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ABSTRACT: The photochemical formation of images in colloidal gold has not previously been perfected as a printing process. The present method employs a sensitizer composed of ammonium trisoxalatoferrate(III) and a gold(I) complex of 3,3'-thiodipropanoic acid, imbibed into cellulose paper. Contact printing from monochrome negatives under UV light yields well-graduated, continuous tone images consisting of colloidal gold embedded in the surface fibres of the paper. Wet-processing removes all excess gold and iron salts. The state of dispersion of the gold colloid, which has nanometer dimensions, is controlled by the composition and pH of the sensitizer, the humidity of the paper and the choice of developer. The hydrophobic gold sol is stabilised by hydrophilic colloids such as the gelatin used as a paper sizing agent. This gold printing process ("New Chrysotype") offers archivally permanent, lightfast prints in a wide range of image colours, with a plain paper surface. Colloidal gold has a very high covering power, which mitigates the expense of using it for enduring photographs.

Historical Introduction

The decorative use of gold has its origins in pre-history, but employment of the metal in its colloidal state dates from Glauber’s discovery, in the mid 17th century, of the so-called Purple of Cassius,
  which has never been bettered as a red stain for ceramic decoration, and a means of making red stained-glass. The present innovation makes this superb pigment available to the photographic print maker.

In the beginnings of photography, gold was recognised at the outset as a potential imaging substance, and was investigated by Talbot
 and Hunt
, and most notably by Herschel,
 who dubbed his method of gold printing Chrysotype. Regrettably this process was never carried into successful practice, because it was eclipsed by Talbot’s less costly, and more tractable procedures based on silver. The experimental prints in gold made by Herschel himself are now held in the collections of the Museum of the History of Science, Oxford,
 and the Library of the Royal Society, London, and are probably the only historical specimens of Chrysotype to come down to us. The consequences for photohistorians have been profound; as Schaaf
 has remarked: “Had Herschel continued this swing towards the noble metals, it is likely that a much larger proportion of early photographic prints would have survived.”

Accounts have appeared sporadically in the photographic literature,
,
,
 of subsequent attempts at gold printing, but all were admitted to suffer from unacceptable levels of fog, contrast or ‘unnatural’ colours; indeed, the recognition of these chemical difficulties by the leading photoscientists at the the turn of the century, Pizzighelli and Hübl
 , Abney and Clark
 and Chapman Jones
 , had led them all to discount the feasibility of gold printing. A viable gold printing process only becomes technically and economically possible with the aid of some modern coordination chemistry, whereby the vigorously oxidising nature of the gold salts can be moderated.

Gold has, however, been widely employed as a toning agent for silver images since the earliest days of photography
  when Fizeau first proposed the use of gold chloride in 1840 for toning daguerreotypes. Since the report in 1855 of the Photographic Society’s “Fading Committee”
 it has been generally recognised that impermanence in silver prints can be mitigated by gold-toning; today, gold protection of silver-gelatin images is still recommended when archival stability is paramount. The objective of the present work was to devise a direct method of photographic printing in pure gold, without the intermediate use of silver. At a time when silver printing itself is becoming increasingly expensive and the industry is seeking cheaper alternatives, it may seem both profligate and irrelevant to seek to print in gold, but the unusual characteristics displayed by this medium could find it a place within those specialist areas of photographic practice that are concerned with fine art and archival documentation.

Photochemistry

Although photosensitivity has been observed in several areas of gold chemistry, there are no commonly available compounds that combine photosensitivity with sufficient thermal stability to commend them as sensitizers for printing, in contrast to the halides of silver. An indirect route into gold imaging is therefore necessary, and this can be provided by the well-known photochemistry of certain iron(III) carboxylates,
 ,
  such as the oxalato complex, wherein a photochemically-induced internal redox reaction yields iron(II):

h + [Fe(C2O4)3]3–  [Fe(C2O4)2]2– + CO2 + C2O42–
The quantum yield for this process in aqueous solution is approximately unity per mole of iron for light of wavelength 365 nm. The resulting iron(II) complex is quite a strong reducing agent, as may be seen from its redox potential:

