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Inclusion compounds are one of those topics in chemistry that seem exotic at first but turn out

to be surprisingly practical. These are compounds where one molecule (the host) traps another

molecule (the guest) inside its structure, without forming a host-guest covalent bond. The cavity

must accommodate theguest, andnoncovalent interactionshelp stabilize the complex. Thinkof it

like a key sitting inside a lock, held inplace by the shape of the cavity rather thanby any glue. Once

you understand how inclusion compound formation works, you start seeing them everywhere,

from gas hydrates on the ocean floor to the drug delivery systems used in modernmedicine.

An inclusion complex depends on a compatible host cavity and stabilizing noncovalent interac-

tions. Physical fit is necessary in many cases but is not a complete binding explanation.

WhatAre InclusionCompounds?

Inclusion compounds (also called host-guest compounds) are a class of compounds in which

one chemical species, the host, forms a structural framework that physically encloses a second

species, the guest. The host molecule creates cavities, channels, or cage-like spaces, and the

guest molecule occupies those spaces without forming any covalent or ionic bond with the host.

The concept dates back further than you might expect. For decades, phenomena like the blue

color of the starch-iodine mixture, the behavior of chloric acids, and the hydrate of chlorine gas

were considered chemical oddities. Nobody had a unifying explanation for them. Then, in 1940,

a German chemist named Bengen accidentally discovered that urea forms a crystalline complex

with octyl alcohol. That single observation triggered a wave of research, particularly among oil

companies who saw immediate industrial applications. The underlying principles of inclusion

compound chemistry also connect to broader reaction theories, such as those explored in the Lin-

demann theory of unimolecular reactions.

Whatmakes inclusioncompoundsunique is that the interactionbetweenhost andguest is entirely

non-covalent. There is no chemical affinity in the traditional sense. Even the noble gases, which

are famously unreactive, can form inclusion compounds. The driving forces are van der Waals

interactions and the geometric complementarity between the host cavity and the guest molecule.
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Typesof InclusionCompounds

Inclusion compounds fall into two broad categories based on the geometry of the host structure:

clathrates (cage-type) and channel compounds. The distinction matters because it determines

what kinds of guest molecules can be trapped and how stable the resulting compound will be.

Clathrates(CageCompounds)

Theword ”clathrate” comes from theGreek clathratus, meaning ”enclosed by bars” or ”locked.” In

clathrates, the host molecules arrange themselves into a three-dimensional cage-like lattice, and

the guest molecules sit inside these cages. The guest is completely surrounded on all sides.

A classic example is hydroquinone clathrate. Hydroquinone (C6H4(OH)2) crystallizes in a form

where its molecules create roughly spherical cavities. Small molecules like SO2, HCl, CO2, or even

noblegases like argonandkryptoncanbe trapped inside these cages. Theguestmolecules areheld

purely by the geometry of the cage and the weak van der Waals forces between host and guest.

Another well-known category is gas hydrates (also called clathrate hydrates). Here, water

molecules form a hydrogen-bonded cage structure that traps gas molecules like methane (CH4),

ethane, or carbon dioxide. Methane hydrates are found in enormous quantities beneath the

ocean floor and in permafrost regions. A single cubicmeter of methane hydrate can release about

164 cubic meters of methane gas at standard conditions.

Clathrate hydrates aren’t just a lab curiosity. Methane hydrate deposits on the ocean floor contain

more than twice the carbon found in all knowncoal, oil, andnatural gas reserves combined. That’s

why researchers in Japan, India, and the U.S. are actively studying extractionmethods.

ChannelCompounds

In channel compounds, the hostmolecules form long, tunnel-like structures rather than enclosed

cages. Guest molecules slide into these channels and are held in place along the length of the

tunnel. Unlike clathrates, the guest is not surrounded in all three dimensions, it is confined in two

dimensions but extends along the channel axis.

