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    We are constantly barraged with scientific publications and news media regarding issues pertaining to our health in regard to prevention and cures, product defects, food benefits and dangers, renewable energy, fossil fuels, global warming, climate change, and other concerns. The contradictions and reversals in opinions on many of these subjects make us question where the truth lies. This book is an unbiased overview and synopsis of the benefits and detriments of oxygen culminating from more than 56 years of theoretical and laboratory research by the author.




    As delineated in the title of this book, the effects of oxygen in its multiple forms and compounds can be a benefit or detriment to our way of life especially to our health and to the world as we know it. These are important but very complex topics. In fact, even though the oxygen element was isolated and discovered in or around 1774 it will be obvious after reading this book that our understanding of the influence of this element has made great strides but in reality, we have only uncovered the tip of the iceberg for what lies before us in the future.




    Mastering a subject or concept throughout decades of one’s professional career is one thing but taking the time and then having the patience and ability to assimilate and record the obtained wisdom and experience in a clear and concise document that contains details that can be read and understood by an outsider to the particular field is a totally different matter. This book provides such readily understandable sections for readers who are looking for information to initiate research on a particular issue that may be related to or affected by oxygen. But, just as important, the book also contains historical facts, theoretical and experimental scientific data, and detailed explanations with illustrations for a reader more experienced with chemistry, physics and/or biology who is seeking an in depth understanding in order to formulate his or her own opinions and conclusions regarding the benefits, detriments, and/or dangers associated with oxygen as related to a specific topic of interest.




    For myself as one with a limited background in chemistry and biology obtained from college level freshman courses, it was refreshing to read an unbiased informative comprehensive treatise on what the scientific and medical communities have learned about oxygen up to this time in history. I believe anyone seeking knowledge on any of the many topics associated with oxygen will agree that this is a very comprehensive and well written book. So, read, enjoy, and become informed.
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      David A. Hullender


      The University of Texas at Arlington


      Texas


      United States
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    The facts of science are published daily in a bewildering flurry of information that arrives in scientific papers and is immediately summarized (often incorrectly) by the press and on the internet. This book was written with a broader view: to try to make sense of what we know, or think we know, and from my desire to understand and explain things. As a scientist through most of six decades, it has been a great pleasure to teach students at all college levels and my interests include microbiology, biochemistry, molecular biology, toxicology, and the history of science.




    The specific focus of my research is oxygen and its role in health and disease. This includes oxygen free radicals, cellular defenses against the toxicity of oxygen, and the central role of oxygen in cellular metabolism. Oxygen’s dual nature was referred to as oxygen’s boon and bane by a colleague, Irwin Fridovich, and I have chosen these apt words in the title of this book. Contributions from my laboratory include: evidence that specific enzymes, but not enzymes in general, are sites of oxygen toxicity, and with Richard Seither, while a student, the discovery that hyperoxia induces genetic stringency in microbes. Stringency stops grown and metabolism and protects cells from damage.




    I began laboratory research in the 1960s, an exciting time for scientists because of NASA and the stated objective by President John F. Kennedy to “Go to the moon and do it in this decade”. The US Space Program chose pure oxygen at low pressure for manned space flight. The Russian Space Program used larger rockets and chose a two-gas system of nitrogen and oxygen at atmospheric pressure because of the toxicity and fire hazard of pure oxygen. NASA’s choice ultimately led to a tragic fire on the ground in a test capsule filled with low-pressure, pure oxygen and caused the death of three Apollo 1 astronauts in 1967. My research on the mechanisms of oxygen toxicity was relevant to NASA’s Space Program and also to the Office of Naval Research where the toxicity of oxygen was a concern for deep sea diving.




    This eBook was written to bring together in a popular science version, while remaining true to science, the many and varied aspects of oxygen, without which we cannot live for more than a few minutes, but which is lethal at concentration only a few times that found in the ordinary air we breathe.




    

      Olen R. Brown


      The University of Missouri


      Columbia- MO


      United States
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      Abstract




      Oxygen is the 3rd most abundant element in the known universe. Only hydrogen and helium, in that order, are more abundant. The big bang theory of creation asserts that all the elemental oxygen on earth was created late in the life of a dying star. On earth, oxygen is the most abundant element in the lithosphere (land), hydrosphere (water), and atmosphere (air). More precisely, the lithosphere is all the crust or solid, upper portions of the Earth; the hydrosphere includes all the rivers, lakes, seas, and oceans; and the atmosphere is the gas-filled space above and near the earth. Atomic oxygen is chemically and biologically reactive and primarily exists as molecular oxygen (O2, two like atoms combined), or in combination with certain elements (primarily metals). Oxygen forms reactive intermediates and free radicals including peroxide, superoxide and hydroxyl radical. The latter is said to be the most reactive species known in chemistry. Oxygen has a unique arrangement of electrons that is conducive to one-electron transfer reactions that can produce oxygen free radicals and cause biological oxidant stress. However, oxygen is especially suited to serve as the terminal acceptor of electrons in the biological process of electron transfer that is linked via coupled reactions to oxidative phosphorylation that creates adenosine triphosphate (ATP), the universal storage and transfer form of energy for all aerobic life on earth.
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      INTRODUCTION




      Oxygen is like Goldilocks’ porridge, chair and bed in the children’s story The Three Bears: oxygen is “just right”; just right for life.




