S L Vesely 
email: sara.vesely@cnr.it
  
The Chemical Reactions Involving Radiation

Einstein's law of photochemical equivalence attempts to explain the energetics involved in photoreactions by exploiting thermodynamics at the molecular level. Quantum mechanics incorporates Einstein's seminal result in the same way it incorporates Mendeleev's periodic table of the elements. Despite its richness in new physics, in the end Einstein's approach didn't produce any new chemistry with respect to thermodynamics. Here we compare Einstein's contribution with the possibly pristine radiation hypothesis of chemical reactions. However, we regard that hypothesis as consistent with du Bois-Reymond and Matteucci's research on electrophysiology, and discuss an `upgrading' of the results of electrolysis from continuous currents toward higher frequencies. In fact, it should be borne in mind that, for one thing that hypothesis faced the enzymatic reactions while biochemistry was still in its early days, and for another thing, at the dawn of telecommunications, it set out to link photoreactions to the propagation of radio waves within the uids of biological interest. In our opinion, that hypothesis was dismissed before fully realizing the nexus between spectral and chemical features. Currently, it could be revised with an eye toward the inuence of `articial light sources' and `alien environments' on biological reactions. We give a look at the enantioselective alcoholic fermentation induced by ultraviolet radiation, and try to explain why we expect current technologies to allow driving, controlling, and studying a bunch of photoreactions.

Introduction

When looking for new applications of photochemistry the connection between chemical combinations and spectral characteristics of the reactants could turn out to be a rewarding side. On its rst appearance, Mendeleev's periodic table of the elements reected a relationship between the relative atomic weights of the chemical building blocks and their chemical characters, the latter boiling down to the combining powers. Thermochemistry regarded the heat of reaction as a true measure of the strength of chemical forces. Within the framework of thermodynamics, that superseded thermochemistry, the free energy is stored as a potential to bind, while heat dissipates to the surroundings. At that time, Berzelius, Davy, and especially Faraday, who had based on the phenomenon of electrolysis to identify the forces of chemical anity with electrical forces, were having a bit of a dry spell. Therefore, shortly before the ushering in of the spectral analysis of chemical substances, Mendeleev table ended up linking the atomic weights to valence, a term coined by Frankland in the 1860s to indicate the combining power [1]. In order to conrm the chemical evidence provided by the periodic table, subsequent eorts were directed toward capturing the structures liable for energy storage. The mainstream avenue for that research commenced with the spectral characterization of the new elements cesium and rubidium by Kirchho and Bunsen, and went on with the nuclear model of the atom. Upon acceptance of the energy storage role played by the atomic structure, the molecular conguration of the optical electron is the piece involved in chemical bonding. It is assumed that similar spectral and structural properties determine a comparable composition of chemical compounds. Again, since especially ultraviolet (UV) spectra of organic substances bear an intimate relation to the chemical character, the link between identical chemical formulas and dierent chemical and spectral properties materializes through the notion of isomeric structure. All this contributes the actual understanding of chemistry. Still, in the 1910s lasers and chirped pulses just were not there. Does it make sense to keep a denite link between spectrum and mechanical structure when a huge selection of digital synthesizers is on the market? Rather, the option of using dierent and time varying articial light sources can lead to acknowledge the importance of such parameters as center wavelength, pass band, intensity, and rise/fall time or modulation.

From the perspective of photochemistry, one could ask how, and to what extent chemical and biological substances respond/react to the kind of radiations that can be synthesized. The analysis of the radiations involved in the well known, and possibly in new chemical reactions, can prot from telecommunications' notions, mathematical methods, and computers. Putting the chemical transformations of substances upon irradiation in the spotlight, we must be careful of the fact that highly specic eects can hardly be grasped on the basis of inferential statistics, and that only leveraging specicity the transformation yields can be pushed far beyond what is theoretically feasible according to probabilistic theories of causality. Reaction vials are surely of importance, too, not last because they catalyze many reactions and because, more often than not, interfaces contribute to the radiation-matter interaction.

Every discipline has its own setting that is quite important for its development.

Here, after discussing about the radiation hypothesis of chemical reactions, we'll stick on Einstein's 1913 contribution to photochemistry due to its crucial importance. His law of photochemical equivalence is at the crossroad between physical chemistry and the emerging quantum mechanics, and was therefore hotly debated until the end of the 1920s, when its relevance was scaled down. Apparently, Einstein missed both to capture the shift in the experimental requirements of photochemistry compared to physical chemistry, and to meet the needs of quantum mechanics.

Moreover, he missed getting a foothold in that which was to become molecular biology. Two decades later Bohr missed the same opportunity at the International Congress of Light Therapy [2]. Indeed, he compared the quantum mechanical understanding of light and the trend of biology toward the molecular explanations of the organization of living matter. In his words: the eorts of physicists to master this situation resemble in some way the attitude which biologists more or less intuitively have taken towards the aspects of life. However, neither he could ll the vacancy left by the dismissal of the radiation hypothesis, which was eventually bridged by the concepts of storage and transfer of information. Photochemistry only returned to the fore in the 1970s in reaction to the energy crisis, along with other renewable energy resources, primarily as a means to exploit solar energy [3, 4]. In the rst part of the current century energy innovation merged with other technological innovation policies to cope with the ever-increasing pace of life in pursuit of new avenues for investment.

The Radiation Hypothesis

The science of photochemistry started as a side branch of photography: in 1801 Ritter discovered that invisible sunlight dispersed beyond violet blackens horn silver. Like Herschel, who in the preceding year had measured dispersed caloric rays (radiant heat) with a thermometer, he named the rays according to the conversion eect that made their detection possible. He called them chemical rays (actinic rays). As their action on coloring matter came to be related to their capability of splitting oxygen, they were also called deoxygenating rays. Soon, Grotthuss and Draper established a fundamental rule stating that chemical reactions are in proportion to the absorbed sunlight intensity versus time. In contrast to Grotthuss, who had been concerned with bleaching, Draper dealt with the darkening of the latent image. Even if reversibility of the photochemical action (photochromism) had been observed at least since Aristotle on the color of green leaves, and later on ferric chloride in alcohol, bleaching and darkening were considered progressive eects that happen under ongoing direct irradiation. Moreover, Draper constructed an instrument he called tithonometer for the quantitative measure of chemical rays. Rays incident on the transparent vessel of that instrument caused combination at a certain rate of the 1 : 1 mixture of hydrogen and chlorine gases in it. The gas volume shrunk because the formed hydrogen chloride dissolved in the liquid contained at the bottom of the vessel, and the amount of shrinkage in a given time interval allowed measuring the invisible rays.

The caloric (IR), visible (VIS), and chemical (UV) rays were united in stages, as characteristic parameters independent of the receivers were introduced [5].
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Finally, light and all other radiations that could be detected were brought together under the umbrella of electromagnetism.

In actual fact, the discovery of X-rays and radioactivity drew attention on radiolysis and on the biological eects of radiation. On account of this discovery, the designations biological eects of radiations and radiation chemistry indicate exclusively eects due to the latter ionizing types of radiation, while for non-ionizing radiation the used prex is photo. According to the theories in force the division between ionizing and non-ionizing radiation is blurred, as it refers to the energy capable of detaching electrons from atoms and molecules. 2 The removal of electrons is deemed to cause bond cleavage, thereby creating ionic fragments and radicals. By contrast, in the framework of thermodynamics, the non-ionizing dissociation energy of chemical bonds at room temperature and constant atmospheric pressure is related to enthalpy changes. In quantum mechanics it is associated with the spacing of vibrational energy levels of molecules, and with small ∆ω-energies.

The Action of Ferments Compared with that of Actinic Rays

At the turn of 1880 a phase of development set in, that would become known as the Second Industrial Revolution. The dawn of electrical power drove forward technological innovation, and the newly disclosed Hertzian waves paved the way for broadcasting and a myriad of other applications at varying level of prociency, including medical care. This phase also had a lasting, but mixed impact on science. The fast pace at which discoveries, patents, and trade secrets in the domain of electricity followed one another and obsolesced often prevented scientists from forming an unbiased opinion about their signicance and scope. Concomitantly, the authoritative mechanistic conception of nature was struggling to gain ascendancy over the new branches of science. Thermodynamics and the principle of conservation of energy were seeping into chemistry, initially as physical chemistry, and contributed in many ways to its theoretical framing. The law of mass action was slowly embodied in that general and abstract theory as Boltzmann's principle of detailed balance. Following Boltzmann's legacy, especially in German-speaking circles the collision model of chemical reactions was rened in order to provide a mechanistic understanding of chemical changes [6].

Suddenly, in 1904, in the wake of the development of industrial brewing processes Barendrecht launched a radiation hypothesis of chemical reactions that swirled amid nebulous, though tempting, conceptions on the involvement of ferments. In that time the vitalist and mechanistic principles on which ferments (fungi, bacteria, and exoenzymes lumped together) might act were passionately debated anew.

3 Following the discovery of the cell-free fermentation of glucose to alcohol and carbon dioxide by the Buchner brothers, the mechanistic camp compared the yeast This indicates that D-fructose is more readily decomposed than D-glucose.

Both Berthelot and Barendrecht interpreted the relevant step of ferment action as a catalysis, that is, as a speed up of the decomposition rate of sucrose without the ferment taking any part in it [11]. However, Berthelot was concerned with the ongoing transition from thermochemistry to chemical thermodynamics, while Barendrecht apparently rejected both, to trace back the fermentation processes to the law of mass action, and to assume rapid formation of an enzymesubstrate complex [12]. Rather, he held that the ferment radiates in the IR range and that enzymatic catalysis belatedly happens via inductive coupling, say.

9 To that end, just imagine the ferment acting like an ultralow power wireless stimulator, provided that the surrounding permits.

Except that, especially if the molar extinction coecient involved in the photodecomposition of sucrose is small, the Grotthuss-Draper law goes unheeded. By then, Faraday's induction law wasn't applied to wireless power transfer (WPT), and there was some incertitude as to how radiation is linked to matter. 4 Berzelius' theory of chemical changes was decidedly dualistic. Moreover, Berzelius was persuaded of the fundamental role played by electricity in chemical combinations to the point of conceiving of the enzymatic catalysis on an electrochemical basis in 1835. D. Berthelot himself distinguished between electrolytic and photolytic reactions, and the electronic theory of valence tended to popularize mechanisms based on collisions and ionic dissociation. For example, by 1929 it was stressed that the cathode region of Crookes tubes is positively charged, and a link was assumed between acid catalysis and the ionization occurring in the glow discharge. 5 Sucrose itself doesn't exhibit mutarotation, i.e. a change in its optical rotation, while the optical responses of glucose and fructose exhibit a simple kinetics. However, the change in specic optical rotation measured by polarimetry when lighting is not about yeast sucrose uptake, or invertase-reaction kinetics. Rather, the contribution to optical rotation changes during sucrose splitting because the specic rotation of the involved sugars per ml gdm at 20 and [α] D-fructose = -92.00 • . 6 We are not arguing that the change in the overall optical rotatory power either reects the enzymatic activity or agrees with NMR studies. In Barendrecht's times the reversibility of the enzymatic reaction step was debated. The slow down (inhibition) of the invertase-driven kinetics seemed not to be determined by the rising concentration of products, but rather by the presence of hexoses in general. It was admitted that, by acting on α -glucose, invertase can revert the reaction. However, the former is partly converted into β -glucose after hydrolysis, making the invertase-catalyzed reaction goes to completion. 7 The separation into two steps was possible with the mercury vapor line peaked at 254nm, while it was less pronounced at 184nm (where photolysis of water occurs). 8 The synthesis of many vegetable sugars diers from that of the sugars utilized by the bacterial species discussed here. In addition, it is important to distinguish whether the UV irradiation stems from the sun or from a mercury vapor bulb. In the latter case the UV irradiation is of the narrow-banded kind that Einstein called Nadelstrahlung, and for which he introduced the concept of photon momentum, besides energy. 9 Except for the reactions involving halogens, that tend to be accelerated when irradiated in the IR range, very few reactions were known to occur directly under IR irradiation conditions. Nowadays, hydrogen bonding with energies corresponding to wavelengths in the range (1.9-7.2)µm seems to play a crucial role in enzymatic catalysis, it being responsible for remarkable rate accelerations.

