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NERNST EQUATION

NERNST EQUATION

Primary Disciplinary Field(s): Electrochemistry, Physical Chemistry, Neurophysiology,
Biophysics

1. Core Definition

The Nernst Equation is a fundamental relationship in electrochemistry that determines the
reduction potential of a half-cell or full electrochemical cell reaction under non-standard conditions.
Unlike the standard cell potential ($E~0$), which is measured at standardized concentrations
(typically 1 M for dissolved species) and conditions (25°C, 1 atm pressure), the Nernst Equation
allows chemists and biologists to calculate the exact potential ($E$) when concentrations of
reactants and products deviate from these standard states. This dependency on concentration
reflects the second law of thermodynamics, as the driving force of the reaction (the cell potential) is
directly linked to the change in free energy ($Delta G$) of the system. Specifically, the equation
relates the potential to the standard potential and the reaction quotient ($Q$), demonstrating how
the electrical work achievable from a reaction decreases as the system approaches chemical

equilibrium.

In its most common general form, the equation is written as $E = E"O - (RT/zF) In Q$, where $E$ is
the cell potential under non-standard conditions, $E”0$ is the standard cell potential, $R$ is the
universal gas constant, $T$ is the absolute temperature, $z$ is the number of moles of electrons
transferred in the reaction, $F$ is the Faraday constant, and $In Q$ is the natural logarithm of the

reaction quotient. This mathematical framework confirms the intuitive understanding that increasing
the concentration of reactants relative to products will drive the reaction forward, thereby
increasing the cell's potential, while the reverse concentration shift diminishes the potential. When
the system reaches equilibrium, $Q$ equals the equilibrium constant ($K$), and the cell potential
$E$ becomes zero, signifying that no further net electrical work can be extracted from the
spontaneous reaction.

While its roots are in classical chemistry, the Nernst Equation achieved crucial importance in
physiology, specifically in the study of excitable cells such as neurons and muscle fibers. In this

context, the equation is repurposed to calculate the equilibrium potential (also known as the
reversal potential) for a specific ion across a semipermeable biological membrane. As the source
content confirms, the equation provides the potential at which the electrical force exactly balances
the chemical force (diffusion force) acting on that ion, resulting in no net movement of the ion
across the membrane, even if the membrane is permeable to it. This application is foundational for
understanding the resting membrane potential and the initiation of action potentials in
neuroscience, providing a precise quantitative measure of the electrical gradient necessary to
counteract the concentration gradient of a single permeable ion.
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2. Etymology and Historical Development

The Nernst Equation is named after its creator, the distinguished German chemist Walther
Hermann Nernst (1864-1941), who formulated the relationship in 1889. Nernst was a pioneer in

the field of physical chemistry and is credited with establishing the quantitative link between energy
changes and electrical phenomena. His work synthesized classical thermodynamics with the
nascent understanding of ionic solutions, building upon the dissociation theories proposed by
Svante Arrhenius. At the time, electrochemistry was grappling with how to quantify the
electromotive force (EMF) generated by cells under varied conditions, moving beyond simple
gualitative observations to robust mathematical prediction. Nernst successfully applied
thermodynamic principles, particularly the concept of chemical potential, to derive the equation that
governs cell potential based on concentration gradients.

Nernst's formulation was revolutionary because it offered a mathematical method to predict the
potential generated by concentration cells--those cells where the EMF arises solely from the
difference in concentration of identical electrolytes. This work laid the groundwork for modern
understanding of how chemical energy is converted into electrical energy and vice versa. Nernst's
subsequent contributions, including the development of the third law of thermodynamics, earned
him the Nobel Prize in Chemistry in 1920. His equation rapidly became a cornerstone of both
theoretical and applied chemistry, influencing everything from the design of pH meters to the
fundamental understanding of dissolution processes.

The adoption of the Nernst Equation within biology and physiology, particularly during the mid-20th
century, cemented its universal significance. As scientists began to explore the electrical properties
of neurons, driven by figures like Hodgkin and Huxley, they needed a rigorous way to model the
forces driving ion movement. The Nernst Equation provided the perfect tool to calculate the
theoretical electrical potential required to maintain the observed concentration gradients of ions like
potassium ($text{K}*+$) and sodium ($text{Na}*+$) across the neuronal membrane. This
application bridged physical chemistry and neurophysiology, making the equation indispensable for
explaining the mechanisms underlying nerve signaling and muscular contraction.

