �u�n�d�e�r� �t�h�e� �U�V� 

�l�a�m�p�.� �U�n�f�i�l�t�e�r�e�d� �l�i�g�h�t� �w�a�s� �t�e�s�t�e�d� �f�i�r�s�t� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �c�h�a�n�c�e� �o�f� �s�u�c�c�e�s�s�.� �N�o� �d�e�p�o�s�i�t�i�o�n� 

�o�c�c�u�r�s� �a�t� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �1�5�0�°�C�,� �t�h�e� �o�n�s�e�t� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n�.� 

�U�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t� �a�t� �i�n�t�e�n�s�i�t�i�e�s� �o�b�t�a�i�n�a�b�l�e� �f�r�o�m� �t�h�e� �l�a�m�p� �d�o�e�s� �n�o�t� �i�n�i�t�i�a�t�e� �f�i�l�m� �g�r�o�w�t�h� �b�e�l�o�w� 

�t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�,� �e�i�t�h�e�r� �b�y� �d�i�r�e�c�t� �p�h�o�t�o�l�y�s�i�s� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �o�r� �b�y� �l�o�c�a�l� 

�h�e�a�t�i�n�g� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �s�u�r�f�a�c�e�.� 
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�D�e�p�o�s�i�t�i�o�n� �a�t� �1�5�0�  �� �1�5�5�°�C� �u�n�d�e�r� �U�V� �l�i�g�h�t� �r�e�s�u�l�t�s� �i�n� �t�r�a�n�s�l�u�c�e�n�t�,� �n�o�n�c�o�n�d�u�c�t�i�v�e� 

�y�e�l�l�o�w� �f�i�l�m�s�.� �A�u�g�e�r� �a�n�a�l�y�s�i�s� �s�h�o�w�s� �t�h�e� �f�i�l�m�s� �t�o� �c�o�n�t�a�i�n� �c�o�p�p�e�r� �a�n�d� �t�o� �b�e� �v�e�r�y� �t�h�i�n�.� �T�h�e� 

�t�i�t�a�n�i�u�m� �s�i�g�n�a�l� �f�r�o�m� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �a�f�t�e�r� �s�h�o�r�t� �i�o�n� �b�o�m�b�a�r�d�m�e�n�t�.� �N�o� �r�e�g�i�o�n� 

�i�n� �t�h�e� �d�e�p�t�h� �p�r�o�f�i�l�e�s� �i�s� �i�d�e�n�t�i�f�i�a�b�l�e� �a�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �b�u�l�k� �f�i�l�m�,� �s�o� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �o�f� �t�h�e� �a�s�-�d�e�p�o�s�i�t�e�d� �f�i�l�m�s�.� �A�u�g�e�r� �s�p�e�c�t�r�o�s�c�o�p�y� �s�h�o�w�s� �n�o� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e�s�e� �f�i�l�m�s� �a�n�d� �t�h�o�s�e� �d�e�p�o�s�i�t�e�d� �w�i�t�h�o�u�t� �U�V� �l�i�g�h�t�.� �U�V� �a�b�s�o�r�p�t�i�o�n� �b�y� �t�h�e� 

�f�i�l�m� �d�i�d� �n�o�t� �r�e�s�u�l�t� �i�n� �s�u�f�f�i�c�i�e�n�t� �h�e�a�t�i�n�g� �o�f� �t�h�e� �s�u�r�f�a�c�e� �t�o� �a�l�l�o�w� �f�i�l�m� �g�r�o�w�t�h� �t�o� �c�o�n�t�i�n�u�e�.� 

�I�R� �s�p�e�c�t�r�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �s�h�o�w� �a� �m�i�x�t�u�r�e� �o�f� �t�h�e� �a�l�k�o�x�i�d�e�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�o�l�,� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�a�l�.� �(�T�h�e� �a�l�k�o�x�i�d�e� �a�n�d� �t�h�e� �a�l�c�o�h�o�l� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �b�y� 

�c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �v�a�p�o�r� �p�h�a�s�e� �s�p�e�c�t�r�a� �o�f� �t�h�e� �p�u�r�e� �c�o�m�p�o�u�n�d�s� �w�h�i�c�h� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �p�r�e�v�i�o�u�s�l�y�.� 

�I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �a�l�d�e�h�y�d�e� �i�s� �i�n�d�i�r�e�c�t�,� �b�u�t� �c�o�n�v�i�n�c�i�n�g�.� �A� �c�o�m�p�l�e�t�e� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� 

