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Video	Tutorial	Boltzmann	Distribution	Curves	Quick	Notes	Boltzmann	Distribution	Curves	Maxwell-Boltzmann	distribution	curves	show	how	available	energy	is	distributed	among	molecules	in	a	gaseous	system.	At	a	given	temperature,	only	a	certain	amount	of	energy	is	available	for	all	molecules	of	gas	within	a	system.	Individual	molecules	have
different	energies	and	are	constantly	colliding,	transferring	energy	with	other	molecules	–	either	gaining	or	losing	energy.	The	effects	of	changing	concentration,	temperature	and	the	use	of	a	catalyst	on	the	energies	of	particles	can	be	shown.	Full	Notes	Boltzmann	Distribution	Curves	At	a	particular	temperature,	there	is	only	so	much	energy	available
for	molecules	in	a	gaseous	system.	This	energy	is	never	evenly	spread	out	between	the	molecules;	at	any	given	moment,	some	molecules	will	have	more	energy	than	others.	Maxwell-Boltzmann	distribution	curves	show	how	available	energy	is	distributed	among	the	molecules	in	a	system.	The	distribution	curve	applies	to	gases	at	a	constant
temperature.	Note,	as	molecules	are	constantly	colliding	with	each	other,	they	are	constantly	transferring	energy.	This	means	the	energy	of	a	gas	molecule	is	never	fixed,	it	is	constantly	changing.	Maxwell-Boltzmann	distribution	curves	show	average	distributions.	The	distribution	curves	can	be	used	to	show	how	many	molecules	have	the	required
activation	energy	in	a	system.	All	particles	in	a	system	have	energy,	but	some	have	more	energy	than	others.	Particles	with	the	activation	energy	required	for	a	reaction	can	successfully	collide	and	react.	Increasing	Temperature	By	increasing	the	temperature	of	a	system,	the	energy	of	the	particles	increases.	So,	more	particles	have	the	required
activation	energy.	Increasing	Concentration	By	increasing	the	concentration	of	molecules	within	a	system,	the	actual	energy	of	the	molecules	doesn’t	change.	The	proportion	of	molecules	with	the	required	activation	energy	is	the	same,	there	are	just	more	of	them!	Because	of	this,	more	particles	in	the	system	have	the	required	activation	energy	and
react.	Using	a	Catalyst	By	using	a	catalyst,	the	energy	of	particles	in	the	system	remains	the	same,	but	the	activation	energy	required	for	a	successful	collision	is	lowered.	As	a	result,	more	particles	are	able	to	successfully	collide.	The	Maxwell-Boltzmann	distribution	is	a	fundamental	concept	in	statistical	physics	that	describes	the	distribution	of
velocities	for	particles	in	a	gas	at	a	given	temperature.	It	provides	insights	into	the	energy	distribution	and	behavior	of	gas	molecules	in	thermal	equilibrium.According	to	the	Maxwell-Boltzmann	distribution,	the	velocities	of	gas	molecules	in	a	sample	follow	a	specific	probability	distribution.	It	states	that	at	a	given	temperature,	the	majority	of	gas
molecules	have	velocities	around	the	average,	with	fewer	molecules	having	higher	or	lower	velocities.The	distribution	curve	of	the	Maxwell-Boltzmann	distribution	is	bell-shaped	and	symmetric,	resembling	a	Gaussian	or	normal	distribution.	The	peak	of	the	distribution	represents	the	most	probable	velocity	of	the	gas	molecules,	which	increases	with
higher	temperatures.The	Maxwell-Boltzmann	distribution	is	influenced	by	the	temperature	of	the	gas.	As	temperature	increases,	the	distribution	curve	broadens,	indicating	a	wider	range	of	velocities	and	a	greater	number	of	molecules	with	higher	velocities.The	distribution	provides	valuable	insights	into	various	properties	of	gases,	such	as	the
average	kinetic	energy,	the	root	mean	square	velocity,	and	the	most	probable	velocity.	It	helps	explain	phenomena	like	diffusion,	effusion,	and	the	behavior	of	gases	in	different	conditions.	In	the	context	of	the	Kinetic	Molecular	Theory	of	Gases	(KMToG),	a	gas	has	a	large	number	of	particles	moving	around	with	varying	speeds,	colliding	with	each
other,	causing	changes	in	the	speeds	and	directions	of	the	particles.	A	good	understanding	of	the	properties	of	a	gas	requires	the	knowledge	of	the	distribution	of	particles	speeds.	Named	after	James	Clerk	Maxwell	and	Ludwig	Boltzmann,	the	Maxwell-Boltzmann	Distribution	describes	particle	speeds	in	an	idealized	gas,	in	which	the	particles	rarely
interact	with	each	other	except	for	the	brief	collisions	where	energy	and	momentum	are	affected.	The	distribution	of	a	particular	gas	depends	on	certain	parameters,	such	as	the	Temperature	of	the	system	and	mass	of	the	gas	particles.	Certain	properties	of	real	gases	inhibit	their	ability	to	be	modeled	by	the	Maxwell-Boltzmann	Distribution	so	this
distribution	is	best	suited	for	application	to	ideal	gases	and	certain	rarefied	gases	at	normal	Temperatures.	Knowledge	of	particle	speeds	given	by	this	distribution	is	important	to	scientists	performing	reactions,	because	for	a	reaction	to	take	place,	particles	must	collide	with	sufficient	energy	to	induce	a	transition	state.	This	usually	pertains	to	faster
particles,	so	if	the	Maxwell-Boltzmann	Distribution	tells	us	how	many	particles	have	energies	or	speeds	above	a	certain	threshold,	this	is	considered	valuable	information.	A	Mathematical	Model	The	Maxwell–Boltzmann	distribution	is	the	function:	[math]\displaystyle{	f(v)	=	\sqrt{\left(\frac{m}{2	\pi	kT}\right)^3}\,	4\pi	v^2	e^{-	\frac{mv^2}{2kT}}
}[/math],	where	[math]\displaystyle{	m	=	}[/math]	the	mass	of	a	particle	[math]\displaystyle{	k	=	}[/math]	Boltzmann's	constant	[math]\displaystyle{	T	=	}[/math]	Thermodynamic	Temperature	[math]\displaystyle{	v	=	}[/math]	the	speed	of	the	particle	The	probability	that	a	molecule	of	a	gas	has	a	center-of-mass	speed	within	the	range
[math]\displaystyle{	v	}[/math]	to	[math]\displaystyle{	v+dv	}[/math]	is	given	by	[math]\displaystyle{	f(v)dv	}[/math].	As	has	been	mentioned,	the	Maxwell-Boltzmann	Distribution	details	the	distribution	of	particle	speeds	in	an	ideal	gas,	and	this	distribution	can	be	characterized	in	a	few	ways	shown	below:	The	average	speed,	[math]\displaystyle{
v_{avg}	}[/math],	is	the	sum	of	the	speeds	of	all	the	particles	divided	by	the	number	of	particles	in	the	volume	of	gas:	[math]\displaystyle{	v_{avg}	=	\int_0^{\infty}	v	\,	f(v)	\,	dv=	\sqrt	{	\frac{8kT}{\pi	m}}=	\sqrt	{	\frac{8RT}{\pi	M}}	}[/math]	where	R	is	the	gas	constant	and	M	is	the	molar	mass	of	the	substance.	The	most	probable	speed,
[math]\displaystyle{	v_p	}[/math],	is	the	speed	associated	with	the	highest	point	on	the	Maxwell-Boltzmann	Distribution	curve.	Only	a	few	particles	will	have	this	speed.	To	find	this	point	on	the	distribution,	we	must	calculate	df/dv,	set	it	equal	to	zero,	and	then	solve	for	v.	Then,	we	can	ascertain:	[math]\displaystyle{	v_p	=	\sqrt	{	\frac{2kT}{m}	}	=
\sqrt	{	\frac{2RT}{M}	}	}[/math]	The	root-mean-square	speed,	[math]\displaystyle{	v_{rms}	}[/math],	is	the	square	root	of	the	average	speed-squared	and	is	given	by:	[math]\displaystyle{	v_{rms}	=	\left(\int_0^{\infty}	v^2	\,	f(v)	\,	dv	\right)^{1/2}=	\sqrt	{	\frac{3kT}{m}}=	\sqrt	{	\frac{3RT}{M}	}	}[/math]	If	a	gas	is	in	thermal	equilibrium	and