3. Key Components and Variables

Understanding the utility of the Nernst Equation requires a detailed examination of its component
variables, each representing a critical physical or chemical constant or measured state of the
system. The equation's power lies in its ability to integrate thermodynamic variables with
measurable electrical potentials and concentrations, providing a comprehensive view of the driving
forces within an electrochemical system. The constants used ensure that the resulting potential is
calculated in standard electrical units (volts).

The primary terms in the full, unsimplified Nernst Equation are:
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$ES$ (Non-Standard Cell Potential): This is the electromotive force (EMF) of the cell under the
specific, non-standard operating conditions being analyzed. In biological systems, this often
represents the desired equilibrium potential for a specific ion.

$EN0$ (Standard Cell Potential): This is the EMF when all reactants and products are at standard
conditions (1 M concentration, 1 bar pressure, 25°C). It represents the maximum potential
achievable under ideal, standard states and serves as the reference point for the calculation.

$R$ (Universal Gas Constant): A fundamental constant equal to $8.314 text{ J} cdot
text{mol}*{-1} cdot text{K}{-1}$, linking energy scale to temperature and the number of particles.

$T$ (Absolute Temperature): The temperature of the system in Kelvins (K). Temperature is
critical because it dictates the kinetic energy of the particles; higher temperatures increase the
randomness and rate of diffusion, affecting the electrical potential.

$z$ (Charge Number): The number of moles of electrons transferred in the redox reaction or, in
biological context, the valence (charge) of the ion being considered (e.g., $z=1% for $text{K}"+$,
$z=2% for $text{Ca}{2+}3$).

$F$ (Faraday Constant): The magnitude of electric charge per mole of electrons, approximately
$96,485 text{ C} cdot text{mol}*{-1}$. This constant converts the molar energy terms into electrical
energy terms.

$Q$% (Reaction Quotient): Represents the ratio of products to reactants, raised to the power of
their stoichiometric coefficients. In biological terms for a single ion, $Q$ is simplified to the ratio of
the ion's concentration outside the cell ($_{out}$) to its concentration inside the cell ($_{in}$).

For practical biological applications at physiological temperatures (often standardized to
$37 circtext{C}$ or $310 text{ K}$), the constant terms ($R$, $TS$, $z$, $F$, and the conversion
from natural logarithm ($In$) to base-10 logarithm ($log_{10}$)) are often condensed. For a
univalent ion ($z=1$) at $37/circtext{C}$, the simplified form is often expressed as $E_{text{ion}} =
61.5 text{ mV} cdot log_{10} (_{out} / _{in})$. This simplified version, frequently used in
neuroscience textbooks, highlights the direct proportionality between the equilibrium potential and
the logarithm of the concentration ratio, demonstrating that a tenfold change in concentration
gradient results in an approximate 61.5 mV change in the equilibrium potential.

4. Application in Biology: Membrane Potential

The most significant adaptation of the Nernst Equation lies in its use to calculate the **equilibrium
potential** ($E_{text{ion}}$) for a specific ion across a cell membrane, a concept central to
electrophysiology. Living cells maintain large and stable concentration gradients for critical ions--
notably potassium ($text{K}*+$), sodium ($text{Na}*+$), chloride ($text{CI}*-$), and calcium
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($text{Ca}{2+}%)--between the intracellular and extracellular environments. These gradients
represent potential chemical energy. If the membrane were suddenly made permeable only to one
specific ion, that ion would diffuse down its concentration gradient until the resulting electrical
charge separation across the membrane exactly counterbalanced the force of diffusion. This
precise electrical potential is the equilibrium potential, which the Nernst Equation calculates.

For instance, potassium ions are typically highly concentrated inside the neuron. Due to this
concentration gradient, $text{K}"*+$ tends to leak out of the cell. As positive charges ($text{K}"+3$)
leave, the interior of the cell becomes increasingly negative, creating an electrical force that pulls
the $text{K}*+$ ions back in. The Nernst Equation calculates the voltage (typically around $-90
text{ mV}$ for $text{K}*+$ in a mammal) at which these two opposing forces--chemical drive
outward and electrical drive inward--are perfectly balanced. The resting membrane potential of a
neuron (typically around $-70 text{ mV}$) is often close to the Nernst potential for potassium
because the membrane is highly permeable to $text{K}*+$ at rest.

