chemical reaction dynamics math

The mathematical underpinnings of chemical reaction dynamics are crucial for
understanding and predicting how chemical transformations occur. This article delves into
the essential mathematical tools and concepts that form the bedrock of this complex
scientific field. We will explore the fundamental equations governing reaction rates, the
probabilistic nature of molecular events, and the sophisticated computational methods
used to model these processes. Key areas such as kinetics, thermodynamics, statistical
mechanics, and quantum mechanics will be examined through the lens of their
mathematical formulations. Furthermore, we will discuss the application of these
mathematical frameworks in areas like catalysis, atmospheric chemistry, and materials
science. Understanding chemical reaction dynamics math is not just an academic pursuit;
it's a gateway to designing new reactions, optimizing existing processes, and solving
critical challenges in chemistry and beyond.
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Foundational Mathematical Principles

At its core, chemical reaction dynamics math relies on a robust foundation of calculus,
differential equations, and linear algebra. These mathematical disciplines provide the
language and tools necessary to describe the continuous changes that occur during a
chemical reaction. Rates of change, which are central to kinetics, are directly modeled
using derivatives. Integrals are then employed to determine the total change over time or
to calculate quantities like concentration or energy. The interplay between different
reacting species and their rates of consumption and production is often captured by
systems of ordinary differential equations (ODEs), which can become quite complex for
multi-step reactions.

Probability theory and statistics also play an indispensable role. Chemical reactions are
fundamentally microscopic events involving the collision and transformation of individual
molecules. Predicting the likelihood of these events, understanding the distribution of
molecular energies, and analyzing experimental data all necessitate the application of
statistical methods. Concepts like probability distributions, random variables, and
statistical averages are vital for bridging the gap between the deterministic nature of
macroscopic observations and the probabilistic reality at the molecular level. This
probabilistic viewpoint is particularly pronounced when considering the formation of
transition states and the energy barriers that must be overcome for a reaction to proceed.



The Language of Change: Calculus and Differential
Equations

Differential equations are the cornerstone for describing the temporal evolution of
chemical systems. The rate of a chemical reaction is defined as the change in
concentration of a reactant or product per unit time. This fundamental definition is
mathematically expressed using derivatives. For a simple unimolecular reaction A — B, the
rate of disappearance of A is given by -d[A]/dt, and the rate of appearance of B is d[B]/dt.
These rates are often related to the concentrations of the reacting species through rate
laws, which are themselves algebraic expressions derived from experimental observation
or theoretical models.

For more complex reactions involving multiple reactants, products, and intermediates,
systems of coupled differential equations arise. For instance, a reversible reaction A = B
can be described by two coupled ODEs: d[A]/dt = k {[B] - k r[A] and d[B]/dt = k r[A] -

k f[B], where k f and k r are the forward and reverse rate constants, respectively. Solving
these equations, either analytically for simpler cases or numerically for more intricate
systems, allows scientists to predict concentration profiles over time, determine reaction
mechanisms, and identify rate-limiting steps. The qualitative behavior of these solutions,
such as whether they reach an equilibrium state or exhibit oscillatory patterns, is also
dictated by the mathematical properties of the governing differential equations.

Probabilistic Frameworks: Probability Theory and
Statistics

Chemical reactions are inherently statistical phenomena. Molecules in a system possess a
distribution of energies, velocities, and orientations. Only collisions with sufficient energy
and proper orientation can lead to a reaction. Probability theory provides the framework
to quantify the likelihood of such reactive collisions. Concepts like the Maxwell-Boltzmann
distribution describe the distribution of molecular speeds and kinetic energies at a given
temperature, directly influencing the frequency of energetic collisions.

Statistical mechanics offers a bridge between the microscopic properties of molecules and
the macroscopic thermodynamic and kinetic behavior of bulk matter. It uses probability
theory to derive bulk properties from the statistical average of molecular properties. For
example, the partition function, a central concept in statistical mechanics, encapsulates all
the possible energy states of a system and their probabilities, allowing for the calculation
of thermodynamic quantities like internal energy, entropy, and free energy. In reaction
dynamics, statistical methods are employed to calculate rate constants from first
principles, often by considering the properties of the transition state, a high-energy
intermediate configuration that reactants must pass through to become products.