follows	the	Maxwell-Boltzmann	Distribution,	the	following	relation	is	always	discovered:	[math]\displaystyle{	v_p	\lt	v_{avg}	\lt	v_{rms}	}[/math]	A	Computational	Model	Insert	Computational	Model	here	Maxwell-Boltzmann	Distributions	are	not	only	represented	by	functions,	but	they	are	also	represented	by	graphs.	These	graphs	can	tell	scientists	a
lot	about	the	properties	of	a	gas.	They	can	detail	gas	particles'	masses	and	speeds,	and	the	graphs	can	also	tell	a	scientist	how	the	gas	responds	to	variations	in	temperature.	To	visualize	how	a	Maxwell-Boltzmann	Distribution	plot	looks,	the	link	below	provides	a	demonstration	to	see	how	the	Temperature	of	the	system	affects	the	particle	speeds:
Maxwell-Boltzmann	Temperature	Effect	Demo	The	graph	below	displays	the	Maxwell-Boltzmann	Distribution	of	[math]\displaystyle{	O_2	}[/math]	at	300	Kelvin.	As	one	can	see,	the	most	probable	speed,	[math]\displaystyle{	v_p	}[/math],	is	marked	at	the	peak	of	the	distribution	curve.	The	root-mean-square	speed,	[math]\displaystyle{	v_{rms}	}
[/math],	is	also	displayed	on	the	curve.	Credit	for	this	image	is	given	to	chemwiki.ucdavis.edu	Examples	Below	are	three	examples	of	how	the	Maxwell-Boltzmann	equation	is	used	and	how	to	interpret	the	distribution	graphs.	Simple	Examine	the	given	Maxwell-Boltzmann	Distributions	of	Helium,	Neon,	Argon,	and	Xenon.	Credit	for	this	image	is	given
to	chemwiki.ucdavis.edu	a)	What	can	be	said	about	the	relationship	between	particle	speed	distributions	and	the	mass	of	the	particles?	The	Maxwell-Boltzmann	distributions	show	a	general	trend	with	the	mass	of	the	particles:	As	particle	mass	increases,	the	distribution	of	speeds	becomes	more	localized	around	the	most	probable	speed
([math]\displaystyle{	v_{p}	}[/math])	It	is	also	worth	noting	heavier	particles	will	have	a	lower	average	speed,	as	can	be	seen	from	the	graph.	Middling	a)	Looking	at	the	graph	above	from	the	prior	example	and	using	some	logic	based	on	the	Maxwell-Boltzmann	Distributions,	which	will	have	a	wider	range	of	appreciable	speeds:	Helium	at	500	K	or
Argon	at	250	K?	As	we	can	see	from	the	graph,	Helium's	distribution	is	much	more	spread	out	than	Argon's	when	at	the	same	Temperature.	It	is	generally	true	that	a	particle's	distribution	will	"flatten	out"	as	the	system's	Temperature	increases,	as	can	see	be	seen	in	the	demo	in	the	Computational	Model	section.	For	us,	this	means	Helium's
distribution	would	become	even	more	spread	out	compared	to	Argon's;	it	would	have	a	much	greater	range	of	appreciable	speeds	than	Argon.	Helium	at	300	K	or	Argon	at	400	K?	Even	though	Helium's	Temperature	is	much	less	than	Argon's,	its	much	lighter	particle	mass	still	allows	its	distribution	of	speeds	to	have	a	larger	appreciable	range	than
Argon.	Argon	at	400	K	or	Argon	at	900	K?	In	this	case,	both	systems	have	Argon.	Thus,	the	main	characteristic	to	look	at	is	the	Temperature	of	each	system.	The	higher	Temperature	system	will	have	a	larger	range	of	speeds	than	the	lower	Temperature	system..	Difficult	A	sample	of	[math]\displaystyle{	100,000	}[/math]	Helium	particles	at
[math]\displaystyle{	500°K	}[/math]	is	in	your	possession.	The	mass	of	a	Helium	particle	is	[math]\displaystyle{	m_{helium}	=	6.65	\times	10^{-27}	\	kg	}[/math]	and	Boltzmann's	constant	is	[math]\displaystyle{	k	=	1.381	\times	10^{-23}	\left(\frac{m^2	\cdot	kg}{s^2	\cdot	K}\right)	}[/math].	a)	What	is	the	value	of	the	Maxwell-Boltzmann	function
for	the	Helium	particles	at	[math]\displaystyle{	325	\	\frac{m}{s}	}[/math]	The	Maxwell-Boltzmann	function	for	Helium	is:	[math]\displaystyle{	f(v)	=	\sqrt{\left(\frac{m_{He}}{2	\pi	kT}\right)^3}\,	4\pi	v^2	e^{p(v)}	}[/math],	where	[math]\displaystyle{	p(v)	=	-\frac{m_{He}v^2}{2kT}	}[/math]	Plugging	in	values	for	[math]\displaystyle{	f(325)	}
[/math]	gives:	[math]\displaystyle{	f(325)	=	\sqrt{\left(\frac{m_{He}}{2	\pi	kT}\right)^3}	4\pi	\	(325)^2	\	e^{p(325)}	\quad	\And	\quad	p(325)	=	-\frac{m_{He}(325)^2}{2kT}	}[/math]	[math]\displaystyle{	f(325)	=	\sqrt{\left(\frac{6.65	\times	10^{-27}}{2	\pi	\times	1.381	\times	10^{-23}	\times	500}\right)^3}	4\pi	\	(325)^2	\	e^{p(325)}	\quad
\And	\quad	p(325)	=	-\frac{6.65	\times	10^{-27}	\times	(325)^2}{2	\times	1.381	\times	10^{-23}	\times	500}	}[/math]	Solving	this	gives:	[math]\displaystyle{	f(325)	=	8.1194	\times	10^{-5}	}[/math]	b)	About	how	many	Helium	particles	are	there	at	this	speed?	The	number	of	Helium	particles	at	a	speed	of	[math]\displaystyle{	325	\	\frac{m}{s}	}
[/math]	[math]\displaystyle{	(N_{325})	}[/math]	is	given	by	multiplying	the	value	of	the	Maxwell-Boltzmann	function	at	this	value	by	the	total	number	of	Helium	particles	[math]\displaystyle{	(N_{total})	}[/math].	This	is	because	the	value	of	the	function	is	a	probability	of	any	Helium	atom	to	be	at	that	speed:	[math]\displaystyle{	N_{325}	=	N_{total}
\cdot	f(325)	=	8.1194	}[/math]	Thus,	we	would	think	there	are	about	[math]\displaystyle{	8	}[/math]	or	[math]\displaystyle{	9	}[/math]	Helium	particles	in	the	sample	at	this	speed.	c)	How	does	[math]\displaystyle{	325	\	\frac{m}{s}	}[/math]	compare	to	the	average	speed	of	the	Helium	particles?	The	root	mean	squared	speed?	The	most	probable
speed?	We	will	use	the	following	three	formulas	to	analytically	answer	this	question:	[math]\displaystyle{	v_{avg}	=	\sqrt{\frac{8kT}{\pi	m}}	}[/math]	[math]\displaystyle{	v_{p}	=	\sqrt{\frac{2kT}{m}}	}[/math]	[math]\displaystyle{	v_{rms}	=	\sqrt{\frac{3kT}{m}}	}[/math]	However,	we	can	qualitatively	answer	this	question	also.	Since	there	only
about	[math]\displaystyle{	8	}[/math]	or	[math]\displaystyle{	9	}[/math]	Helium	particles	at	such	a	low	speed	(for	a	gas),	we	can	make	an	educated	guess	that	the	speed	of	[math]\displaystyle{	325	\	\frac{m}{s}	}[/math]	is	much	slower	than	any	of	the	descriptive	speeds	of	the	distribution.	We	can	reaffirm	this	qualitative	answer	by	viewing	the
Maxwell-Boltzmann	Distribution	for	Helium	present	in	the	Simple	Example,	where	the	most	probable	speed	is	about	[math]\displaystyle{	1,100	\	\frac{m}{s}	}[/math].	Furthermore,	[math]\displaystyle{	500°K	}[/math]	is	a	pretty	hot	Temperature.	In	Fahrenheit	it	is	about:	[math]\displaystyle{	°C	=	°K	-	273.15	=	500	-	273.15	=	226.85°C	}[/math]
[math]\displaystyle{	°F	=	\left(\frac{9}{5}\right)(°C	+	32)	=	\left(\frac{9}{5}\right)(226.85	+	32)	=	465.93°F	}[/math]	This	is	hotter	than	most	ovens	will	ever	be	needed	to	be.	Now,	we	will	dive	into	finding	the	average	speed,	the	most	probable	speed,	and	the	root	mean	squared	speed	for	the	Helium	distribution:	[math]\displaystyle{	v_{avg}	=
\sqrt{\frac{8	\times	1.381	\times	10^{-23}	\times	500}{\pi	\times	6.65	\times	10^{-27}}}	=	1,626.1	\	\frac{m}{s}	}[/math]	[math]\displaystyle{	v_{p}	=	\sqrt{\frac{2	\times	1.381	\times	10^{-23}	\times	500}{6.65	\times	10^{-27}}}	=	1,441.1	\	\frac{m}{s}	}[/math]	[math]\displaystyle{	v_{rms}	=	\sqrt{\frac{3	\times	1.381	\times	10^{-23}	\times
500}{6.65	\times	10^{-27}}}	=	1,765.0	\	\frac{m}{s}	}[/math]	As	we	can	see,	all	these	speeds	are	much	greater	than	[math]\displaystyle{	325	\	\frac{m}{s}	}[/math]	Connectedness	This	topic	is	particularly	interesting	to	me	because	of	its	potential	use	in	my	father's	work.	My	father	is	a	Chemist,	and	often	he	has	to	induce	reactions	involving	gases.
