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Abstract: In one of many uses of the chemical term valence, it means a quantity that 

characterizes the bonding situation of an atom. Historically, the definition of the valence 

quantity has varied across different branches of chemistry. Based on our analysis of the use 

of this quantity, we recommend limiting the definitions to two contexts; the noun valence 

as the number of two-electron bonds associated with an atom, and the adjective n-valent 

for the oxidation state of a metal, which cover the past 70 years. 
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1 Introduction 

The term valence in general refers to the atom’s ability to bond other atoms. It enters 

many chemistry concepts, as outlined in the 2025 IUPAC Technical Report1 about the 

project. A survey prior this project revealed differing perceptions of valence values and 

helped formulate candidate definitions. Nine quantities behind eight alternative 

definitions were evaluated on 39 chemical entities of 48 bonding formulas, giving 

sensible values with mutual relationships. The actual usage was obtained from Google 

Scholar searches of “valen” for each compound and evaluated to imply the definition 

behind the stated value of the valence, the frequency of such use, and the chemistry 

field. Summarized preferences for the alternative definitions identified two main areas 

of use. Organic and physical chemists obtain valence as a count of two-electron bonds 
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at the atom. Inorganic chemists working with metallic elements use n-valent as an 

adjective for the oxidation state. 

As a quantity, valence describes a specific bonded atom; it is a chemical 

dimensionless variable. It has a long history,1 starting slowly between 1860 and 1890, 

exemplified by Kekulé 2 , 3 , Meyer4 , Wichelhaus 5  in German (die Äquivalenz2, die 

Valenz3,4,5), Hofmann6 and Frankland7 in English, as a stated or suggested synonym of 

the widely used “atomicity” as atom-fixing power toward a “standard” atom such as H 

or Cl. After Werner’s theory of complexes 8  in 1890s, the central-atom valence 

gradually branched off into a primary valence as bonds to charged species to fulfill 

stoichiometry of a simple compound and secondary valence as bonds to independent 

molecules or independently stable substances (Werner’s 1905 book9) as the bond 

donors. Between 1900 and 1920, the concept of electrons in inorganic redox chemistry 

necessitated valences of positive and negative values10,11, while organic chemistry kept 

counting bonds12. In 1938, the introduction of standard redox potentials brought a 

change in terminology when Latimer13 used the rarely adopted term oxidation state for 

the formal ionic states of the given element in the half-reaction pair to which the redox 

potential refers to. This caused a succession of the term ionic valence (or 

electrochemical valence) by the term oxidation state, which culminated around the 

London 11th International Congress of Pure and Applied Chemistry in 1947 where 

Linus Pauling presided over the Section II Physical Chemistry. In his 1948 paper14, 

while keeping the organic valence untouched, Pauling saw the inorganic quantity 

valence as an adjective n-valent for the term oxidation number that lacks it, but only 

when the meaning is clear. 

Analyses in the Technical Report1 confirm these two main areas of the valence 

quantity in chemistry papers. The use is modest. Among textbooks, Organic Chemistry 
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by Wade15 gives the value n of n-valent 17 times, compared with oxidation state that is 

given 4 times. Inorganic Chemistry by Housecroft and Sharpe16 gives n-valent 3 times 

and oxidation state 578 times in quantitative context. Physical Chemistry by Atkins and 

De Paula17 has n-valent 5 times and oxidation state 18 times. 

The 1994 IUPAC Glossary of terms used in physical organic chemistry18 defines 

valence as “the maximum number of univalent atoms (originally hydrogen or chlorine 

atoms) that may combine with an atom of the element under consideration, or with a 

fragment, or for which an atom of this element can be substituted”. The Technical 

Report1 shows that, for a properly chosen bonding segment of the given atom keeping 

its formal charge from the Lewis formula of all valence electrons, this definition yields 

a value identical to the count of two-electron bonds or their equivalents at that atom. 

The 2022 IUPAC Recommendation update of the Glossary19 shortened the formulation 

to a “maximum number of single bonds that can be commonly formed by an atom or 

ion of the element under consideration” that involves a degree of opinion inconsistent 

with anything definitional.1 

The different meaning of the valence quantity in organic chemistry and of the 

adjective n-valent in inorganic chemistry of metals is a disadvantage. Differing 

perceptions obscure communication. Yet some continuity with years of the current 

valence quantity use in chemistry papers is desirable. Besides covering the use, the 

definition must emphasize the need for clarity about the intended context. 