�a�l�d�e�h�y�d�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �m�a�y� �b�e� �f�o�u�n�d� �i�n� �C�h�a�p�t�e�r� �3�.�)� �I�n� �a�l�l� �r�e�s�p�e�c�t�s�,� �t�h�e�s�e� �I�R� �s�p�e�c�t�r�a� �a�r�e� 

�i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �f�r�o�m� �t�h�o�s�e� �t�a�k�e�n� �d�u�r�i�n�g� �d�e�p�o�s�i�t�i�o�n� �a�t� �1�5�0�°�C� �w�i�t�h�o�u�t� �U�V� �e�x�p�o�s�u�r�e�.� 

�U�n�f�i�l�t�e�r�e�d� �U�V� �i�r�r�a�d�i�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �f�o�r� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� 

�c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�t� �1�5�0�°�C�.� �I�n� �l�i�g�h�t� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �f�i�l�t�e�r�e�d� �U�V� �r�a�d�i�a�t�i�o�n� �w�a�s� 

�n�o�t� �t�e�s�t�e�d�.� 

�4�.�3�.�3� �A�t�t�e�m�p�t�e�d� �P�h�o�t�o�a�s�s�i�s�t�e�d� �D�e�p�o�s�i�t�i�o�n� �a�t� �2�0�0�°�C� 

�I�n�f�r�a�r�e�d�,� �A�u�g�e�r�,� �a�n�d� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�i�e�s� �i�n�d�i�c�a�t�e� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �w�h�e�n� �u�n�f�i�l�t�e�r�e�d� �U�V� �l�i�g�h�t� �o�r� �5�9�4�6�0�-�f�i�l�t�e�r�e�d� �(�e�n�e�r�g�i�e�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� 

�b�a�n�d� �g�a�p� �p�a�s�s�)� �U�V� �l�i�g�h�t� �i�s� �i�n�t�r�o�d�u�c�e�d� �t�o� �d�e�p�o�s�i�t�i�o�n� �a�t� �2�0�0�°�C�.� �D�e�p�o�s�i�t�e�d� �f�i�l�m�s� �a�r�e� �r�e�d�,� 

�o�p�a�q�u�e�,� �a�n�d� �c�o�n�d�u�c�t�i�v�e�,� �a�n�d� �c�o�n�s�i�s�t� �o�f� �p�u�r�e� �c�o�p�p�e�r� �m�e�t�a�l�.� �T�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� 

�i�d�e�n�t�i�f�i�e�d� �b�y� �I�R� �a�r�e� �t�h�e� �a�l�c�o�h�o�l� �a�n�d� �a�l�d�e�h�y�d�e�,� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�l� �a�n�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�a�l�.� �P�r�o�t�o�n� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �a�n�a�l�y�s�i�s� �o�f� �s�p�e�c�i�e�s� �t�r�a�p�p�e�d� �b�y� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� 

�f�r�o�m� �t�h�e� �r�e�a�c�t�o�r� �o�u�t�l�e�t� �g�a�s� �s�h�o�w�e�d� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�a�n�o�!� �a�s� �t�h�e� �o�n�l�y� �i�d�e�n�t�i�f�i�a�b�l�e� �s�p�e�c�i�e�s�.� 

�T�h�e� �s�a�m�e� �r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�u�g�e�r�,� �X�P�S�,� �I�R�,� �a�n�d� �N�M�R� �a�n�a�l�y�s�i�s� �f�o�r� �d�e�p�o�s�i�t�i�o�n� �a�t� 

�2�0�0�  �� �2�1�0�°�C� �w�i�t�h�o�u�t� �U�V� �l�i�g�h�t�.� 

�T�h�e�r�e� �w�a�s� �o�n�l�y� �o�n�e� �o�b�s�e�r�v�a�b�l�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �f�i�l�m�s� �g�r�o�w�n� �w�i�t�h� �U�V� �l�i�g�h�t� �a�n�d� 

�f�i�l�m�s� �g�r�o�w�n� �w�i�t�h�o�u�t� �a�t� �2�0�0�°�C�.� �A�f�t�e�r� �t�h�r�e�e� �d�a�y�s� �i�n� �l�a�b�o�r�a�t�o�r�y� �a�i�r�,� �f�i�l�m�s� �d�e�p�o�s�i�t�e�d� �i�n� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �U�V� �r�a�d�i�a�t�i�o�n� �t�u�r�n� �b�l�a�c�k�.� �F�i�l�m�s� �d�e�p�o�s�i�t�e�d� �w�i�t�h�o�u�t� �U�V� �l�i�g�h�t� �d�a�r�k�e�n� �a�s� �w�e�l�l�,� �b�u�t� 