Eo([Fe(C2O4)3]3–/[Fe(C2O4)2]2–) = +0.02 V

which is sufficiently low to reduce a noble metal complex to the metallic state, which then constitutes the final image, e.g.:

[MX4]2– + [Fe(C2O4)2]2–  M + Fe(III)

This is the general chemical principle underlying the historical ‘iron-based’ alternative printing processes in gold, silver, mercury, platinum and palladium, corresponding respectively to Herschel’s original Chrysotype
, Argentotype and Amphitype
, which used ammonium iron(III) citrate as the photosensitive component, and the later Platinotype and Palladiotype processes due to Willis.
 , which used iron(III) oxalate.

The chief difficulty in applying this system to gold arises from the strongly oxidising nature of the most commonly available gold complex, tetrachloroaurate(III), for which:

Eo([AuCl4]–/Au,4Cl–) =  +1.00 V

This redox potential is high enough to ensure oxidation of the carboxylate anion, citrate or oxalate, which would be present in the mixed sensitizer, with consequent premature deposition of gold metal, e.g.:

2[AuCl4]– + 3C2O42–   2Au + 6CO2 + 8Cl–
Herschel partially solved this problem by using the gold(III) salt, sodium tetrachloroaurate(III), as a separate development bath for an exposed coating of ammonium iron(III) citrate, followed by ‘fixation’ using potassium bromide or iodide, but this is now a very costly and uncertain way to proceed, because the image quality suffers.

An additional disadvantage of using tetrachloroaurate(III) arises from the stoicheiometry of the reduction:

Au(III) + 3Fe(II) = Au(0) + 3Fe(III)

which lowers the quantum yield in the final image by a factor of three, leading to lower optical densities.

Coordination Chemistry of Gold

Clearly the solution to these problems lies in finding a suitable compound, preferably of gold(I), having a diminished redox potential with respect to the metal so that it can tolerate the presence of oxalate. Most simple binary compounds of gold(I) in an aqueous environment are unstable with respect to disproportionation into the metal and gold(III) , so it is necessary to seek the answer among the complexes of gold(I). Until recently, the only well-known water-soluble, stable gold(I) complexes were, typically, the sulphito, cyano, thiocyanato, and thiosulphato species, [Au(SO3)2]3–, [Au(CN)2]–, [Au(SCN)2]– and [Au(S2O3)2]3–, respectively. But these complexes have such large formation constants that the redox potential is brought down to values below even that of the iron photoproduct, e.g.:

Eo([Au(CN)2]–/Au,2CN–) = –0.6 V

so they cannot readily be reduced to gold metal by iron(II).

The first objective of this work was therefore to find a soluble gold(I) complex of intermediate stability: to this end, many potential ligands were tested by reacting them with tetrachloroaurate(III) or tetrabromoaurate(III), then mixing the product with ammonium trisoxalatoferrate(III) solution to see if a suitable sensitizer resulted. The criteria for suitability were:

(1)
The ligand should form a gold(I) complex that is thermally stable in aqueous solution, but reducible to the metal by the iron(II) photoproduct.

(2)
The ligand should not cause precipitation of an insoluble gold complex at the high concentrations (ca. 0.3 M) needed to give adequate coating weight when imbibed into paper.

(3)
The ligand should not react significantly with the trisoxalatoferrate(III) anion.

(4)
The ligand should not be malodorous or highly toxic.

(5)
The mixed sensitizer should be stable for at least ten minutes under ambient conditions, to allow coating of paper without perceptible precipitation of gold.

(6)
Exposure to UVA (365 nm) light of the sensitized paper in contact with a step tablet should yield a well-graduated print of long tonal scale, smooth texture, high Dmax and no chemical fog after appropriate wet processing (see below).