Kinetics and Rate Laws

Chemical kinetics is the branch of chemistry concerned with reaction rates and the factors
that influence them. The mathematical formulation of kinetics centers on rate laws, which
express the relationship between the rate of a reaction and the concentrations of
reactants. These laws are typically determined experimentally, as the order of a reaction
with respect to a particular reactant does not necessarily correspond to its stoichiometric
coefficient.

Rate laws are differential equations that, when integrated, yield integrated rate laws.
These integrated forms allow for the prediction of reactant or product concentrations at
any given time, provided initial concentrations and rate constants are known. The concept
of reaction order is fundamental; zero-order reactions are independent of reactant
concentrations, first-order reactions are directly proportional to one reactant's
concentration, and second-order reactions depend on the concentrations of two reactants
or the square of one reactant's concentration. Higher-order reactions are less common but
are also described by their respective mathematical forms.

Order of Reaction and Rate Constants

The rate law for a general reaction aA + bB — Products is often expressed as Rate =
k[A]”m[B]"n, where k is the rate constant, and m and n are the partial orders of the
reaction with respect to reactants A and B, respectively. The overall order of the reaction
is the sum of the partial orders (m + n). The rate constant, k, is a proportionality constant
that is temperature-dependent and specific to a given reaction. Its units vary depending on
the overall order of the reaction, allowing for its determination from experimental
concentration-time data.

The Arrhenius equation, k = A exp(-E_a / (RT)), provides a crucial link between the rate
constant (k), temperature (T), and the activation energy (E a). Here, A is the pre-
exponential factor, representing the frequency of collisions with the correct orientation,
and R is the ideal gas constant. This exponential relationship highlights how a seemingly
small increase in temperature can significantly accelerate the rate of a chemical reaction
by increasing the number of molecules that possess sufficient energy to overcome the
activation barrier.

Integrated Rate Laws and Half-Life

Integrated rate laws are derived by integrating the differential rate laws with respect to
time. For a first-order reaction, the integrated rate law is In[A] t - In[A] 0 = -kt, or [A] t =
[A] O exp(-kt), where [A] O is the initial concentration of A and [A] t is the concentration at
time t. This equation is often linearized by plotting In[A] t versus t, which yields a straight
line with a slope of -k and an intercept of In[A] O.



The half-life (t {1/2}) of a reaction is the time it takes for the concentration of a reactant
to decrease to half of its initial value. For a first-order reaction, t {1/2} = In(2)/k, a value
that is independent of the initial concentration. For second-order reactions, the half-life
depends on the initial concentration: t {1/2} = 1/(k[A] 0). Understanding integrated rate
laws and half-lives is essential for determining reaction kinetics from experimental data
and for predicting reaction progress over time.

Thermodynamics and Equilibrium

While kinetics describes the rate at which reactions occur, thermodynamics describes the
feasibility and extent of a reaction. The interplay between thermodynamics and kinetics is
crucial for a complete understanding of chemical reaction dynamics. Thermodynamic
quantities like Gibbs free energy, enthalpy, and entropy dictate whether a reaction is
spontaneous and what the equilibrium position will be.

The equilibrium constant (K) is a key thermodynamic parameter that quantifies the ratio of
products to reactants at equilibrium. For a reversible reaction aA + bB = cC + dD, the
equilibrium constant is expressed as K = ([C]"~c[D]"~d) / ([A]"a[B]"b). A large equilibrium
constant indicates that the reaction favors product formation, while a small value suggests
that the reactants are favored at equilibrium. The relationship between Gibbs free energy
change (AG°) and the equilibrium constant is given by AG°® = -RT In K, linking the
thermodynamic driving force of a reaction to its equilibrium composition.

Gibbs Free Energy and Spontaneity

Gibbs free energy (G) is a thermodynamic potential that can be used to determine the
spontaneity of a process at constant temperature and pressure. It is defined as G = H - TS,
where H is enthalpy, T is absolute temperature, and S is entropy. The change in Gibbs free
energy for a reaction, AG, determines its spontaneity: a negative AG indicates a
spontaneous process (thermodynamically favorable), a positive AG indicates a non-
spontaneous process, and AG = 0 indicates that the system is at equilibrium.