When	I	read	about	this	topic,	it	was	really	interesting	to	see	how	one	can	calculate	the	speeds	of	particles	based	on	these	distributions.	This	is	important	because	from	this,	one	can	calculate	the	energy	of	a	single	gas	particle,	and	this	could	be	important	if	a	scientist	like	my	father	needed	a	specific	energy	level.	It	was	really	interesting	to	see	how
mass,	speed,	and	the	Temperature	of	a	system	all	have	important	relationships	with	each	other.	This	is	not	a	huge	connection	to	my	major	(Mechanical	Engineering)	as	it	seems	to	be	more	related	to	Chemical	Engineering,	but	I	would	like	to	learn	more	about	this	concept	in	other	classes.	There	are	some	applications	for	scientists	to	use	these	Maxwell-
Boltzmann	Distributions	as	guides	to	induce	reactions	between	particles.	History	In	1857,	a	scientist	by	the	name	of	Rudolf	Clausius	figured	out	how	to	calculate	the	speed	of	atoms.	A	few	years	later,	in	1860,	Irish	physicist	James	Maxwell	published	a	paper,	in	which	he	ascertained	a	way	to	connect	the	physical	properties	of	gases	to	the	distribution
of	particle	velocities.	His	research	compounded	off	of	Clausius's	work,	but	he	went	further	by	describing	the	distribution	of	speeds	in	reference	to	the	average	speed.	In	1872,	Austrian	physicist,	Ludwig	Boltzmann,	substantiated	Maxwell's	research	by	adding	the	H-theorem,	which	quantified	the	approach	to	equilibrium	at	which	the	Maxwell
distribution	velocities	exist.	Because	of	Maxwell	and	Boltzmann's	collaboration,	they	had	come	up	with	a	function	called	the	Maxwell-Boltzmann	Distribution.	See	also	Further	reading	Matter	and	Interactions,	Volume	I,	Modern	Mechanics	External	links	References	Blauch,	D.	(2014).	Kinetic	Molecular	Theory.	Retrieved	December	5,	2015,	from
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Hmolpedia.	(n.d.).	Retrieved	December	5,	2015,	from	distribution	Main	Category:	Energy	If	you	consider	all	the	molecules	in	a	gas,	not	all	of	the	particles	will	have	the	same	amount	of	kinetic	energy.	Some	will	have	lots	of	kinetic	energy,	whilst	some	will	have	less	kinetic	energy.	We	can	therefore	plot	a	Maxwell-Boltzmann	Distribution	to	show	the
distribution	of	energies	between	different	molecules.	In	terms	of	its	definition,	the	Maxwell-Boltzmann	Distribution	represents	the	distribution	of	molecular	energies	in	gases.	It	is	a	plot	of	the	number	of	particles,	where	each	particle	has	a	particular	energy.	You	should	be	able	to	draw,	label	and	interpret	a	Maxwell-Boltzmann	distribution	plot	like	the
one	below.	Here	are	some	rules	you	need	to	know	before	you	interpret	a	Maxwell-Boltzmann	distribution:	Area	under	curve	–	the	area	under	the	curve	is	a	measure	of	the	total	number	of	particles	present.	Activation	energy	–	A	dotted	line	or	straight	line	is	used	to	represent	the	activation	energy.	Shaded	region	–	the	shaded	region	to	the	right	of	the
activation	energy	line	represents	the	only	particles	that	will	react	when	they	collide.	These	are	the	particles	that	have	sufficient	energy	that	is	more	than	the	activation	energy.	Median	(most	common)	particle	energy	–	the	peak	of	the	curve	represents	the	most	common	energy	of	any	single	particle	in	the	reaction.	Mean	particle	energy	–	there	is	a	line
to	the	right	of	the	peak,	which	shows	the	mean	particle	energy.	This	is	higher	than	the	median,	because	often	very	high	energy	particles	are	present,	which	distort	the	mean.	Kinetics	–	The	Maxwell-Boltzmann	Distribution	and	Catalysts	As	we	saw	on	the	previous	chapter,	increasing	the	temperature	of	a	system	will	increase	the	kinetic	energy	of
reactant	particles	so	that	a	larger	proportion	of	the	particles	have	at	least	in	the	system	will	have	enough	energy	to	undergo	successful	collisions.	This	can	be	represented	on	a	Mazwell-Boltzmann	Distribution	curve	and	you	should	also	be	able	to	draw	and	interpret	Maxwell-Boltzmann	Distribution	curves	for	different	temperatures:	Kinetics	–	The
Maxwell-Boltzmann	Distribution	and	Catalysts	According	to	this	Maxwell-Boltzmann	distribution:	When	the	temperature	is	increased	from	T1	to	T2,	the	shape	of	the	Maxwell	Boltzmann	distribution	changes.	The	peak	lowers	and	shifts	to	the	right.	According	to	the	Maxwell	Boltzmann	distribution,	increasing	the	temperature	increases	the	proportion	of
particles	that	have	sufficient	energy	(at	least	the	activation	energy)	to	react.	This	can	be	observed	from	the	shaded	region	which	increases	in	area	when	the	temperature	is	increased.	As	a	result	of	there	being	a	greater	proportion	of	particles	having	sufficient	energy	to	react,	the	rate	of	reaction	increases.	The	graph	shows	that	even	a	small	increase	in
temperature	can	lead	to	a	large	increase	in	rate.	A	catalyst	is	a	substance	that	increases	the	rate	of	a	chemical	reaction	without	being	changed	in	chemical	composition	or	amount.	The	catalyst	works	by	providing	an	alternative	route	to	a	reaction	which	has	a	lower	activation	energy,	which	means	that	a	smaller	amount	of	energy	is	needed	to	start	a
reaction.	The	way	catalysts	achieve	this	depends	on	whether	they	are	heterogeneous	or	homogeneous	catalysts.	A	heterogeneous	catalyst	is	in	a	different	physical	state	(or	phase)	from	the	reactants.	They	provide	a	surface	for	the	reaction	to	take	place	on,	which	facilitates	reactant	molecules	to	react	with	each	other	at	a	lower	activation	energy.
Kinetics	–	The	Maxwell-Boltzmann	Distribution	and	Catalysts	The	process	by	which	heterogeneous	catalyst	work	involves	three	steps:	Adsorption	–	Reactant	molecules	arrive	at	the	surface	of	the	solid	heterogeneous	catalyst	and	form	weak	bonds	with	it	by	a	process	known	as	adsorption.	Reaction	–	Intermolecular	bonds	in	the	reagent	particles
weaken	and	eventually	break,	resulting	in	the	formation	of	free	radicals	with	unpaired	electrons.	These	can	then	form	new	bonds	with	each	other	to	form	the	product	of	the	reaction.	Desorption	–	The	newly	formed	products	detach	from	the	surface	of	the	catalyst.	An	example	of	a	heterogeneous	catalyst	would	be	solid	iron	used	as	a	catalyst	for	the
formation	of	ammonia	in	the	Haber	Process.	A	homogeneous	catalyst	is	in	the	same	physical	state	(or	phase)	as	the	reactants.	Homogeneous	catalysts	work	by	forming	intermediate	species	with	the	reactant	particles,	which	then	react	to	form	the	products	and	reform	the	catalyst.	The	activation	energies	of	this	stepwise	reaction	are	overall	lower	than
the	activation	energy	for	the	uncatalysed	reaction.	Kinetics	–	The	Maxwell-Boltzmann	Distribution	and	Catalysts	If	a	catalyst	is	present	at	the	start	of	a	reaction,	it	will	also	be	present	at	the	end	of	the	reaction.	This	means	that	catalysts	can	be	re-used	in	several	reactions.	You	should	be	able	to	explain	the	qualitative	effect	of	using	a	catalyst	on	the
rate	of	reaction	using	a	Maxwell	Boltzmann	distribution:	Kinetics	–	The	Maxwell-Boltzmann	Distribution	and	Catalysts	According	to	this	Maxwell-Boltzmann	distribution:	Only	the	particles	that	are	represented	by	the	area	to	the	right	of	the	activation	energy	will	react	when	they	collide.	When	the	catalyst	is	used,	an	alternative	route	is	provided	with	a
lower	activation	energy.	This	is	represented	by	the	shift	in	the	line,	labelled	activation	energy,	to	the	left.	According	to	the	Maxwell	Boltzmann	distribution,	using	a	catalyst	increases	the	proportion	of	particles	that	have	sufficient	energy	(at	least	the	activation	energy)	to	react.	This	can	be	observed	from	the	shaded	region	which	increases	in	area	when
the	catalyst	is	used.	As	a	result	of	there	being	a	greater	proportion	of	particles	having	sufficient	energy	to	react,	the	rate	of	reaction	increases.	Personalised	tuition	to	meet	your	needs	with	flexible	scheduling	The	Haber	Process	mentioned	previously	is	an	example	of	how	catalysts	can	be	used	in	industry.	Catalysts	are	very	widely	used	in	industrial
processes	for	their	multiple	economic	benefits:	Catalyst	use	lowers	production	costs.	By	allowing	for	the	reaction	to	take	place	at	a	lower	temperature	and	pressures,	which	decreases	energy	demands;	as	well	as	by	allowing	more	product	to	be	formed	in	less	time.	Catalyst	use	can	improve	the	properties	of	reaction	products.	For	example,	poly	(ethene)
made	in	the	presence	of	a	catalyst	is	much	denser,	more	rigid	and	withstands	heat	better	than	if	produced	without.	The	use	of	catalysts	in	industrial	processes	also	has	environmental	benefits:	Catalyst	use	makes	industrial	processes	more	sustainable.	If	industrial	processes	can	operate	at	lower	temperatures	and	pressures,	less	fossil	fuels	have	to	be
burned	and	CO2	emissions	are	reduced.	Catalyst	use	reduces	waste	production.	Using	catalysts	improves	at	the	atom	economy	of	the	reaction	hence	producing	less	unwanted	by-products.	→What	is	Kinetics	in	Chemistry?	Kinetics	is	the	study	of	the	rate	of	chemical	reactions	and	the	factors	that	affect	that	rate.	It	focuses	on	how	fast	a	reaction	occurs