Ultimately, a ligand satisfying all these criteria was found: viz., 3,3'-thiodipropanoic acid, S(CH2CH2COOH)2, used in the form of its disodium or diammonium salts, which are highly soluble in water. The reaction of this ligand with tetrachloroaurate(III) follows a path already well established by Cattalini and co-workers
,
, for other thioethers; the generality of this reaction has also enabled McAuliffe and colleagues
 to devise a synthesis for neutral gold(I) complexes that are water insoluble and readily characterised.
  From kinetic studies
 it is found that the reaction mechanism takes place in two steps:

(1)
Coordination of the ligand with chloroaurate(III), displacing chloride:

[AuCl4]– + S(CH2CH2COOH)2   [AuCl3S(CH2CH2COOH)2] + Cl–
(2)
Attack of a second molecule of ligand on the gold(III) complex, reducing it to gold(I), the thioether ligand being itself oxidised in the presence of water to the corresponding sulphoxide:

[AuCl3S(CH2CH2COOH)2] + S(CH2CH2COOH)2 + H2O  
[AuClS(CH2CH2COOH)2] + OS(CH2CH2COOH)2 + 2H+ + 2Cl–
It is believed that this reductive step may take place via transfer of a chlorine atom from gold to sulphur, followed by hydrolysis.

(3)
In the presence of excess ligand, an equilibrium is also possible, in which a third molecule of the ligand may displace the chloride ion from the gold(I) complex:

[AuClS(CH2CH2COOH)2] + S(CH2CH2COOH)2 
[Au{S(CH2CH2COOH)2}2]+ + Cl–
These equations illustrate the reaction steps in a formalised way only; the precise species present, and their states of ionization at equilibrium, will obviously depend on the cation, pH, and metal/ligand ratio. The speciation in this system is complex, and its investigation is hindered by the fact, apparent from the 13C nmr spectrum
, that the equilibria for ligand exchange at gold(I) are labile and rapid.

Warning: in any experimental exploration of the chemistry of this process, it would be prudent to avoid two hazards: the precipitation of the dangerously sensitive explosive, fulminating gold, which results when ammonia is added to gold(III) complexes, and the possible formation of the unpleasant vesicant, mustard gas, S(CH2CH2Cl)2, by inadvertant chlorination of the ligand.

Preparation of Sensitized Paper

For a typical formulation the sensitizer is mixed in the molar ratios:

Ligand : Gold : Iron = from 2 to 3 : 1 : 1

in order to maintain a suitable stoicheiometry. The aqueous solution of sodium or ammonium tetrachloroaurate(III) is added slowly, with cooling if necessary, to an excess of a concentrated solution of the disodium or diammonium salt of 3,3'-thiodipropanoic acid (potassium is avoided as a cation owing to the low solubility of potassium trisoxalatoferrate); the greater excess of ligand provides a more stable sensitizer. An equimolar amount of ammonium trisoxalatoferrate(III) solution is added next. It will be noted from Equation (2) above, that the system becomes acidic as a consequence of the oxidation of the ligand, so the pH can be adjusted finally, if desired, with an appropriate alkali, but should not be allowed to rise above pH 7 to avoid undue hydrolysis of the iron(III) complex. The carboxylate functions of the ligand, having a pKa ca. 4, also tend to provide an internal buffer action in this respect. To provide an adequate coating weight of gold in the sensitizer solution, its final concentration should be ca. 0.15 M.

The substrate chosen (for aesthetic rather than scientific reasons) in all experiments was a pure cellulose paper, with no additives other than a sizing agent to control the absorptivity and restrict the imaging substance to the surface layer of fibres. Paper internally sized with ‘Aquapel’ (an alkyl ketene dimer) is suitable for neutral, blue or violet tones; but to achieve a good red colour the best sizing agent is gelatin, which 'protects' the smallest colloidal gold particles against flocculation. It is also likely that the gelatin enters into the sensitizer chemistry
  by binding with gold(I) via its sulphur-containing aminoacid residues such as cysteine
 or methionine. The most suitable type of gelatin for this purpose was found to be a non-oxidised, de-ionised ossein; adsorption onto the gold hydrosol is most efficient at a pH near to the isoelectric point (pI) of the protein.

Owing to the low sensitivity of the coating to visible radiation, photographic darkroom conditions are unnecessary for preparing and handling the sensitized paper, and an adequate ‘safelight’ is provided by a 100 W tungsten filament lamp.