�1�0�0



�a�r�e� �s�t�i�l�l� �n�o�t�i�c�e�a�b�l�y� �r�e�d� �a�f�t�e�r� �t�h�r�e�e� �w�e�e�k�s�.� �S�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �o�f� �a� �f�i�l�m� �g�r�o�w�n� �u�n�d�e�r� 

�5�9�4�6�0�-�f�i�l�t�e�r�e�d� �U�V� �l�i�g�h�t� �s�h�o�w�s� �n�u�m�e�r�o�u�s� �t�h�i�n� �n�e�e�d�l�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �s�p�h�e�r�o�i�d� �g�r�a�i�n�s� �s�e�e�n� 

�p�r�e�v�i�o�u�s�l�y� �f�o�r� �p�u�r�e� �t�h�e�r�m�a�l� �d�e�p�o�s�i�t�i�o�n� �a�t� �2�0�0�°�C�.� �T�h�i�s� �c�h�a�n�g�e� �i�n� �m�o�r�p�h�o�l�o�g�y� �i�n�d�i�c�a�t�e�s� �a� �l�e�s�s� 

�d�e�n�s�e� �f�i�l�m�,� �w�h�i�c�h� �f�a�c�i�l�i�t�a�t�e�s� �o�x�i�d�a�t�i�o�n�.� 

�T�h�e�r�e� �m�a�y� �b�e� �s�o�m�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �s�w�i�f�t� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e�s�e� �f�i�l�m�s� �a�n�d� 

�s�t�u�d�i�e�s� �o�f� �p�h�o�t�o�r�e�d�u�c�t�i�o�n� �o�f� �m�e�t�a�l� �o�x�i�d�e�s� �b�y� �F�l�e�i�s�c�h� �a�n�d� �M�a�i�n�s� �[�4�]�.� �F�l�e�i�s�c�h� �a�n�d� �M�a�i�n�s� �f�o�u�n�d� 

�t�h�a�t� �m�e�t�a�l� �o�x�i�d�e�s� �c�o�u�l�d� �b�e� �r�e�d�u�c�e�d� �b�y� �U�V� �p�h�o�t�o�n�s� �o�f� �e�n�e�r�g�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �m�e�t�a�l� �o�x�i�d�e� 

�b�a�n�d� �g�a�p�.� �T�h�e� �r�e�d�u�c�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �e�x�t�r�e�m�e�l�y� �v�u�l�n�e�r�a�b�l�e� �t�o� �r�e�o�x�i�d�a�t�i�o�n�.� �S�a�m�p�l�e�s� �o�f� 

�p�a�l�l�a�d�i�u�m� �a�n�d� �p�l�a�t�i�n�u�m� �m�a�d�e� �b�y� �p�h�o�t�o�r�e�d�u�c�t�i�o�n� �f�r�o�m� �t�h�e� �o�x�i�d�e�s�,� �m�e�t�a�l�s� �w�h�i�c�h� �n�o�r�m�a�l�l�y� �d�o� 

�n�o�t� �o�x�i�d�i�z�e� �u�n�d�e�r� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s�,� �o�x�i�d�i�z�e�d� �s�w�i�f�t�l�y� �i�n� �l�a�b�o�r�a�t�o�r�y� �a�i�r�.� 

�A�l�t�h�o�u�g�h� �o�n�l�y� �o�n�e� �f�i�l�m� �w�a�s� �v�i�e�w�e�d� �b�y� �S�E�M�,� �a�l�l� �o�f� �t�h�e� �f�i�l�m�s� �g�r�o�w�n� �u�n�d�e�r� �U�V� �l�i�g�h�t� �a�t� 

�2�0�0�°�C� �o�x�i�d�i�z�e�d� �s�w�i�f�t�l�y�.� �T�h�e� �p�h�e�n�o�m�e�n�o�n� �o�f� �l�o�w� �f�i�l�m� �d�e�n�s�i�t�y� �i�s� �p�r�o�b�a�b�l�y� �g�e�n�e�r�a�l�,� �a�l�t�h�o�u�g�h� �n�o� 