      By analogy with Goldilocks’ porridge (neither too hot nor too cold), oxygen for living systems is neither too reactive nor to inert; its chemical and biological reactivity is just right. Oxygen has many roles in cells. It must oxidize (burn in a controlled way) the food in our bodies to release energy in a manner that does not consume us. Energy must be stored in a transferable, accessible form and adenosine triphosphate (ATP) performs this function uniquely for growth, repair, moving, and thinking. ATP’s stored energy, made possible by biological reactions involving oxygen, is just right. It is somewhat like the dynamite discovered by Alfred Nobel that so tamed the energy of gunpowder that it literally could move mountains but was safe enough for untrained men to handle because it required a lighted fuse to detonate. Oxygen has just the “right stuff” to snatch electrons from chemicals like the sugar glucose. Glucose is derived metabolically in cells by enzymes and is made abundantly by plants with energy ultimately derived from the light of the Sun, a nuclear furnace that is just the right distance away to be safe (93 million miles). Thus, it is a property of electrons of oxygen (mystically having both particle and wave-like properties) that undergirds an exquisite system that efficiently stores energy in ATP that is transported for use everywhere in our bodies.




      By further analogy with Goldilocks’ chair and bed (just the right size for sitting and softness for sleeping), oxygen is correct in size and electronic structure to readily diffuse into cells and fit energetically into complex metabolic schemes as substrate, intermediate, and product that are easily inspired, reacted, and excreted. A gaseous element, it can freely diffuse in the atmosphere where it maintains a near constant concentration of approximately 21%. It can diffuse from air in the lungs into red blood cells, requiring only hemoglobin and a few regulatory molecules to serve as subway trains and ticket conductors. Oxygen thus has free entry into cells and it requires no special passport to cross their membrane borders, partly because of its small size. Once inside cells, oxygen freely diffuses around the cytoplasm and into organelles called mitochondria. Mitochondria work like factories to make ATP, which functions like charged batteries to do work everywhere in the cell. Oxygen participates in biosynthesis and in oxidation-reduction reactions and combines with carbon to form carbon dioxide that is readily excreted at low cost in energy. To paraphrase Descartes: “I have ATP, therefore I am”.




      Each molecule of atmospheric oxygen has two atoms of oxygen. Oxygen forms various structural components in cells and important metabolic intermediates with many different functions and many different oxygen contents. For example, each molecule of ATP has 13 atoms of oxygen. Whenever oxygen burns an organic substance, whether in a forest fire, a log in your fireplace, or in the mitochondria within cells of your body, the process is vastly different, but the primary end products are simple molecules of water and carbon dioxide. They are non-toxic (safe) wastes and are easily disposed of by diffusion out of cells and into the lungs where they are exhaled with minimal expenditure of energy. Water, by mass, is approximately 89% oxygen; carbon dioxide is approximately 73% oxygen; and the entire human body is approximately 65% oxygen. This near universal presence of oxygen throughout the biochemistry of cells is further, strong evidence for the essential nature of oxygen for life. In the form of water, oxygen is considered almost universally to be the signature of life by searchers who hope to discover life on other planets. To further paraphrase Descartes: “I have oxygen, therefore I am”.


    




    

      OXYGEN IN THE UNIVERSE




      To continue our journey toward an understanding of the role of oxygen in Nature, it will be helpful to start at the beginning, or what many scientists now believe to be the beginning.1 The dominant, current theory in astrophysics about the origin of the universe is the “big bang”. The term big bang was coined by Sir Fred Hoyle [1] as a perhaps derisive term (he later denied it was meant to be derisive) for the event that is generally claimed in science to be the origin of the Universe.2 An origin for the Universe implies an Originator and some preferred the idea that the Universe had always existed.




      Hoyle, about 70 years ago, disagreed with the theory that the universe had a beginning. Indeed, even today, based on recent discoveries widely reported in the popular press, the big bang may not be a valid description to account for the origin of everything. Nonetheless, the big bang theory has led to an enormous body of research and theory that proposes that everything in the Universe resulted from the expansion of an almost indescribably small, hot, dense source (some say nothing). This resulted in the formation of all the fundamental quarks, protons, neutrons and electrons, and later also formed a portion of the lightest elements, primarily hydrogen and helium. Hoyle [2] also wrote the first papers describing stellar nucleosynthesis of the elements heavier than helium. Hoyle became popular but often stated controversial opinions on various topics in astronomy. He never won the Nobel Prize which many felt he deserved. A co-researcher, William Alfred Fowler who won a share in the Nobel Prize for Physics in 1983, bluntly stated that Hoyle was deserving also [3]. Indeed, the grand concept of nucleosynthesis in stars was first definitively established by Hoyle in 1946 and remains the most accepted, basic understanding of the mechanism for how oxygen came to be. Fowler’s acknowledgement to Hoyle is best credited by citing from Fowler’s published work [3]:




      

        “After Whaling's confirmation of Hoyle's ideas I became a believer and in 1954/1955 spent a sabbatical year in Cambridge, England, as a Fulbright Scholar in order to work with Hoyle. There Geoffrey and Margaret Burbidge joined us. In 1956 the Burbidges and Hoyle came to Kellogg and in 1957 our joint efforts culminated in the publication of ‘Synthesis of the Elements in Stars’ in which we showed that all of the elements from carbon to uranium could be produced by nuclear processes in stars starting with the hydrogen and helium produced in the big bang.”


