From Lavoisier to Dalton:

The Debate over the Law of Definite Proportions

by Kelly Strandemo

Learning Objectives:

Scientific Concepts

1.   explain the basis for viewing matter as distinct elements, each made of atoms with a characteristic mass. That is:  explain the relationship between atomic theory and the laws of conservation of mass, equivalent weights, definite proportion and multiple proportions.  [atomic theory]  
2.  explain the difference between a compound and a mixture (using an example of each),  and explain why the difference matters.   Also:  describe how constant or definite proportion is related to a compound’s properties.  [mixtures and compounds]

3. explain the effect of concentration on chemical reactions  [chemical reactivity and equilibria]  

Scientific Process Skills

1.  apply their knowledge to find the composition of some specified <element?/ compound?> experimentally.

Scientific Thinking

1.   interpret the theoretical import of results.  For example, what would Berthollet’s theory of continuously varying composition have meant for chemistry in his time?

2.  interpret results according to alternative hypotheses.  Here, students will discuss how to determine water is water using both Proust’s Hypothesis (constant composition) and Berthollet’s theories (varying composition); and describe how Berthollet’s theory would have explained constant properties.

3.  describe results as evidence for a theoretical concept.  Here students will be able to detail Proust’s evidence for the law of definite proportion.    [empirical relevance]

4.  characterize strength of evidence.  Here, students will give reasons for the strength of Proust’s evidence.  [nature of evidence]

Nature of Science

1.  explain the process and nature of scientific discovery, as exemplified in the case of the development and acceptance of Dalton’s atomic theory.

2.  discuss the historical and cultural contexts of science (historic events and cultural practices) that allow for conduct of scientific research (exemplified for both Proust and Berthollet).

3.  explain how, in a scientific debate, two scientists may each be both wrong and right [in their theories and publications] (the cases of both Proust and Berthollet).

4.  discuss how a hypothesis may drive the development of a theory, as exemplified in Proust’s adoption of the law of definite proportion atomic theory.

How did we get from Lavoisier to Dalton’s Atomic Theory?

[Lecture Notes to Accompany Power Point]

Lavoisier – defined an element as “the last point that analysis is capable of reaching”


**Avoids ultimate simplicity**

I. France at the end of the 18th century

*Find a video clip that typifies France during this time period.

A. The rule of Louis XV was not strong enough to maintain the government set up by Louis the XIV



a. Constant delays, attempts at reform stifled.



b. Peasants forced into served, and made to pay outrageous taxes.



c. Wealthy middle class not allowed to have a voice in government.

In Science:


a. Philosophes.



i. Small gatherings of intellectuals to talk over natural philosophy.

ii. Considered fashionable to have a polite interest in natural philosophy. 

iii. Highly suspected by the Royal Government for good reason.



b. Royal Patronage of Science was effective in France (On a small scale)




i. Formation of the Academie Royale des Sciences.

ii. Members paid a small salary and expected to serve on various commissions.

Le Cumul – An Old French Tradition – The accumulation of several paid jobs by one man


c. Outfitting a laboratory and creating accurate equipment was very expensive (Especially without outside funding)




i. Lavoisier was a tax farmer.




ii. Made acceptance of new ideas slow.

“In order to be persuaded of the validity of the new chemistry, one needed to adopt the new nomenclature and new experiments.  Nobody should be persuaded about an empirical science by reading about it.  Replicating an experiment meant having a set of instruments” (Levere)



d. Other things made accepting new ideas slow.

i. Products named after their inventor or origin (Glauber’s salt, Libavius’ liquor, Roman vitrol, or Hungarian vitrol)

ii. Several substances with the same name.

iii. Several names for the same substance.

B. In1789 Peasants and bourgeois (middle class) resentments lead to rioting and mobs which tore down the “Old Regime”

a. Lavoisier was killed by one of these mobs on the Guillotine for being a tax farmer.


In Science:  



a. The Revolutionary Government did value scientists

i. Created the Ecole Polytechnique – established to train the best French students in scientific and engineering subjects.



b. Hardly any systematic scientific education before 1800.

i. Previously the best place to learn about science and chemistry was not at a university, but in an apothecary’s (pharmacist’s) shop.

ii. Now – chemists delivered “courses” – No longer only for the curious and wealthy, or apothecaries, but meant for future teachers.  Chemistry could be read critically by other colleagues.

C. The Third Estate (Wealthy Middle Class) came to power.  Created a national assembly, but quickly broke into factions with differing view points.

a. The revolution became an international problem in 1792 when they declared war on Austria.  This was lasted until 1815 and eventually involved Prussia, Sardinia, Dutch, Spain and Britain.


In Science:

a. During this entire portion of French history and previous to it.  Scientific progress often centered on a talented enthusiast who could pass on his enthusiasm to his friends and encourage younger men.

b. Science of the time was experimental and practical.

D. Napoleon Bonaparte rose to power as a champion of the revolution in 1999.

a. By 1804 he had declared himself emperor of France, and began a quest to expand his empire to all of Europe.


b. Defeated in 1815 after trying and failing in Russia.

E. The congress of Vienna (Austria, Britain, France, Prussia, and Russia) gave France back to the old artistocracy and a monarch named Charles X.