The best-known channel compounds are the urea inclusion compounds. Urea (CO(NH2)2) nor-

mally crystallizes in a tetragonal structure, but when certain long-chain molecules are present,

it switches to a hexagonal crystal form that creates parallel channels about 5.25 Angstroms in

diameter. Straight-chain hydrocarbons, fatty acids, and alcohols fit neatly into these channels.

Branched or cyclicmolecules do not fit, whichmakes urea inclusion compounds extremely useful

for separating straight-chain molecules from branched ones.

Thiourea (CS(NH2)2) forms similar channel compounds, butwith larger channel diameters (about

6.1 Angstroms). This means thiourea can accommodate branched-chain hydrocarbons and cyclic

compounds that are too bulky for urea channels. Together, urea and thiourea provide a comple-
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mentary pair for molecular separation.

HowInclusionCompoundsForm

The formation of inclusion compounds depends on one fundamental principle: spatial fitting.

The guestmoleculemust be the right size and shape to fit into the cavity or channel created by the

host. If the guest is too large, it simply won’t fit. If it is too small, the van der Waals interactions

won’t be strong enough to stabilize the complex.

There is no chemical reaction involved in the usual sense. The host and guest do not share elec-

trons, transfer protons, or form ionic bonds. Instead, the close physical contact between the guest

molecule and thewalls of thehost cavity allows short-rangevanderWaals forces (Londondisper-

sion forces, dipole-dipole interactions) to become significant. These forces are individually weak,

but when the guest molecule is in intimate contact with the host along its entire surface, the cu-

mulative effect is enough to hold the compound together. Many of the organicmolecules involved

in inclusion compound chemistry, particularly those with functional groups like carboxylic acids

and alcohols, are the same compounds you’ll encounter in the best organic chemistry books.

This is why even the inert gases, helium, neon, argon, krypton, and xenon, can form inclusion

compounds. They have no chemical reactivity whatsoever, but they do have the right atomic radii

to fit into certain host cavities, and the van der Waals forces do the rest.

For channel compounds specifically, the host lattice often only forms in the presence of the guest.

Urea, for instance, doesn’t create hexagonal channels on its own. It is the presence of a suitable

guest molecule (like a long-chain alkane) that induces urea to crystallize in the channel-forming

arrangement. Remove the guest, and the channel structure collapses back to the normal tetrago-

nal form.

Examplesof InclusionCompounds

Let me walk you through some of the most important and well-studied inclusion compounds.

Each one illustrates a different aspect of host-guest chemistry.

UreaandThioureaComplexes

Urea forms channel-type inclusion compounds with straight-chain hydrocarbons, fatty acids,

long-chain alcohols, esters, and ketones. The guest molecule must be linear enough to thread

through the 5.25 Angstrom channel. The typical host-to-guest ratio depends on the chain length:

longer guests occupymore of the channel and require proportionallymore ureamolecules. These

complexes were among the first inclusion compounds to find industrial use, particularly for

separating n-paraffins from petroleum fractions.
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Thiourea, with its larger channels, accommodates branched hydrocarbons like isooctane, cyclo-

hexane derivatives, and even some aromatic compounds. If you need to separate straight-chain

molecules, you use urea. If you need to isolate branched or cyclic ones, you use thiourea. This

complementary behavior is a powerful tool in analytical and industrial chemistry.

Cyclodextrin InclusionCompounds

Cyclodextrins are cyclic oligosaccharides, ring-shaped sugar molecules, that form a truncated

cone with a hydrophobic interior and a hydrophilic exterior. The three common types are

alpha-cyclodextrin (6 glucose units, cavity diameter ~4.7 Angstroms), beta-cyclodextrin (7 units,

~6.0 Angstroms), and gamma-cyclodextrin (8 units, ~7.5 Angstroms).

The hydrophobic cavity can trap a wide range of guest molecules: drug molecules, flavor

compounds, fragrances, dyes, and even small organic pollutants. This makes cyclodextrins enor-

mously important in pharmaceutical science, food technology, and environmental remediation.