and	how	that	speed	can	be	controlled.	→What	is	the	Maxwell	Boltzmann	Distribution	in	A-Level	Chemistry?	The	Maxwell-Boltzmann	Distribution	is	a	statistical	model	that	describes	the	distribution	of	particle	speeds	in	a	gas.	It	predicts	that	the	speed	of	particles	in	a	gas	will	follow	a	normal	distribution,	with	the	most	particles	having	a	speed	close	to
the	average	and	fewer	particles	having	speeds	far	from	the	average.	→What	is	the	Maxwell-Boltzmann	distribution	used	for?	The	Maxwell-Boltzmann	distribution	is	a	fundamental	concept	in	statistical	physics	and	is	used	in	many	areas	of	science	and	engineering,	including:Thermodynamics:	The	distribution	is	used	to	calculate	the	average	kinetic
energy	of	gas	molecules,	which	is	related	to	temperature.	It	is	also	used	to	calculate	the	heat	capacity	of	gases	and	the	distribution	of	energy	levels	in	a	system.Chemical	kinetics:	The	distribution	is	used	to	calculate	the	probability	of	molecular	collisions	and	the	rate	of	chemical	reactions.	It	is	also	used	to	study	the	distribution	of	molecular	velocities
in	reactions.Molecular	spectroscopy:	The	distribution	is	used	to	interpret	the	shape	of	spectral	lines	and	to	calculate	the	population	of	different	energy	levels	in	molecules.Material	science:	The	distribution	is	used	to	study	the	behavior	of	atoms	and	molecules	in	solids,	liquids,	and	gases.	It	is	also	used	to	model	the	diffusion	of	particles	in
materials.Astrophysics:	The	distribution	is	used	to	study	the	properties	of	stars,	planets,	and	other	astronomical	objects.	It	is	used	to	model	the	temperature	and	composition	of	stellar	atmospheres	and	to	study	the	dynamics	of	galactic	structures.Overall,	the	Maxwell	Boltzmann	distribution	is	a	versatile	tool	that	is	used	in	many	areas	of	science	and
engineering	to	describe	the	properties	and	behavior	of	atoms	and	molecules.	→What	is	the	relationship	between	the	Maxwell-Boltzmann	Distribution	and	chemical	reactions?	The	Maxwell-Boltzmann	Distribution	is	important	in	chemical	reactions	because	it	helps	to	explain	the	rate	of	reaction.	The	speed	of	particles	affects	the	rate	of	collision	between
particles,	which	in	turn	affects	the	rate	of	reaction.	By	understanding	the	distribution	of	particle	speeds,	we	can	better	predict	and	control	the	rate	of	reaction.	→What	is	the	relationship	between	the	Maxwell-Boltzmann	Distribution	and	Temperature	changes?	The	Maxwell-Boltzmann	distribution	describes	the	distribution	of	molecular	speeds	in	a	gas,
and	this	distribution	is	strongly	affected	by	changes	in	temperature.	Specifically,	as	the	temperature	of	a	gas	increases,	the	average	speed	of	the	gas	molecules	increases,	and	the	shape	of	the	distribution	changes.At	higher	temperatures,	the	Maxwell	Boltzmann	distribution	shifts	to	higher	speeds,	meaning	that	a	greater	proportion	of	molecules	have
higher	speeds.	This	is	because	higher	temperatures	cause	the	gas	molecules	to	move	more	rapidly	and	with	greater	kinetic	energy.	As	a	result,	the	peak	of	the	distribution	shifts	to	higher	speeds,	and	the	width	of	the	distribution	broadens,	indicating	that	a	greater	range	of	speeds	is	present	in	the	gas.Conversely,	at	lower	temperatures,	the
distribution	shifts	to	lower	speeds,	indicating	that	a	greater	proportion	of	molecules	have	lower	speeds.	This	is	because	the	gas	molecules	move	more	slowly	at	lower	temperatures,	with	less	kinetic	energy.	As	a	result,	the	peak	of	the	distribution	shifts	to	lower	speeds,	and	the	width	of	the	distribution	narrows,	indicating	that	a	narrower	range	of
speeds	is	present	in	the	gas.Overall,	the	Maxwell-Boltzmann	distribution	and	temperature	changes	are	strongly	linked.	Changes	in	temperature	cause	changes	in	the	average	speed	of	the	gas	molecules,	which	in	turn	affects	the	shape	and	width	of	the	distribution.	This	relationship	is	fundamental	to	the	study	of	thermodynamics,	chemical	kinetics,	and
many	other	areas	of	science	and	engineering.	→What	are	Catalysts	in	Chemistry?	Catalysts	are	substances	that	increase	the	rate	of	a	chemical	reaction	without	being	consumed	by	the	reaction.	They	work	by	providing	an	alternative	reaction	pathway	with	a	lower	activation	energy,	making	the	reaction	occur	faster.	→How	do	Catalysts	affect	the	rate	of
reaction?	Catalysts	affect	the	rate	of	reaction	by	providing	an	alternative	reaction	pathway	with	a	lower	activation	energy.	This	allows	more	particles	to	collide	with	enough	energy	to	react,	increasing	the	rate	of	reaction.	→What	are	the	different	types	of	Catalysts?	There	are	several	different	types	of	catalysts,	including	heterogeneous	catalysts,
homogeneous	catalysts,	and	enzymes.	Heterogeneous	catalysts	work	by	bringing	the	reactants	into	close	contact,	increasing	the	rate	of	collision.	Homogeneous	catalysts	dissolve	in	the	reaction	mixture,	allowing	them	to	interact	directly	with	the	reactants.	Enzymes	are	biological	catalysts	that	are	specific	to	particular	reactions.	→Can	Catalysts	be
used	to	control	the	rate	of	reaction	in	real-life	applications?	Yes,	catalysts	can	be	used	to	control	the	rate	of	reaction	in	real-life	applications.	For	example,	catalysts	are	used	in	industrial	processes	to	increase	the	efficiency	of	chemical	reactions	and	to	reduce	waste.	They	are	also	used	in	automobiles	to	control	the	rate	of	reaction	in	the	catalytic
converter,	reducing	harmful	emissions.	→How	do	scientists	choose	the	right	catalyst	for	a	reaction?	Scientists	choose	the	right	catalyst	for	a	reaction	by	considering	several	factors,	including	the	type	of	reaction,	the	reactants	involved,	and	the	desired	outcome.	They	may	also	conduct	experiments	to	determine	which	catalyst	is	most	effective	for	a
particular	reaction.	A	Maxwell-Boltzmann	distribution	curve	is	a	graph	that	shows	the	distribution	of	energies	at	a	certain	temperatureIn	a	sample	of	a	gas,	a	few	particles	will	have	very	low	energy,	a	few	particles	will	have	very	high	energy,	but	most	particles	will	have	energy	in	betweenThe	Maxwell-Boltzmann	distribution	curve	shows	the
distribution	of	the	energies	and	the	activation	energyThe	graph	shows	that	only	a	small	proportion	of	molecules	in	the	sample	have	enough	energy	for	an	effective	collision	and	for	a	chemical	reaction	to	take	placeChanges	in	temperatureWhen	the	temperature	of	a	reaction	mixture	is	increased,	the	particles	gain	more	kinetic	energyThis	causes	the
particles	to	move	around	faster	resulting	in	more	frequent	collisionsFurthermore,	the	proportion	of	successful	collisions	increases,	meaning	a	higher	proportion	of	the	particles	possess	the	minimum	amount	of	energy	(activation	energy)	to	cause	a	chemical	reactionWith	higher	temperatures,	the	Boltzmann	distribution	curve	flattens	and	the	peak
shifts	to	the	rightThe	Maxwell-Boltzmann	distribution	curve	at	T	oC	and	when	the	temperature	is	increased	by	10	oCTherefore,	an	increase	in	temperature	causes	an	increased	rate	of	reaction	due	to:There	being	more	effective	collisions	as	the	particles	have	more	kinetic	energy,	making	them	move	around	fasterA	greater	proportion	of	the	molecules
having	kinetic	energy	greater	than	the	activation	energyThe	increase	in	proportion	of	molecules	having	kinetic	energy	greater	than	the	activation	has	a	greater	effect	on	the	rate	of	reaction	than	the	increase	in	effective	collisionsDid	this	page	help	you?	The	Maxwell-Boltzmann	distribution	describes	the	distribution	of	the	molecular	speed	of	the
molecules	in	ideal	gases.	As	already	explained	in	the	article	Temperature	and	particle	motion,	the	temperature	of	a	gas	is	a	measure	of	the	kinetic	energy	of	the	particles.	Even	at	a	constant	temperature,	however,	not	all	the	molecules	have	the	same	speed.	After	all,	in	a	gas	there	are	permanent	collisions	between	the	particles.	Some	particles	are
slowed	down	by	the	collision	and	others	are	accelerated	by	it.	Thus,	molecules	with	different	velocities	can	be	found.	Animation:	Random	particle	motion	of	a	gas	A	gas	usually	contains	a	large	number	of	molecules.	For	ideal	gases,	therefore,	statistical	predictions	can	be	made	about	the	frequency	with	which	certain	speeds	occur.	The	so-called
Maxwell-Boltzmann	distribution	describes	such	a	speed	distribution	for	the	particles	of	an	ideal	gas.	The	Maxwell-Boltzmann	distribution	describes	the	speed	distribution	of	the	particles	of	an	ideal	gas!	Such	a	statistical	prediction	about	the	speed	distribution	is	only	possible	if	a	sufficient	number	of	molecules	are	present.	This	is	true	in	most
thermodynamic	cases!	To	get	an	impression	of	the	large	number	of	particles	in	an	ideal	gas,	imagine	a	football	filled	with	air.	The	number	of	gas	particles	in	such	a	football	would	then	correspond	approximately	to	the	number	of	1-liter	water	bottles	that	would	theoretically	be	necessary	to	completely	fill	the	entire	volume	of	the	earth	with	water!