In Science:

a. Chemists of the time using knowledge of astronomy (observable) to hypothesize about the behavior/actions of particles in chemistry.


b. Eighteenth century scientists were interested in single components.

i. This led to specific tests for single elements instead of tests for the whole compound.

II.  The two main characters: Claude Berthollet and Joseph Louis Proust

A. Berthollet

a. Born 1748 In  and Died in 1822

b. Came from a family in somewhat strained circumstances, but went on to become a physician and one of the most respected scientists of his time.

c. Accomplished diplomat, flourishing under four different regimes.

d. Studied Chlorine:

i. Prepared Potassium chlorate, which when mixed with carbon explodes energetically.  Berthollet tried to produce a more powerful gunpowder.  

1. At a public experiment in 1788 – the director of the plant, and four other people were killed on the spot.

ii. Found a new way to bleach clothing using chlorine.

1. The old way consisted of soaking clothing in whey then laying large swaths of fabric out across fields to dry.

e. Provided a theoretical basis for the practice of dyeing.

f. Initially skeptical about accepting Lavoisiers beliefs on oxygen.

g. Instrumental in helping Lavoisier write his list of simple substances.

h. Developed some of the first methods for chemically restoring art work.

i. Promising scientists gathered at Berthollet’s estate for scientific discussion and fellowship.

i. With Napoleon’s blessing they formally organized the Societe d’Arcueil.

j. Experiments and Publications on the nature of affinity, and the nature of composition of compounds lead to the controversy with Proust.

B. Proust

a. Born 1754 and Died 1826

b. Father was an apothecary who wanted his son to become the same thing.  

c. At 20 he disobeyed his parents by going to Paris to continue his education in Chemistry.

d. At 24 he took his first position as a professor in Spain

e. His laboratory in Madrid became known internationally as one of the best equipped anywhere.  This made his measurements some of the best available

.

“I succeeded, through the force of hard work, courage, and perseverance, in erecting the most wonderful laboratory known anywhere in Europe today…  I succeeded in developing the most complete chemical establishment for instruction in chemistry, the richest school in experiments that is to be seen” (Proust, In Levere)

f. In 1808 his laboratory was destroyed when French soldiers invaded Spain.  He refused Napoleons offer of a position.  

g. He was received very cordially by Berthollet when he returned to France in reduced circumstances.  

II.  Berthollet, Mass action and affinities

A. Previous to Berthollet’s findings 

a. Elements had affinities which were not thought to be changeable

i. Given in tables.

b. Affinity helped chemists to think of a chemical reaction as taking place between distinct substances that were unchanged in the reaction, but would combine together or separate according to certain basic rules.

c. Factors such as temperature, concentration, pressure, volatility, etc… were thought to prevent or permit the proper chemical action of affinity.

i. Berthollet would show they were all tied together.

B. Observation from trip to Egypt with Bonaparte

a. Came upon a salt lake whose shores were covered in soda (Sodium Carbonate).

b. Berthollet looked around and saw that the lake was surrounded by Mountains, and that water ran down or through these mountains to the lake.  The mountains were made of limestone, so the lake was full of limestone and salt.  

i. He hypothesized that this was the reaction taking place.

ii. Salt + Limestone (Calcium Carbonate) → Soda (Sodium Carbonate) + Calcium Chloride Or, 

iii. 2NaCl + CaCO3 → CaCl2 + Na2CO3
iv. This was very strange because according to experiments in the laboratory this reaction will only occur in the reverse.

c. This occurred for a couple of reasons

i. There were very large quantities of salt and limestone interacting at the bottom of the lake.

ii. While the products Soda and Calcium Chloride were constantly disappearing.  (Soda deposited on the banks, and Calcium Chloride drained into the soil)

1. These two things helped to drive the reaction in the opposite direction from what was expected.

iii. Also, the temperatures in Egypt were much higher than those in the laboratory.  

C. Conclusions he reached changed the way people thought about reactions, in both correct and incorrect ways.

a. The direction of a reaction was not absolute.

b. The enormous concentrations of salt and limestone forced the reaction to reverse.

c. Stated – The action of mass could overcome the usual play of elective affinities between substances. 

d. Affinity alone could not determine the direction of a chemical reaction.

e. Affinity was only one factor among others in the reaction, which no longer had a natural direction, but one determined by a whole set of conditions.