When a drugmolecule is enclosed inside a cyclodextrin, its solubility, stability, and bioavailability

can all be improved.

GasHydrates(ClathrateHydrates)

Watermolecules can form cage structures that trap gasmolecules likemethane, ethane, propane,

carbondioxide, andhydrogen sulfide. Themost abundantnatural form ismethanehydrate, found

in deep ocean sediments and Arctic permafrost. These deposits contain more carbon than all

known reserves of coal, oil, and natural gas combined, making them a potential future energy

source and a significant factor in climate science.

The structure of gas hydrates typically falls into three types: Structure I (small cages, traps CH4

and CO2), Structure II (larger cages, accommodates propane and isobutane), and Structure H (the

largest cages, for molecules like methylcyclohexane). The specific structure that forms depends

entirely on the size of the guest gas molecule.

Zeolites

Zeolites are aluminosilicate minerals with a microporous crystal structure containing channels

and cavities ofmolecular dimensions. While they are technically frameworkmaterials rather than

classical inclusion compounds, they operate on the same host-guest principle. Water molecules,

cations, and small organicmolecules can occupy the internal voids. Zeolites are used asmolecular

sieves, catalysts in petroleum refining (fluid catalytic cracking), water softeners in detergents, and

as adsorbents for gas separation.
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Starch-IodineComplex

The familiar deep blue color you see when iodine solution meets starch is actually an inclusion

compound. The amylose component of starch forms a helical structure, and iodinemolecules (as

polyiodide chains, typically I5−) slide into the interior of this helix. The resulting charge-transfer

interactionbetween thepolyiodideguest and theamylosehostproduces the characteristic intense

blue-black color. This is one of the oldest known inclusion compounds, used as a qualitative test

for starch in introductory chemistry labs worldwide.

Applicationsof InclusionCompounds

Inclusion compounds aren’t just academic curiosities. They have substantial practical applica-

tions across multiple industries. Here are the most significant ones.

SeparationandPurification

Urea inclusion compounds are used to separate straight-chain hydrocarbons from branched and

cyclic ones in petroleum chemistry. This is far more selective than distillation because the sepa-

ration depends on molecular shape, not boiling point. The technique is used for dewaxing lubri-

cating oils, purifying fatty acids, and isolating specific hydrocarbon fractions. You mix urea with

a hydrocarbonmixture, the straight-chain components form crystals with urea, and the rest stays

in solution. Filter, decompose the crystals, and you have pure n-paraffins.

DrugDelivery

Cyclodextrin inclusion compounds are widely used in pharmaceutical formulations. By encapsu-

lating a drug molecule inside a cyclodextrin cavity, you can improve its aqueous solubility (crit-

ical for poorly water-soluble drugs), enhance its chemical stability (protecting it from oxidation,

hydrolysis, or photodegradation), mask unpleasant tastes or odors, and control the rate of drug

release. Several commercially available drugs use cyclodextrin formulations, including certain

anti-inflammatory drugs, antifungal agents, and hormonal preparations.

GasStorageandTransport

Clathrate hydrates offer a potential method for storing and transporting natural gas. Methane

hydrate packs about 164 volumes of gas into one volume of solid at standard pressure, which is

more compact than compressed natural gas. Research is ongoing into using synthetic hydrates

for safe gas transportation. On the flip side, preventing hydrate formation is a major concern in

offshore oil and gas pipelines, where clathrate plugs can block flow and cause dangerous pressure

buildups.
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CatalysisandMolecularSieves

Zeolites function as shape-selective catalysts because their channel dimensions only allow

molecules of certain sizes to enter, react, and leave. This property is exploited in petroleum

cracking, where zeolites convert heavy hydrocarbons into lighter, more valuable products like

gasoline. Zeolitemolecular sieves are also used to dry solvents, remove CO2 from natural gas, and

separate oxygen from nitrogen in air.

