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The Periodic Table and Kinetics?
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Abstract: Mendeleev in his first publication ordered the chemical elements following an apparent periodicity of
properties such as atomic volume and valence. The reactivity of the elements was only studied systematically
many years later. To illustrate the systematic variation of kinetics across the periodic table we compare water
residence times for monoatomic ions in aqueous solution. A tremendous variation of 𝜏𝜏 by over 20 orders of
magnitude is found, ranging from ~10 ps to about 200 years. Apart from some small +2 and +3 cations, all main
group elements have very short residence times <10 ns. Transition metal cations of the d-block have water resi-
dence times that depend on the electronic configuration. 𝜏𝜏 of lanthanide ions are surprisingly short with values
of 10 ns and shorter. This is due to an equilibrium between 8 and 9 coordinated ions leading to a low energy of
the transition state for the water exchange reaction.
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1. Introduction
In his publication of 1869 Mendeleev ordered the chemical

elements in a table with increasing atomic masses in vertical col-
umns in such a way that horizontal rows contain analogous ele-
ments again with increasing atomic mass (Fig. 1).[1,2] He found
an apparent periodicity which allowed foreseeing characteristic
properties on the basis of the atomic mass.Amongst the properties
were atomic volume and valency, which he found to recur period-
ically after seven elements.[3] The reactivity of the elements could
not be considered in this early work because of the then lack of ex-
perimental data. Modern research on chemical reactions started in
1864 with the formulation of the law of mass action by Guldberg
and Waage.[4] Only twenty years later van‘t Hoff published his
‘Studies in Chemical Dynamics’ which won him the first Nobel
prize in chemistry in 1901.[5]

What about the reactivity of chemical elements? Is there also
a periodicity as seen for valency? This question is difficult to an-
swer in a general way. The first difficulty consists in the simple
fact that most elements in their elemental form are present as sol-
ids at ambient temperature and only a few as mono- or diatomic
gases (bromine and mercury are the only elements to be liquids
at room temperature). The second difficulty is in the nature of a
potential reaction partner. Reactivity of metal ions with, for exam-
ple, a halogen like F

2
or Cl

2
varies differently across the periodic

table compared with the reactivity with hydrogen H
2
or oxygen

O
2
. Furthermore, reactions in solution can strongly depend on the

solvent used and are different from reactions on the surface of
solids or in the gas-phase.

In this short review, we have chosen to compare reactivity of
monoatomic ions in aqueous solution. The reason is simply that
metals, which represent ~80% of the chemical elements, form
monoatomic cations with charges varying from +1 to +4. For
most of them salts can be found which are soluble in water. Water
molecules have an electric dipole moment with a negative charge
on the oxygen atom and positive charges on the two hydrogen
atoms. In solution, cations are therefore solvated by water mol-
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with a –1 charge (hydride H– and sulphide ions S2– both react with
water). The halide anions X– (X: F, Cl, Br, I) are also hydrated in
water, but in this case, a hydrogen atom of H

2
O is adjacent to the

ion (Fig. 2, right). Again, water molecules have a characteristic
residence time in these aqua anions.

In this paper, we will use the residence time of water mole-
cules in the first coordination shell of ions to classify reactivity
and kinetics of elements in the periodic table.

2. Water Residence Time and how to Determine it

2.1 Hydration of Ions
Before discussing the variation of water residence times over

the periodic table we will show how water molecules solvate cat-
ions and anions in solution (Fig. 2). Around a cation (Fig. 2, left)
we can distinguish one, two or, in rare cases, three shells of water
molecules. These water molecules are different from ‘normal’
water molecules in bulk water mainly due to their dynamical be-
haviour: their rotational and translational diffusion is in general
slower than that of bulk water. This slower dynamics is observed
specially for water in direct contact with the cation, forming the
first coordination shell. The number of water molecules in the
first coordination shell, the coordination number, varies from 4
for Be2+ to 9 for the early lanthanide ions like La3+ or Nd3+. Most
cations are surrounded by six water molecules forming an octa-
hedron. In all cases, the negatively charged oxygen atom of the
water molecules points towards the cation.

Around an anion, the specific organization of water molecules
is less pronounced.[8] In the first coordination shell water mole-
cules are oriented with one of the positively charged hydrogen
atoms pointing toward the anion (Fig. 2, right). The first shell
coordination number increases from 6 to 8 from the small F– to
the large I– anion.