The change in Gibbs free energy can also be expressed as AG = AH - TAS. This equation
highlights the balance between enthalpy changes (heat absorbed or released) and entropy
changes (changes in disorder or randomness). A reaction can be spontaneous if it is
exothermic (negative AH) and leads to an increase in disorder (positive AS), or if one of
these factors is sufficiently dominant to overcome the unfavorable contribution of the
other. This thermodynamic perspective provides insight into the overall energy landscape
of a reaction.

Equilibrium Constant and Reaction Extent

The equilibrium constant (K) is a measure of the relative amounts of reactants and



products present when a reversible reaction has reached equilibrium. It is a temperature-
dependent value. A large K signifies that the equilibrium lies far to the right, meaning that
the formation of products is highly favored. Conversely, a small K indicates that the
equilibrium lies to the left, favoring reactants. The magnitude of K does not provide
information about the rate at which equilibrium is reached; this is the domain of kinetics.

The relationship between K and the standard Gibbs free energy change (AG®) is
fundamental: AG° = -RT In K. This equation allows for the calculation of the equilibrium
constant from standard thermodynamic data, or vice versa. By understanding the
equilibrium constant, chemists can predict the theoretical maximum yield of a product for
a given reaction under specific conditions. This is crucial for optimizing reaction
conditions in industrial processes to maximize product formation.

Statistical Mechanics and Molecular Behavior

Statistical mechanics provides a powerful framework for connecting the microscopic
properties of molecules to the macroscopic thermodynamic and kinetic behavior of
chemical systems. It uses probability theory to average over the vast number of possible
microscopic states of a system to predict its bulk properties. This approach is essential for
understanding the behavior of molecules in reactions, particularly in relation to energy
distributions and transition state theory.

Key concepts in statistical mechanics, such as the partition function, are used to calculate
thermodynamic properties. For reaction dynamics, it allows for the calculation of rate
constants from molecular properties. By analyzing the distribution of molecular energies
and the probabilities of different molecular arrangements, statistical mechanics helps
elucidate the microscopic origins of observed reaction rates and equilibrium constants. It
also underpins the theoretical treatment of reaction rates through methods like transition
state theory.

The Partition Function

The partition function (Q) is a central quantity in statistical mechanics that summarizes all
the possible ways a system can be distributed among its various energy levels. For a
system of N independent molecules, the molecular partition function (q) is often used, and
the system partition function Q can be related to . The partition function is a key to
unlocking thermodynamic properties.

For example, the Helmholtz free energy (A) is related to the partition function by A = -kT
In Q, where k is the Boltzmann constant. From the Helmholtz free energy, other
thermodynamic properties like internal energy, entropy, and pressure can be derived. In
the context of reaction dynamics, partition functions of reactants, products, and the
transition state are used to calculate rate constants via transition state theory, providing a
bridge between molecular structure and reaction rate.



Transition State Theory

Transition state theory (TST) is a cornerstone of theoretical chemical kinetics that
provides a way to calculate rate constants from molecular properties. It postulates the
existence of a transition state, a short-lived, high-energy configuration that lies at the
saddle point of the potential energy surface connecting reactants and products. TST
assumes that the system passes through this transition state in a single step and that the
rate of reaction is proportional to the concentration of the transition state and the
frequency at which it crosses the barrier to form products.

Mathematically, TST relates the rate constant to the properties of the transition state,
typically its partition function. The rate constant is expressed as k = (k BT / h)
(Q™\ddagger / Q {reactants}) exp(-E 0/ (k B T)), where k B is the Boltzmann constant, h
is Planck's constant, Q"™ \ddagger is the partition function of the transition state,

Q {reactants} is the partition function of the reactants, and E 0 is the activation energy
barrier. TST offers a powerful theoretical approach for understanding how molecular
structure and dynamics influence reaction rates.

Quantum Mechanics in Reaction Dynamics

At the molecular level, the behavior of electrons and nuclei is governed by the principles
of quantum mechanics. For reactions involving bond breaking and formation, particularly
those with low activation energies or involving light atoms, quantum mechanical effects
can become significant and cannot be ignored.

Quantum mechanics is essential for accurately describing the electronic structure of
molecules, the nature of chemical bonds, and the energetics of chemical transformations.
Quantum chemistry calculations are used to map out potential energy surfaces, which are
critical for understanding reaction pathways and the dynamics of molecular motion during
a reaction. Concepts like wave functions, quantization of energy, and tunneling are
fundamental to this quantum mechanical description of reaction dynamics.