Figure:	Illustrative	comparison	of	the	number	of	particles	in	a	soccer	ball	This	example	clearly	shows	that	in	practice	a	sufficiently	large	number	of	particles	in	a	gas	can	usually	be	assumed	to	make	reliable	statistical	predictions.	Using	statistical	methods,	physicists	James	Clerk	Maxwell	and	Ludwig	Boltzmann	were	able	to	derive	the	following
formula	for	the	molecular	speed	distribution	in	an	ideal	gas.	For	this	reason	this	function	of	the	relative	frequency	density	f(v)	is	also	called	Maxwell-Boltzmann	distribution	function:	\begin{align}\label{p}&\boxed{		f(v)	=	\left(		\sqrt{\frac{m}{2	\pi	k_B	T}}		\right)^{3}	4	\pi	v^2	\cdot	\exp{\left(-	\frac{m	v^2}{2	k_B	T}	\right)}	}	~~~\text{Maxwell-
Boltzmann	distribution	function}	\\[5px]\end{align}	In	equation	(\ref{p}),	m	denotes	the	mass	of	a	particle	(not	the	total	mass	of	the	gas!).	For	a	helium	particle	as	assumed	for	the	graph	above,	the	mass	is	m	=	6.6465⋅10-27	kg.	The	constant	kB	is	the	so-called	Boltzmann	constant	with	a	value	of	kB	=	1.38065⋅10-23	J/kg.	The	temperature	T	must	be
expressed	in	the	unit	Kelvin!	For	the	considered	case	T=273	K	(0	°C)	applies.	Note	that	the	speed	distribution	is	independent	of	the	gas	pressure!	The	distribution	of	the	molecular	speeds	for	an	ideal	gas	is	independent	of	the	gas	pressure!	The	article	Determination	of	the	speed	distribution	in	a	gas	deals	with	the	experimental	determination	of	such	a
speed	distribution	in	more	detail.	For	ideal	gases,	this	speed	distribution	can	also	be	derived	mathematically	as	shown	in	the	article	Derivation	of	the	Maxwell-Boltzmann	distribution	function.	In	this	article,	however,	the	speed	distribution	will	only	be	explained	and	interpreted	in	more	detail.	The	Maxwell-Boltzmann	distribution	describes	the
frequency	with	which	certain	molecular	speeds	occur	in	an	ideal	gas.	In	principle,	however,	it	is	not	possible	to	assign	a	specific	number	of	molecules	to	a	specific	speed.	One	will	never	find	a	single	molecule	with	a	specified	velocity	down	to	the	“last”	decimal	place.	One	can	only	assign	speed	intervals	to	a	concrete	number	of	particles,	i.e.	the	number
of	particles	whose	speeds	lie	within	a	certain	range	(e.g.	between	1300	m/s	and	1600	m/s).	Figure:	Interpretation	of	the	area	under	the	speed	distribution	graph	Therefore	one	chooses	a	graph	in	which	the	area	under	the	curve	corresponds	to	the	percentage	share	of	the	particles	whose	speed	lies	within	the	considered	interval!	Therefore	one	does	not
speak	of	the	frequency	but	of	the	frequency	density	(“frequency	with	respect	to	the	speed	interval”).	As	it	is	not	an	absolute	frequency	(i.e.	not	a	concrete	number	of	molecules)	but	a	percentage,	it	is	referred	to	as	the	relative	frequency	density.	The	area	under	the	Maxwell-Boltzmann	distribution	function	corresponds	to	the	percentage	of	particles
whose	speeds	lie	within	the	considered	interval!	More	detailed	information	on	the	derivation	and	interpretation	of	such	a	graph	can	be	found	in	the	article	Determination	of	the	speed	distribution	in	a	gas!	If,	for	example,	there	is	an	area	of	0.2	in	the	range	between	1300	m/s	and	1600	m/s	(see	figure	above),	this	means	that	20	%	of	the	particles	have	a
speed	within	this	range.	If	one	randomly	selects	100	particles	in	this	gas,	then	20	particles	would	be	among	them	whose	speeds	lie	within	this	interval.	The	probability	of	catching	a	particle	whose	speed	lies	within	this	interval	would	thus	be	20	%.	This	example	shows	that	the	relative	frequency	density	can	also	be	interpreted	as	the	probability	density.
The	relative	frequency	density	can	also	be	understood	as	probability	density,	i.e.	the	probability	to	encounter	a	particle	within	a	certain	speed	range!	With	this	interpretation	it	also	becomes	clear	that	if	only	a	certain	speed	is	considered,	the	area	under	the	curve	becomes	zero.	Thus,	the	probability	of	finding	a	particle	with	exactly	this	velocity	is	also
zero!	This	means	that	there	is	no	particle	with	an	exactly	given	speed.	The	effects	of	ever	higher	temperatures	on	the	Maxwell-Boltzmann	distribution	are	shown	in	the	figure	below.	As	the	temperature	rises,	the	curve	maximum	shifts	to	higher	and	higher	speeds.	The	curves	are	stretched	in	length	and	squeezed	in	height.	This	results	in	a	broader
speed	distribution	for	high	temperatures,	with	higher	speed	proportions.	Figure:	Speed	distribution	of	an	ideal	gas	for	different	temperatures	With	increasing	temperatures,	the	curve	maximum	shifts	to	higher	and	higher	speeds!	However,	all	curves	are	basically	“open	to	the	right”,	i.e.	even	at	very	low	temperatures,	there	are	a	few	particles	with
very	high	speeds!	Even	at	very	low	temperatures,	there	are	gas	molecules	that	have	very	high	speeds!	If	this	statement	is	transferred	qualitatively	to	liquids,	then	it	can	also	be	used	to	explain	why	liquids	gradually	enter	the	gas	phase,	i.e.	evaporate,	even	far	below	the	boiling	point.	Even	at	such	low	temperatures,	there	are	always	particles	that	have
a	sufficiently	high	velocity	and	thus	kinetic	energy	to	escape	the	attraction	forces	within	the	liquid	phase.	They	practically	break	away	from	the	binding	forces	and	thus	escape	from	the	liquid.	The	liquid	gradually	becomes	less	until	the	molecules	are	completely	in	the	gas	phase.	Since	according	to	the	speed	distribution	the	number	of	particles	that
have	such	a	sufficiently	high	velocity	is	relatively	small,	such	an	evaporation	process	takes	a	relatively	long	time	compared	to	the	vaporisation	process.	Further	information	can	be	found	in	the	article	Evaporation	of	liquids.	To	characterize	the	speed	distribution,	different	speeds	are	introduced,	which	are	explained	in	more	detail	in	the	following.	If	a
particle	is	randomly	picked	out	of	an	ideal	gas,	it	is	most	likely	to	be	in	the	speed	range	with	the	highest	proportion.	This	corresponds	to	the	maximum	of	the	speed	distribution	and	is	referred	to	as	the	most	probable	speed	\(\hat{v}\).	Figure:	Definition	of	the	different	speeds	Mathematically,	this	most	likely	speed	can	be	determined	by	setting	the	first