      




      Hoyle also wrote popular science and science fiction books. During WWII he helped to develop countermeasures against radar-guided guns, like those of the German battleship the Graf Spree [4]. In astronomy, Hoyle favored the hypothesis that the origin of life on Earth was by panspermia, the thesis that life came to earth via comets or by other means after originating on other worlds. His strongly held controversial views about the origin of life led him to make statements critical of evolution [5]. It is my personal opinion that his critical views about elements of the evolutionary doctrine contributed strongly to his omission for the Nobel Prize award which I believe he clearly deserved. A few excerpts on this topic, quoted from Hoyle’s paper published in 1981 [5] suffice:




      

        “The big problem in biology, as I see it, is to understand the origin of the information carried by the explicit structures of biomolecules… then let evolution in some chemical environment cause the simple enzymes to change gradually into complex ones we have today. The deceit comes from omitting to explain what is in the environment that causes such an evolution… Wasn’t it even more ridiculous to suppose that the vastly more complicated system of biology had been obtained by throwing chemicals at random into a wildly chaotic astronomical stewpot? Would you not say to yourself… Some super calculating intellect must have designed the properties of the carbon atom, otherwise the chance of my finding such an atom through the blind forces of nature would be utterly miniscule.”


      




      The big bang and subsequent nucleosynthesis in stars has been described elegantly, and far more completely than my brief account here, by Lawrence Krauss in a fascinating book [6]. Krauss and many others have written that the big bang took several minutes to form any elements heavier than hydrogen. Oxygen, however, was not created until stars were formed and it is the second most abundant product formed by fusion reactions (helium is the most abundant). Indeed, oxygen, based on analysis and conclusions of many physicists, was not formed in the universe until stars, somewhat more massive than our Sun were born, burned their store of hydrogen, grew old, and in their later stages created oxygen and heavier elements. The eventual explosion of a dying star of this type scattered all the elements (as “stardust” into the surrounding space), including oxygen that were synthesized in the furnace of nuclear reactions in the star. Current physics dictates that these elements were the building blocks of our solar system including the earth and all that it contains. Many have expressed the thought-provoking idea that a star had to die for us to be born.




      Thus, all of the atomic oxygen and other stable, more massive elements that are present on earth today, theoretically, were produced by a dying star that exploded before the Earth was formed. Molecular oxygen (diatomic oxygen, O2, I shall use the terms interchangeably) is created and destroyed by chemical processes. It is created by photosynthesis of green plants and certain other life forms (primarily phytoplankton). The air we breathe today contains about 20.9% oxygen. Indeed, it is a general principle, agreed to in physics, astronomy and chemistry that chemical and biochemical processes do not create more elemental oxygen but can add and subtract oxygen by combining and releasing both elemental oxygen and molecular oxygen. Based on estimates of global rates of photosynthesis, and turn-over rates, an amount of oxygen equal to all of Earth’s global atmospheric oxygen today could have been generated within the last 2,000 years [7]. Atomic oxygen is quite reactive chemically and it rapidly combines with itself to form O2 or combines with (oxidizes) other substances. Thus, geochemists and atmospheric scientists conclude that oxygen exists in the lithosphere primarily combined as silicates; in the hydrosphere combined with hydrogen as water; and in the atmosphere combined with itself as molecular oxygen [8].




      

        Nucleosynthesis of Light Elements




        Astrophysics teaches that temperatures in the first microseconds after the big bang were too high for atoms to exist. Indeed, the predominant theory concludes that in its earliest moments the Universe was mostly radiation (a form of energy). Subsequently with cooling and expansion (very rapid expansion, known as “inflation” is essential for the theory) of the universe, the light elements hydrogen and helium formed and the elements deuterium, lithium and perhaps traces of beryllium were created by fusion reactions as described by Claus Grupen [9].




        The subject of “inflation” of the Universe has recently made news with the awarding of the Kavli Prize in Astrophysics “for work in developing the theory of cosmic inflation, the theory that explains the origin and structure of the universe”, as announced in a report from Stanford University on May 28, 2014 [10]. The prize was shared with Alan Guth at MIT, and Alexei Starlbinsky, Cosmologist at the Landau Institute for Theoretical Physics at the Russian Academy of Sciences. The report also says that researchers including Chao-Lin Kuo, also of Stanford, had announced support for the theory with the (at the time, unconfirmed) detection of gravity waves that would have been created in the first moments of the formation of the universe [11]. Paul Halpern [1] recently has written eloquently about this discovery including the insight that the big bang needs to have two parts (events): the singularity (traditional big bang) and the inflation with the release of a huge amount of energy that was converted into “a deluge” of particles that formed the matter of the universe. This would have included the basic particles used in the creation of oxygen.




        I will omit the details, necessary for a more complete understanding of origins, in favor of a briefer treatment that is helpful in perceiving theoretically how oxygen came to be. The process of expansion and cooling of the universe predicts that at a particular temperature about 30,000 years after the big bang (properly called a singularity), the universe was sufficiently cooled and electrons, protons, and neutrons could form stable atoms [12]. Photons of light were set free and could travel through the now transparent universe: “let there be light”. Thus, the theory explains the formation of the simplest elements beginning about 30,000 years after the singularity that was the big bang. None of this, of course, is original thought by me but is generally accepted and usually expressed in similar ways by scientists since the late 1940s.