• C amounts to [α]D-sucrose = 66.47 • , [α] D-glucose = 52.70 • ,

Encoding and Conversion

To attempt to explain what sort of radiation to expect from a ferment, we would like to start by stressing the dierence between the information that is supposed to be encoded in exchanged messages and the decidedly non-encoded type involved in the radiation hypothesis of chemical reactions. In communication and information processing a code is a system of rules used to convert information in Shannon's sense into a form more suitable for transmission or storage purposes. The mathematical description of a smooth periodic oscillation by s(t) = A sin(ωt + ϕ), where A, ω, and ϕ are the wave parameters, represents a kind of encoding that doesn't encrypt signals at the level of meaning. It is peculiar that the radiation emitted by a source is being mathematically represented like that.

Young's sonic analogy to light of 1800 was backed by the identication of the shape of sound with the harmonic oscillation of a tensed string. When Seebeck criticized the momentousness of passing o sound as sinus waves, 10 Young's proposal to encode light and sound as smooth periodic oscillations already dated back half a century. And despite Seebeck's concerns, the assumed similarity of shape between radiation and sound was soon deployed to convert human voice into a message signal. Even if the invention of the electric telephone is disputed, back in 1876 Graham

Bell was able to convert his powerful voice into a variable electrical current. The performance of Bell's microphone depended on its amplitude-resistance characteristic: the variable-resistance circuit, whose element varies with the utterances, consisted in a cup of acidulated water barely contacting a conductor wire glued to a stretched membrane. Shortly after Bell's masterstroke, the button, that is, a chamber containing carbon granules, usually of anthracite coal, replaced the vibrating membrane as a variable resistance element. The button could be used as transmitter and, once it was connected to a coil, as rectifying receiver.

Working button microphones (transmitters) and earpieces (receivers) leverage non-linear eects. When speaking into a button microphone the acoustic pressure varies, and, on its increase, loose contacts tend to form among carbon granules, that lower the electrical resistance and lead to increased current and power output. Since before the advent of vacuum tube ampliers the so-called electrical conduction under loose contact was essential to the acousto-electric conversion, many theories were advanced to explain its mechanism. If the current was increased beyond (0.1 -0.2)A, the microphonic noise increased, and under a magnifying glass minute spots of incandescence were detected at the contacts [13].

Early broadcasting systems give a further example of how electrical conduction across loose contacts comes about. The coherer eect was discovered and developed for the purpose of detecting radio-signals well before the ocial discovery of electromagnetic waves by Hertz in 1888 [14]. By the mid-1890s, the coherer started to be used as receiver in telephony. Its use didn't last long and was replaced by the much more sensitive cat's whisker crystal detectors already around 1907. Despite this, there is a feature of the loose silver contact that is worth mentioning. In 1899 Neugschwender cut a thin slit (∼ 0.3mm) across a silver mirror inserted into a DC biased circuit and discovered the negative coherer eect. Provided he breathed on the slit, the galvanometer measured a current across the circuit. Under moist conditions an `oscillatory' electrical discharge could be detected through the sudden rise of the electrical resistance to a very high value, as opposed to the usual coherer. Until the slit could be kept but very slightly moist, the electrical resistance rapidly fell again after the spark. Replacing the galvanometer with a telephone Neugschwender could listen how his `anticoherer' could be made to follow an inductor breaker at audio frequencies. He resorted to a microscope to see what was going on.

As soon as the slit is slightly moist tiny silver dendrites start protruding from the cathode in the slit. They swim on the electrolyte promptly lowering the circuit's resistance. As long as the liquid lm contributes nothing to DC current, the latter is entirely due to the delicate silver structure bridging the slit. A nearby spark elicits tiny sparks from the silver dendrites that ash, disrupting the silver network, and are carried toward the anode. Although the galvanometer is abruptly deected, the galvanic cleaning of silver per event can hardly be measured. In the same year 1899 Bose found that potassium lumps in kerosene exhibit the same negative coherer eect followed by rapid recovery [15]. We have summarized the background to the wavy nature of radio broadcasting.

Just as sunlight isn't intrinsically oscillatory, nor it is fair to consider it a statistical average over sinusoidal rays, so no other radiation source, however tiny, is likely to encode the emission it gives o in a supported broadcast format. Since, the radiation hypothesis of chemical reactions isn't concerned with conversion into sound, but rather with fully unknown conversions, it should not come as a surprise that it was worse o than radio engineering. Furthermore, it was openly at odds with thermodynamics and with all interpretations of Maxwell's equations in terms of energy. Therefore, despite Barendrecht placed great hopes on the theory of electrons, his radiation hypothesis didn't attract the attention of the leading quantum physicists concerned with biology. Now, irrespective of how easy it is to detect the involved radiations, the more closely in tune and matched an enzyme-substrate photo-interaction gets, the more akin it will be to a small signal, that is, to the type of electromagnetic response dealt with by telecommunications. Thus, in order to classify Barendrecht's enzyme-substrate coupling as electromagnetic we need an indepth experience in radio frequency identication (RFID) systems and in impedance matching.

His assumptions go something like this [16]:

(i) The radiation sent forth by invertase produces hydrolysis of saccharose;

(ii) It oers cryptographic security to a group of sugars.

Firstly, whereas photochemistry uses macroscopic actinic ray sources to investigate reactions at the molecular level, the hypothesized radiation process occurs wholly at the same compartmentalization level.

We use the term compartmentalization to mean that the ne structure of organic tissues observed under the optical microscope is possibly also representative of the prevailing match/mismatch conditions in other radiation ranges. Secondly, illumination of homogeneous preparations with a mercury vapor lamp, and consequently the Bunsen-Roscoe law [17], 11 have hardly something to do with cryptographic security. Finally, the increase in temperature of the lit sample depends on the heat developed in the photoreaction, and on the specic heat of the solute along with the solvent. Whereas irradiation at `IR' (0.3 -300GHz , say, instead of just thermal) produces very intense heating, especially of the aqueous solvent, the measured rate of heat evolution during enzymatic reactions is low [18]. Therefore, although warm-blooded animals do emit in the thermal range, specic metabolic contributions cannot be disentangled from the background. Nevertheless, since in nature there are visible and lasting examples of spontaneous ignition [19], ignition of the sucrose decomposition by invertase cannot be excluded altogether.

Magnet and Polarization

Two further key items are tangled in Barendrecht's radiation hypothesis of chemical reactions.

The rst item is the role of a magnet. By 1890 Heaviside already knew that a static, homogeneous magnetic eld H amplies an amplitude modulated eld h proportionally to 4Hh [20]. In fact, he proposed to add H for the purpose of phone voice amplication, a proposal that works for nuclear magnetic resonance (NMR), as well. In turn, NMR is an advanced application of radio technology that, right after WWII, was appropriated by nuclear physicists to explain the hyperne structure of Zeeman lines [21]. Those scientists hoped to elucidate the structure of atomic nuclei, and were caught o guard, and perhaps also felt cringed by the sensitiveness to the environment of the jagged NMR peaks. They quickly gave way to chemists, who in turn were able to make the most of the so called chemical shift. 12 Before long the response of organic substances at radiofrequency (RF) could be amplied to such an extent that NMR spectroscopy has become a widely used technique to ngerprint molecules and determine their structures.

The second item tangled in the radiation hypothesis is about the role of frequency mixing. Since Barendrecht's hypothesis purportedly concerns lower frequencies than those of ionizing radiations and actinic rays, it seems advisable to examine whether upon irradiation of substances there is any evidence of frequency mixing. Before dealing with this item let's introduce the problem of discriminating between thermal and `IR' energies.

Few examples of photo-reactions directly induced at longer wavelengths than the visible ones have been reported until recent years. For one thing, the development of reliable generators and of detector technologies with improved sensitivity and time response are prerequisites for any photochemical exploration in the IR region [22].

13 For another thing, the Joule heating rate of electric currents is well known, and so are the phenomena of induction and dielectric heating, that respectively occur at successively increasing frequencies, and are variously attributed to hysteresis, Eddies, and friction. The photochemical investigations at IR and microwave (MW) frequencies are being challenged all along because, ahead of the distinction among purely thermal reactions, local superheating, temperature gradient eects, and the formation of molecular radiators, the lack of thermal equilibrium undermines the applicability of chemical thermodynamics under irradiation conditions [23, 24]. So, no wonder that the only experiment cited by Barendrecht in order to substantiate the involvement of longer wavelengths than chemical rays, had no sequel. This experiment was published in 1908 by Rosenthal, a former research associate of du Bois-Reymond. Rosenthal's `rather straightforward' reasoning is like this:

Pasteur argues that yeast, that is, enzymatic lysis, forms organic products with natural optical activity, a distinctive trait of living organisms. As for the interpretation of the natural optical activity, Faraday showed that it is akin to the magneto-optical rotation of the polarization plane.

So, if I set up an oscillating magnetic eld consonant with the `resident natural rotation' of an organic compound in solution, like starch, perhaps I can simulate the enzymatic action involved [25]. The word `consonant' means that he expects starch hydrolysis to be achieved under resonance conditions. On the other hand, straightforwardness is in relation to the concomitant investigations on what determines natural rotatory dispersion [26]. Experiments on the growth of enantiomeric crystals in static magnetic elds seemed to indicate that the properties inherent in the molecular structure are less consistently aected than moving electric charges [27]. Therefore, the challenge to link optical rotation to chirality, the special enantiomerism ascribed to organic carbon compounds, was being faced by focusing on dynamical aspects. Rather than centering on the chemical changes brought about when rotating a permanent magnet around the sample, Rosenthal, used an AC solenoid coil as a primary winding, while his sample of starch was the secondary of his transformer. After many failed attempts, he could eventually record starch hydrolysis using an intermittent current of about 440 -480Hz . In his opinion the mild rise in temperature caused by the electric current didn't by itself give rise to decomposition [28]. 14

Interpretation of Polarization

In order to reach a decision on Rosenthal's reasoning one should gure out what polarized light is about. In 1669 Bartholin observed a doubling of the image through Iceland spar and, accordingly, granted the property of birefringence to that variety of calcite crystals. In 1808 Malus discovered that, when observing reected sunlight through Iceland spar, its glare can be extinguished by rotating the spar about the line of sight. He concluded that reected sunlight from a glass surface at an angle of about 57 • (Brewster angle), gets totally (linearly) polarized. Subsequently, a bunch of tangled eects provided the arena on which opposed theories of light were fought out. About 1811 Arago reportedly discovered that, when observing a polarized sunlight beam through a birefringent crystal, an interposed thin mica sheet causes the appearance of two beams of complementary colors.