Furthermore, the Nernst potential is instrumental in understanding dynamic biological processes,
such as the action potential. When a neuron is stimulated, voltage-gated sodium channels open
rapidly, allowing $text{Na}*+$ to rush into the cell, driven by both its concentration gradient (high
outside, low inside) and the cell's negative resting potential. The influx of $text{Na}*+$ causes the
membrane potential to rapidly depolarize and peak near the Nernst potential for sodium (typically
$+60 text{ mV}$). Understanding the Nernst potential for each major ion allows neuroscientists to
predict the direction of ion movement at any given membrane voltage and to understand the forces
driving the different phases of the action potential cycle. The ability to ascertain the potential at a
specific point in a membrane by using the Nernst Equation provides the essential theoretical
anchor for these predictions.

5. Significance and Impact

The impact of the Nernst Equation spans multiple scientific disciplines, making it one of the most
significant theoretical contributions of modern physical chemistry. In electrochemistry, it forms the
basis for understanding the operation of electrochemical devices, including batteries, fuel cells, and
sensors. Engineers use the equation to predict the lifespan and stable voltage output of energy
storage systems, as changes in reactant concentration over time directly diminish the cell potential.
In corrosion science, the equation helps determine the precise conditions (potential and pH) under
which metals will begin to oxidize and degrade, guiding protective measures.

In the biological sciences, the Nernst Equation is foundational. It provides the initial, crucial
framework for understanding how electrical signals are generated and propagated in excitable
tissues. Without the Nernst relationship, the rigorous mathematical modeling developed by
Hodgkin and Huxley to explain the action potential mechanism would have been impossible. It
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remains the first equation taught in any neurophysiology curriculum because it clearly isolates the
relationship between concentration gradients and electrical charge separation, defining the
theoretical maximum (or equilibrium) potential for any single ion.

The conceptual significance of the equation also extends into thermodynamics, reinforcing the
connection between concentration, temperature, and energy availability. By providing a
quantitative method to link the chemical potential difference ($Delta mu$) to the electrical potential
difference ($E$), Nernst demonstrated that electrochemical systems are fundamentally governed
by the principles of free energy minimization. This integration validated the utility of thermodynamic
analysis in complex chemical systems, moving the field towards a unified understanding of
chemical and electrical processes.

6. Limitations and Refinements

While the Nernst Equation is immensely powerful, it is based on ideal thermodynamic conditions
and faces several limitations when applied to real-world, highly concentrated, or complex biological
systems. The most critical limitation is that the equation assumes ideal solutions, where the activity
of an ion is equivalent to its concentration. In reality, especially in solutions with high ion
concentrations (like cytoplasm), electrostatic interactions between ions reduce the effective
concentration, or activity. For highly precise measurements, particularly in industrial chemistry, the
concentration terms in the Nernst Equation must be replaced by activity terms, complicating the
measurement process significantly.

Furthermore, the Nernst Equation is strictly applicable only for calculating the potential for a
*single* ion species when the membrane is exclusively permeable to that ion. Biological
membranes, however, are permeable to multiple ion species ($text{K}*+$, $text{Na}"+$,
$text{CI}*-$) simultaneously, although their permeabilities vary drastically. To calculate the actual
resting membrane potential ($V_m$)--which is a weighted average potential based on the relative
permeability of all relevant ions--a more complex derived formula is required. This formula is the
Goldman-Hodgkin-Katz (GHK) Equation.

The GHK Equation represents the most significant refinement of the Nernst principle for biological
systems. It incorporates the concentration gradients of the major contributing ions and multiplies
each ratio by its corresponding membrane permeability coefficient ($P$). If the membrane
permeability for one ion ($text{K}*+$) is set to be vastly greater than all others, the GHK equation
mathematically collapses back into the Nernst Equation for potassium, demonstrating that the
Nernst formulation is a limiting case of the more general GHK model. Thus, while the Nernst
Equation provides the critical theoretical upper limit for individual ion potentials, the GHK Equation
is necessary to accurately model the overall steady-state potential of a complex biological cell.
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Further Reading
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