      




      

        Oxygen, Theoretically, Was Created in Stars




        Accepted theory says that stellar nucleosynthesis created oxygen by physical not chemical processes. Stars, including our Sun, are described to have life cycles; they are said to be “born, grow old, and die”. Stars similar to our Sun are relatively young and are composed primarily of hydrogen which they fuse in nuclear reactions to make helium. Toward the end of their life cycles, some stars above a certain mass range, begin to run out of hydrogen, but continue fusion reactions to form heavier and heavier elements. A good source for this type of information is Donald Clayton’s book: Principles of Stellar Evolution and Nucleosynthesis [13]. Von Baeyer also has written elegantly about this process and he recounts that it has been calculated that at least one atom of elemental oxygen that was in the last breath exhaled by an historical figure 2,000 years or so ago is present in each breath you take today [14]. Von Baeyer attributes this calculation to Enrico Fermi (1901-1954), credited as being “the father of the atomic bomb”, who was noted for his “Fermi solutions”. These calculations were amazingly accurate but were based on intelligent, logical estimates from very simple starting information. Von Baer [14] recounts that in one such estimate, Fermi mentally calculated (based on his estimation of the effect on the movement of paper he released from his hand into the air gust resulting from the Trinity Test) that the first atomic bomb was equivalent to 10 megatons of TNT. The blast was eventually calculated to be about twice Fermi’s estimate, a verification of his simple, quick estimate3.




        This fact that there are oxygen atoms (as parts of diatomic oxygen molecules in each breath we take) that likely were in the lungs of a historical person who lived approximately 2,000 or more years ago informs us about oxygen’s: small size, enormous abundance, stability, permanence and rapid mixing throughout the atmosphere. Note that I refer to elemental oxygen not the molecule dioxygen which may acquire elemental oxygen from many sources in 2,000 years.




        Let us make a calculation, using Von Baer’s procedures [14] and some generally-accepted data. Let us estimate the likelihood that an atom of oxygen that was exhaled in the last breath of Christ will be present in the next breath you take. Several generally-accepted assumptions and approximations are required: complete mixing of molecular oxygen– which is reasonable because of the time of approximately 2,000 years and the nature of the gaseous atmosphere; the permanence of oxygen atoms– oxygen atoms are the same atoms since cosmological creation because no new atoms have been created or destroyed; a constant concentration of oxygen in the atmosphere of approximately 21%; the same volume for Christ’s last breath and your breath (assume 1 liter); and 1.777 x 1020 moles of atmospheric air– a total of approximately 1x1044 (100,000,000,000,000,000,000,000,000,000,000,000,000,000,000) air molecules. Oxygen atoms are permanent; oxygen molecules are not because they exchange atoms of oxygen. The calculation is: 2.836 atoms of oxygen present in Christ’s last breath will be in the next breath you take. For a different breath volume use the equation: atoms oxygen in 1 breath = 2.836 L2 (breath volume).




        In this brief overview of the origin of atoms, particularly focused on oxygen, the generally-accepted information from many sources has been summarized as a basis for better understanding of oxygen’s roles in chemistry and biology. Knowledge and theories of origins currently are expanding and details will change or perhaps even require extensive revisions. However, the information as currently known and required to understand the basic chemistry and biology of oxygen likely will remain in place. Life requires an intricate and unique set of very special attributes, attributes designed into all matter and energy. An alternative, favored by many, is that the design is only apparent, not real. These are very similar ideas except for interpretation. The lesson to be learned shouts out the smallness, abundance, permanence and uniqueness of the element oxygen.


      




      

        Oxygen’s Place in the Periodic Table of the Elements




        The history of science teaches that chemistry began in alchemy with mystical attempts to turn base metals into gold and as vain searches for the elixir of life, perhaps by aid of the philosopher’s stone. Dictionaries differ but many attribute the word alchemy to be derived from Greek, Latin, French and Arabic sources and it may refer to “the art of transforming metals”. Basic elements of the material world were categorized as earth, air, fire and water. The efforts of alchemists were mostly hidden in mystery and little real “chemistry” was done. Before chemistry could develop, it was necessary to institute careful weighing and measuring of the starting and ending products of chemical reactions. In this transition from alchemy it was repeatedly noted that elements had properties that “repeated”. Thus, elements could be arranged in rows and columns based on these repeating properties. The validity of such arrangements was presaged by the observation that there were gaps in their charts that strongly suggested the presence of unknown, undiscovered elements. This notion that theories can be validated by their predictive powers is a continuing theme in science. A milestone in practical understanding of the repeating properties of known elements was the work of Dmitri Mendeleev, also spelled Mendeleyev (1834-1907). Mendeleev (Fig. 1) arranged the then known 67 elements based on their atomic masses in a table which he published in Principles of Chemistry, volume 1, p. 27, in 1869 [15].




        Oxygen was element number six (based on properties, not order of discovery) and was placed in the second of six columns in his table. He claimed that the basis for his ordering, which related to a periodicity in occurrence of chemical properties, came to him in a dream [15]4.




        
[image: ]


Fig. (1))


        Dmitri Mendeleev.



        Mendeleev’s mother had great faith and was a great inspiration to him. Daniel Q. Posin [16] has written a wonderfully detailed book about Mendeleev and says that he was reared with three chief influences from significant people: “Everything in the world is science (Bessargin, husband of his sister Olga); everything in the world is art (Timofer, the glassblower); and everything in the world is love (his mother, Maria). Maria’s dying words to him were said to have been that he should “Patiently search divine and scientific truth”.




        It is difficult to imagine that the extensive knowledge of the chemistry of oxygen (and the other elements) could have progressed without the insight and direction provided by the Periodic Table. The modern form of the Periodic Table, extended and extensively revised, is in the inside cover of many chemistry books and on the walls of most chemistry labs.