15 Biot, who performed the ensuing experiments about Arago's natural optical activity using red light, linked the ability of birefringent crystals to rotate the polarization plane to their structural asymmetry. He took the term `rotation' at face value. Extending his inquiry to organic solutions, he considered that rotatory dispersion visualizes the right/left handed spatial arrangement of molecular constituents.

16

The evidence Faraday brought a few decades later on the magnetic rotation of the plane of polarization of light had a bigger theoretical impact. Indeed, it supported the notion that the magnetic force H induces a tension state capable of bringing about rotatory polarization in all substances, the isotropic and diamagnetic ones included. 17 The title of the concerned paper is On the magnetization of light and the illumination of the magnetic lines of force. It urged Faraday to clarify that by `magnetization of light' he envisaged a light-matter interaction caused by the magnet, and that he didn't take too literally the `illumination of the magnetic lines of force' through lit substances.

Relation between Optical Dispersion and Verdet Constant

Until Fresnel entered the scene, virtually all explanations of optical rotation were in terms of Newton's lengths of ts and sidedness of light. Fresnel (1821), after making sure that perpendicularly polarized beams of a single wavelength λ propagated along the same direction don't interfere, attributed the new property of being circularly polarized to the transversal nature of ether waves. Linearly polarized monochromatic light crossing an active medium of optical path length L rotates by an angle α ∝ πL λ (n L -n R ) in radians, where n L and n R are the refractive indexes of the medium for the left and right circularly polarized wave, respectively. Thus, the encoding of monochromatic light called `linear polarization' was conceptually split into a superposition of left and right circularly polarized components propagating with dierent velocities. The illustrations of Faraday's magnetic rotatory power were taken at face value to mean that the impression of a magnetic eld imposes a rotation on wave-fronts. The magnetic rotatory power is the specic rotation also known as Verdet constant p. It is the angle of rotation measured in rad mT . In Britain, the illustrations of the light-magnetic eld interactions referred to above resulted in analogies between the theory of electromagnetism and ether vortex models.

From Maxwell equations and the optical dispersion theory Drude developed his theory of the inuence of the magnetic eld on the transmission of polarized electromagnetic waves through transparent low density media. The gist of the dispersion argument is that for isotropic transparent materials, as long as the refractive index n(λ) remains broadly constant, so does the Verdet constant p(λ), and that Biot's inverse square law leads to Cauchy's empirical chromatic

dispersion relation n(λ) = A + B λ 2 + C λ 4
for the magnetic dispersion term. Drude traced back the electric currents responsible for all optical phenomena occurring in matter to tiny charged particles that he rather indiscriminately called (electrolyte) ions. He explained the magnetic rotation itself either based on Ampere's molecular currents, or on the Hall eect, depending on whether the magnetic rotation changes sign or not when crossing an absorption band in the visible range. Albeit the classical theory limits to transparent media, in 1898 dispersion experiments were performed near the optical absorption range because there the Verdet constant gets larger. Those experiments showed that the polarization of most vapors and gases doesn't change sign across an optical absorption band and, in addition, that polarization also arises when the magnetic eld is perpendicular to the light beam. Since the experiments favored the explanation based on the Hall eect, we just write down Drude's formula for the latter case, accounting respectively for the ether in the dielectric medium, and for two groups of vibrating

`ions' p = 1 n a λ 2 + bλ 2 λ 2 -λ 2 UV + cλ 2 λ 2 -λ 2 IR
. a, b, c are three constants. To be true, soon after the discovery of the Zeeman eect Drude agreed that dispersion phenomena are due to electrons. The third term in the above expression was added by Ingersoll to sever electronic from ionic motions, and to show that the ions in the IR range are rather irrelevant for magneto-optic dispersion [29].

The discovery of the Zeeman eect (1897) really led to confer the mechanism of light-matter interaction on the electron.

18 Moreover, in that same year J. J. Thomson discovered the electron for real, and H. Becquerel provided the sought-after formula linking Verdet's constant p = p(λ) to normal dispersion. His formula can be written as p(λ) = e 2mc λ dn dλ to highlight the e m ratio.

For a little while, the value obtained for the ratio 0.5 • 10 7 < e m < 1.78 • 10 7 e.m.u.

g became the decisive factor in choosing Drude's explanation à la Hall. 19

2.2.2. Faraday and the Zeeman Eect It so happened that, after showing the magnetic optical activity in 1845, in march 1862 Faraday looked without success for an elusive eect. He expected the brightness of a gas ame with introduced salts, or its polarization, to be aected by the magnetic streamlines also through the air.

20 In the early 20th century the `magnetic' splitting of a linearly polarized light wave into two circularly polarized components (Faraday eect) and the eect a magnet has on the natural periods of vibration of the electrons (Zeeman eect) came to be juxtaposed [30]. This pairing was disputed in the classical context, because the ponderable electric charges ought to convert a dierence in phase velocity to a frequency dierence, behaving somewhat like phase-to-frequency converters.

Quantum mechanics interprets polarized light as light quanta endowed with angular momentum, and builds in the Zeeman eect in the picture of individual atoms. A homogeneous magnetic eld H causes the lifting of the energy degeneracy of the electronic energy levels, i.e. the occurrence of terms like E = E H=0 ± e 2mc HJ H , where e 2mc H = ω Larmor ,21 and J H is the 18 The spectral splitting of the emission lines of a gas or vapor in a strong homogeneous magnetic eld is called Zeeman eect. The longitudinal Zeeman eect resolves an optical spectral line into a circularly polarized doublet ±σ, while the transversal Zeeman eect obtains a triplet π (the unaltered linearly polarized component), and ±σ. As a matter of fact, in 1897 Zeeman just observed a broadening, and identied doublets and triplets by their dierent polarization. 19 1 e.m.u.

g = 10 4 C kg .
component of the angular momentum that determines the splitting of the atomic spectral lines into 2j + 1 components. 22 The spectral lines observed in the optical range correspond to electric dipole transitions involving pairs of dierent levels that, owing to the magnetic moment M , are at slightly dierent potentials

E = E H=0 + e 2mc HJ H = E H=0 -HM.
The Zeeman sublevels are in keeping with the concept of quantized spatial orientations, and the observed transition lines cope with appropriated selection rules.

23 In the systematics of the electronic transitions of multi-electron atoms the variables of angular momentum L and spin S contribute to the total angular momentum J and, together with the total energy E, provide the orthonormal basis of eigenvectors and the constants of motion, that is, the distinct eigenvalues.

The spectral terms in the related Grotrian diagrams account for the electron quantum leaps between energy levels of the atoms, and allow bringing order in the tables of recorded spectral lines of gases and vapors. 24 More specically, around 1925, they could selectively excite the very strong resonance line of low-pressure mercury vapor at 253.7nm with the same polarization as the exciting beam. 25 It soon emerged that a small static magnetic eld applied in the direction of observation, perpendicularly to the propagation direction of the exciting beam, can destroy the polarization of that resonance uorescence. This is plausible on account that `magnetic rotation' of the circularly polarized light components comes into operation, and exhibites the connection between Faraday and Zeeman eects. Like

Rosenthal in 1908, Fermi and Rasetti got the idea to tune an alternating magnetic eld to the `intrinsic' magnetic rotation, and could show that electromagnetic radiation oscillating at the Larmor frequency ω Larmor can fully destroy the uorescence polarization of the mercury vapor resonance line at 253.7nm [31]. 26 In addition, they pointed out that, because of the mean uorescence lifetime, timing has a part in the polarization state of uorescent light. The observed depolarization entails a crosstalk of the line at resonance conditions in the optical range with low frequency channels in the vapor. In fact, the named authors suggested that ω Larmor is superposed on the polarized uorescence line. This, in turn, hints at the possibility of directly exciting the mercury vapor resonance response at much lower frequencies, provided that a properly tuned and matched antenna is available. And ultimately it leads to interpret the usually observed Zeeman multiplets ω opt ± N ω low as being of the frequency mixer type [32]. Just to give an idea, Figure 1 shows an old-fashioned multiplier. 27 Rather than concerning itself with the possible chemical eect of the polarization riding on top of the optical spectrum, quantum mechanics assigns xed energy levels and sublevels to the mercury atoms, and takes the view that the hypernely resolved multiplets make perspicuous the share of atomic sublevels in the electronic transitions. The given interpretation sounds like this: when irradiation at resonance conditions excites uorescence emission at other wavelengths it must happen that the already excited state absorbs a further quantum, and causes a subsequent stepwise radiation. The depolarization process was interpreted as a relaxation phenomenon of the gas or vapor rather than as a result of crosstalk. We recall that electron paramagnetic resonance (EPR) started as a missed calorimetry measure of the energy dissipation per second of the paramagnetic magnetization of (solid) lithium uoride at low temperature [33]. In calorimetry measurements the premise is that the absorbed radiation is quantitatively converted into heat [34]. Had heat production been observed, EPR would have been described as a relaxation phenomenon involving the magnetic vector, by analogy with the dielectric theory of polar molecules. By contrast, EPR evolved into a telecommunication technique with Zavoiskii and in Oxford during WWII. Its history is interwoven with nuclear magnetic resonance (NMR). Along the line the combined use of RF or MW radiations and a homogeneous, strong, static magnetic eld led to consider both, EPR and NMR, largely as resonance phenomena in the meaning of phenomena involving magnetic dipole transitions between spins states.

28 About spins, the extent of the chemical epiphenomena of the depolarization process, like the starch hydrolysis reported by Rosenthal, were not ascertained, although the electron spin is deemed to be crucial for the formation of covalent chemical bonds. Last but not least, it is still debated whether induction or photon absorption gives rise to the NMR bands.

The Energetic Argument

The Fermi-Rasetti experiment had a followup in double resonance experiments. These are so called because, unlike the former, they add a static magnetic eld in order to lift the degeneracy of the Zeeman levels [35]. They are performed in order to study the combined inuence of magnetic eld and MW/RF radiation on the optical emission lines. In a typical experiment it was shown that, by exciting two resonance lines simultaneously, saturation of the low frequency line aects the polarization of the visible one [36]. Stated dierently, excitation of the sample at RF frequency modulates the relevant emission in the optical range.