derivative	of	the	Maxwell-Boltzmann	distribution	(\ref{p})	to	zero	[df(v)/dv=0].	The	result	is	the	following	formula	for	determining	the	most	probable	speed:	\begin{align}\label{w}&\boxed{	\hat{v}	=	\sqrt{\frac{2	k_B	T}{m}}		}	~~~\text{most	probable	speed}\\[5px]\end{align}	The	most	probable	speed	is	not	only	a	function	of	temperature	but
also	depends	on	the	mass	of	the	particles.	Thus,	the	most	probable	speed	cannot	be	deduced	directly	from	the	temperature	of	a	gas.	Two	different	gases	(whose	particles	have	different	masses)	therefore	have	different	most	probable	speeds	despite	the	same	temperature	(see	figure	below).	For	heavier	gas	molecules,	the	most	probable	speeds	will	be
lower	than	for	lighter	molecules.	Figure:	Speed	distribution	as	a	dependency	of	particle	mass	Another	characteristic	speed	of	the	Maxwell-Boltzmann	distribution	is	the	arithmetic	mean	speed	\(\overline{v}\)	of	a	particle	(also	called	average	speed	or	just	mean	speed).	Figure:	Definition	of	the	different	speeds	Compared	to	the	most	probable	speed,	the
mean	speed	will	be	higher,	since	the	number	of	particles	with	a	higher	speed	than	the	most	probable	is	also	higher.	This	becomes	clear	when	the	area	to	the	right	and	to	the	left	of	the	maximum	is	compared.	42.8	%	of	the	particles	have	a	velocity	below	the	most	probable	speed	and	57.2	%	have	a	velocity	above	the	most	probable	speed.	Figure:
Percentage	of	particles	with	a	higher	and	a	lower	speed	than	the	most	probable	speed	The	average	speed	is	obtained	by	summing	up	the	speeds	of	the	particles	and	then	dividing	the	sum	by	the	number	of	particles.	Mathematically,	this	can	be	calculated	by	solving	the	integral	∫v⋅f(v)	dv	within	the	entire	speed	range	from	0	to	∞:
\begin{align}&\overline{v}	=	\frac{v_1+v_2+v_3+…+v_N}{N}	=		\frac{\sum_{i=1}^{N}{v_i}}{N}	=	\int_0^\infty	\!	v~f(v)	\,	\mathrm{d}v	\\[5px]\label{a}&\boxed{	\overline{v}	=	\sqrt{\frac{8	k_B	T}{\pi	m}}		}	~~~\text{mean	speed}	\\[5px]\end{align}	At	this	point	it	can	be	seen	again	that	the	temperature	is	not	a	direct	measure	of	the	average
particle	speed.	The	particles	in	a	gas	with	four	times	the	particle	mass	are	on	average	only	half	as	fast,	even	with	the	same	temperature.	To	get	an	impression	of	the	order	of	magnitude	of	the	mean	speed	in	gases,	nitrogen	molecules	N2	are	considered,	which	make	up	the	majority	of	the	air	with	78	%.	With	a	particle	mass	of	4.65⋅10-27	kg,	the
nitrogen	molecules	have	a	mean	speed	of	about	470	m/s	at	273	K.	Note	that	the	average	speed	of	the	nitrogen	molecules	in	the	air	is	thus	greater	than	the	speed	of	sound!	In	contrast	to	sound,	a	nitrogen	molecule	does	not	travel	several	meters	or	even	kilometers	in	a	certain	direction.	It	will	permanently	collide	with	other	air	particles	and	constantly
change	direction.	Such	a	distance	without	a	collision	is	usually	only	a	few	nanometers	and	is	called	the	mean	free	path!	However,	neither	the	most	probable	speed	nor	the	average	speed	is	relevant	for	determining	the	kinetic	energy	of	a	molecule.	This	is	due	to	the	quadratic	influence	of	velocity	on	kinetic	energy.	Higher	speeds	have	a
disproportionately	strong	effect	on	kinetic	energy.	Thus,	a	speed	twice	as	high	does	not	mean	a	kinetic	energy	twice	as	high	but	four	times	as	high.	Higher	speeds	influence	the	average	kinetic	energy	more	than	lower	speeds.	Therefore,	the	mean	speed	must	not	be	used	to	characterize	the	kinetic	energy	of	a	particle.	Rather,	the	arithmetic	mean	of
the	speed	squares	must	be	taken	as	a	basis.	In	order	to	obtain	the	dimension	of	a	speed,	the	square	root	of	this	mean	value	must	be	calculated.	This	speed	is	then	referred	to	as	the	root-mean-square	speed	vrms:	\begin{align}&\boxed{v_{rms}	=	\sqrt{\overline{v^2}}}	\\[5px]\end{align}	For	the	calculation	of	the	root-mean-square	speed	from	the
Maxwell-Boltzmann	function,	the	square	root	of	the	integral	∫v²⋅f(v)	dv	has	to	be	calculated	within	the	range	between	0	and	∞:	\begin{align}&	v_{rms}	=	\sqrt{\overline{v^2}}	=	\sqrt{\frac{v_1^2+v_2^2+v_3^2+…+v_N^2}{N}}	=		\sqrt{\frac{\sum_{i=1}^{N}{v_i^2}}{N}}	=	\sqrt{\int_0^\infty	\!	v^2~f(v)	\,	\mathrm{d}v	}\\
[5px]\label{q}&\boxed{v_{rms}	=	\sqrt{\frac{3	k_B	T}{m}}	}	~~~\text{root-mean-square	speed}	\\[5px]\end{align}	Figure:	Definition	of	the	different	speeds	It	now	becomes	apparent	that	the	root-mean-square	speed	is	decisive	for	the	average	kinetic	energy	of	a	particle:	\begin{align}\overline{W_{kin}}	&=
\tfrac{W_{kin,1}+W_{kin,2}+W_{kin,3}	+	…	+	W_{kin,N}}{N}	=	{\tfrac{\frac{1}{2}m\cdot	v_1^2+\frac{1}{2}m\cdot	v_2^2+\frac{1}{2}m\cdot	v_3^2+…+\frac{1}{2}m\cdot	v_N^2}{N}}		\\[5px]&=	\frac{1}{2}m\cdot	\underbrace{{\tfrac{v_1^2+v_2^2+v_3^2+…+v_N^2}{N}}}_{v_{rms}^2}	=	\frac{1}{2}	m	\cdot		v_{rms}^2		\\
[5px]\end{align}	\begin{align}\label{e}\boxed{\overline{W_{kin}}	=	\frac{1}{2}	m	\cdot		v_{rms}^2}		\\[5px]\end{align}	The	average	speed	of	the	particles	\(\overline{v}\)	is	always	greater	than	the	most	probable	speed	\(\hat{v}\),	and	the	root-mean-square	speed	\(v_{rms}\)	is	greater	than	the	average	speed.	The	different	speeds	are	in	a
constant	ratio	to	each	other,	independent	of	temperature	or	mass.	For	the	ratio	of	average	speed	\(\overline{v}\)	to	most	probable	speed	\(\hat{v}\)	applies:	\begin{align}\frac{\overline{v}}{\hat{v}}=	\frac{\sqrt{\frac{8	k_B	T}{\pi	m}}	}{	\sqrt{\frac{2	k_B	T}{m}}	}	=	\sqrt{\frac{4}{\pi}}	=	1,128\\[5px]\end{align}	For	the	ratio	of	root-mean-
square	speed	\(v_{rms}\)	to	average	speed	\(\overline{v}\)	a	value	of	1.085	is	obtained:	\begin{align}\frac{v_{rms}}{\overline{v}}=	\frac{\sqrt{\frac{3	k_B	T}{m}}}{\sqrt{\frac{8	k_B	T}{\pi	m}}}	=	\sqrt{\frac{3\pi}{8}}	=	1,085\\[5px]\end{align}	The	average	speed	is	therefore	always	12,8	%	higher	than	the	most	probable	speed	and	the	root-