“Essai de Statique Chemique – 1803 – When two substances were competing for a third, the ratio of the division depended not alone on the ratio of affinities, but upon the quantities of the reacting substances” (Ihde)

III. transfer of knowledge to composition

A. Challenged the presumption that substances combine together in fixed proportions.

B. Believed that proportion was related to concentration. (Similar to his correct ideas on affinity)

C. Observation in Egypt lead to this belief: That any chemist who identified a body by its composition was mistaken.

D. This meant:  A chemical compound did not have a fixed identity, each compound was a particular mixture that depended on the conditions of production.

a. Believed that combination took place gradually but continuously. (Explained compounds whose composition was proved to be fixed)

b. Gave the example of solutions, alloys, glasses, metallic oxides, and basic salts.

c. Lead forms an oxide which to begin with is gray, then passes through various shades of yellow, and then finishes by being red.

d. Iron also passes as the oxidation proceeds, through different shades of color, and assumes different colors

E. It was this assertion that lead to the controversy with Proust.

“The proportion of the substance in the resulting compound as well as the degree of completion of the reaction would be governed by concentration, and the only reason why one sample of a particular compound should have the same composition by weight as another would be that the solubility or some other physical property of one of its components tended to limit its concentration.”   Berthollet’s Argument

F. Berthollet speculated about what would become known as atoms, but he was inhibited by awareness of the lack of evidence about the behavior of atoms, from writing publicly of chemical attraction or affinity as acting between one individual atom and another.

a. He noted that while chemists could manipulate the reaction, they could not manipulate the bonds themselves.

Example:  Solutions such as brine and water dissolved in water, were then actually presumed to be chemical combinations.  A certain quantity of water could dissolve continuously  varying amounts of sugar or salt up to a saturation point.

There seemed to be a continuous series of compounds between salt and water, because the proportion of the constituents continuously varied.

IV. Proust’s rebuttal and the controversy

A. It is evident that there was general acceptance of both the concept of the conservation of matter and the concept of definite proportions in chemical compounds.  Berthollet made scientists question this.

B. Joseph Proust waged an eight year controversy with Berthollet which ended with the law of constant composition being firmly upheld.

b. Proust swept aside Berthollet’s sound observations regarding the effects of active masses on the direction of chemical reactions.

c. Regular compounds were formed from their constituents in fixed and definite proportions.

i. There might be more than one compound of the same two substances, but their proportions were regular.

C. In 1799 Proust demonstrated that artificially prepared copper carbonate was identical in composition with that found in nature.

D. Showed that oxide of mercury always had the same composition, whether it was produced in the lab, or mined in Peru

a. Stahl’s old doctrine said that the definite proportions by weight of compounds suggests that the invisible hand of nature operated identically in the depths of the earth and in the laboratory.

E. Working with the basic carbonate, CuCO3-Cu(OH)2 from which he obtained water on mild heating and carbon dioxide on vigorous heating.

a. Correctly analyzed the black oxide which remained to ascertain its composition.

F. Distinguished between chemical compounds and mixtures or solutions.

a. If any analyses showed any intermediate percentage of oxygen (in metals) it was due to the presence of mixtures.

b. In genuine chemical compounds the fixed proportions of the constituents contrasted with the varying proportions in dissolution series.

G. Berthollet accused Proust of using ad hoc explanations to mask the fact that any body was a mixture and only a mixture.

a. Proust responded something like: compounds are substances whose constituents always combine in fixed proportions; whereas solutions or mixtures were substances having variable constitutions. (Very circular)

Note:  The chemical analysis of the day was not actually good enough for either Proust or Berthollet to really isolate the compounds in metal that they wished to study.  They were both analyzing mixtures of oxides of different types.

V.  After Eight years.

A. There are two ways of looking at this controversy.  

a. In most historic accounts Proust is seen as “an advocate for the future.  He is portrayed as a “modern” chemist who established experimentally, in spite of the authority of dogmatic speculation inherited from the eighteenth century, what we know to be true, chemical compounds certainly do have an identity with constituents in fixed and definite proportions.

b. It was Berthollet’s revolutionary proposition that was vanquished while traditional chemistry carried the day.

B. The controversy petered out on its own, without either party actually thinking they had won or lost.

C. When Proust came back from Spain (after his lab was destroyed) He was welcomed and entertained by Berthollet.

D. Obviously Proust was very correct about definite proportions, and later accepted multiple proportions.

E. Berthollet was very correct about the effect of mass on chemical reactions.  He was also correct in his interpretation of alloys, and glass, both are mixtures.  He was incorrect in his theory on varying proportions.

The Aftermath: 

V.  Dalton’s use of definite proportion.

A. Chemical combination takes place in discrete units, atom by atom, and that the atoms of each element are identical.

B. The Law of definite proportions was a major bulwark for Dalton’s theory.  Because, if compounds had been proved to have variable proportions the fact would have been a serious detriment to any theory of atomic combination.

C. For Dalton’s theory a compound must have a definite proportion and elements must have a definite weight.

a. Dalton drew up tables of comparative atomic weights.

VI. Multiple proportions.

A. Dalton formulated the law of multiple proportions.

a. In working with the particle weights of carbureted hydrogen (methane, CH4) and olefiant gas (ethylene, C2H4) he realized that twice as much hydrogen combine with a given weight of carbon in carbureted hydrogen as in olefiant gas.

B. Multiple proportions naturally became apparent in compounds containing the same elements, once the concept of atomic weights began to develop.

C. When elements combine to form more than one compound, the weights of one element that combined with a fixed weight of the other were bound to be small whole numbers.

a. Gave the law intuitive meaning.

Stoichiometry – Eighteenth century scientists were interested in single components, this led to specific tests for single elements instead of tests for whole compounds.

· Led to the formulation of percentage composition

· Acceptance of constant and definite composition

· Acceptance of atomic weights of elements and equivalent composition

· Naming