      


    




    

      OXYGEN AND OXYGEN RADICAL CHEMISTRY IN BRIEF




      The properties of oxygen essential to understanding the chemistry and biology of oxygen are best simplified and summarized by referring briefly to the place of oxygen in the modern Periodic Table.5 Oxygen is in group 16 (of 18), and period 2 (of 7). Groups are arranged in vertical columns and periods in horizontal rows. Oxygen is toward the top right in the Table. Atomic oxygen has 8 electrons in “orbitals”. The word orbital customarily is used instead of orbit to indicate that it is orbit-like. The electrons surround the nucleus composed of eight protons and eight neutrons in the most common oxygen isotope which makes up more than 99% of earthly oxygen. It is useful to think of oxygen as having electrons that spend most of their time in restricted regions, sometimes described as “shells” or “clouds” of electrons. Oxygen’s position in the Periodic Table toward the top and right reveals its electronegativity which is second only to fluorine. Neon does not count because its valence orbitals are completely filled. Recall that electronegativity is a calculated (not measured) characteristic and describes the propensity of an element to gain or lose electrons. More specifically, fluorine is above oxygen, but oxygen is to the right of fluorine in the Periodic Table. Linus Pauling (1901-1994) made calculation, considered to be as accurate as any, of electronegativity [17]. Specifically, however, it is a predictor of reactivity of atomic fluorine and oxygen, but not for diatomic fluorine and dioxygen. A higher number for electronegativity indicates a greater propensity to gain electrons. This is a function of the number of protons in the atomic nucleus and the diameter of the outer orbital (a larger atom attracts its electron less avidly). Suffice it to say, that oxygen wins out in having the right balance of reactivity to serve life’s functions and fluorine does not.




      Diatomic oxygen (O2) is depicted in a space-filling model in Fig. (2). The shape of dioxygen is a consequence of the interactions of the valence electrons and the protons in the nuclei of the two atoms, and the shape is produced by the space occupied by the “cloud” of 16 electrons (8 from each atom of oxygen) that move about the positively charged protons in the nucleus which is very small and not seen in this diagram. The merged spheres result from the double bond that arises from four “shared” outer (valence) electrons. The two lighter spots indicate the site of the nucleus of each oxygen atom. The small size can be appreciated by the fact that the distance between the nuclei of the two bonded atoms is approximately 66 pm (one pm, picometer, is one trillionth of a meter). Another measure of its size is to note that 32 grams of oxygen have a total number of 6.02 x 1023 oxygen molecules. A modest inhalation (single breath) of air contains approximately 5 x 1021 oxygen molecules (five with 21 zeros, sometimes expressed as a thousand-billion-billion). As a further comparison, astronomers estimate there are approximately 1022 to 1024 stars in the known Universe; however, on a dark, clear night only a few thousands can be seen as separate points of light by the unaided eye.
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Fig. (2))


      Model of the oxygen molecule (O2).



      The mathematical description of the atom and the nature of the position and movement of electrons around the nucleus of atoms are beyond our purpose and needs here. However, to understand the role of oxygen in the process of biological oxidation, a general discussion of the role of electrons in forming chemical bonds is useful. Using our crude terminology, the first (inner) shell of oxygen’s electrons is filled to capacity with two electrons. The second shell, proceeding outward from the nucleus of oxygen can hold up to eight electrons, but oxygen has only six electrons. To achieve stability, oxygen will tend to capture two additional electrons or to share two additional electrons from outside the atom. Oxygen can acquire a share in two electrons from “reaction” with elements such as another oxygen atom, with hydrogen or with carbon. When four electrons are shared a “double” bond is formed. Oxygen can also react by capturing two electrons from another element, typically a metal, to form an oxide. In the chemistry of life, oxygen also forms various functional groups including alcohol (OH), aldehyde (HC=O) and acid (HOC=O) which are successively oxidized groups on organic molecules that contain principally hydrogen, oxygen and carbon.




      

        Oxygen, by Analogy




        As we have briefly stated, the recurring (periodic) properties of the chemical elements exist because of recurring structure in the make-up of atoms. We will be concerned only with the parts of the Periodic Table having to do with the lower molecular-weight elements which have fewer orbitals. This is sufficient to understand the character of oxygen.




        Electrons are subatomic components with a dual nature that is both particle and wave-like. Electrons have one unit of negative charge and a very small mass. Electrons are present as a cloud surrounding the central part of the atom, called the nucleus which contains protons with a positive charge of 1. The electron’s negative charge is precisely equal and opposite to the charge of the proton. In all atoms except hydrogen, there are also neutrons in the nucleus. Neutrons are neutral in charge and precisely equal in mass to the proton. Being neutral, neutrons have essentially no effect on electrons in atoms.




        Outside the atomic nucleus, all elements have electrons. The words cloud, shell and sub-shell are used by scientists to help us understand the nature of electrons. None of these words accurately describe the permitted positions of the electrons in atoms but they are useful analogies. The atom exists because of a delicately balanced set of forces between the nucleus and the electrons in the cloud surrounding it. If these forces were not set almost precisely at the values they have, no atoms could form or persist.




        Because of elaborately interconnected attributes, the atom is stable in certain configurations and can be formed from subatomic particles. The permitted states of atoms are set by innate properties of the atomic nucleus including the number of protons and neutrons and the strong and weak forces, and by the number and energies of the orbiting electrons. Perhaps there is a fundamental particle that is “pregnant with everything”.




        Thus, all types of matter are made up of a nucleus containing protons and neutrons (almost always) and a “cloud” of electrons outside the nucleus. Other particles, including quarks, have been discovered in matter, and are important in physics. However, to understand the chemistry of a molecule of oxygen, formed by the union of two oxygen atoms, we need be concerned only with the outer part (involving six electrons) of each oxygen atom’s cloud of electrons. Chemistry occurs with, and because of, these clouds of electrons and their behaviors. Chemistry involves both free trade in and sharing of electrons. Electrons, by analogy, are the glue that holds parts of molecules together.