FoodandFragrance Industry

Cyclodextrins encapsulate volatile flavor and fragrance molecules, protecting them from evapo-

ration and degradation. This is used in powdered flavoring agents, long-lasting perfumes, and

controlled-release air fresheners. The encapsulated compound is released gradually or upon a

trigger (like moisture or heat), extending the effective lifespan of the product.

The selectivity of inclusion compounds is what makes them so valuable. Urea channels accept

only straight-chainmolecules, cyclodextrin cavitiespreferhydrophobic guests of a specificdiame-

ter, and zeolite pores filter bymolecular size. This geometric precision gives chemists a separation

tool that no distillation column or chemical reagent can match. Understanding these host-guest

interactions requires a solid grasp of acid-base chemistry, which you can review in our notes on

muriatic acid and its properties.

The OpenStax chemistry textbooks provide further explanations of the chemical principles used

in this note.

ACyclodextrinExample

A cyclodextrin presents a cavity that can accommodate part or all of a suitably sized guest

molecule. Its relatively hydrophobic interior and hydrophilic exterior can alter the apparent

behavior of a hydrophobic guest in water.

The result depends on guest size, orientation and binding equilibrium. A guest that is too large

may not enter, while a poorly matched small guest may bind weakly. Inclusion can improve a

formulation without creating a host-guest covalent bond, and a successful binding description

should not be mistaken for automatic safety or effectiveness of a drug product.
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Schematic host cavity surrounding a guest molecule, with labels identifying the host and guest.

The points to check in this example are:

• Cavity geometry influences which guests can be accommodated.

• Noncovalent interactions contribute to stabilization.

• Binding equilibria and competition can change howmuch guest is included.

CheckYourUnderstanding

Try the questions before reading the answers.

Question 1. Is every host-guest interaction an inclusion complex?

Answer. No. Theguestmust be accommodatedwithin the relevanthost cavity or structural space.

Question 2. Does absence of a covalent host-guest bondmean absence of interactions?

Answer. No. Noncovalent interactions can stabilize the complex.
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PracticeQuestions

Work each question before reading its solution. The set runs fromdirect recall and substitution to

the applied questions that exams actually use to separate grades. The downloadable PDF includes

these questions and their solutions.

Question1.What is an inclusion compound, andwhat distinguishes it froman ordinary chemical

compound?

Solution. A host molecule or lattice with a cavity physically encloses a guest species, held by

shape and weak forces, van der Waals contacts, hydrogen bonds, hydrophobic effects, with no

covalent bond formed. Ordinary compounds share or transfer electrons; inclusion compounds

are molecular capture. The guest can often leave with mild heating, unchanged.

Question2. Distinguish a cage clathrate from a channel inclusion compound, with an example of

each.

Solution. Clathrates enclose guests in discrete closed cages: methane hydrate’s water cages are

the type case. Channel compounds thread guests through open tunnels in the host lattice: urea

crystallizes aroundstraight-chainalkanes inhexagonal channels. Closedboxversusopencorridor

decides whether guests canmigrate.

Question 3. Describe methane hydrate: composition, where it occurs, and the ”ice that burns”

property.

Solution. Watermolecules hydrogen-bond into polyhedral cages, roughly 1methane per 6waters

when full, stable under cold and pressure. Vast deposits sit on continental shelves and under per-

mafrost, with carbon content rivaling all conventional fossil fuels. Warmed, it releases methane

that ignites while the cage water melts: burning ice. It is both a potential resource and a climate

worry, and it plugs deep-sea pipelines.

Question 4. What are cyclodextrins, and what makes their cavity useful?

Solution. Ring-shaped oligosaccharides of 6, 7, or 8 glucose units (𝛼, 𝛽, 𝛾), shaped like tapered
buckets: hydrophilic outside, hydrophobic inside. Oily guest molecules hide in the cavity

while the exterior dissolves in water, making water-insoluble drugs, flavors, and fragrances

water-friendly. They are food-safe and cheap, produced enzymatically from starch.

Question5. Febreze-type sprays andmany drug formulations rely on the same cyclodextrin trick.