The ion and its first coordination shell do not form a static en-
tity. The water molecules are wagging, librating and from time to
time even leaving the first coordination shell. If a water molecule
leaves the 1st shell it is in general immediately replaced by anoth-
er water molecule entering from the 2nd coordination shell. This
‘exchange reaction’ is called a dissociative exchange reaction, D,
because dissociation is the first step in the reaction pathway.[9] If
the first step is the entry of a 2nd shell water molecule into the 1st

shell followed by the exit of another one, the reaction is called an
associative exchange reaction, A. Both processes can happen more
or less simultaneously; in this case an interchange exchange mech-

ecules with oxygen adjacent to the metal ion (Fig. 2, left). This
hydrated complex formed by the cation and the direct neighbours
of H

2
O molecules, the first hydration shell, is not a static unit –

water molecules are exchanged either with other water molecules
from the liquid leading to a water exchange reaction or with other
dissolved molecules leading to complex formation. Both reac-
tions, water exchange and complex formation, are closely related
as has been shown more than 60 years ago.[6,7] The rate constant
for water exchange, 𝑘𝑘 , or linked to it the mean residence time of
a water molecule in a hydrate complex, 𝜏𝜏 , vary tremendously
for different metal ions, as we will see later.

From the nonmetal chemical elements only halogens (group
17, Fig. 3) form monoatomic ions in solution, which are anions

Fig. 1. Periodic table of chemical elements as published by Mendeleev
in J. Russ. Chem. Soc. in 1869.

1st coordination
shell

2nd coordination
shell

kH2O

‒

1st coordination
shell

2nd coordination
shell

kH2O+

Fig. 2. Schematic drawing of the coordination shells of a cation (left) and an anion (right) showing water exchange of a single water molecule with a
rate constant 𝑘𝑘 .
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Water residence times can be obtained in a more indirect way
from complex formation rate constants. Eigen and co-workers have
shown that very fast complex formation rate constants can bemeas-
ured in water by ultrasonic absorption.[7,15] The rate-determining
step is the substitution of a water molecule by the ligand entering
from the second coordination shell. For example, it has been found
that this substitution rate constant for complex formation of lantha-
nide ions by sulphate SO

4
2– is close to that of water exchange rate

constants measured directly by NMR.[16,17] It can therefore be used
in cases where no directly measured rate constants are available.

A final possibility to gain insight into water exchange reac-
tions on ions uses computer simulations. A variety of classical
and quantum mechanical methods have been developed allow-
ing information residence times to be obtained, amongst other
things.[18,19] The results obtained depend strongly on the simula-
tion method chosen as well as the way by which residence times
are extracted. In this short review,wewill use simulation residence
times for elements where no experimental data are available.

3. Water Residence Time and the Periodic Table
Water residence times in the first coordination shell of mono-

atomic ions vary over more than 20 orders of magnitude from
ps to years (Fig. 4). This tremendous range reflects the varying
interaction strength between the water molecule and the cation or
the anion respectively.

3.1 Main Group Elements
The main group chemical elements belong to the s and p

blocks of the periodic table. Hydrated monoatomic ions in solu-
tions are known for the groups 1 (alkali), 2 (alkaline earth), 13
and 17 (halides).

3.1.1 Alkali and Alkaline Earth Cations (s Block)
Alkali and alkaline earth metals are present in aqueous solu-

tion as +1 and +2 charged cations, respectively. They have filled
electron shells with a noble gas configuration. The interaction
with water is mostly electrostatic and depends therefore on the
charge and the ionic radius of the ion. The ion hydration of both
groups is characterized by increasing coordination numbers with
increasing ionic radii.[20,21]

The water residence times on alkali metal ions estimated from
complex formation are below 10–8 s and decrease continuously
from Li+ to Cs+.[7,15] The results from computer simulations show
the same trend but calculated residence times are in general much
shorter, being in the picosecond range.[18]More sophisticated calcu-
lations performed on Li+ led to residence times 𝜏𝜏 ~100 ps,[19,22]
which are closer to values estimated from complex formation.