Potential Energy Surfaces

A potential energy surface (PES) is a multi-dimensional representation of the energy of a
system of atoms as a function of their geometric coordinates. For a chemical reaction, the
PES depicts how the energy changes as reactants approach, transform through a
transition state, and form products. The lowest energy path on the PES connecting
reactants to products is called the minimum energy path (MEP), and it provides valuable
insights into the reaction mechanism and the energetics of the process.

Constructing accurate PESs often requires sophisticated quantum chemistry calculations.
These calculations can be computationally intensive, especially for larger molecules or
complex reactions. Once a PES is obtained, it can be used to simulate the trajectories of



atoms and molecules during a reaction, providing detailed information about bond
breaking and formation, energy transfer, and stereochemistry. The shape of the PES,
including the height and width of activation barriers, directly influences the reaction rate
and mechanism.

Quantum Tunneling and Vibrational Effects

Quantum tunneling is a phenomenon where a particle can pass through a potential energy
barrier even if it does not have sufficient classical energy to overcome it. This effect is
particularly important in reactions involving light particles like hydrogen atoms or
electrons, and at low temperatures where classical motion is less dominant. Tunneling can
significantly increase reaction rates compared to what would be predicted by classical
mechanics alone.

Vibrational energy plays a crucial role in chemical reactions. Molecules vibrate, and these
vibrations can either promote or hinder bond breaking. Understanding how vibrational
energy is distributed and transferred during a reaction is a key aspect of reaction
dynamics. Quantum mechanical treatments allow for the quantization of vibrational
energy levels and the calculation of vibrational wave functions, providing a more detailed
picture of how molecular vibrations influence reactivity. This is often incorporated into
theoretical models through methods like quantum scattering calculations.

Computational Approaches to Reaction Dynamics

The complexity of chemical reactions often necessitates the use of computational methods
to model and predict their behavior. These methods range from simplified analytical
models to highly sophisticated simulations that incorporate quantum mechanics and
statistical mechanics.

Computational approaches are indispensable for exploring reaction mechanisms,
calculating rate constants, and understanding the influence of various factors on reaction
outcomes. The development of increasingly powerful computing hardware and advanced
algorithms has significantly expanded the scope and accuracy of these simulations,
allowing for the study of more complex systems and the prediction of chemical phenomena
with greater precision.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations track the time evolution of a system of atoms and
molecules by solving Newton's equations of motion. In MD, forces between atoms are
typically calculated using empirical force fields, which are parameterized to reproduce
experimental or quantum mechanical data. MD simulations can provide detailed insights
into the dynamic processes occurring during a reaction, including conformational changes,



diffusion, and energy transfer.

For reactive systems, specialized reactive force fields or QM/MM (quantum
mechanics/molecular mechanics) methods are employed. Reactive force fields allow for
the formation and breaking of chemical bonds during the simulation. QM/MM methods
treat a small, chemically active region of the system with quantum mechanics and the rest
with a classical force field, offering a computationally efficient way to study complex
reactions in a large environment. MD simulations are widely used to study enzyme
catalysis, solvation effects, and material properties.

Quantum Chemistry and Ab Initio Methods

Quantum chemistry methods, such as Hartree-Fock, Density Functional Theory (DFT), and
coupled-cluster methods, are used to solve the electronic Schrodinger equation for a given
molecular geometry. These "ab initio" (from first principles) methods aim to calculate the
electronic energy and wave function of a molecule without empirical parameters, relying
solely on fundamental physical laws. They are crucial for accurately determining
molecular structures, vibrational frequencies, and reaction energies.

In the context of reaction dynamics, ab initio calculations are used to construct potential
energy surfaces, calculate activation energies, and characterize transition states. These
quantum mechanically derived properties are then often fed into classical or quantum
dynamical simulations to predict reaction rates and mechanisms. The accuracy of these
methods depends on the level of theory and the basis set used, with more sophisticated
methods providing higher accuracy but at a greater computational cost.

Applications of Chemical Reaction Dynamics
Math

The mathematical framework of chemical reaction dynamics finds extensive applications
across a wide spectrum of scientific and technological fields. From understanding the
intricate processes occurring within living organisms to designing novel materials with
specific properties, the ability to quantitatively describe and predict chemical
transformations is paramount.