Printing and Wet Processing

A contact printer with an ultraviolet light source is most convenient, and exposure times with a small commercial unit delivering a UV flux of ca. 50 W/m2 were in the order of two minutes. When the degree of ‘print-out’ is high, the use of a traditional hinged-back printing frame enables the correct exposure of a print to be attained by inspection, without the use of ‘test-strips’.

Reaction between the iron(II) photoproduct and the gold(I) complex takes place rapidly within hydrated regions of the cellulose structure during the exposure; the extent of ‘print-out’ of the image is consequently dependent on the R.H. of the paper, being almost complete at high (80%) R.H., but at low (20%) R.H. the ‘print-out’ is slight and the image undergoes extensive development during the wet processing.

Image colour and the extent of ‘print-out’ are therefore controlled by adjusting the humidity of the sensitized paper, before exposure, by equilibrating it in an enclosure of constant Relative Humidity: pink and red images are obtained at low (20-40%) R.H., proceeding via purple to green, blue and neutral grey at high (70-90%) R.H. Because of the self-masking effect during printout, the contrast also varies somewhat with humidity.

Paper exposed at low R.H., when the print-out is slight, may be ‘steam’ developed simply by a short humidification over a water-bath held at 40-45 °C (or even by breathing heavily upon it!). Whether or not this is done, the first processing bath will complete the development and remove most of the excess chemicals: this bath must be prepared on a ‘one shot’ basis, because a re-used bath will build up a concentration of red gold sol which may stain the paper of subsequent prints. The ‘developer’ consists of a fresh solution of a ligand for iron(III) at a strenth of ca. 1% : tartaric, citric or oxalic acid or tetrasodium EDTA all work well, and each of these reagents yields a slightly different colour in the gold image. Partial print-out followed by development can lead to artistically interesting ‘split-tone’ effects, in which the colour of the image varies across the density scale. The remaining clearing baths (which may be re-used) are intended to remove all excess gold and iron salts from the paper fibres. The entire processing procedure may be summarised as follows:

(1)
(Optional) “Steam” over a warm water bath for 2 to 5 minutes.

(2)
Develop in a solution ca. 1% w/v of either tartaric, citric or oxalic acid, or disodium EDTA, for 2 to 5 minutes. This bath should not be re-used.

(3)
5% tetrasodium EDTA # 1.

(4)
Kodak 'Hypoclear' at working strength.

(5)
5% tetrasodium EDTA # 2.

(6)
Water wash for 30 to 60 minutes.

Immersion times in the clearing baths (3) - (5) of about 10 minutes each seem adequate to remove all iron(III) and gold salts from the paper to levels below detection by chemical spot tests. EDTA at high pH is an effective chelate for iron(II), and Kodak ‘Hypoclear’ provides a convenient source of inorganic sulphite which forms strong, and relatively stable, soluble gold complexes.
 All these baths have a pH ca. 9, which is beneficial to the long term stability of the paper substrate.

Results

The printing exposure range, logH, for this sensitizer was found to be ca. 2, corresponding to a negative density range of about about seven stops, which is comparable with that required for a full-scale platinum-palladium print. The maximum reflection density, Dmax, achievable is typically 1.5, which compares favourably with what can be achieved on totally matte surfaces by other processes.

Full exposure to achieve Dmax, requires an energy density of about 6000 J/m2 at  = 365 nm, which is comparable with other iron-based processes such as palladiotype;
 corresponding to a quantum efficiency of approximately unity at this wavelength.

The speed and contrast of the gold printing papers were found to depend on the relative proportions of ligand and gold in the sensitizer; a ratio of 3:1 giving a somewhat slower and more contrasty result (logH = 2), than a ratio of 2:1, ligand : gold, which was two stops faster as judged by the mid-tones, and had logH = 2.6. Values of the ligand : gold ratio lower than 2:1 lead to extensive chemical fogging.