This type of experiment was also termed optical detection of RF resonances. 29 In that period Schlichter decided to build a double resonance apparatus and to look for the 7 Li NMR signal while saturating the electron conduction line. According to Overhauser's original theory, he was supposed to observe a much stronger nuclear signal. After the successful experiment, Schlichter pointed out that the `EPR' line to be saturated in order to aect the `NMR' line should be narrow. In addition, to enhance crosstalk there ought to be some coupling. And perhaps a `moderator' might help do the trick. Both, double resonance and the spectral methods at RF and MW in a highly homogeneous magnetic eld are classed among the magneto-optical methods:

in the former case one observes Zeeman inter-band transitions of the optical electron, while in the latter case the Zeeman transitions are intra-band spin polarization transitions. By common consent, for a molecule AB to dissociate, its vibrational levels corresponding to an upper Born-Oppenheimer electronic state have to overlap with the set of vibrational levels corresponding to a lower electronic state. In that case, once the molecule is excited, it undergoes an internal conversion to a vibrationally excited state (AB ) * , and possibly undergoes dissociation [37].

Irradiation with monochromatic light results in accurately known amounts of absorbed energy, provided that the electromagnetic energy increases monotonically as a function of frequency like E = ω. If we never stumbled upon frequency mixing and Overhauser eect, we could state that exactly E = ω is needed for a given reaction to occur. Otherwise, it is dicult to retain that photoreactions possess a threshold frequency in the UV, say, and cannot be elicited by direct irradiation at much lower frequencies. In fact, whether the above Fermi-Rasetti experiment has anything to do with Barendrecht's alleged ferment emission, the fact holds, that RF can hardly be irradiated into space and received without a respectable antenna. As far as the small-signal theory goes, and glossing over transmission problems, direct coupling through a vacuum between a radiation source and its corresponding resonance line evoked in matter is independent of the frequency range, and has no counterpart in mechanics. As far as chemistry goes, the eects evoked by radiation can be very specic, and perhaps the dramatic eect of ionizing radiations compared to lower frequencies (on our scale of measurement) admits frequency mixing as an explanation.

Figure 2 shows that at high frequencies impedance matching ultimately ensues, but doesn't tell whether at that stage frequency mixing steps prevail or not. It is not inconceivable that ionizing radiations are so harmful because they are easily absorbed, and elicit lots of reactions just because of frequency mixing within matter. That distortion suggests to attempt a `spectral interpretation' of chemistry that consists in correctly encoding molecular responses. By `correct encoding' we mean the ability to reproduce the spectral formant that leads to a biochemical reaction step. Correct encoding of a molecular response can already be viewed as its interpretation. In fact, it can be used to drive and control photoreactions within a certain range, without the need of any additional mechanical model.

To close, the quantum mechanical interpretation of Mendeleev's periodic table of the elements is based on optical spectral data. Thanks to the mutual `orthogonality' of the single particle atomic levels, it links the chemical elements to their low-density gas/vapor spectra. Either the same conceptual model is extended to molecules, or one leaves behind the energy argument and considers whether there are reasons to limit photochemistry to the radiations that don't need any areal for transmission, and are impedance matched to matter.

Einstein's Photochemical Equivalence

In the early 1900s arc, spark and silent discharges in gas were known to produce chemical action [38], but there was great confusion on the fundamentals of enzymes. A major contribute to science given by Einstein is in the light-matter interaction. He faces photochemistry as an instance of radiation-matter equilibrium, and purports to apply thermodynamics in order to neglect specic mechanisms. He pays attention to the fact that the relationship is between absorbed light and quantity of transformed matter rather than between light intensity and chemical mass, and to the fact that thermodynamics must rule both, the representation of chemical reactions and that of radiation. He equates one decomposing molecule of AB to one absorbed photon of energy U = hν by explicitly assuming that the process involves single molecules (moles of them.) First he analyzes the spectral distribution of temperature radiation in an evacuated cavity in terms of the independent thermodynamic variables volume V and temperature T , next he focuses on the interaction of it with a diluted gas, and on the role of uctuations. His further steps would concentrate on the probabilities of absorption and emission processes that involve two discrete atomic/molecular energy levels. In his rst approach, however, his main aim was to bestow energy of the thermodynamic type on Maxwell's concept of electromagnetic plane waves, not exactly a trivial task.

Temperature Radiation

The history of light is peppered with the diculties in measuring its action. Scientists the likes of Helmholtz started with the gradual dismissal of caloric. Along with it, they disputed the corporeal substance of light and ended up replacing the undulations of the luminiferous ether with the energy interpretation of light. Thermodynamics took over from the older picture some far-fetched hypotheses that don't conform to our current understanding of the techniques of radio broadcasting. Examples are the belief that the eect elicited by a light source can be elicited by diused light as well, that a mirror cavity perfectly reects at all wavelengths, 30 and that reection can faithfully replace an absorption-re-emission process.

31 Everybody knew that there are some inconsistencies in the energetic representation of light. Nevertheless, if thermal equilibrium is at all relevant in matters involving radiation, in order not to be in violation of the 2nd principle of thermodynamics, the spectral energy density must be a universal function of the body temperature. The principle of conservation of energy has been formulated within mechanics well after Newton's laws of cooling. It tells that the work W performed by a system is defrayed from its energy change ∆U , that is -∆U = W . If the mechanical system isn't thermally insulated, an amount of energy Q other than the mechanical one is received by it, that is Q = ∆U +W (1st principle of thermodynamics). Q is called heat, although it ought to stand for virtually any form of energy capable of being converted into mechanical energy. Thermodynamics addresses no power conversion issue: the 1st principle retains its validity whether it refers to a synchronous electric motor at wavelengths longer than about 1000km, where conversion of electromagnetic waves into mechanical work is possible, or whether mechanical work ceases to set the reference term. Extrapolating from mechanical to optical conversion, let's apply the rst principle of thermodynamics to a system subject to an innitesimal change of radiant energy ∆U (T ) = u(T )V , where V is the volume of the enclosure, T is its temperature, and u(T ) = 4π c J(T ) is the distribution of energy density of radiation in terms of the mean intensity of radiation J expressed in W m 2 Hz (c is the lightspeed). The basic equation valid for a `radiation gas' at equilibrium is δQ = dU + pdV = d(uV ) + u 3 dV . The mechanical pressure exerted by the radiation energy density on the inner surface of the enclosure, p = u 3 , is usually derived by means of the Maxwell stress tensor. To solve the above ordinary dierential equation introduce an integrating factor dS = δQ T (S is called entropy,) and take (T, V ) as independent variables. 32 The solution for a black body radiation in an enclosure at equilibrium is u(T ) = σT 4 . It is known as Stefan-Boltzmann law, and was rehabilitated after the careful measurements by Lummer and Pringsheim in 1897 on an insulated porcelain pipe. The accepted value of the constant σ is 2.898mm • K.

Wien's Universal Function

The spectral colors seemed to be inconsistent with classical thermodynamics for a number of reasons. Foremost are the issue on the thermodynamic appraisal 30 In telecommunications a cavity behaves conceptually like a passive resonator lter. There is a trade o between the quality factor of a resonator and its bandwidth. 31 Kirchho worked within the framework of geometrical optics. This is why he assumed isotropy, non-interference of dierent beams, and independence of radiation on intensity and interface phenomena. 32 The thermodynamic entropy potential is written as dS (V, T ) = ∂S ∂V T dV + ∂S ∂T V dT . The standard way of solving for the dependence of energy on temperature for a radiation gas consists in writing dS = T is separable and can be integrated.

of color sensation and the need to include the shape of the spectrum in the steady state condition.

Regardless of the inconsistencies in force, Wien felt that thermodynamics cannot simply overlook the spectral features. In the event that waviness is the relevant feature of the rainbow-colored Newton's rings, and that color sensation can be interpreted likewise, the buildup of standing waves of radiation results in a wavy pattern 33 . This pattern is universal, being it common to all the other undulatory phenomena. Hence, thermodynamics had to be updated, and the wave concept had to be qualied as a thermodynamic quantity. It was the year 1894. Wien solved the equation of radiation for an adiabatic expansion δQ = 0 taking Stefan-Boltzmann law into account, and found T V 1 3 = const. The statement λ max T = const known as Wien's displacement law between the wavelength of the spectral peak and the temperature of a black-body type of enclosure at thermal equilibrium stood experimental tests as a visual estimate of the temperature (of hot bodies). Thereafter, Wien reasoned that, if a spherical enclosure performs a slow, uniform, reversible adiabatic expansion (with concomitant temperature drop,) a theoretical relationship λ ∝ V 1 3 shall be valid, where λ describes that universal type of wave. The same occurs for a slow adiabatic compression (with concomitant temperature rise.) Moreover, Kirchho's law of thermal radiation of 1860 states that for all bodies in thermal equilibrium at a given temperature the ratio of emissive and absorptive power is a universal function of T per unit λ. On account of the overall thermal agitation, Wien considered the Doppler eect suitable for linking the spectral properties of thermal radiation to temperature. The temperature dependent thermal agitation Doppler-shifts the wavelengths of the emissions/absorbtions of the molecules belonging to the body of the black body. Therefore, Wien further reasoned that the spectral energy density u(T, λ), too, must depend on λ, for it must scale appropriately against the wavelength to keep the temperature-dependent shift λ max = λ(T ). Emitting molecules can be considered heat reservoirs as per Kirchho 's law, and exactly the Doppler eect contributes to level o their spectral particularities. 34 Still, according to Wien no λ value of the temperature radiation at T can be taken on its own, for the energy concentration u(T ) characterizes the distribution as a whole. In Wien's view, once the radiant heat is couched in thermodynamic terms, it is independent of any underlying theory of light (and on any power conversion issue,) and it is legitimate to model it as a gas.

35 He followed the main theme, that radiation oscillates in tune with the molecules. Therefore, he took over from Michelson the assumption that the Maxwell-Boltzmann distribution of molecular velocities can be transferred as is from the vibrating molecules to their emitted vibrations, which then was accepted, and obtained the formula u(λ, T )dλ = cost 1 λ 5 e -cost 2 λT dλ, known as Wien's distribution law.

In the 21st century, despite the radiant energy appears to depend on its eects on the irradiated bodies, it is still ascribed in full to radiation. This allows to compare the performance of photochemical reactions with the work performed by an electric motor, based on the Joule eect.

However, with hindsight, one may wonder whether the numerous conversion types commonly associated with electricity admit of any common denominator.

Planck's contribution within Wien's framework Planck carried on Wien's work under

the new assumption that radiation irreversibly attains a state of maximum entropy through 33 The standing waves actually visualize a pattern that could be interpreted as a demodulated (received) signal.