These applications highlight the practical importance of chemical reaction dynamics math.
By leveraging these principles, scientists and engineers can optimize industrial processes,
develop new catalysts, understand atmospheric pollution, and engineer new
pharmaceuticals. The predictive power of these mathematical models enables innovation
and problem-solving in critical areas of modern science and technology.



Catalysis and Industrial Processes

Catalysis is a field where chemical reaction dynamics math is of utmost importance.
Catalysts are substances that accelerate chemical reactions without being consumed
themselves. Understanding the microscopic mechanisms by which catalysts interact with
reactants and lower activation energies is essential for designing efficient and selective
catalysts. Mathematical models are used to simulate catalytic cycles, predict reaction
rates on catalytic surfaces, and optimize catalyst design.

Industrial chemical processes, such as the production of fertilizers, polymers, and fuels,
rely heavily on controlled chemical reactions. Mathematical modeling of these processes,
incorporating reaction kinetics, thermodynamics, and transport phenomena, allows for
optimization of reactor design, operating conditions, and overall efficiency. This leads to
reduced energy consumption, higher yields, and minimized waste, all of which are critical
for sustainable industrial practices.

Atmospheric Chemistry and Environmental Science

The Earth's atmosphere is a complex chemical system where numerous reactions occur
continuously. Understanding the kinetics and mechanisms of these reactions is vital for
addressing issues like air pollution, climate change, and ozone depletion. Mathematical
models are used to simulate atmospheric chemistry, predicting the concentrations of
various pollutants, greenhouse gases, and reactive species over time and space.

For instance, the formation and destruction of ozone in the stratosphere involve complex
photochemical reactions whose rates are governed by specific rate laws and quantum
yields. Similarly, the oxidation of volatile organic compounds (VOCs) in the troposphere
leads to the formation of smog and secondary organic aerosols. Mathematical models
incorporating detailed reaction mechanisms and rate constants are indispensable tools for
atmospheric scientists to assess the impact of human activities on air quality and the
global climate.

Materials Science and Drug Design

In materials science, understanding the kinetics of polymerization, degradation, and solid-
state reactions is crucial for designing materials with desired properties. Mathematical
models can predict how material properties evolve over time based on the underlying
chemical reaction dynamics. This allows for the engineering of materials with enhanced
strength, conductivity, or stability.

Drug design and discovery also heavily rely on chemical reaction dynamics.
Understanding how potential drug molecules interact with biological targets often involves
studying the kinetics of binding and the thermodynamics of complex formation.
Computational methods are used to predict the reactivity of drug candidates, their



metabolic pathways, and their potential for side reactions. This predictive power
accelerates the development of safe and effective pharmaceuticals by guiding
experimental efforts.

Future Directions in the Field

The field of chemical reaction dynamics math continues to evolve rapidly, driven by
advancements in computational power, experimental techniques, and theoretical
methodologies. Future research is poised to tackle increasingly complex systems with
unprecedented detail and accuracy.

The integration of machine learning and artificial intelligence into chemical reaction
dynamics is a burgeoning area. These techniques hold the promise of accelerating the
discovery of new reaction pathways, optimizing computational simulations, and predicting
material properties with remarkable speed and efficiency. Furthermore, the ongoing quest
to understand and control quantum phenomena in chemical reactions will undoubtedly
lead to breakthroughs in areas like quantum computing and novel catalytic processes.

Machine Learning and Al in Reaction Dynamics

Machine learning (ML) and artificial intelligence (Al) are revolutionizing how we approach
chemical reaction dynamics. ML algorithms can be trained on large datasets of
experimental and computational results to identify patterns, predict reaction outcomes,
and even discover new reaction mechanisms that might be missed by traditional
approaches. This can significantly accelerate the process of scientific discovery.

For example, ML models can be used to predict reaction rates based on molecular
descriptors, optimize reaction conditions for maximum yield, or screen large libraries of
potential catalysts. Al can also assist in the analysis of complex spectroscopic data
obtained from experiments, helping to elucidate reaction intermediates and pathways. The
synergy between ML/AI and established computational methods is expected to lead to
faster and more accurate predictions in chemical reaction dynamics.