Explain it.

Solution. Odormolecules and hydrophobic drugs both prefer the cyclodextrin cavity to openwa-

ter. A sprayed cyclodextrin captures airborne odorants into inclusion complexes, deactivating

them for your nose. In pharma, complexing improves solubility,masks bitterness, and shields un-

stable drugs from light and oxygen: the guest is protected until dilution or competition releases

it.
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Question6. Howdoes host-guest binding differ from a covalent reaction thermodynamically and

kinetically?

Solution. Binding energies run a few to tens of kJ/mol, versus hundreds for covalent bonds, so

complexes formanddissociate reversibly near room temperature, reaching equilibriumdescribed

by a binding constant. No activation of bond-breaking is needed, so exchange is fast. That re-

versibility is the feature: capture, carry, release on demand.

Question 7. What determines whether a guest fits a host? State the design principles.

Solution. Size and shape complementarity first: the guest must fill the cavity snugly, since too

loose wastes contact and too large simply excludes. Then chemical complementarity: hydropho-

bic cavities prefer greasy guests, hydrogen-bond donors seek acceptors, charges seek counter-

charges. Emil Fischer’s lock-and-key picture, upgraded with a bit of flexibility (induced fit), is

the working rulebook.

Question8. Urea inclusion compounds separate straight-chain frombranched alkanes. Why, and

why did industry care?

Solution. Urea’s channels are about 5.5 to 5.8 angstroms wide: n-alkanes slide in, branched iso-

mers are too bulky and stay out. Crystallize urea from a hydrocarbon mixture, filter, and decom-

pose the adduct: the straight chains emerge purified. Refineries used exactly this to dewax fuels

and isolate n-paraffins, separation by geometry rather than boiling point.

Question9. Gas storage researchers study clathrates and porous hosts as alternatives to compres-

sion. What is the attraction, with a number?

Solution. One volume of methane hydrate releases about 164 volumes of methane at standard

conditions, achieved at far lower pressure than the 200-plus bar of compressed-gas tanks. Cage

packing concentrates gas densely without extreme pressure vessels, whichmotivates hydrate and

MOF storage concepts for natural gas vehicles and hydrogen. Slow formation kinetics remain the

engineering hurdle.

Question 10. The 1987 Nobel Prize honored host-guest chemistry. Who won, and what did each

contribute?

Solution. Donald Cram, Jean-Marie Lehn, and Charles Pedersen. Pedersen discovered crown

ethers, rings that clamp specific metal ions by cavity size; Lehn extended them to 3D cryptands

and coined supramolecular chemistry; Cram built shape-selective hosts modeling enzyme recog-

nition. Their molecules recognize partners the way biology does: by fit, not by bond.

KeyPropertiesof InclusionCompounds

To summarize the defining characteristics of inclusion compounds, here are the properties that

set them apart from ordinary chemical compounds.
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• Non-stoichiometric composition: The host-to-guest ratio is often not a simple whole num-

ber. It depends on the degree of cavity filling and can vary between samples.

• No covalent bonding: Host and guest are held together by van der Waals forces, hydrophobic

interactions, or hydrogen bonding, never by covalent or ionic bonds.

• Sizeandshapeselectivity: Formation depends on the geometric fit between the guest and the

host cavity. This is the basis for their use in molecular separation.

• Reversibility: The guest can typically be released by dissolving the host, heating the com-

pound, or reducing the pressure. The process is physically reversible.

• Altered physical properties: The guest molecule often shows different melting points, solu-

bility, volatility, and reactivity when enclosed in the host compared to its free state.

• Host structuredependence: Inmany cases (like urea channels), the host lattice only forms in

the presence of a suitable guest. Remove the guest, and the host reverts to its normal crystal

form.

These properties collectively explain why inclusion compounds are so useful in separation sci-

ence, drug formulation, materials chemistry, and catalysis. The ability to trap, protect, and selec-

tively release molecules without chemical modification is a remarkably versatile tool.
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