        The chemistry of oxygen is dominated by the effects of the arrangement of valence electrons which permit oxidation of other chemicals. The gain in electrons by oxygen eventually reduces it to water. In this reduction process, gain of electrons one at a time results in some negatively charged radicals with unpaired electrons that have consequences for life that we shall explore further in Chapter 7. However, further brief comment is required about the manner in which oxygen atoms bond with other oxygen atoms to form molecular oxygen, and the way molecular oxygen reacts biologically, including the generation of reactive “free” radicals. The nature of the chemical bond is complex and since the work of Linus Pauling [17], it has been understood in quantitative terms involving mathematical descriptions of the behavior of electrons (the “stuff” of bonds). For our purposes here, a simplification is possible that is useful in explaining: the free radicals formed from oxygen, the nature of its double bond, and oxygen’s propensity to undergo transfer of electrons one-at-at-a-time.


      




      

        Oxygen Double Bond: Formation and Dissolution




        Some additional explanation of the nature of the double bond in oxygen is useful. Dioxygen is composed of two oxygen atoms joined by a double bond. A double bond is created by the sharing of 4 electrons between two atoms (a single bond involves 2 electrons). Atomic oxygen has a total of 8 electrons and molecular oxygen has 16 electrons. A simple depiction of these electrons is via a “box” diagram (Fig. 3) that includes unpaired electrons and accounts for the fact that oxygen is paramagnetic. Electrons have a charge of negative 1 and are attracted by protons in the atomic nucleus, each of which has a charge of plus 1, for a total of plus 16. The electrons spend most of their time in what is sometimes simply described (not using complex mathematics) as shells or orbitals. Electrons in orbitals closest to the nucleus have less energy and the inner shell is filled first when considering the placement/location of electrons. This closest shell to the nucleus is not involved in bond formation by oxygen and is not shown in Fig (3). When considering the electrons, they are placed in an Aufbau order (i.e., lower energy orbitals filled before higher energy orbitals). The lowest orbital (not shown) can contain a maximum of 2 electrons which is the case for atomic oxygen. In the diagram (Fig. 3), the arrows indicate electrons and the boxes indicate orbitals. The 12 electrons in the s and p orbitals from two atoms of oxygen combined in molecular oxygen are shown. Paired electrons are shown pointing up and down to indicate that they have the required opposite spin states.
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Fig. (3))


        Standard representation of the configuration of the electrons in the 2s and 2p orbitals of oxygen.



        There are two unpaired electrons in the pi*2p orbital. An unpaired electron is necessary to account for the fact that oxygen is paramagnetic. There are also eight total valence electrons in the bonding orbitals (sigma 2s, sigma 2p, pi 2p) and two in the antibonding orbitals (sigma*2s) which accounts for the double bond character of dioxygen (the outermost electrons of 2 atomic oxygen atoms are shared to form the double bond of molecular oxygen). Note that the molecule contains bonding and antibonding (*) orbitals. Electrons in bonding orbitals promote bond formation and electrons in antibonding orbitals tend to weaken bonds. Addition of electrons can lead to dissolution of bonds. In a crude analogy, the electrons being shared by the two atomic nuclei, and spending time in an orbital that involves both, act somewhat like glue to hold the molecule together.




        The outermost orbital can accept two electrons; dioxygen has 2 such orbitals and can accept 4 electrons. These electrons can be gained one at a time with an effect on the double bond as follows. Loss of one electron leaves 1-½ bond; loss of a second electron leaves 1 bond; and loss of a third electron leaves ½ bond, which is no bond at all, and the atoms of oxygen separate. The process of gain of electrons by oxygen can be depicted as follows:




        O2 + 1e = O2.- (superoxide ion or superoxide free radical)




        O2.- + 1e = H2O2 (peroxide)




        H 2O2 + 1e = OH.- (hydroxyl radical)




        OH.- + 1e = H2O (water)




        For simplicity, the reactions shown are not balanced. Balancing requires H+ which is freely available in cells. Electrons are denoted by e. The purpose is to show the contributions of electrons which are required to form the radicals superoxide and hydroxyl, and the non-radical peroxide via 1-electron transfer. Significant to our interests, formation of the reactive radicals superoxide, peroxide and hydroxyl radical occur biologically and accommodations must be made by cells to ameliorate their toxic effects. We shall have more to say about these radicals in Chapter 7.




        Oxygen is a colorless, odorless and tasteless gas under ordinary pressures and temperatures on earth. It has some properties shared with sulfur and selenium. Oxygen is second only to fluorine in its electronegativity (tendency to attract electrons); however, it is slower to react than predicted because the bond energy is very high and reactions that require that it be broken occur only at very high temperatures. Most reactions of oxygen are those that do not require the oxygen-to-oxygen bonds to be completely broken, typical of which is the formation of peroxide as previously noted. All metals except silver, platinum and gold react directly with oxygen to form oxides.




        Generally without thinking about it, we all utilize the oxidizing capacity of molecular oxygen. For example, burning is a type of oxidation and requires oxygen. The oxygen concentration is a critical factor that determines whether a substance will burn. For example, in a closed container filled with air (21% oxygen) ordinary ignited paper will not continue to burn until the oxygen is exhausted. Rather, the paper fire will go out when the concentration of oxygen falls to about 13% to 15% [18]. This is not a fair test, however, because in the closed space rapid oxidation (burning) is impaired by the rising concentration of CO2, produced from carbon in the paper. Oxidation will continue, but it is slow and does not sustain a flame. The differences among oxidation, combustion, and explosion are matters of rate. Oxidation is a chemical term and can occur at rates from imperceptible to explosive; an explosion is violent, rapid combustion. However, within the cells of our bodies a “cool combustion” called biological oxidation occurs. It is defined as a loss of electrons with the electrons ultimately transferred to oxygen. Oxidation and reduction occur by coupled reactions and no net overall change occurs in oxidation state of the system. This process can be catalyzed by enzymes where it is controlled and results in energy storage in usable forms, with only a part of the energy “lost” as heat. Enzymatically-controlled oxidations allow myriad and abundant unicellular and multicellular life to flourish; this would be remote or impossible if oxygen’s fundamental chemical properties were only slightly different.