The measured fringe spacing of an interference pattern never records the absolute wavelength of a monochromatic light beam, but rather it markedly depends on the experimental layout. Among other things, it depends on the numerical aperture of the optical device, and on the tilt and deformation of the surface on which it is displayed. 34 The concept of thermal radiation was introduced by Kirchho, who compared Fraunhofer's absorption lines in the solar spectrum with the Bunsen ame spectra of vapors. Both types of experiments used light sources with a spectral bandwidth extending from invisible UV well into the invisible IR range. 35 Noteworthy, Wien explicitly rules out the possibility of dealing like this with Hertzian waves.

conservative damping of the charged material oscillators, rather than through Doppler eect.
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His thermodynamic equilibrium condition was characterized by isotropically distributed standing waves with random phases. By then the measurements in the infrared (IR) range had yet to be performed and Wien's formula for the spectral distribution still complied with the data. In order to account for the damping, Planck chose to model the black absorber as an assembly of small linear oscillators, each of which can resonate in a small dν interval about its resonance frequency. The experimentally observed spectral distribution (mainly by Lummer, Pringsheim, and Paschen,) could be reproduced by ascribing to each oscillator a time averaged energy ε,

and by linking to it the natural radiation within the enclosure

U (ν) = V u(ν) = V αν 3 e -βν T ,
that is u(ν) = 8πν 2 c 3 ε. 37 Rather than relating the linear oscillator's energy to the temperature through the equipartition theorem of energy as did Rayleigh, that is ε = k B T , Planck went through the relationship between energy and entropy of an oscillator in a dν range about resonance ∂s ∂ε = 1 T .

Taking εdν = αν 3 e -βν T dν and writing

1 T = -1 βν ln ε αν 3 = ∂s ∂ε ,
the second derivative has the simple dependence

∂ 2 s ∂ε 2 ∝ 1
ε , and the oscillator entropy is

s = A 0 -1 βν ln ε αν 3 dε = -A βν ln A αν 3 -1 .
Since energy is an additive state function, the average energy of N mutually independent linear oscillators contained within an enclosure of volume V can be taken to be the sum over i th oscillators of energies ε i (ν, T ), where ν is again the resonance frequency in the equation of the damped oscillator. Provided that the sum extended over innitely many oscillators is convergent, this means E = ∞ i=1 ε i = V u. Again, due to the relation dU = T dS valid for an ideal gas at thermal equilibrium, it might be expected to extend additivity to the entropy S, and to obtain ∂s ∂ε = ∂S

∂E

. By contrast, the classical statistical formula

S = k B ln W + S 0 ,
where k B is known as Boltzmann's constant, S 0 is another constant, and W are called complexions, is unrelated to the individual oscillators. In fact, the complexions depend on the positions of classical, distinguishable gas particles, on their average kinetic energy, and on the dispersion of the latter. Classically, entropy doesn't reect a property of the microstates themselves, but rather their compatibility with the chosen thermodynamic state [39]. 38

Isothermal Photodissociation of an Ideal Gas

Soon, the above theory of heat radiation was extended from the cavity containing bare radiation to that containing transparent, reecting, refracting, diusing and absorbing media. In 1912

Einstein set on deriving the all-important relationship between absorbed light and photochemical processes in the gas phase from classical thermodynamics [40, 41].

In fact, he wished to corroborate his own principle theory on the nature and constitution of radiation by linking it to a widely recognized general theory that didn't make any assumptions on specic mechanisms. 36 With respect to Wien, Planck also switched from wavelength to frequency u(λ, T ) → u(ν, T ), where u(λ, T )dλ =

cost 1 λ 5 e -cost 2
λT dλ and u(ν, T )dν = cost 1 ν 3 c 4 e -cost 2 ν cT dν (in the untit volume). We remark that, if the damping coecient is constant, the frequency peak ν d is univocally determined, and dierent from the undamped resonance frequency. In addition, the damping contributes a (Lorentzian) line broadening dν, that Planck interprets as contributing to the entropy increase. 37 In the MKS system of units, i.e. setting κ = 1 4π 0 ( 0 vacuum permittivity) Planck writes for the absorbed and emitted powers of the oscillator respectively dE a dt = πκe 2 3m u(ν) and dE e dt = 8π 2 κe 2 ν 2

3mc 3 ε. At equilibrium dE a dt = dE e dt .
Here ν means the frequency of the solution of the equations for damped oscillations, or better a bunch of such frequencies within dν. 38 Einstein was condent that he could specify W as a random variable. Yet, Boltzmann complexions just won't let themselves be interpreted like random variables. They refer to all dynamical microstates belonging to a thermodynamic state UN (ν, T ), that amount to ∞ 2 f for f degrees of freedom. Partitioning the 2f -dimensional phase space into cells Ωi, and taking the dynamical states whose representative points all lie in the same cell as equivalent, prevents us from interpreting WΩ i as random variable 0 ≤ WΩ i ≤ 1. In fact, for each dierent partition the amount of complexions is multiplied by a constant, giving rise to a particular additive constant in the entropy.

A further leitmotif of Einstein was the surface photoelectric eect in metals, i.e. the ionization process under UV irradiation that exemplied his heuristic hypothesis of energy quanta in 1905. 39

His law of photochemical equivalence states that the total amount of photo-energy absorbed by an equivalent weight of any reacting chemical substance amounts to N A hν, where N A is Avogadro's number. [START_REF] Einstein | [END_REF] The 1913 paper's title reads as follows: Déduction thermodynamique de la lois de l'équivalence photochimique. To grasp its meaning, assume that a mole of a gas AB be enclosed in an insulated, perfectly reecting container of xed volume V at temperature T , so we can talk about black-body radiation. At thermodynamic equilibrium the gas system is characterized in bulk by the (V, T ) parameters of the enclosure and is described by Helmholtz' free energy ∆F = ∆U -T ∆S, 41 where ∆U and ∆S are respectively the internal energy and the entropy of the system. Disregarding chemical changes, the system's free energy change must decrease in order that any process can spontaneously occur, so that the useful work W u is W u ≤ -∆F . Equality holds under reversibility conditions. The same principle applies when taking the dissociation of an ideal gas into account. 40), where [i] is the concentration of any species, is ruled by the principle of detailed balance K =

N [i] = [i]N A (footnote
[A][B] [AB ] .
By convention, the equilibrium dissociation constant K = kon k off is related to the negative of the standard molar Gibbs free energy change ∆G 0 = -RT ln K in going from the initial to the nal state. So long as the mixture behaves ideally that constant is independent of the partial pressure of each gas, i.e.

∂ ln K ∂p

[i] T
= 0. That is, the partial pressures satisfy the gas equation

p [i] = N [i] RT N A V = N [i]
V k B T , where k B is Boltzmann's constant, and R the gas constant. 43 In Einstein's case the variables S and U , rather than the enthalpy H, contribute to determine the equilibrium constant, or K = e -∆F 0 RT . The change in entropy ∆S captures the eects of gas mixing as well as the statistics of the degrees of freedom that become available at dierent temperatures, while internal energy changes ∆U involve the internal degrees of freedom of rigid molecules. Suppose that light absorption by AB is the only process coming about, then the [START_REF] Jaynes | The Gibbs paradox[END_REF] Einstein introduced the photochemical equivalent as a dissociation function analogous to the work function (the minimum work P = hν -1 2 mv 2 needed to remove an electron,) before the origin of the continuous tail of atomic line spectra was explained. Thus, Planck's temperature radiation at equilibrium isn't sharply distinguished from the latter continuum. Shortly after 1912 it was suggested to relate the absorbed light to the dissociation energy of polar compounds in solution [pn] ⇔ [p] + + [n] -, where [p] indicates the concentration of the electropositive compound, and [n] the concentration of the electronegative one. As a rule, the quantum eciency was set equal to 1. Since dissociation reactions are but one of the common types of chemical reactions, soon photochemistry was extended to covalently attached electrophiles (Lewis acids) and nucleophiles forming covalent bonds, and to molecular redox reactions. [START_REF] Einstein | [END_REF] Einstein uses gram equivalent rather than equivalent weight. The latter concept refers to the mass of substance that chemically replaces that of hydrogen while the former corresponds to the atomic weight divided by valence. Again, whereas the atomic weight is a dimensionless quantity, the gram molecule used by Einstein means the weight (in grams) numerically equal to the molecular weight of the standard substance (hydrogen, or oxygen-16, or carbon-12). That expression created the illusion that each one of the NA particles in a stoichiometric amount possesses its own weight (mass) and volume. The SI unit for the amount of substance formerly measured as gram-molecules or atomic mass units (amu) is the mole (Mol). 41 In principle V is the initial molar volume of AB . By ∆ we just symbolize that classical physics doesn't reckon absolute energy values. 42 Prior to the rise of chemical thermodynamics the chemical anity had been held to consist in a force of attraction/repulsion at a distance. 43 Near atmospheric pressure the pressures of the gases in the standard state are p 0[i] ≈ 1. Thus, their partial pressures are

p [i] p 0[i] ≈ p [i] .
In addition, Einstein chose V such that it initially contains NA molecules of AB . partial pressure of the non-dissociated species decreases as ∆p [AB ] ∝ N [AB ] u(ν 0 , T )dν in the unit time. Here, N [AB ] is the number of molecules of the type AB at equilibrium in the black cavity, and u(ν 0 , T )dν is the active spectral range of black body radiation. Since light absorption is the only contribution to dissociation, the relevant reaction is independent of pressure, that is, it remains unimolecular down to very low pressures with an empirical rate of reaction v = -∆[AB ] ∆t .

Let's call primary photo-reaction this occurrence.

Without knowing any better, reactions proceed either releasing or absorbing heat. Einstein assumes that photo-energy must be supplied, so that dissociation is endothermic in his case [42]. The foto-labile component AB in the gas mixture attains in one stage a well-dened

chemical equilibrium state [AB ] K ⇔ [A][B]
in the black cavity (T, V ), provided that amounts of A and B keep recombining at the given steady degree of dissociation. Recombination is exothermic, and occurs spontaneously. 44 As concerns the preservation of the equilibrium spectral distribution u(ν, T )dν within the enclosure, 45 if the bimolecular recombination of A and B, that Einstein assumes to be independent of u(ν, T )dν were to uoresce with the same intensity exactly at the same frequency ν 0 (spontaneous emission,) light would reversibly catalyze the reaction without taking part in it. On the contrary, Einstein demands that temperature radiation breaks the deadlock in the principle of detailed balance by incorporating the chemical changes into a fairly general energy transformation. 46 We notice that we can compare Einstein's argument with Kircho 's and Planck's because of the eort of the former to avoid introducing transition probabilities from the outset. Incidentally, unless we are prepared to accept potentiality of binding besides its actuality, whenever ν 0 is identied with the frequency to dissociate the A -B chemical bond, the `never-bond' of the dissociated molecules won't emit at this frequency.
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If the ideal gas AB is capable of undergoing volume photo-dissociation by absorbing in a certain frequency band around ν 0 , it gains energy in excess with respect to the equilibrium condition.