Water residence times on the +2 alkaline earth ions are longer
than on the alkali ions. For the first two members of the group,
[Be(H

2
O)

4
]2+ and [Mg(H

2
O)

6
]2+ residence times have been meas-

anism, I, is active which can have a more or less dissociative (Id) or
associative character (Ia). In any case, the exchange reaction can be
characterized by a rate constant 𝑘𝑘 which counts howmany times
a particular 1st shell water molecule exchanges per second. The res-
idence time 𝜏𝜏 of a coordinated H

2
Omolecule is then simply re-

lated to the inverse of the rate constant, 𝜏𝜏 , = 𝑘𝑘 . Because there
are several water molecules in the first shell and all of them can ex-
change independently the total number of exchange events is 𝑛𝑛𝑛𝑛
with n being the first shell coordination number. In the literature the
rate constant of one specific water molecule, named 𝑘𝑘 or , is
generally given, because this is the constant normally determined
experimentally and it is independent of the coordination number.

2.2 Determination of Residence Times
Residence times of solvent molecules cannot bemeasured eas-

ily: in exchange reactions, there is no change in concentrations
to be observed as in normal chemical reactions. There are only
two experimental techniques which allow 𝑘𝑘 to be measured
directly: the first one relies on the use of isotopes and the second
is based on nuclear magnetic resonance (NMR). The isotope tech-
nique is founded on the chemical equivalence of isotopes. Water
isotopically enriched in the stable 18O isotope has been used to
study very slow water exchange reactions.[10,11] The isotope ex-
change technique is, however, limited to slow reactions with res-
idence times longer than seconds.[12]

NMR-based techniques are by far the most used to study water
exchange reactions. In general, 17O NMR is used to avoid ambi-
guities due to proton exchange, which can be faster than the ex-
change of the whole water molecule. Different NMR techniques
can be applied like isotopic labelling with H

2
17O, analysis of the

NMR lineshape and measurement of T
1
and T

2
relaxation rates.[13]

Depending on the dia- or paramagnetic character of the metal ion,
residence times from nanoseconds up to days and weeks can be
measured directly.

Limits on the ion to water-proton binding time, which is in
the case of fast exchange equal to the residence time of whole
water molecules, can be obtained from incoherent quasi-elastic
neutron scattering (IQENS).[14] The method allows hydrated ions
to be classified into those with residence times τ ≤ 10–10 s, with
τ > 10–10 s and with τ ≥ 5 ·10–9 s (Table 1).

H metal He

Li Be non-metal B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

residence time directly measured

residence time from complex formation

residence time from computer simulation

I
1

Periodic Table of Elements
II
2

III
13

IV
14

V
15

VI
16

VII
17

VIII
18

3 4 5 6 7 8 9 10 11 12

Cl

B
Sc

metaloid

Fig. 3. Availability of water residence times 𝜏𝜏 on monoatomic ions.

Table 1. Ion-water proton binding times, τ, from incoherent quasi-elastic
neutron scattering experiments[14]

τ ≤ 10–10 [s] τ > 10–10 [s] τ ≥ 5 · 10–9 [s]

Li+ Zn2+ Mg2+

Cs+ Al3+ Ni2+

Ca2+ Fe3+ Cr3+

Cu2+ Ga3+

F– Nd3+

Cl– Dy3+

I–
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3.2.1 d-Block Elements
Elements of the d-block of the periodic table are chemical

elements of groups 3 to 12. Many of them form +2 and/or +3 ions
which are redox stable in aqueous solution. Ions of group 3 (Sc3+,
Y3+ and La3+) have properties similar to lanthanide ions and form
together the rare earth elements. No experimental data is available
on these three fast exchanging diamagnetic ions.

Water exchange on the paramagnetic first row transition met-
als has been studied extensively using NMR techniques. All ions
except the pentacoordinated Cu2+[33,34] have six water molecules
in the first coordination shell. The mechanism for water exchange
depends on the filling of the 3d orbitals and changes from associ-
ative to dissociative along the period.[26] The water residence time
is mostly determined by the influence of the crystal field stabili-
zation energy on the ground state and on the transition state of the
aqua complex.[35] If this stabilization is high, as for example for
Cr3+, the water residence times are very long. A nice illustration
of this influence is the V2+/V3+ couple of ions. Normally water
residence times are longer on +3 charged ions compared to +2
charged ones. This is due to the stronger interaction with higher
charge and shorter distance (smaller ionic radius for +3 ions com-
pared to +2 ions of the same element). In the case of vanadium,
this order is reversed by crystal field effects: the residence time
on V2+ (11 ms) is about 6 times longer than on V3+. The mecha-
nism of the water exchange reaction has no direct influence on
the residence time. Water residence times on Fe2+ and Mn2+ are
both relatively short, but the mechanisms are I

d
(dissociative in-

terchange) and I
a
(associative interchange), respectively.[26]A spe-

cial case is the hydration of Cu2+. In solid state, the copper ion is
hydrated by six water molecules showing a Jahn-Teller distortion
(elongation of two axial Cu–O bonds). There is evidence that Cu2+

in aqueous solution is coordinated by five water molecules.[33] In
any case, water exchange is very fast and 𝜏𝜏 is in the order of
nanoseconds.[36]