2 The definition 

The two widely used valence quantities that characterize a bonded atom originate in 

two different areas of chemistry, which may minimize ambiguity: 

Valence (as a quantity) 
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• In organic chemistry, valence of an atom is the sum of two-electron bonds 

and/or simple fractions of such bonds at the atom in the Lewis formula. 

• In chemistry of metals, the adjective n-valent denotes the atom’s oxidation 

state.  

Note 1. When stating the valence quantity, the intended meaning must be clear. If 

the adjective n-valent is used for oxidation state, it must be identified by naming 

oxidation state or using its notation20 nearby, such as CrII or chromium(II).  

Note 2. The algorithm behind the organic-chemistry valence count consists of 

drawing the full Lewis formula with all valence electrons and correct bond orders.  

Note 3. The count of two-electron bonds yields the same value as the original 

IUPAC definition18 applied to an atom in its actual bonding situation (a segment with 

its bonds and lone pairs) that keeps its formal charge in the Lewis formula. 

Note 4. The oxidation state behind the term n-valent metal in a compound is often 

counted from fixed ionic charges and electroneutrality. IUPAC Recommendation 21 

gives two algorithms to obtain it from a Lewis formula, one of which applies also to 

bond graphs of extended solids. 

Note 5. In papers on chemistry of semimetals and non-metals, both connotations 

occur, yielding different values when: (a) an atom forms homonuclear bonds. (b) An 

atom bonds reversibly as an acceptor or donor to a molecular ligand. (c) When a Lewis 

acid-base adduct ion does not clearly reshuffle the electron density to ligands’ ionic 

bonds (reshuffling to single-atom ligands is nearly complete; see Section 4.2 and 4.3). 

Note 6. The organic chemistry definition suits reaction mechanisms described via 

electron pairs and electron affinity (electrophiles and nucleophiles), while the redox 

aspect is absent or irrelevant. For inorganic chemistry, redox reactions are one of its 

central pillars, hence the occasional adjective n-valent for the oxidation state. 

https://doi.org/10.1351/goldbook.O04365
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Note 7. Two mathematically related quantities also characterize bonding in a full 

Lewis formula; formal charge1 and the number of electrons an atom uses in bonds. The 

latter equals the number of atom’s two-electron bonds plus its formal charge1. 

Example organic chemistry: C2H2 of tetravalent carbon. 

Example metal chemistry: Hg2Cl2 of monovalent mercury, HgI. 

Related terms: The term “bond valence” in solid-state chemistry corresponds to the 

bond order in molecular chemistry. Bond valence expresses the number of two-electron 

bond equivalents between two atoms, calculated from the bond length22. The sum of 

bond valences at an atom is called the bond-valence sum22. The Werner’s primary and 

secondary valence9 are also related terms (Ref. 20, p. 144). The former denotes ligands 

bonded by bonds sharing electrons, the latter by donated bonds. 

3 A combined example 

Dichromium tetraacetate combines organic and inorganic components in its 

paddlewheel molecule (Fig. 1). Speaking about it, organic chemists might mention the 

tetravalent carbon and divalent oxygen, inorganic chemists perhaps the blue solution of 

divalent chromium at the start of the synthesis. Organic chemists would avoid claiming 

valence 6 for chromium of oxidation state 2. Searches in Ref. 1 reveal five papers 

stating Cr divalent versus none stating Cr hexavalent in this acetate. On the opposite 

end, who would consider the valence of carbon atoms in acetic acid +3 and −3? 

 
1 Obtained on a Lewis formula of all valence electrons by bisecting bonds of that atom and counting its remaining 

ionic charge. 
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Fig. 1: Lewis formula of dichromium tetraacetate molecule. The solid dash is an electron pair; the 

dotted dash is its simple fraction, 1/2.  

4 Discussion 

4.1 Differing valences by the two definition approaches 

Counting two-electron bonds in the Lewis formula |Cl−Hg−Hg−Cl| yields 2 for both 

Hg atoms of oxidation state 1. Of these two valence quantity alternatives, a search1 

reveals 24 papers stating Hg monovalent and 0 divalent in Hg2Cl2. Referring to mercury 

in Hg2Cl2 as monovalent is then reasonably clear for the reader, yet using a HgI nearby 

or naming dimercury(I) dichloride would still improve clarity. 

Counting bonds in the Lewis formula H−C≡C−H yields valence 4 for its carbons of 

oxidation state −1. As expected, all papers stating the valence quantity in ethyne refer 

to its carbon as tetravalent.  