Hence, Einstein resolves to envisage the shift [AB ] → [AB ] = ζ[AB ] in

the equilibrium concentration of the decomposing substance with respect to `dark' chemical equilibrium, 48 and in tandem with it the decrease u → u = u ζ in the radiation density at the active frequency ν 0 . He refers to this case, in which the black body spectrum as well as the chemical equilibrium are slightly altered, as improper thermodynamic equilibrium. Because of 44 Einstein deals with enthalpy changes ∆H while spontaneity refers to Gibbs free energy ∆G = ∆H -T ∆S < 0. For a closed system at equilibrium ∆H = ∆G. To indicate whether there is the propensity to react in terms of free energy ∆G < 0 means exergonic and ∆G > 0 means endergonic. 45 Kirchho's law of thermal radiation connects emission and absorption. Kirchho relied so much on the assumption that both processes occur at the same ν that he replaced the black enclosure with a mirror surface. He just didn't explain how a light distribution other than blackbody radiation can attain an equilibrium distribution in a mirror cavity. Unlike stimulated/resonance emission, phosphorescence is unrelated to the absorption frequency. One can wonder whether the equilibrium distribution is reached in this case. Eventually, Einstein assumed a dynamical equilibrium to exist between the rates of absorption and emission involving any two quantum states. 46 We exclude energy preserving frequency mixing as a possible emission process. Usually, a principle of microscopic reversibility is called upon. By postulating that the interaction with radiation as the only mechanism, i.e. ruling out the transfer of the absorbed energy to the environment by collision during recombination, Einstein assumes a distribution of independent and non-interacting molecules in phase space. In fact, he wishes to establish a valid thermodynamic relationship between radiation and heat. This picture was also valid for photons. Clearly, once a collision mechanism is introduced for the molecules, it can be used as a wild card at any time. Thermalization in the sense of establishing electron-phonon coupling transfers energy to the molecular rotovibrational levels. 47 In 1912 Stark stressed that, dierently from Einstein, he was focusing on the loosening of the valence bond by light. 48 Although in this particular case dissociation equilibrium falls totally on radiation, instances are known where the same reaction can take place under irradiation with visible light as well as when the reactants are left in the dark. Reportedly, a photoreaction kinetics may not dier dramatically with respect to the dark condition. In the dark K boils down to the chemical constant in the law of mass action.

the envisaged shift, a thermostat must be provided for the system composed of the gas mixture and the radiation to remain at isothermal equilibrium at T . The condition for maximum work is stated by the Helmholtz-Gibbs equation

W u = Q + T ∂Wu ∂T V
, where Q is the reaction heat. Recalling that the condition for reversible equilibrium is -∆F (V, T ) = W u = 0, at constant volume that condition can be restated by minimizing dF = ∂F ∂T V dT = -SdT = 0. To derive the thermodynamic properties of the system from statistical mechanics, Einstein chooses to state the overall equilibrium condition in terms of virtual entropy variations compatible with the boundaries, δS g +δS r +δS t = 0, where the indexes refer to gas, radiation, and thermostat respectively. The virtual internal energy variations of the system are constrained by the thermostat δS t = -δUg+δUr T . 49 Let's deal with the black body radiation rst. To calculate the virtual variation of the mean energy per mole Einstein takes the black body radiation density u (ν 0 , T r ) that comes about when radiation gets absorbed. T r denotes the steady improper temperature prevailing in the range dν about ν 0 . In the 1912 paper that variation sounds like δU r = -N A (ν 0 , T r ), while in 1913 it is written as δU r = -η(ν 0 , T r ),

to stress that a priori it could be continuous. 50 Correspondingly, the virtual entropy variation

is δS r = δU Tr = -N A
Tr . Next, let's deal with the gas. The rule that the total energy/entropy of a gas mixture is equal to the sum of the energies/entropies that each gas would have if it alone occupied the total volume under the same conditions is an extension of Dalton's law valid for partial pressures. At a dierence with partial pressures, the extension property of energy/entropy implies a way of counting micro-states. The entropy change corresponds to the relative change in the number of microscopic states over which the gas ranges. The constant K is involved as it depends on absolute energy/entropy values. This is an important issue, because Bose-Einstein statistics of 1924 changed the state of aairs in 1913. The sum total of contributes to the entropy of the gas mixture is

S g = -N [AB ] [c V [AB] ln T + R ln V [AB ] + χ [AB ] ] +N [A] [c V [A] ln T + R ln V [A] + χ [A] ] +N [B] [c V [B] ln T + R ln V [B] + χ [B] ]
provided that the molar heat capacity at constant volume c

V [i] is constant. V [i] = V N [i]
is the molar volume. 51

The additive constants χ [i] take care of absolute entropy. Provided that the gas be ideal, the change in the number of microscopic states as a function of the 49 Einstein worried about the 2nd principle of thermodynamics. Decomposition and recombination imply that chemical work is performed at constant temperature and xed volume during the cyclic decompositionrecombination process. That energy is compensated by the heat reservoir at constant temperature. 50 Since NA (ν0, Tr) is proportional to the power to which e is raised in Wien's law, it is worth distinguishing between discrete and continuous values. The function w = f (a) = ln a, called natural logarithm of a, is dened as the area under the curve y = 1 x in the interval [1, a], and can be any w ∈ R + , exactly as can a = e w . The natural logarithm can be extended to negative values of a, i.e. f : R + → R either by brute force, allowing for negative areas, or by extension to C, over which f (a) isn't injective. According to cryptography and network security, if w only takes on discrete values, and a belongs to the same set of values as w, the operation ln(a • b) = ln a + ln b is dened modulo the set. 51 Here, we already wrote the new, shifted equilibrium concentration with respect to the purely thermal reaction, as did Einstein. Helmholtz' free energy function F = U -TS could be used as follows. I) For each species, make explicit the dependence of the thermodynamic function on the variables by writing the

dierential dF = d(U -TS ) = [T dS -pdV ] -T dS -SdT = ∂F ∂V T dV + ∂F ∂T V dT = -pdV -SdT . II)
Refer to a mole of ideal gas. Substitute pdV → RT dV V in the rst term. As for the second term,

∂F ∂T V = -S = F -U T , dU
dT V = cV with constant cV means that the integral gives the constitutive equation for the internal energy U = cV T + ξ, where the integration constant ξ means the molar potential gas energy in the reference state

T = 0. dS = δQ T = c V T dT + R
V dV because the thermal capacity of a mole of gas (molecular heat) is again δQ δT = cV . By integrating, the constitutive equation for the entropy is S = cV ln T + R ln V + χ, where χ is another integration constant, referring to the entropy in the reference state. Now, since F = U -TS , internal energy is proportional to 1 T , and one can put i χ [i] = 0 for the reference state. 52 Again, U g =

[i] [c V [i] T + ξ [i]
] gives the internal energy in terms of the dierences in the specic heats. Virtual variation with respect to the number of molecules

N [i] gives δS g = [i] δN [i] [c V [i] ln T -R ln[i] + χ [i] -R] and δU g = [i] δN [i] [c V T + ξ] [i]
. 53 The variations in the numbers of molecules are δN [i] = ±1, they being the values of the stoichiometric coecients appearing as exponents of the reactant and the products in the detailed balance. The given expressions concern the improper thermodynamic equilibrium. Reversion to proper equilibrium requires

[i] δN [i] R ln[i] = R ln [A][B]
[AB ]ζ , where ζ = u(ν 0 ,T ) u (ν 0 ,Tr) . In 1912 Einstein puts

[A][B] [AB ]ζ = u X , with X = X(T ) and k B = R N A
, and expresses δS g + δS r + δS t = 0 as , each species possesses its own molar heat capacity, volume, and standard reference state. The contributes from each gas are additive, and per agreement the numbers of moles of the reactants (1 in our case) are taken with negative sign, while those of reaction products (again equal to 1 in our case) are positive. The sum total of the molar heat capacities is called reaction heat. 52 Classically, the fact that the entropy is a state function, and thus is an exact dierential, implies that ∆S → 0 when T → 0. Again, by denition the thermal capacity of a system is CV = δQ δT , with δQ = T dS in the reversible case. For an ideal gas one has CV = ∂Q ∂T V = ∂U ∂T V , and thus ∂S ∂T = C V T . If CV = const, this is in contrast with the above assumption. 53 When deriving -N [i] R ln kon ⇒ [AB ] doesn't just happen at ν 0 , and is conceived of as dierent from the intrinsic heat of the gas, the system needs to absorb less heat from the thermostat than in the wholly entropic case. To recapitulate, the chemical process associated with photo-decomposition contributes an amount of heat that can hardly be accounted for by thermodynamics. Thus, Einstein's law of photochemical equivalence was not free from issues, beginning with its framework, which was no longer physical chemistry and not yet quantum mechanics. It went almost unnoticed in mainstream physics, while in physical chemistry for a while it was compared, or perhaps confused with the radiation hypothesis of chemical reactions proposed to explain enzymatic catalysis.

-N A Tr + N A T + δN [i] c V [i] (ln T -1) + χ [i] - ξ [i] T -R ln ι -R ln (Xu) = 0,
N [i] V the term -δN [i] [R ln[i] + R] results.

Photochemical Reactions and Equilibrium Constants

To clarify how the temperature coecient 54 is related to νdν in Einstein's law of photochemical equivalence, let's maintain that the radiation at a temperature T has a well dened composition under equilibrium conditions, 55 and that the heat equivalent of radiation is equal to U = hν in terms of photon energy (provided radiation is absorbed). A tiny temperature change dT at chemical equilibrium allows relating the heat of reaction with the photochemical mechanism. In fact, the temperature dependence of the equilibrium constant is ruled by Van't Ho 's isochore

d ln K dT = ∆U 0 RT 2 ,
56 where ∆U 0 is the standard change of internal energy of the dissociating ideal gas. The equation allows calculating the value of either K or ∆U 0 at any temperature T f , provided its value is known at T i . If, as per Einstein, the only contribution to the reaction is from light absorption, one has

d ln K dT = N A hν
RT 2 (the relationship between the constants is k B = R N A = n N R,) which can be integrated to obtain K = Γe -hν k B T . This temperature dependence of the rate constant of chemical reactions was rst proposed by Arrhenius. Einstein adds that one quantum must by absorbed by each reacting molecule. Γ is called the pre-exponential factor. Einstein's law of photochemical equivalence dealt with radiation temperature all along. However, after this agreement it appears that the radiation hypothesis of chemical reaction is ultimately equated with thermal reactions. In other words, it is excluded that radiation can be converted into a specic chemical reaction without coupling to induction or dielectric heating.

57

Trautz, McCullagh Lewis, and Perrin were among the rst to embrace Einstein's law. Taking homogeneous catalysis as a starting point, they put the law of photochemical equivalence in opposition with the collision theory of chemical reactions, which by then was backed by Gibbs' mathematical theory of classical statistical mechanics.

The outlook for validating the law on the fairly complicated combustion and metabolic reactions was not so promising.

Therefore tests were restricted to tautomerisms and to unimolecular decomposition kinetics down to very diluted gas concentrations, in the belief that independence from pressure means [START_REF] Hinshelwood | Activation by light[END_REF] The temperature coecient Q10 of a heat of reaction is dened as the heat capacity change of the substance on rising the temperature by 10 • C. 55 Radiation from the sun is readily analyzed with a prism, while diused room lighting cannot be analyzed that way.

56 The link of the Van't Ho isochore to Helmholtz' function [46]. Summing up, the radiation approach to photochemistry of those days was nally hampered for want of truly unimolecular reactions [47].

∆F = ∆U -T ∆S is      ∂ ( ∆F T ) ∂T      V = -∆U T 2 .
Next, an amendment was put forward, that allows for collisions, and assumes that light contributes an activation energy to the overall reaction heat.