mean-square	speed	is	always	8,5	%	higher	than	the	average	speed.	The	different	speeds	(the	most	probable	speed,	the	average	speed	and	the	root-mean-square	speed)	depend	not	only	on	the	temperature	but	also	on	the	particle	mass.	The	frequently	heard	statement	that	the	temperature	is	a	measure	for	the	speed	of	the	particles	is	strictly	speaking
not	correct.	For	example,	such	a	statement	does	not	apply	if	two	different	types	of	gas	are	considered.	Even	at	temperatures	of	473	K	(200	°C)	the	particle	speeds	of	argon	are	more	than	half	lower	compared	to	the	particle	speeds	of	helium	at	273	K	(0	°C),	because	argon	has	an	atomic	mass	about	40	times	larger	than	helium.	Rather,	the	statement
about	the	temperature	aims	at	the	average	kinetic	energy	of	the	molecules.	This	becomes	clear	when	the	formula	for	the	root-mean-square	speed	(\ref{q})	is	used	in	equation	for	the	average	kinetic	energy	(\ref{e}):	\begin{align}&\overline{W_{kin}}	=	\frac{1}{2}	m	\cdot	v_{rms}^2	=	\frac{1}{2}	m	\cdot	\frac{3	k_B	T}{m}	\\
[5px]\label{wkint}&\boxed{\overline{W_{kin}}=\frac{3}{2}~k_B~T	}	\\[5px]\end{align}	The	average	kinetic	energy	of	a	particle	is	directly	connected	to	the	temperature	and	independent	of	the	particle	mass!	Thus	the	temperature	is	directly	a	measure	for	the	average	kinetic	energy	of	the	gas	particles	of	an	ideal	gas.	This	equation	is	remarkable
because	it	combines	a	macroscopically	measurable	quantity	(in	the	form	of	temperature)	with	a	microscopic	quantity	(in	the	form	of	the	kinetic	energy	of	a	particle)!	The	temperature	of	an	ideal	gas	is	directly	a	measure	of	the	average	kinetic	energy	of	the	particles!	Equation	(\ref{wkint})	was	already	derived	in	the	article	Pressure	and	temperature	by
kinematic	and	statistical	considerations.	It	is	no	coincidence	at	this	point	that	the	Maxwell-Boltzmann	distribution	comes	to	the	same	conclusion.	After	all,	the	derivation	of	the	Maxwell-Boltzmann	distribution	function	is	based	on	the	assumption	that	the	mean	kinetic	energy	of	a	particle	is	linked	to	the	temperature	according	to	the	equation
(\ref{wkint})!	Since	a	certain	kinetic	energy	can	be	assigned	to	each	speed,	the	speed	distribution	can	also	be	converted	into	an	energy	distribution.	Instead	of	the	distribution	function	f(v)	for	the	speed,	a	distribution	function	for	the	kinetic	energy	g(W)	is	obtained.	As	already	explained,	the	(relative)	frequency	with	which	a	speed	exists	within	the
limits	between	\(v_1\)	and	\(v_2\)	results	from	the	integral	of	the	distribution	function	f(v):	\begin{align}&	\text{Frequency}	=	\int_{v_1}^{v_2}	\!	f(v)	\,	\mathrm{d}v			\\[5px]\end{align}	If	the	speeds	v1	and	v2	are	converted	into	the	respective	kinetic	energies	W1	and	W2,	then	a	distribution	function	of	the	energy	g(Wkin)	within	these	limits	must
lead	to	the	same	frequency:	\begin{align}&	\text{Frequency}	=	\int_{W_{1}}^{W_{2}}	\!	g(W)	\,	\mathrm{d}W			\\[5px]\end{align}	If	both	equations	are	equated,	then	the	following	relationship	between	the	two	distribution	functions	is	obtained:	\begin{align}\int_{W_{1}}^{W_{2}}	\!	g(W)	\,	\mathrm{d}W	&=	\int_{v_1}^{v_2}	\!	f(v)	\,
\mathrm{d}v	\\[5px]	g(W)	\text{d}W	&=f(v)	~	\text{d}v	\\[5px]	g(W)	&=	f(v)	~	\frac{\text{d}v}{\text{d}W}	\\[5px]	g(W)	&=	f(v)	~	\dfrac{1}{\frac{\text{d}W}{\text{d}v}}	\\[5px]	\end{align}	The	expression	dW/dv	contained	in	the	denominator	corresponds	mathematically	to	the	speed	derivative	of	the	kinetic	energy:	\begin{align}&
\frac{\text{d}W(v)}{\text{d}v}	=	\frac{\text{d}(\tfrac{1}{2}mv^2)}{\text{d}v}	=	mv	\\[5px]	\end{align}	Thus	the	distribution	function	of	the	kinetic	energy	g(W)	can	be	determined	from	the	distribution	function	of	the	speed	f(v):	\begin{align}&g(W)	=	f(v)	~	\dfrac{1}{\frac{\text{d}W}{\text{d}v}}	=	f(v)	~	\dfrac{1}{mv}	\\[5px]	&\boxed{g(W)	=
f(v)	~	\dfrac{1}{mv}	}	\\[5px]	\end{align}	If	the	speed	distribution	f(v)	is	used	at	this	point	and	the	terms	are	transformed	and	summarized	in	such	a	way	that	only	the	kinetic	energies	can	be	found	in	them,	then	the	following	distribution	function	of	the	kinetic	energy	becomes	apparent:	\begin{align}\require{cancel}g(W)	&=	\left(		\sqrt{\frac{m}{2
\pi	k_B	T}}		\right)^{3}	4	\pi	v^2	\cdot	\exp{\left(-	\frac{\color{red}{m	v^2}}{\color{red}{2}	k_B	T}	\right)}	~	\dfrac{1}{mv}	\\[5px]	&	=	\left(		\sqrt{\frac{m}{2	\pi	k_B	T}}		\right)^{3}	4	\pi	\frac{v^\bcancel{2}}{m\bcancel{v}}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\sqrt{\left(		\frac{m}{2	\pi	k_B
T}		\right)^{3}}	\cdot	4	\pi	\frac{v}{m}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\sqrt{\left(	\frac{m}{2	\pi	k_B	T}	\right)^{3}}	\cdot	\sqrt{\left(4	\pi	\frac{v}{m}	\right)^2}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\sqrt{\left(	\frac{m}{2	\pi	k_B	T}	\right)^{3}
\cdot	\left(4	\pi	\frac{v}{m}	\right)^2}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\sqrt{	\frac{m^\bcancel{3}}{8	\pi^3	k_B^3	T^3}	\cdot	16	\pi	\frac{v^2}{\bcancel{m^2}}	}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\sqrt{\frac{4}{\pi^2	k_B^3	T^3}	\cdot
\color{red}{\tfrac{1}{2}mv^2}	}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\frac{2}{\sqrt{\pi}}\sqrt{\left(\frac{1}{k_B	T}\right)^3}	\cdot	\sqrt{\color{red}{\tfrac{1}{2}mv^2}}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	&	=	\frac{2}{\sqrt{\pi}}\left(\sqrt{\frac{1}
{k_B	T}}\right)^3	\cdot	\sqrt{\color{red}{\tfrac{1}{2}mv^2}}	\cdot	\exp{\left(-	\frac{\color{red}{\tfrac{1}{2}m	v^2}}{k_B	T}	\right)}	\\[5px]	\end{align}	The	red	marked	terms	correspond	to	the	kinetic	energy,	so	the	distribution	function	can	be	expressed	solely	by	the	kinetic	energy:	\begin{align}&\boxed{g(W)	=	\frac{2}
{\sqrt{\pi}}\left(\sqrt{\frac{1}{k_B	T}}\right)^3	\cdot	\sqrt{W}	\cdot	\exp{\left(-	\frac{W}{k_B	T}	\right)}}	\\[5px]	\end{align}	The	figure	below	shows	the	distribution	of	the	kinetic	energies	for	a	temperature	of	500	K.	Again,	the	area	under	the	curve	corresponds	to	the	percentage	of	particles	with	kinetic	energy	within	the	corresponding	limits.