There are few experimental water residence times for second
and third row transition metals (Fig. 3). For the six-coordinated
ions only Ru, Ir and Rh have been studied. Residence times are
much longer than on first row transition metal ions. Residence
times on second rowRu2+/3+ are about 8 orders ofmagnitude longer
than on first row Fe2+/3+.[37] Because of stronger crystal fields and
weaker spin pairing energy, the ruthenium aqua-ions are both low-

ured directly by NMR to be in the millisecond and microsecond
time regime, respectively.[23,24]These long residence times are due
to the high positive electric charge density at the surface of the
two small ions (Be2+ :r

ion
= 0.27 Å, Mg2+: r

ion
= 0.72 Å).[25] The

other ions of group 2, Ca2+, Sr2+ and Ba2+, have much faster water
exchange as estimated from complex formation.[15]

3.1.2 Group 13 Cations
The elements of group 13, except boron, exist as +3 charged

ions in water. The determination of water residence times on these
ions is complicated by their tendency to hydrolysis. Residence
times measured on Al3+ and Ga3+ show that 𝜏𝜏 on hydrolysed
aqua ions are orders of magnitude shorter than on homolep-
tic aqua ions.[26] Again, the residence time decreases strongly
from the top to the bottom of the group. Water residence times
on [Al(H

2
O)

6
]3+[12] and [Ga(H

2
O)

6
]3+[27] have been measured di-

rectly by NMR in highly acidic solutions. The residence time on
[Al(H

2
O)

6
]3+ is about 1 s which is the longest measured on main

group ions in water.

3.1.3 Halide Anions (Group 17)
The interaction between halide anions X– (X: F, Cl, Br, I) and

water is very weak as shown by neutron diffraction studies[28]
and computer simulations.[29,30] The results from incoherent qua-
si-elastic neutron scattering (IQENS) give only upper limits for
water residence times with τ >10–10 s. The data from computer
simulations strongly depend on the method chosen as well as
the parameters used in the simulation. Recent results give 𝜏𝜏
~10–11 s with no clear trend on going from Cl– to I–.[30]Water mol-
ecules are bound with one of the protons pointing towards the
anions (Fig. 2, left) and the interaction between the solvent mol-
ecule and the ion is purely electrostatic. The interaction between
the halide anions and water is much weaker than between alkali
cations and water, which is mainly due to the lower point charge
on H compared to that on O; the Cl–D distance as measured from
neutron diffraction is 2.26Å compared to 2.32Å for Na–O.[28,31,32]

3.2 Transition Metal Cations
In this review, we consider as transition metal ions cations of el-

ements belonging to the d-block and f-block. We restrict ourselves
to non-radioactive elements excluding, for example, actinides.
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group III ions

transition metal ions
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2+
3+

2nd and 3rd row
2+
3+

lanthanide ions 2+
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Fig. 4. Residence times and ex-
change rate constants for
monoatomic cations and anions
in aqueous solution: blue: from
direct measurements (6-coordinat-
ed); magenta: from direct meas-
urements (4-coordinated): yellow:
from complex formation;[15] green:
from computer simulations
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spin, which is in contrast to the iron aqua-ions, which are both
high-spin. Consequently, crystal field stabilization energy (CFSE)
is much larger for the octahedral aqua ions of ruthenium than for
iron. The residence times on the group 9 ions Rh3+ and Ir3+ are the
longest measured: 15 and 300 years at ambient temperature re-
spectively. This shows that the interaction between metal ions and
water oxygen can be very strong, stronger than for covalent bonds
such as the C–O bond in carboxylic acids: depending on pH, the
oxygen residence time on acetic acid is about 1 day.[38] Another
interesting comparison can be made for the isoelectronic Ru2+ and
Rh3+ ions: water exchange for the divalent ruthenium ion is 7 or-
ders of magnitude faster than on the trivalent rhodium ion.[39]

The four-coordinated square-planar complexes of Pd2+ and
Pt2+ constitute a special case. Water exchange on [Pd(H

2
O)

4
]2+ is

faster than on the 6-coordinated Ru2+ which is due o the existence
of a low energy associative pathway. Descending the group from
Pd to Pt again leads to an increase in 𝜏𝜏 by about 6 orders of
magnitude.