Google Scholar literature searches in Ref. 1 reveal both contexts of valence for 

nonmetallic main-group elements. Outside the metal chemistry and organic chemistry, 

clarity thus becomes a problem. A heading “halides of divalent sulfur” for lecture about 

SX2 halogenides might make the audience to expect also S2X2.  
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The two valence quantity definition approaches yield different values also when a 

metal atom accepts dative bonds from neutral molecules (ligands of the Werner’s 

secondary-valence type9), such as in Ni(CO)4 with 18-plet of electrons at Ni. The Ni of 

oxidation state 0 has four Ni−C bonds of 181.7 pm (1.817 Å)2 at 198 K by single-crystal 

X-ray diffraction23, a length that yields bond order 1.00 by the bond valence approach24. 

The bond length 112.7 pm (1.127 Å) in the CO ligand23 yields bond order 2.05 that 

complies with the 8−N rule (Ref. 1, p. 181) for oxygen. Room-temperature bond lengths 

are available from gas electron-diffraction.25 For the 183.8 pm (1.838 Å) distance Ni−C, 

the bond-valence approach24 confirms the single bond, and the 114.1 pm (1.141 Å) in 

the CO ligand gives bond order 1.97. As the bond-valence approach is less precise for 

high bond orders, a mere comparison of bond lengths may be illustrative for the 

carbonyl. CO2 has double bonds of 116.3 pm (1.163 Å)26 and CO gas has 112.8 pm 

(1.128 Å)27 for its bond order of ~2.628. The 114.1 pm (1.141 Å) in Ni(CO)4 then 

approaches the CO2 value. Yet the “conventional” Ni(CO)4 formula is drawn with C 

and O bonded by triple bond whose one pair is donated by O. Fig. 2 shows these two 

limiting Lewis formulas. On both, counting two-electron bonds yields valence 4 at Ni 

of oxidation state 0. A search1 revealed 23 papers stating Ni zerovalent, 0 tetravalent.  

 

Fig. 2: Alternative Lewis formulas of tetracarbonylnickel with formal (hence not actual) charges. 

 

 
2 Bond-valence parameters for elements in Ref. 24 or their bonded pairs of given oxidation states in Ref. 24 refer 

to bond distances in units of Å. 
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For C and O, only the oxidation state remains the same on both formulas, CII and 

O−II. Whereas counting two-electron bonds yields C tetravalent on left and trivalent on 

right of Fig. 2, O is trivalent on left and divalent on right. The carbon–oxygen bonding 

reality in this carbonyl is a compromise between the octet rule and 8−N rule. 

4.2 Equal valence by the two approaches 

Note 5 of the valence definition implies that the organic-chemistry and metal-

chemistry approaches yield the same valence value for relatively electropositive atoms 

that have no homonuclear bonds 3, accept no dative bonds from neutral permanent 

molecules, and appear with correct bond orders in Lewis formula. Clarifying examples 

of the latter condition are illustrated in the following. 

Tetrafluoridoborate anion BF4
− of 32 valence electrons is formed by a Lewis acid–

base reaction. BF3 accepts an electron pair from F− in Fig. 3 left. Then it reshuffles the 

electron behind the formal charge −1 at the electropositive boron to the “ionic” bonds 

of four F atoms, thus keeping the 8−N rule (8−7 = 1) for the bond-order sum at each of 

them in Fig. 3 right. In that final formula, the two differing approaches to valence 

quantity yield equal values at the central atom B even though it’s not a metal. The F 

valence then differs from its oxidation state by sign. See also Section 4.3. 

B
F

F

F

−
F 141
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B
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¼ ¼
1 3

1 1

1¾ ¾ 

 

Fig. 3: Valence counts on Lewis formulas of compounds/ions formed from Lewis acid and base 

should refer to the completed reaction (on right), not merely to a first-step adduct (BF3 + F− on 

left). The formal charge (on left) is in black, bond orders (on right) are in blue, and valences in red. 

 
3 Unless their polarity is resolved to count the oxidation state as done at times in thiosulfate formula to obtain 

central SVI and terminal S−II. 
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The difluoridohydrogenate anion HF2
− (Ref. 20, p. 114) of 16 valence electrons in 

Lewis formula · |F · H · F| · has two one-electron bonds at F by the 8−N rule1. The 

central-atom bond length 112.9 pm (1.129 Å) in KHF2
29 yields bond order 0.492 via 

Ref. 24, hence monovalent hydrogen by both valence-definition approaches. 

A transition-metal example is the KNiCl3 hexagonal perovskite with Ni-

coordination octahedra sharing their opposite delta  faces to form anionic chains30. 