60 Leveraging Arrhenius' concept of activation energy Einstein's law of photochemical equivalence was reshaped as a radiation hypothesis of the chemical activation. 61 . According to Arrhenius, the temperature coecient is related to the heat of activation. To explain the hydrolysis of cane sugar by hydrochloric acid, he conceived a temperature dependent chemical equilibrium between activated and inactive molecular species. 62 Application of the same theory is enabled by transposing `activated species' into `species activated by absorption of a light quantum' in the rst stage of the reaction. If only active molecules can react, and the law of mass action applies to both the equilibrium distribution of normal (I ) and of activated molecules (II ), the Van't Ho isochore can be applied to both species, and depends only on the initial and nal states. By integrating one obtains ln

K II K I = -∆U R 1 T II -1 T I
, where the dierence ∆U = cost. II -cost. I between the two temperature dependent constants is called activation heat. On condition that the radiation 58 Einstein had embarked on the thermodynamic derivation of his law in the belief that thermodynamic reasoning is fairly general and doesn't depend from specic mechanisms. On the opposite, mechanisms play a key role in the understanding of reaction kinetics. For example, Perrin pointed out that collisions involve a second order reaction

d[AB] dt = kon([AB ]0 -[AB ]) 2
, leading to an easily distinguishable kinetics from photoreactions. In fact, in rst-order reactions the 'half-life' is independent of the initial concentration, while in second-order reactions it is inversely proportional to it. However, to keep the collision theory alive it suced to assume a time lapse between photon absorption and release, so as to allow impact de-excitation in-between. 59 The problem was deemed to consist in detecting the small, and possibly reversible, direct photochemical eect. Although J. C. Bose tends to interpret the light action as causing a strain, he clearly acknowledges the contributions due to electromagnetic induction, to saturation, and to modulation. 60 Sometimes, the absorbed light can exceed many times the required dissociation energy without causing it. This fact was explained by Born and Franck with the aid of the picture of electronic quantum leaps between discrete molecular energy level, as a consequence of the need to satisfy energy conservation during the collision processes. 61 The theory of chemical activation is known as transition state theory. 62 Arrhenius assumed that only a fraction of molecules, the activated molecules, is capable of reacting. The activated species are no ordinary reaction intermediates, for they cannot revert to the inactive species by virtue of the o-rate constant.

hypothesis is valid, that activation heat must be supplied by the black body radiation at temperature T . The Arrhenius activation energy, that leads to K = Γe -E A RT is set equal to E A N A = hν per molecule. According to the modied interpretation of Einstein's law, it being understood that there is an overall temperature dependence of the process, absorption by the reacting gas AB is directly related to the wavelength λ = c ν at which its molecules get activated.

Provided that Boltzmann's distribution law f = e -hν k B T is valid, it can be put equal to the fraction of active molecules at any temperature T , and the focus shifts to the theoretical explanation of the pre-exponential factor [48]. In the third stage of the reaction the product becomes again non-reactive.

Relationship between Absorption and Reaction Rate

According to the early thermochemistry, combustion heat measures the total energy loss or gain in a chemical reaction. 63 Supposed that the theory capable of being applied to purely thermal reactions can be smoothly extended to photo-reactions, how much can light irradiation speed up a reaction already taking place in the dark? This question led to investigating the inuence of light on the temperature coecient. In general, owing to the diculty of establishing the characteristic frequencies of reacting substances, the inuence of a single wavelength on chemical reactions could only be determined very roughly. The problem of setting the limit of the active wavelength entailed the diculty of distinguishing between direct and photosensitizing eects.

64

Another issue was the experimentally detected lag time between turning light on and induction of steady state catalysis. Dierently from electromagnetic induction, that occurs according to Faraday's law U = -∂Φ B ∂t , Einstein's photon absorption mechanism is assumed to happen instantaneously, and therefore requires to invoke an intermediate activated step in order to account for that time delay. Moreover, the factor f = e -hν k B T was interpreted as if absorption of quanta could rearrange the population of molecules in states corresponding to a temperature considerably dierent from that of the environment.

Finally, right from the outset it was unclear how the competing processes of uorescence and phosphorescence had to be included in the overall energy balance. Should thermodynamic equilibrium constants also account for the reactions accompanied by light emission, for the secondary steps, and for radiation driven catalysis?

65 All theories on photo-kinetics, such as the dissociation theory of photochemical thresholds [49], the transition state theory [50]. and the radiation theory of reactions, dierentiate between absorbed photons and the energy only contributing to increased thermal motions.

Pohl studied the changes in the visible absorption band of alkali metal doped alkali halide crystals under the assumption that one light quantum can dissociate one electron [51]. In 67 Franck modeled photochemical dissociation consistently as a two step process:

(i) light absorption is by photons and lifts a molecule from the ground state into a higher electronic level;

(ii) collisions transform the energy of the excited molecule into chemical energy of decomposition, and possibly into heat, while the newly formed molecules fall to a lower level releasing kinetic energy.

66 Faraday's laws state: 1) the amount of chemical change produced by a current at an electrode-electrolyte boundary is proportional to the quantity of electricity used; 2) the amounts of chemical changes produced by the same quantity of electricity in dierent substances are proportional to their equivalent weights. 67 Molecular dissociation is considered akin to atomic ionization. By the way, if one assumes that the amount of energy received by light absorption is of the order of a temperature of thousand degrees, the really not too high temperature of a rey catches the eye.

During recombination, which Franck considers the thermodynamic reverse phenomenon of dissociation, the two steps are reversed:

(i) two energetic molecules collide giving rise to a bigger excited molecule in accordance to conventional chemistry;

(ii) spontaneous luminescent emission happens from the big molecule.

The energy ranges along the spectrum are distinct. While photochemical dissociation requires about 100Kcal /mol , vibrational and rotational changes involve 5Kcal /mol and 0.02Kcal /mol respectively. We mention two critical points: the rst concerns the light-matter interaction mechanism, and the second concerns the fusion of thermodynamics and electromagnetism.

Firstly, perhaps it was a bad move to put the main focus on mean energy exchanges tting with the principle of energy conservation. In fact, the (mostly disregarded) concomitant eects of photoexcitation are quite specic. Secondly, bearing in mind that saturation phenomena are not uncommon under laser irradiation, some more cautiousness would have been mandatory in distinguishing well characterized electromagnetic radiations from temperature radiation.

Conclusions

In spite of some specic chemical eects of light being known since ever, the discipline of chemistry was created and ourished in the wake of mechanical reductionism. In our opinion the prerequisite for reviving Barendrecht's `radiation hypothesis of chemical reactions' is to frame it afresh. It was proposed in the early 1900s as a sequel to the electrolytic phenomena, and ought to link Du Bois Reymond's and Matteucci's works on electrophysiology to the swift progress in electronics and telecommunications. While current telecommunications technologies have a longstanding experience with antennas and antenna coupling, by then there was just not enough insight to allow making up the leeway on the interpretation of molecular spectra.

That historical circumstance led to the spectral features of substances being severed from the occurrence of chemical reactions. When the task of interpreting gas and vapor spectra was tackled on the basis of Bohr's atomic model, thermodynamics already accounted for the heat changes associated with chemical reactions in the inorganic and organic domains, and it was tempting to work out a common physicochemical framework for all possible chemical reactions, including photoreactions. To corroborate his own hypothesis of light-quanta, Einstein extended the principle of energy balance to include luminous energy. At rst, his law of photochemical equivalence was hailed as a cornerstone of chemistry. However, the concept of chemical bonding evolved as an outgrowth of the changeable features of the quantum models. In the mid 1920s, around the time of the statistical interpretation of quantum mechanics, the rivaling valence bond (VB) and molecular orbital (MO) theories inquired whether light can act directly at the binding level or light quanta limit to excite bound electrons. And since, according to both, the chemical energy is stored as potential energy in the bonds holding atoms together, it followed that light mostly only contributes an activation energy. Once light leads to the usual conversion steps, photochemistry cannot but range across the familiar reactions on Earth. The resolution into atoms represents the extreme limit to which the activation of the vibrational degrees of freedom of a molecule can proceed: in this sense there is no discontinuity between the thermal and the photochemical process, Hinshelwood remarked [54]. In the end Einstein neither could give a purely photochemical account of dissociation reactions, nor could he nalize an alternative statistical treatment to Gibbs' thermodynamics. In 1933 Bohr missed the same opportunity as Einstein at the International Congress of Light Therapy. For a joke, we could say that he missed to establish a complementarity between the precision with which the nuclear moment can be measured and the sensitivity to the chemical environment (chemical shift). Oering no new insight, the quantum-radiation hypothesis of chemical reactions was discontinued, too, except for the known photochemical reactions.

Our concept of monochromatic plane electromagnetic wave is bound to fail on the subject of the radiations passing through matter. As regards the chemical performance of radiation, since chemical reactions readily testify of active behavior no linearity can be expected. Moreover, radiation itself, whatever it is, cannot be conceived as a carrier of energy regardless of how radiation is transferred and converted. Whereas the energetic approach is a bulk approach, or either it is dealt with statistically, the non-encoded response of matter is specic. It is often determined by interface conditions, and is subjected to changes whenever the surrounding is altered.

In order to correctly interpret the electromagnetic responses associated with chemical reactions, we should approach spectral features and photochemical processes outside thermodynamics. A telecommunication approach could start explaining the naturally occurring reactions involving radiation by attempting to drive and control the simplest steps via their accompanying `signals'. As far as signal analysis can go, perhaps the chemical eects of radiations could be evaluated in terms of the parameters used for passive lters. To name a few, passband and modulation could prove useful concepts. To our knowledge, a rationalization of the steps of photochemical reactions that can be followed by monitoring electromagnetic responses, and obtained by electromagnetic stimulation was never proposed, that is based on the experimentally testable model of coupled antennas. Perhaps, there is a trade-o between photo-reaction and luminescence, which can be understood as impedance matching. Finally, any radiation hypothesis stands or falls on the possibility of successfully linking spectral features to chemical processes, isolating chemical products.

Two issues surface: how extended is the range of `useful' radiations, and whether there are new classes of chemical reactions that rely in a distinctive way upon radiation. The two issues are linked to each other. Probably, there is no divide between chemical and non-chemical rays, but rather matching conditions play a considerable role. There can be little doubt that ionizing radiations show toxic eects on living beings, and that exposure to light aects matter, impairing/supporting the normal cell functions. Furthermore, many classes of light induced reactions are well studied, such as those involving oxygen, aromatic compounds, ketones and alkenes. As for the possible role played by light, it seems either to couple the involved reactants from a distance, catalyzing their reaction if they happen to be in a fairly stoichiometric mixture, or else to provide a lock and key mechanism in form of a non-encoded `signaling' at a close distance and longer wavelengths. We dwelt in particular on polarization, since, according to our representation of radiation, this phenomenon seems to point to the occurrence of crosstalk among transmission channels in the optical range and at lower frequencies. Keeping in mind how dispersion comes about, very narrow lines are hardly isotropic (omnidirectional). Crosstalk with resonance lines at MW could bring about the splitting of spectral lines into multiplets, while RFs could rotate the polarization plane of light. As for the detected induced electromagnetic responses, perhaps they seldom cause photoreactions because these only can happen if the impinging radiation is rather strongly coupled to some conversion mechanism.