Quantum Computing and Advanced Simulation
Techniques

The advent of quantum computing holds immense potential for revolutionizing the
simulation of chemical reactions. Quantum computers are capable of performing certain
calculations, particularly those involving quantum mechanical systems, exponentially
faster than classical computers. This could enable highly accurate ab initio calculations for
much larger and more complex molecular systems than is currently feasible.



Furthermore, ongoing developments in advanced simulation techniques, such as enhanced
sampling methods in molecular dynamics and new algorithms for solving quantum
scattering equations, will continue to push the boundaries of what can be simulated. The
ability to perform more detailed and accurate simulations will lead to a deeper
understanding of fundamental chemical processes and the rational design of new chemical
reactions and materials.

FAQ Section

Q: What is the primary goal of studying chemical
reaction dynamics math?

A: The primary goal of studying chemical reaction dynamics math is to quantitatively
understand and predict how chemical reactions occur at a molecular level. This involves
describing the rates of reactions, the factors influencing these rates, the energy
transformations involved, and the ultimate outcomes of chemical processes.

Q: How does calculus relate to chemical reaction
dynamics?

A: Calculus, particularly differential calculus, is fundamental to chemical reaction
dynamics because it provides the mathematical tools to describe rates of change.
Chemical reaction rates are defined as the change in concentration of reactants or
products over time, which are expressed as derivatives. Integration is then used to
determine concentration changes over longer periods or to derive integrated rate laws.

Q: What is the role of statistical mechanics in chemical
reaction dynamics?

A: Statistical mechanics bridges the gap between microscopic molecular behavior and
macroscopic thermodynamic and kinetic properties. It uses probability theory to average
over the vast number of molecular states, enabling the calculation of properties like
partition functions, which are essential for determining reaction rates and equilibrium
constants from first principles.

Q: How does quantum mechanics influence chemical
reaction dynamics?

A: Quantum mechanics is crucial for understanding chemical reactions at the molecular
level, especially when dealing with bond breaking and formation. It governs the behavior
of electrons and nuclei, allowing for the accurate mapping of potential energy surfaces,
the understanding of quantum tunneling, and the calculation of electronic and vibrational
energies that dictate reactivity.



Q: What are potential energy surfaces (PES) and why
are they important in reaction dynamics?

A: Potential energy surfaces (PES) represent the energy of a molecular system as a
function of the positions of its atoms. They are critical in reaction dynamics because they
illustrate the energy landscape that reactants must traverse to become products,
highlighting reaction pathways, transition states, and activation energy barriers, thereby
dictating the reaction mechanism and rate.

Q: Can you explain the concept of a transition state in
chemical reaction dynamics?

A: The transition state is a high-energy, short-lived intermediate configuration that
molecules pass through during a chemical reaction. It represents the peak of the
activation energy barrier on the potential energy surface, and its properties are central to
theories like Transition State Theory (T'ST) used to calculate reaction rate constants.

Q: What is molecular dynamics (MD) simulation and
how is it applied in reaction dynamics?

A: Molecular dynamics (MD) simulation is a computational technique that tracks the time
evolution of a system of atoms and molecules by solving Newton's equations of motion. In
reaction dynamics, MD can simulate the movement of molecules during a reaction,
providing insights into bond dynamics, energy transfer, and reaction mechanisms,
especially when used with reactive force fields or QM/MM methods.

Q: How do machine learning and Al contribute to the
field of chemical reaction dynamics math?

A: Machine learning and Al are used to accelerate the discovery and prediction of
chemical reactions. They can analyze large datasets to identify reaction patterns, predict
reaction rates and outcomes, optimize reaction conditions, and even discover novel
reaction mechanisms, thereby complementing traditional computational and experimental
approaches.

Q: What is quantum tunneling in the context of
chemical reactions?

A: Quantum tunneling is a phenomenon where particles can pass through potential energy
barriers even if they lack sufficient classical energy to overcome them. This effect is
significant in reactions involving light atoms like hydrogen and can lead to reaction rates
that are considerably higher than predicted by classical mechanics.



Q: How is the equilibrium constant related to the
thermodynamics of a chemical reaction?

A: The equilibrium constant (K) quantifies the relative amounts of products and reactants
at equilibrium. It is directly related to the standard Gibbs free energy change (AG°) of a
reaction through the equation AG° = -RT In K, thereby linking the thermodynamic driving
force of a reaction to its equilibrium composition.
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