        An interesting example of oxidation is the rapid rusting of an iron nail exposed to air and water. Instead of saying the surface of the nail has burned, we more properly say that the outer surface of the iron has oxidized (Fe+2 converted to Fe+3) with transfer of an electron to molecular oxygen. Oxidation is speeded up when the iron is covered by a film of water, and when the iron has more exposed surface. Recall the last time you scrubbed a grill with a pad made of iron and soap and returned only a short time later to find the rusty mess that was the scrubbing pad. We can take advantage of the oxidization-reduction relationship of iron and oxygen by shorting the poles of a charged battery with a small wire or with a tuft of steel wool. This will produce heat sufficient to ignite wood shavings and it can be used to start a camp fire.




        The chemical reactivity of oxygen causes it to find stable unions with other elements, primarily with metals in earth’s crust. Were molecular oxygen not being produced by green plants on Earth, it is logical that the Earth’s original oxygen now would be combined with other elements and no free oxygen (or only traces) would be present in our atmosphere today [19]. Probably all, or nearly all, of the oxygen on Mars is now combined and perhaps only a trace is free in the atmosphere [20].




        Under special conditions, three (not the usual two) molecules of oxygen combine to form ozone (O3), a more reactive, stronger oxidant than O2. Ozone that forms near the Earth’s surface is considered to be an air pollutant and it can harm our respiratory systems. It also is a component of the smog that forms in cities, especially during hot weather. Ozone is also formed high up near the top of the atmosphere by the energy of sunlight reacting with certain gases. This ozone forms what has been called the ozone layer, which is just a region of higher ozone concentration. Ozone has a high ability to absorb harmful radiation present in sunlight and thus it protects life. This ozone shield is another miraculous property of oxygen working in coordination with many factors to result in a protective system above the Earth. The ozone layer is not a perfect shield. Obviously a complete shield would not allow Earth to benefit from the Sun’s useful rays which are essential for the balance required for the life we know on Earth. More information about ozone is provided in Chapter 3.




        Biologically, peroxides and superoxide (previously described chemically) are important oxidizing agents. Superoxide is a reactive form of oxygen formed when molecular oxygen (dioxygen) gains a single electron. Peroxide contains an oxygen-to-oxygen single bond. The simplest peroxide is hydrogen peroxide, a common chemical found in the typical medical cabinet. The oxygen-to-oxygen bond of peroxide is relatively unstable and only small concentrations are usually found in nature. Hydrogen peroxide can form in cells as a short-lived toxic product or intermediate. It is capable of oxidizing proteins, lipids in membranes of cells and sub-cellular organelles, and DNA.




        Of great significance for our understanding of the effects of oxygen on the chemistry of life molecules is the ability of oxygen to form the previously referred to toxic intermediates called oxygen “free radicals”. Because of the reactivity of these forms of oxygen, there is a need for, and the presence of, enzymes that rapidly “destroy” oxygen free radicals. These enzymes are present within nearly all cells in the body and they greatly increase destruction rates of the oxygen radicals. Each enzyme reacts specifically with only one type of oxygen radical. One such enzyme (Fig. 4) stimulates the dismutation (simultaneous oxidation and reduction) of superoxide anions. It is called superoxide dismutase (SODase, later called SOD 1), an enzyme that was discovered in the cytosol of cells by Joe McCord while a graduate student in the laboratory of Irwin Fridovich [21, 22]. Fridovich later discovered the mitochondrial form of SODase (SODase 2) which contains Manganese (Mn) instead of copper (Cu) and Zinc (Zn) found in SOD 1 [23]. Both McCord and Fridovich are pioneers but still contributors in the field of the biology and chemistry of oxygen radicals. SODase converts the superoxide radical (O2.-) into O2 and H2O2. Catalase is abundantly present in cells and functions to convert toxic hydrogen peroxide (H2O2) into water and dioxygen.
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Fig. (4))


        Structure of human Mn superoxide dismutase 2 tetramer.



        Thus, SODase is an important factor in the balance of processes required to make use of oxygen without intolerable damage to the fabric of life. The hydroxyl radical is more difficult for cells to deal with in some ways. Because it is extremely oxidizing, it has great potential to damage essential cell molecules. However, this extreme reactivity actually limits its potential for cell damage because it is destroyed by reaction with the first molecule it happens to meet and it reactivity is said to be “diffusion limited”. As an aside, hydroxyl radicals are also formed in the upper atmosphere and as evidence of their reactivity, they are said to have an average life-time of less than one second even in this gas phase with large distances between molecules [24]. In cells, an hydroxyl radical will react with the first molecule it contacts after formation; and this is most likely to be water and not a vital substance such as: DNA, or even a protein enzyme, or a component in the cell plasma membrane, or membrane of an internal organelle whose destruction could be most damaging or even lethal. For example, the peroxidation of lipids and its prevention either by a therapeutic or by body processes is important for understanding atherosclerosis, heart disease and stroke. There is evidence that oxygen free radicals are involved in ageing and degenerative brain diseases, and in cancer. Oxidant stress needs to be balanced by anti-oxidant mechanisms; however, little success has been achieved with supplementation of the body’s natural defenses with anti-oxidants including water-soluble vitamin C, and lipid-soluble vitamin E, or synthesized variants of superoxide dismutase. We shall have more to say about this in several following chapters.