Water exchange on the group 12 ions Zn2+, Cd2+ and Hg2+ is
fast and could not be directly measured so far. In contrast to the
transition metal ions of groups 4 to 11, these ions have filled d-or-
bitals. The electrons of the Lewis base H

2
O cannot interact with

empty d-orbitals and the interaction is therefore mainly electro-
static. The decrease of interaction from Zn2+ to Hg2+ is due to the
increase of the ionic radius going down the group 12.[25]

3.2.2 f-Block Elements
The only non-radioactive f-elements are lanthanides (with ex-

ception of promethium, which is radioactive). These 14 elements
are members of the group 3 and characterized by the filling of the
4f-orbitals. The f orbitals are inner orbitals and the small influence
of the crystal field results in the lanthanides being very similar
chemically. The main differences come from the decreasing ionic
radius along the series, called the lanthanide contraction. All lan-
thanides have stable +3 ions in aqueous solution. The coordination
number is nine for the light lanthanides and eight for the heavy
ones,[26,40] with a changeover in the middle of the series around
Sm3+. This change in coordination number is responsible for the
peculiar variation of the water residence time: the exchange rate
constant increases from the beginning of the series to a maximum
around Sm or Gd, and decreases then until the end of the series
(Fig. 5).[26] This behaviour is shown by the directly measured rate
constants 𝑘𝑘 [17,41,42] and by the rate constants for water–ligand
interchange in complex formation, k

34
, with SO

4
2–.[15,16] Actually,

there is an equilibrium between the 9- and 8-coordinated species
with an easy dissociation or addition of a water molecules. This
special situation explains the very short residence times of 𝜏𝜏
<20 ns for these highly charged cations when compared to other
+3 ions. The only +2 lanthanide studied for water exchange dy-
namics is Eu2+, which is isoelectronic with Gd3+.[43,44] The water
residence time of 𝜏𝜏 ~0.2 ns measured on [Eu(H

2
O)

8
]2+ is the

shortest ever directly measured.

4. Conclusions
The following general conclusions can be drawn on the var-

iation of water residence times on monoatomic ion in aqueous
solution.
• Water residence times on cations with closed shell electron-

ic configuration (groups 1, 2, 3, 12, 13) are mostly very short
(𝜏𝜏 < 10 ns). Exceptions are the small and highly charged
ions Be2+, Mg2+ andAl3+. For these ions, 𝜏𝜏 decreases with
the ionic radius and with the positive charge (Fig. 6).

• Interactions between monoatomic halide anions and water are
very weak and water residence times are shorter than 0.1 ns.
This is still an order of magnitude longer than translational
motion of H

2
O molecules in pure water which is ~3 ps for

translational diffusion.

• Water residence times on d-block transition metal ions vary
tremendously over nearly 19 orders of magnitude with 𝜏𝜏
~1010 s for Ir3+ and 𝜏𝜏 ~10–9 s for Cu2+. For these ions, the
filling of the d-orbitals is of major importance. Ligand field
stabilization can be very important as well as special effects
like the Jahn-Teller distortion of the octahedral symmetry of
the first coordination sphere.

• Water exchange on second and third row d-block transition
metal ions is orders of magnitude slower when compared to
first row transition metal ions. This is due to stronger ligand
field stabilization energy on these ions, which is in turn due
to the greater covalent character of the bonding in these com-
plexes.

• On +3 lanthanide ions the absence of ligand field stabilization
and the equilibrium between nine and eight coordination leads
to very fast water exchange. The peculiar variation of 𝜏𝜏
showing amaximum in themiddle of the series is in contrast to
the steady decrease of the ionic radii (Fig. 5). The shortest wa-
ter residence time directly measured on [Eu(H

2
O)

8
]2+ is 0.2 ns.

Because the chemistry of life takes place essentially in aque-
ous solution, water exchange on ions has important influence on
biochemistry. The rate-determining step in most complex forma-
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