Figure 1 :

 1 Figure 1: Frequency tripler. The output cavity is about one third of the input one, thus functioning as a frequency multiplier of the input signal. Sum/dierence frequencies are produced as nonlinearities. An ideal mixer rather converts two dierent input signals into their sum/dierence.

Figure 2 :

 2 Figure 2: Qualitative sketch of the refractive index in the range extended to soft X-rays according to E. Hecht, Optics, third Ed. (1998), p.72.
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 133241 [V du(T ) dT dT + u(T )dV ] + 1 3 u(T ) T dV = V T du dT dT + 4 dV , and in equalizing the mixed partial derivatives of S: ∂ 2 S ∂V ∂T = 1 T du dT = ∂ 2 S ∂T ∂V = -4 du dT . The resulting equation du dT = 4 u

1 ,

 1 which in turn gives u = ιXe k B Tr . He compares his result with Wien's energy distribution udν = 8πh c 3 ν 3 e -hν k B T dν and Planck's normalization constants α = 8πh c 3 and β = h k B . In fact, by 1912 it was already sure as egg is egg that Wien's law is the correct approximation of Planck's distribution udν = 8πν 2 and for diluted radiation. Insofar as Einstein's application of the quantum hypothesis to a chemical process returns the formulated hypothesis for an ideal gas, it is mathematically correct. Still, it should come as no surprise that the thermal radiation obeys a Wien-like law. Taking for granted that ε is the absorbed radiation energy during the transition u → u , Einstein's move can be interpreted as an instance of chemical equilibrium [AB ] + ε K ⇔ [A] + [B], where light participates in the reaction as a universal reactant. In the light of the activated-complex theory, light absorption is interpreted rather as an energy storage step [AB ] κon ⇔ κ off [AB ] * , severed from the conversion of energy into the chemical reaction [AB ] * k on ⇒ ([A][B]) * . Einstein's interpretation clearly doesn't match Barendrecht's assumption that `electromagnetic signals' could catalyze reactions like sugar inversion. In 1913 Einstein nalized the thermodynamic argument leading to Wien's radiation law by dispensing with the arbitrary additive constants we called ξ [i] , that represents the specic heats of ideal gases taken at 0 • K, and χ [i] , the unspecied additive entropy constant. Later on, Einstein argued that the heat theorem required to determine the numerical value of the equilibrium constant K = K(T ) cannot be demonstrated within thermodynamics. Admitted that the residual entropy approaches zero as T → 0, so that χ [i] = 0 for each component of the gas mixture, the overall change in the Helmholtz' function for an isothermal process at constant we have F = cV T + ξ -T (cV ln T + R ln V + χ), and dF = -RT V dV -[cV ln T + R ln V + χ]dT . III) In a gas mixture with molar concentrations [AB ] , [A], and [B]

  volume is dened with respect to the standard states of the dierent components. By adding and subtracting a term ∆Q the free energy change ∆F (T ) = ∆U -T ∆S relative to each standard state can be rewritten as [∆U 0 (0) + ∆Q(T )] -[ T 0 ∆S(T )dT + T ∆Q(T ) T ][43]. Written in this guise, the above equation tells that, if there is any deviation from ideality, or the emission during the recombination process [A] +[B] 

  photochemical equivalent p := 4.186×10 7 N hν

  Still, whereas the initial rate of cane-sugar decomposition by acids is a fraction of the initial sugar concentration, always the same absolute amount of sugar is decomposed by a xed quantity of the exoenzyme invertase, independently of the initial sugar concentration, unless this is very low or very high. Shortly after the turn of 1900 D. Berthelot claimed that, as regards the decomposition of polyoses, in many instances the action of chemical rays can replace the hydrolyzing enzymes[7, 8]. 4 He tackled the inanimate aspects of enzymatic reactions by proving that at least the rst step in the alcoholic fermentation can be replaced by the action of actinic rays emitted by a mercury vapor lamp. Irradiated degassed aqueous solutions of sucrose exhibit mutarotation, indicating that the UV lit disaccharide D-sucrose breaks down into D-glucose and D-fructose (levulose). This mimics yeast's natural hydrolysis[9]. 5 In fact, the natural fermentation process is called sugar inversion because the optical activity of the solution changes from dextrorotatory to levorotatory. 6 In the neutral solutions the rst stage is followed by degradation of the monosaccharides with gas evolution, 7 mainly CO and H 2[10].

feeding on sugar with common chemical processes, such as the sucrose hydrolysis catalyzed by hot diluted sulphuric acid C 12 H 22 O 11 + H 2 O sucrose → C 6 H 12 O 6 glucose + C 6 H 12 O 6 fructose , for instance. Neither agent combines with sugar.
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  The attendant unimolecular dissociation of gas AB into the species A and B near atmospheric pressure attains chemical equilibrium [AB ] At chemical equilibrium the concentrations in the mixture are [AB ], [A] and [B] in mol /vol , or by `numbers of contained molecules'

K ⇔ [A][B].

  In fact, the reaction heat should allow determining ∆U • .57 When looking at the conversion of electricity into motion, either electric motors are equated with thermal machines, or the produced heat is regarded as a side eect. on ([AB ] t=t 0 -[AB ]) in the initial phase, before the reverse reaction sets in.58 Sadly, the chosen test eld, unimolecular homogeneous photo-dissociation reactions, reportedly was anything but ideal. Many rst order reactions are heterogeneous, indeed, taking place by preference at the interface of the container. Moreover, it could be shown that the photoreactions supposed to remain of rst order at low pressure, when no collisions should happen, became of second order in diluted gases, instead. Even in the happy occurrence of nitrogen pentoxide (N 2 O 5 ) the calculated photochemical activation energy E = N A hν of 24.7kcal mol -1 didn't comply with any molecular absorption frequency at 1.16µm in the near IR range [44, 45]. Conversely, although that molecule strongly absorbs radiations below 3µm, irradiating at those frequencies doesn't change its decomposition velocity. Moreover, putative unimolecular reactions admitted of alternative explanations based on the kinetic theory, that were more rigorous from the statistical mechanics standpoint. Many researchers started wondering as to what extent heat of reaction and absorption frequency should match. Although a vast majority conceded that a lightabsorbing molecule gets excited, 59 not everybody was willing to dierentiate between mechanical equivalent of heat and chemical equivalent of light, and between temperature radiation and Sun light

	independence from the number of collisions per unit time, and therefore dependence solely
	from temperature radiation (primary photo-reactions). Irrespective of whether the relationship
	between equilibrium thermodynamics and chemical kinetics is a straightforward matter, the
	dissociation [AB ]	kon ⇒ [A][B] was held to be unimolecular if it satises a rst order rate law
	d[AB ] dt	= k

Examples of such parameters are phase dierences, polarization, and so on.

That energy depends on the ionized species and on the solvent.

It was a revival of the Liebig-Pasteur dispute of the 1860s.

The Bunsen-Roscoe reciprocity law states that in homogeneous specimens light intensity and exposure time are reciprocal, so that the radiation dose and the chemical eect are proportional to each other.

This happened in 1949. It evidenced that the precision with which the nuclear moment of the model of the atom can be measured is aected by the experimentally observed sensitivity to the chemical environment. By implication, current experimental nuclear physics tests the nuclear structure by means of high-energy particle collisions.

There were already velocity-modulated tubes (klystrons) operating at wavelengths of 10cm before WWII, but most experiments had recourse to radio techniques and used wavelengths ranging between 100 -1m. This is why nuclear magnetic resonance (NMR) developed before electron paramagnetic resonance (EPR).

We are not arguing that the observed eect is linked to the nominal frequency value. With regard to the possibility of measuring the rate of heat evolution during enzymatic reactions, we notice that in 1936 Gorter unsuccessfully attempted to detect the very sharp lithium nuclear magnetic spin transition in lithium uoride by a calorimetric method.

This is known as chromatic polarization. The colors depend on the polarizer-analyzer angle, and on the interposed sheet.

Biot and Arago actually observed optical rotatory dispersion. The angle by which the polarization plane is rotated depends on the wavelength, therefore sunlight through a transparent quartz cut perpendicular to the optic axis suers dispersion quite like a prism.

At a dierence with natural rotation, Faraday rotation doubles α when light is reected back after passing through the sample. To put it in a nutshell, in

Faraday showed that a static magnetic eld H = -grad ϕm along the direction of the light beam produces in silicate borate of lead glass, an optically inactive material, an `articial' rotation of linearly polarized light amounting to the angle α = p([ϕm]0 -[ϕm]L) cos ϑ, where ϑ is the angle between the lines of force of H and the light path L, and p is called Verdet constant. Verdet constant amounts to the angle of rotation produced by a unitary eld strength per unit length of the material.

The mechanical eect of the magnet on a lit substance (direct Faraday eect) must be discriminated from its direct action on the emitted light by a ame.

The quantum picture doesn't allow for frequency mixing. The levels corresponding to EH=0 are characterized by the principal (n) and azimuthal (l) quantum numbers. The electronic charge is -e.

The quantum number characterizing the spatial orientations is m l . The fourth quantum number, is the spin quantum number ms. The normal Zeeman eect is determined by the orbital angular momentum L, and requires the total spin to be S = 0. If S = 0, there arises a spin-orbit interaction, and the splitting into sublevels is determined by the total angular momentum J = S + L. The anomalous Zeeman eect takes place. At very strong magnetic elds the Paschen-Back eect requires to take L and S separately into account.

The selection rules valid for the normal Zeeman eect are ∆E = ω, ∆l = ±1 for the azimuthal quantum number, ∆m l = 0, ±1 for the angular momentum, and ∆ms = 0 for the spin.

Resonance under unreversed, i.e. unsaturated conditions is likely not to produce frequency mixing. While the term resonance was used in the context of light emission phenomena, it only was attributed to RF after the 1937 Rabi experiments on molecular beams, in association with a static magnetic eld.

A partial `conservation of polarization' of narrow lines under resonance conditions was also shown for the sodium D2 line, and for zinc and cadmium lines.

Dierently from Rosenthal, Frederick, and Neugschwender, who looked for the associated chemical eects of resonance conditions, Fermi and Rasetti just focused on the optical response, i.e. on the depolarization. In our opinion, depolarization happens because of frequency mixing. However, according to quantum mechanics an oscillating magnetic eld means a variable electromagnetic eld that causes transitions between energy levels. The depolarization is caused by magnetic dipole transitions.

Usually, in quantum mechanics, uorescence at resonance conditions is treated as a coordinate rotation to a set of mutually perpendicular principal axes of rotation, via the eigenvalue problem. By contrast, the so called Regge poles were introduced on purpose to cope with high energies.

Mixing occurs because of a crosstalk involving a radio frequency channel, which also can be separately excited, if the sample is matched to a transmitter at that frequency.

In calorimetry, combustion heat is the measured quantity that allows calculating the heat of reaction. With time, the change in any other physical parameter, for instance absorption, became just as good.

We mentioned that double resonance experiments show how a sample under test can intermingle dierent spectral ranges.

The photolysis of hydrogen chloride (HCl) promoted further investigations on the distinctive features of lighttriggered chain reactions as compared with thermal ones.