        Ultimately, our knowledge of cosmology and specifically of the creation of oxygen itself rests on theories and we cannot perform experiments that recreate galaxies, stars and planets. With current “colliders” particle physics has been able to probe the make-up of atoms but a unification of the forces of nature still escapes us. The chemistry of oxygen rests on firmer and more fully-discovered grounds and it appears that there no big surprises awaiting discovery at the fundamental level. Biology, however, has not outgrown its descriptive roots and yields only grudgingly to grand theories and of course, hardly at all to mathematics.


      


    


  




  

    

      NOTES




      1 We dance round in a ring and suppose, But the secret sits in the middle and knows. Robert Frost (1874-1963). The Secret Sits; first appeared in The Witness Tree (1942).




      2 His comments occurred on the BBC radio network during the Third Programme broadcast on March 28, 1949.




      3 “There is something fascination about science. One gets such wholesale returns of conjecture out of such a trifling investment of facts.” Mark Twain, Life on the Mississippi.




      4 The first principle is that you must not fool yourself and you’re the easiest person to fool. Richard Feynman, Surely You’re Joking, Mr. Feynman!”




      5 Everything should be made as simple as possible, but not simpler. Albert Einstein (1879-1955) attributed- See p. 314 The Expanded Quotable Einstein, Alice Calaprice, Princeton University Press (2000).
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      Abstract




      Oxygen is especially suited to serve as the terminal acceptor of electrons in the biological process within mitochondria of electron transfer. This process is linked via coupled reactions to oxidative phosphorylation that creates adenosine triphosphate (ATP), the universal storage and transfer form of energy for all aerobic life on earth. However, the unique arrangement of oxygen’s electrons is conducive to one-electron transfer reactions that can produce oxygen free radicals and cause biological oxidant stress. Hans Krebs was the genius who uncovered the complex, biological cycle that we know as the Krebs cycle which revealed the long-hidden secrets of how the energy of consumed food is made available for cellular functions. Oxygen is the only element with the special combination of unique attributes required for cellular bioenergetics, the process of “cold” burning of food molecules to power the cell’s energy needs. A special example of oxygen’s role in “cold burning” is the firefly’s luminescence.
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      INTRODUCTION




      Oxygen has unique features, some of which are described in Chapter 1. As a molecule (diatomic oxygen) and as an element (monatomic oxygen) it is capable of undergoing reactions unique to living cells. Metabolism of cells is conveniently thought of in two categories: catabolism and anabolism. Catabolism refers to processes that break down chemicals to serve as nutrients for cells. Anabolism refers to the processes that create more complex molecules from simpler molecules. Growth, multiplication and repair of cells would not be possible




      without anabolism, and anabolism requires coupled reaction (subsequently to be described) to provide the necessary energy to create new bonds between atoms and parts of molecules.




      Catabolism is a complex process involving many stages and many different organelles inside cells. Of interest to us here, is the fact that oxygen serves as the terminal receptors for hydrogen ions and electrons that are derived from chemicals like glucose. To better explain this process it is useful to consider how glucose brings energy into a process that occurs primarily in special organelles called mitochondria (singular mitochondrion). Organelles are intracellular structures that are bounded by membranes and designed for specific functions. With the exception of certain anaerobes, life as we know it on earth cannot exist without oxygen. This derives primarily from the fact that oxygen serves as the terminal acceptor of electrons in a long sequence of reactions whereby energy is transferred and eventually “stored” in adenosine triphosphate (ATP). It is this ATP that serves as the source of energy for life processes. Lawrence Krauss has written about this [1]1. Respiration adds oxygen to the process as the terminal receptor of hydrogen ions and electrons removed from intermediates derived from sugar and taken through the cytochromes system where energy gets stored in ATP.




      It is possible to roughly estimate the amount of oxygen consumed annually by Earth’s human population. Of course, this requires assumptions and the estimate’s accuracy depends on the validity of the assumptions2. There are data from various sources that differ. I shall make a few estimates and leave detailed calculation and evaluation to Chapter 4. A reasonable approximation of the quantity of oxygen consumed annually by the world’s human population is 1.4 petagrams (a petagram is 1015 grams). Oxygen is produced by photosynthesis which generates one molecule of oxygen for each molecule of carbon dioxide. Photosynthesis is reported to produce approximately 550 to 642 petagrams (average = 596) of carbon dioxide annually [2]. Thus, the mass of molecular oxygen produced is 32/44 times 596 petagrams = 433 petagrams (calculated based on the molecular masses of oxygen and carbon dioxide, 32 and 44 grams). I estimate that humans use is about 1.4/433 which is 0.0032 (0.32%; approximately 1 out of every 300). Consider that most life forms on earth consume oxygen. This includes all the other land mammals, the fish and crustaceans, the arthropods, the insects, the aerobic bacteria; algae, and the plants themselves. The oxygen concentration appears to be remaining approximately steady in today’s atmosphere. Humans are only a fraction of the total world’s biota that consume oxygen. Is this calculation wrong that 1 of every 300 molecules of oxygen is used by human respiration? Could the data about atmospheric oxygen and carbon dioxide concentrations be incorrect? Are we missing something here that is important to our conclusions about the global balance of carbon dioxide and oxygen? I will address this important issue again in Chapter 4.
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