Imagine two octahedra of that chain. Each of the three shared Cl ligands of one delta 

face bonds two Ni of bond-valence sum 2.07 (via Ref. 24) from six such bonds of bond 

valence 0.345. That means “divalent nickel” NiII of 6 idealized bond orders ⅓ inside 

the octahedron. Each Cl thus collects bond-valence sum of ⅔ from two Ni. Each K 

bonds 12 Cl by bonds of order 1/12. Each Cl bonds 4 K atoms and collects from them 

bond order 4/12 = 1/3 to sum with those 2/3 from Ni atoms to 1 for the Cl valence by 

counting two-electron bond equivalents.4 A user counting three single bonds at Ni in 

[NiCl3]− would not obtain correct valences. This might be another reason why the term 

n-valent in inorganic chemistry of metals refers to the oxidation state—the ionic 

approximation avoids such errors. Even in the plain summary formula [NiCl3]−, the 

directly seen Ni oxidation state +2 yields correct valences by the implied bond order 

2/3 inside that anion and 1/3 from each of its Cl to K. The result complies with the 8−N 

rule on Cl. More examples of valences in extended solids are in Ref. 1, pp. 164–5. 

 
4  In contrast, transition-metal complexes with coordinated water, ammonia, or other molecular 

Lewis-basic ligands yield different valences by the organic- and metal-chemistry approaches. Only their 

ionic approximation gives the quantity value that already is covered by the term oxidation state and does 

not need to be called valence. 
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4.3 Cases of some ambiguity 

Since the valence quantity aims to describe the actual bonding of the atom, it may 

be less suited for compounds of alternative Lewis formulas where averaging similar to 

the resonance-structure approach yields decimal values. The actual bonding may be a 

bonding compromise, as illustrated in the IUPAC Technical Report1 on the CO 

molecule of competing octet- and 8−N rules.  

Although the BF4
− formula on the right of Fig. 3 is chemically better (the 

experimental B–F bond expands from BF3 gas31 to KBF4 crystal32), the actual length 

increase is only about ⅔ of the prediction (by the “B = 0.37” formula22) for the bond-

order decreasing from 1 to ¾. The B–F bond order in KBF4 thus remains a bit higher 

than 3/4 due to a small remaining charge at B. The NH4
+ of two alternative formulas in 

Ref. 1 gives a similar result: The N–D bond in ND4NO3
33 shows only about ½ of the 

expected increase from the length in ND3
34. Here, however, the main culprit is hydrogen 

bonds that in solid ND3 expand the single bonds of the isolated molecule.  

Another Lewis-formula uncertainty appears when bonding-electron counts in 

transition-metal clusters are approximated by neutral atom counting, where halogenide 

μ2-bridges count with full 2 two-electron bonds to yield the actual and correct 

homonuclear-bond order of the metal cluster itself. Ambiguities are bound to appear 

for the valence quantity that is not an approximation or ionic extrapolation. 

5 Concluding remarks 

The count of two-electron bonds or their equivalents at an atom in the Lewis formula 

differs from the oxidation state if that atom forms homonuclear bonds (often organic) 

or has bonds donated by unchanging neutral molecules or by multiatomic anionic 

ligands (often inorganic). Counting two-electron bonds in organic-chemistry formulas 
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is straightforward, and so is the “inorganic” calculation of the oxidation state behind 

the adjective n-valent for metals and metalloids. The same quantity value by the two 

alternative definitions of valence is obtained when bond orders at the given atom in the 

Lewis formula sum to oxidation state, hence, formally, that atom must be more 

electropositive than its neighbors and must not carry formal charge. That can be 

fulfilled even for sp-central-atom anions, but only if their Lewis formula follows the 

8−N rule1 for the bond-order total at the electronegative terminal atoms forming “ionic” 

bonds included in the count. For d-metal complexes, the two alternative valence 

quantities often differ. The organic-chemistry valence quantity and the metal chemistry 

adjective n-valent for oxidation state then do not create a huge ambiguity (except 

perhaps for MOFs), but it still is important to clarify the meaning. 

Two specialized quantities, introduced since 1975, also use the term valence. The 

older one is the mentioned bond valence22 that means “bond order” in a crystal, 

expressed as the count of two-electron-bond equivalents calculated from the given bond 

length. The newer is the rarely used CBC (covalent bond classification) valence 

number35,36 for the count of atom’s electrons in bonds. Both terms are easy to verbalize 

by these explanatory words. More details and examples are reported in the Technical 

Report1. 
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