�e�f�f�o�r�t� �a�t� �s�y�s�t�e�m�a�t�i�c� �s�t�u�d�y� �w�a�s� �m�a�d�e�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �p�r�o�j�e�c�t� �i�s� �t�o� �s�t�u�d�y� �d�e�p�o�s�i�t�i�o�n� 

�c�h�e�m�i�s�t�r�y�,� �a�n�d� �d�e�p�o�s�i�t�i�o�n� �u�n�d�e�r� �U�V� �r�a�d�i�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�b�t�a�i�n�a�b�l�e� �f�r�o�m� �t�h�e� �a�v�a�i�l�a�b�l�e� 

�l�a�m�p� �o�f�f�e�r�e�d� �n�o� �u�n�i�q�u�e� �c�h�e�m�i�s�t�r�y� �f�o�r� �s�t�u�d�y�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �p�h�e�n�o�m�e�n�o�n� �i�s� �o�f�f�e�r�e�d� �o�n�l�y� �a�s� �a�n� 

�o�b�s�e�r�v�a�t�i�o�n�.� 

�4�.�3�.�4� �P�o�s�s�i�b�l�e� �C�a�u�s�e�s� �o�f� �F�a�i�l�u�r�e� �o�f� �P�h�o�t�o�a�s�s�i�s�t�e�d� �D�e�p�o�s�i�t�i�o�n� 

�U�V� �r�a�d�i�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�b�t�a�i�n�a�b�l�e� �f�r�o�m� �t�h�e� �l�a�m�p� �o�r� �f�r�o�m� �t�h�e� �n�i�t�r�o�g�e�n� �l�i�n�e�s� �o�f� 

�t�h�e� �l�a�s�e�r� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �a�s� �e�x�p�e�c�t�e�d�.� �U�V� 

�r�a�d�i�a�t�i�o�n� �f�r�o�m� �t�h�e� �l�a�m�p� �o�r� �t�h�e� �l�a�s�e�r� �d�o�e�s� �n�o�t� �l�o�w�e�r� �t�h�e� �m�i�n�i�m�u�m� �d�e�p�o�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�r� 

�c�h�a�n�g�e� �t�h�e� �a�p�p�a�r�e�n�t� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e�.� �T�h�e�r�e� �a�r�e� �t�h�r�e�e� 

�p�o�s�s�i�b�l�e� �r�e�a�s�o�n�s� �f�o�r� �t�h�i�s�:� �(�1�)� �t�h�e� �p�r�e�c�u�r�s�o�r� �i�s� �n�o�t� �p�h�o�t�o�s�e�n�s�i�t�i�v�e�,� �(�2�)� �a� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� �i�s� 

�r�e�q�u�i�r�e�d�,� �o�r� �(�3�)� �t�h�e� �l�i�g�h�t� �s�o�u�r�c�e� �h�a�s� �i�n�s�u�f�f�i�c�i�e�n�t� �p�o�w�e�r�.� 

�C�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �d�o�e�s� �a�b�s�o�r�b� �U�V� �l�i�g�h�t� �n�e�a�r� �3�8�8� �n�m�.� �T�h�i�s� �a�b�s�o�r�p�t�i�o�n� 

�i�s� �p�r�o�b�a�b�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �m�e�t�a�l ��o�x�y�g�e�n� �b�o�n�d�,� �b�e�c�a�u�s�e� �d�i�m�e�t�h�y�l�a�m�i�n�o�-� 

�e�t�h�a�n�o�l� �d�o�e�s� �n�o�t� �a�b�s�o�r�b� �l�i�g�h�t� �n�e�a�r� �3�8�8� �n�m�.� �H�o�w�e�v�e�r�,� �e�x�c�i�t�e�m�e�n�t� �o�f� �t�h�e�s�e� �e�l�e�c�t�r�o�n�i�c� 

�t�r�a�n�s�i�t�i�o�n�s� �m�a�y� �n�o�t� �l�e�a�d� �t�o� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �m�e�t�a�]�  ��l�i�g�a�n�d� �b�o�n�d�.� �A�b�s�o�r�b�e�d� �e�n�e�r�g�y� �c�a�n� �b�e� 

�r�e�d�i�s�t�r�i�b�u�t�e�d� �q�u�i�c�k�l�y� �i�n� �t�h�e� �m�o�l�e�c�u�l�e� �[�5�]�.� �T�h�e� �e�x�c�i�t�e�d� �e�l�e�c�t�r�o�n�s� �r�e�t�u�r�n� �t�o� �t�h�e� �g�r�o�u�n�d� �s�t�a�t�e�,� 
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�a�n�d� �e�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d� �i�n� �s�o�m�e� �w�a�y� �o�t�h�e�r� �t�h�a�n� �b�o�n�d� �c�l�e�a�v�a�g�e�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �e�n�e�r�g�y� �m�a�y� �b�e� 