The colours obtainable with the process show a critical dependence on several parameters, as has already been indicated. Table 1 shows some of the variation that can be obtained with just one sensitizer solution of pH 3 to 4 on a gelatin sized paper. The use of other developers (tartaric or oxalic acids) and pH values can produce an even wider range of image colours.

The light stability of the gold images has been tested by exposure to 100 hours of simulated daylight (1154 Wm-2), which resulted in no measurable change.

A set of images by the author, printed by this process, was exhibited at the National Museum of Photography, Film and Television in 1989, and specimen prints are held in the permanent collections there, and at the Royal Photographic Society, Bath.

Discussion

Chrysotype, as a method of photographic printing, resembles the better-known and at one time widely acclaimed, Platinotype process.
  New Chrysotypes are extremely light-fast and resistant to chemical attack; they therefore enjoy an archival permanence at least equalling that of the Platinotype. The conservatorial problem besetting all historic Platinotypes arises from the high catalytic activity of platinum black, which can bring about the aerial oxidation of SO2 to SO3, thus causing serious acid embrittlement of the paper base by sulphuric acid formed in situ. In contrast to platinum, gold has a very low catalytic activity in this respect, so this problem should be absent from Chrysotypes. Their longevity will also be enhanced by the alkaline conditions of their wet processing, in contrast to the hydrochloric acid clearing baths used to process Platinotypes.

From an aesthetic point of view, Chrysotypes share with Platinotypes the same characteristics of a perfectly matte paper surface that may be viewed from any angle without reflective glare, and a subtle tonal gradation that is particularly appropriate to pictorial applications. The new characteristic introduced by the use of colloidal gold, rather than platinum or palladium, is the possibility of obtaining coloured images. Since Michael Faraday’s investigations, described in his Bakerian lecture
 of 1857, the optical properties of colloidal gold have attracted much attention. The state of dispersion of a gold sol determines its optical spectra in a way that is now well-understood: the theoretical basis for the relationship of the colours of metal colloids to particle size, shape and state of aggregation has been discussed extensively elsewhere
,
,
 in terms of Mie theory, and there have been several experimental investigations
,
,
 of gold sols by electron microscopy, in which the absorption spectrum is correlated with particle size and shape; a summary of the findings of these investigations is presented in Table 2. In the New Chrysotype process, the colour of the image may be controlled over a considerable range by varying the humidity, pH and composition of the sensitizer, and the developer and paper sizing agent. For practical purposes, a good magenta and a passable cyan are obtainable with gold, but as yet no yellow gold sol has been observed: this unfortunately diminishes the rather attractive possibility of a three-colour printing process which uses no pigment other than pure gold.

The covering power, C, of an imaging substance is customarily defined as C = D/M, where D is the optical density (in this case measured in diffuse reflectance) and M is the coating weight in mass of metal per unit area. Owing to the small particle size, values of C are higher (ca. 5 m2/g) for colloidal gold than for silver, palladium and platinum (ca. 1 m2/g) which compensates somewhat for its high cost as an imaging material.

The extremely small image particle size (ca. 10 nm) also suggests that colloidal gold has considerable potential as a medium for permanent information storage purposes, but it requires a substrate much more homogeneous than paper, if full advantage is to be taken of the high resolution. With slight modifications in the chemistry, gold sensitizers can be prepared in solutions containing gelatin, which can then be coated onto glass plates or plastic film.

The increase in effective photographic ‘speed’ of this process when the ligand-to-gold ratio in the sensitizer is low, giving rise to a more labile gold(I) complex, suggests that the gold colloid may be capable of growing by physical development, akin to the process of selective gold deposition from “electroless” autocatalytic plating baths
. If the sensitizer can form a sufficiently stable latent image in gold at the smallest particle size, and the colloid subsequently grown on these ‘nuclei’ by physical development, it is possible that an ‘enlarging-speed’ material could be devised.

In conclusion, while many photographs in the future will undoubtedly be stored digitally, the long term stability and accessibility of information stored thus is not yet guaranteed. If there is to be place for paper photographs as “hard copy”, then we might bear in mind the words of Geoffrey Chaucer:
 “...That if gold rust, what then will iron do?”
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