�d�i�s�s�i�p�a�t�e�d� �v�i�a� �m�o�l�e�c�u�l�e�  �� �m�o�l�e�c�u�l�e� �a�n�d� �m�o�l�e�c�u�l�e�  �� �w�a�l�l� �c�o�l�l�i�s�i�o�n�s�.� �P�e�r�h�a�p�s� �U�V� �r�a�d�i�a�t�i�o�n� �d�o�e�s� 

�n�o�t� �c�a�u�s�e� �a�n�y� �o�b�s�e�r�v�a�b�l�e� �c�h�a�n�g�e�s� �i�n� �d�e�p�o�s�i�t�i�o�n� �b�e�c�a�u�s�e� �t�h�e� �p�r�e�c�u�r�s�o�r� �i�s� �n�o�t� �p�h�o�t�o�s�e�n�s�i�t�i�v�e�.� 

�S�o�m�e�t�i�m�e�s�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� �e�n�c�o�u�r�a�g�e�s� �p�h�o�t�o�d�e�p�o�s�i�t�i�o�n�.� �J�o�n�e�s� �e�t� �a�l�.� 

�s�h�o�w�e�d� �t�h�i�s� �e�f�f�e�c�t� �w�i�t�h� �c�o�p�p�e�r� �(�I�I�)� �h�e�x�a�f�l�u�o�r�o�a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� �[�6�]�.� �W�i�t�h� �o�n�l�y� �t�h�e� �@�-�d�i�k�e�t�o�n�a�t�e� 

�p�r�e�s�e�n�t�,� �p�h�o�t�o�d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �c�o�p�p�e�r� �h�e�x�a�f�l�u�o�r�o�a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� �r�e�q�u�i�r�e�d� �a� �h�i�g�h� �p�o�w�e�r� �d�e�n�s�i�t�y� 

�U�V� �l�a�s�e�r� �a�n�d� �r�e�s�u�l�t�e�d� �i�n� �f�i�l�m�s� �t�h�a�t� �w�e�r�e� �u�p� �t�o� �9�0� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �c�a�r�b�o�n�.� �I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�e�t�h�a�n�o�l� �v�a�p�o�r�,� �p�h�o�t�o�d�e�p�o�s�i�t�i�o�n� �o�c�c�u�r�r�e�d� �u�n�d�e�r� �a� �m�e�r�c�u�r�y� �v�a�p�o�r� �l�a�m�p� �a�n�d� �r�e�s�u�l�t�e�d� �i�n� �f�i�l�m�s� 

�c�o�n�t�a�i�n�i�n�g� �o�n�l�y� �1�0� �a�t�o�m�i�c� �p�e�r� �c�e�n�t� �c�a�r�b�o�n�.� �T�h�e� �a�u�t�h�o�r�s� �s�u�g�g�e�s�t� �t�h�a�t� �p�h�o�t�o�d�e�p�o�s�i�t�i�o�n� �i�s� 

�e�n�h�a�n�c�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �a�l�c�o�h�o�l�i�c� �p�r�o�t�o�n�,� �w�h�i�c�h� �i�s� �a�b�s�t�r�a�c�t�e�d� �b�y� �t�h�e� 

�§�-�d�i�k�e�t�o�n�a�t�e� �l�i�g�a�n�d� �t�o� �f�o�r�m� �t�h�e� �s�t�a�b�l�e� �£�-�d�i�k�e�t�o�n�e�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �p�h�o�t�o�a�s�s�i�s�t�e�d� 

�d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �m�i�g�h�t� �a�l�s�o� �f�a�i�l� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �r�e�a�c�t�i�v�e� 

�c�o�f�e�e�d�.� 

�H�o�w�e�v�e�r�,� �i�t� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �(�i�n� �C�h�a�p�t�e�r� �3�)� �t�h�a�t� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�-� 

�a�m�i�n�o�e�t�h�o�x�i�d�e� �d�o�e�s� �n�o�t� �r�e�q�u�i�r�e� �a� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� �t�o� �r�e�m�o�v�e� �t�h�e� �a�l�k�o�x�y� �l�i�g�a�n�d�s� �c�l�e�a�n�l�y� �a�n�d� 

�f�o�r�m� �s�t�a�b�l�e� �o�r�g�a�n�i�c� �p�r�o�d�u�c�t�s�.� �T�h�e� �o�x�y�g�e�n� �h�e�t�e�r�o�a�t�o�m� �a�c�t�i�v�a�t�e�s� �C ��H� �b�o�n�d�s� �a� �t�o� �i�t� �f�o�r� 

�8�-�h�y�d�r�i�d�e� �e�l�i�m�i�n�a�t�i�o�n�.� �T�h�e�r�e� �s�h�o�u�l�d� �b�e� �n�o� �n�e�e�d� �f�o�r� �a� �s�e�c�o�n�d� �s�o�u�r�c�e� �o�f� �e�a�s�i�l�y� �a�b�s�t�r�a�c�t�e�d� 

�h�y�d�r�o�g�e�n�s�.� �A� �r�e�a�c�t�i�v�e� �c�o�f�e�e�d� �s�h�o�u�l�d� �n�o�t� �b�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �p�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �o�f� �c�o�p�p�e�r� 

�f�r�o�m� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �t�o� �s�u�c�c�e�e�d�.� 

�P�h�o�t�o�a�s�s�i�s�t�e�d� �d�e�p�o�s�i�t�i�o�n� �m�i�g�h�t� �o�c�c�u�r� �w�i�t�h� �a� �h�i�g�h�e�r� �p�o�w�e�r� �d�e�n�s�i�t�y� �l�i�g�h�t� �s�o�u�r�c�e�.� �T�h�e� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n�i�c� �e�x�c�i�t�a�t�i�o�n�s� �l�e�a�d�i�n�g� �t�o� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �m�e�t�a�l�  ��l�i�g�a�n�d� �b�o�n�d� �m�a�y� �b�e� 

�s�m�a�l�l�.� �T�h�e� �a�b�s�o�r�p�t�i�o�n� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �c�o�p�p�e�r� �d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�o�x�i�d�e� �f�o�r� �p�h�o�t�o�n�s� �w�i�t�h� �w�a�v�e�-� 

�l�e�n�g�t�h�s� �n�e�a�r� �3�8�8� �n�m� �m�a�y� �b�e� �s�m�a�l�l�.� �(�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �U�V� �a�b�s�o�r�b�a�n�c�e� �s�p�e�c�t�r�a� �s�h�o�w�n� �i�n� �t�h�i�s� 

�w�o�r�k� �a�r�e� �n�o�t� �q�u�a�n�t�i�t�a�t�i�v�e�.�)� �I�f� �t�h�e� �n�u�m�b�e�r� �o�f� �a�v�a�i�l�a�b�l�e� �p�h�o�t�o�n�s� �i�s� �a�l�s�o� �s�m�a�l�l�,� �p�h�o�t�o�-� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�r�e�c�u�r�s�o�r� �w�o�u�l�d� �b�e� �a� �v�e�r�y� �r�a�r�e� �o�c�c�u�r�r�e�n�c�e�,� �p�e�r�h�a�p�s� �n�o�t� �o�b�s�e�r�v�a�b�l�e� �o�v�e�r� 

�t�h�e� �t�i�m�e� �f�r�a�m�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� 

�I�n�s�u�f�f�i�c�i�e�n�t� �p�o�w�e�r� �d�e�n�s�i�t�y� �a�l�s�o� �p�r�e�v�e�n�t�s� �l�i�g�h�t� �i�n�d�u�c�e�d� �h�e�a�t�i�n�g� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�,� �a�n�d� 

�t�h�e� �r�e�s�u�l�t�a�n�t� �p�y�r�o�l�y�t�i�c� �d�e�p�o�s�i�t�i�o�n�.� �A�s� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �h�e�a�t�i�n�g� �o�c�c�u�r�s� �w�h�e�n� �e�x�c�e�s�s� 

�p�h�o�t�o�n� �e�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d� �i�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �b�y� �c�r�y�s�t�a�l� �l�a�t�t�i�c�e� �v�i�b�r�a�t�i�o�n�s� �[�7�]�.� �W�i�t�h� �i�n�s�u�f�f�i�c�i�e�n�t� 

�p�h�o�t�o�n�s� �i�n�c�i�d�e�n�t� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e�,� �t�h�i�s� �e�x�c�e�s�s� �e�n�e�r�g�y� �c�a�n� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g�s� �a�t� 
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