Figure:	Maxwell-Boltzmann	distribution	of	kinetic	energy	In	the	article	Derivation	of	the	Maxwell-Boltzmann	distribution	function,	the	distribution	function	of	the	molecular	speeds	was	derived	from	the	barometric	formula.	It	has	already	been	noted	that	the	exponential	term	exp(-W/kBT)	describes	the	frequency	or	probability	with	which	certain
(kinetic)	energies	are	present.	This	term	plays	a	central	role	in	statistical	physics	(Boltzmann	statistics)	and	occurs	whenever	random	distributions	of	energetic	states	are	involved.	For	example	also	with	Planck’s	law	of	blackbody	radiation.	The	Boltzmann	factor	exp(-W/kBT)	describes	the	probability	with	which	certain	energetic	states	are	present!	Not
to	be	confused	with	Maxwell–Boltzmann	statistics.	Specific	probability	distribution	function,	important	in	physics	This	article	is	about	particle	energy	levels	and	velocities.	For	system	energy	states,	see	Boltzmann	distribution.	Maxwell–Boltzmann	distribution	Probability	density	function	Cumulative	distribution	functionParameters	a	>	0	{\displaystyle
a>0}	Support	x	∈	(	0	;	∞	)	{\displaystyle	x\in	(0;\infty	)}	PDF	2	π	x	2	a	3	exp	⁡	(	−	x	2	2	a	2	)	{\displaystyle	{\sqrt	{\frac	{2}{\pi	}}}\,{\frac	{x^{2}}{a^{3}}}\,\exp	\left({\frac	{-x^{2}}{2a^{2}}}\right)}	(where	exp	is	the	exponential	function)CDF	erf	⁡	(	x	2	a	)	−	2	π	x	a	exp	⁡	(	−	x	2	2	a	2	)	{\displaystyle	\operatorname	{erf}	\left({\frac	{x}{{\sqrt
{2}}a}}\right)-{\sqrt	{\frac	{2}{\pi	}}}\,{\frac	{x}{a}}\,\exp	\left({\frac	{-x^{2}}{2a^{2}}}\right)}	(where	erf	is	the	error	function)Mean	μ	=	2	a	2	π	{\displaystyle	\mu	=2a{\sqrt	{\frac	{2}{\pi	}}}}	Mode	2	a	{\displaystyle	{\sqrt	{2}}a}	Variance	σ	2	=	a	2	(	3	π	−	8	)	π	{\displaystyle	\sigma	^{2}={\frac	{a^{2}(3\pi	-8)}{\pi	}}}	Skewness	γ	1	=	2
2	(	16	−	5	π	)	(	3	π	−	8	)	3	/	2	≈	0.48569	{\displaystyle	\gamma	_{1}={\frac	{2{\sqrt	{2}}(16-5\pi	)}{(3\pi	-8)^{3/2}}}\approx	0.48569}	Excess	kurtosis	γ	2	=	4	(	−	96	+	40	π	−	3	π	2	)	(	3	π	−	8	)	2	≈	0.10816	{\displaystyle	\gamma	_{2}={\frac	{4(-96+40\pi	-3\pi	^{2})}{(3\pi	-8)^{2}}}\approx	0.10816}	Entropy	ln	⁡	(	a	2	π	)	+	γ	−	1	2	{\displaystyle
\ln	\left(a{\sqrt	{2\pi	}}\right)+\gamma	-{\frac	{1}{2}}}	In	physics	(in	particular	in	statistical	mechanics),	the	Maxwell–Boltzmann	distribution,	or	Maxwell(ian)	distribution,	is	a	particular	probability	distribution	named	after	James	Clerk	Maxwell	and	Ludwig	Boltzmann.	It	was	first	defined	and	used	for	describing	particle	speeds	in	idealized	gases,
where	the	particles	move	freely	inside	a	stationary	container	without	interacting	with	one	another,	except	for	very	brief	collisions	in	which	they	exchange	energy	and	momentum	with	each	other	or	with	their	thermal	environment.	The	term	"particle"	in	this	context	refers	to	gaseous	particles	only	(atoms	or	molecules),	and	the	system	of	particles	is
assumed	to	have	reached	thermodynamic	equilibrium.[1]	The	energies	of	such	particles	follow	what	is	known	as	Maxwell–Boltzmann	statistics,	and	the	statistical	distribution	of	speeds	is	derived	by	equating	particle	energies	with	kinetic	energy.	Mathematically,	the	Maxwell–Boltzmann	distribution	is	the	chi	distribution	with	three	degrees	of	freedom
(the	components	of	the	velocity	vector	in	Euclidean	space),	with	a	scale	parameter	measuring	speeds	in	units	proportional	to	the	square	root	of	T	/	m	{\displaystyle	T/m}	(the	ratio	of	temperature	and	particle	mass).[2]	The	Maxwell–Boltzmann	distribution	is	a	result	of	the	kinetic	theory	of	gases,	which	provides	a	simplified	explanation	of	many
fundamental	gaseous	properties,	including	pressure	and	diffusion.[3]	The	Maxwell–Boltzmann	distribution	applies	fundamentally	to	particle	velocities	in	three	dimensions,	but	turns	out	to	depend	only	on	the	speed	(the	magnitude	of	the	velocity)	of	the	particles.	A	particle	speed	probability	distribution	indicates	which	speeds	are	more	likely:	a
randomly	chosen	particle	will	have	a	speed	selected	randomly	from	the	distribution,	and	is	more	likely	to	be	within	one	range	of	speeds	than	another.	The	kinetic	theory	of	gases	applies	to	the	classical	ideal	gas,	which	is	an	idealization	of	real	gases.	In	real	gases,	there	are	various	effects	(e.g.,	van	der	Waals	interactions,	vortical	flow,	relativistic	speed
limits,	and	quantum	exchange	interactions)	that	can	make	their	speed	distribution	different	from	the	Maxwell–Boltzmann	form.	However,	rarefied	gases	at	ordinary	temperatures	behave	very	nearly	like	an	ideal	gas	and	the	Maxwell	speed	distribution	is	an	excellent	approximation	for	such	gases.	This	is	also	true	for	ideal	plasmas,	which	are	ionized
gases	of	sufficiently	low	density.[4]	The	distribution	was	first	derived	by	Maxwell	in	1860	on	heuristic	grounds.[5][6]	Boltzmann	later,	in	the	1870s,	carried	out	significant	investigations	into	the	physical	origins	of	this	distribution.	The	distribution	can	be	derived	on	the	ground	that	it	maximizes	the	entropy	of	the	system.	A	list	of	derivations	are:
Maximum	entropy	probability	distribution	in	the	phase	space,	with	the	constraint	of	conservation	of	average	energy	⟨	H	⟩	=	E	;	{\displaystyle	\langle	H\rangle	=E;}	Canonical	ensemble.	For	a	system	containing	a	large	number	of	identical	non-interacting,	non-relativistic	classical	particles	in	thermodynamic	equilibrium,	the	fraction	of	the	particles
within	an	infinitesimal	element	of	the	three-dimensional	velocity	space	d 3v,	centered	on	a	velocity	vector	v	{\displaystyle	\mathbf	{v}	}	of	magnitude	v	{\displaystyle	v}	,	is	given	by	f	(	v	)			d	3	v	=	[	m	2	π	k	B	T	]	3	/	2	exp	⁡	(	−	m	v	2	2	k	B	T	)			d	3	v	,	{\displaystyle	f(\mathbf	{v}	)~d^{3}\mathbf	{v}	={\biggl	[}{\frac	{m}{2\pi	k_{\text{B}}T}}{\biggr
]}^{{3}/{2}}\,\exp	\left(-{\frac	{mv^{2}}{2k_{\text{B}}T}}\right)~d^{3}\mathbf	{v}	,}	where:	m	is	the	particle	mass;	kB	is	the	Boltzmann	constant;	T	is	thermodynamic	temperature;	f	(	v	)	{\displaystyle	f(\mathbf	{v}	)}	is	a	probability	distribution	function,	properly	normalized	so	that	∫	f	(	v	)	d	3	v	{\textstyle	\int	f(\mathbf	{v}	)\,d^{3}\mathbf
{v}	}	over	all	velocities	is	unity.	The	speed	probability	density	functions	of	the	speeds	of	a	few	noble	gases	at	a	temperature	of	298.15	K	(25	°C).	The	y-axis	is	in	s/m	so	that	the	area	under	any	section	of	the	curve	(which	represents	the	probability	of	the	speed	being	in	that	range)	is	dimensionless.	One	can	write	the	element	of	velocity	space	as	d	3	v	=
d	v	x	d	v	y	d	v	z	{\displaystyle	d^{3}\mathbf	{v}	=dv_{x}\,dv_{y}\,dv_{z}}	,	for	velocities	in	a	standard	Cartesian	coordinate	system,	or	as	d	3	v	=	v	2	d	v	d	Ω	{\displaystyle	d^{3}\mathbf	{v}	=v^{2}\,dv\,d\Omega	}	in	a	standard	spherical	coordinate	system,	where	d	Ω	=	sin	⁡	v	θ			d	v	ϕ			d	v	θ	{\displaystyle	d\Omega	=\sin	{v_{\theta	}}~dv_{\phi
}~dv_{\theta	}}	is	an	element	of	solid	angle	and	v	2	=	|	v	|	2	=	v	x	2	+	v	y	2	+	v	z	2	{\textstyle	v^{2}=|\mathbf	{v}	|^{2}=v_{x}^{2}+v_{y}^{2}+v_{z}^{2}}	.	The	Maxwellian	distribution	function	for	particles	moving	in	only	one	direction,	if	this	direction	is	x,	is	f	(	v	x	)			d	v	x	=	m	2	π	k	B	T	exp	⁡	(	−	m	v	x	2	2	k	B	T	)			d	v	x	,	{\displaystyle
f(v_{x})~dv_{x}={\sqrt	{\frac	{m}{2\pi	k_{\text{B}}T}}}\,\exp	\left(-{\frac	{mv_{x}^{2}}{2k_{\text{B}}T}}\right)~dv_{x},}	which	can	be	obtained	by	integrating	the	three-dimensional	form	given	above	over	vy	and	vz.	Recognizing	the	symmetry	of	f	(	v	)	{\displaystyle	f(v)}	,	one	can	integrate	over	solid	angle	and	write	a	probability	distribution	of
speeds	as	the	function[7]	f	(	v	)	=	[	m	2	π	k	B	T	]	3	/	2	4	π	v	2	exp	⁡	(	−	m	v	2	2	k	B	T	)	.	{\displaystyle	f(v)={\biggl	[}{\frac	{m}{2\pi	k_{\text{B}}T}}{\biggr	]}^{{3}/{2}}\,4\pi	v^{2}\exp	\left(-{\frac	{mv^{2}}{2k_{\text{B}}T}}\right).}	This	probability	density	function	gives	the	probability,	per	unit	speed,	of	finding	the	particle	with	a	speed	near	v.
This	equation	is	simply	the	Maxwell–Boltzmann	distribution	(given	in	the	infobox)	with	distribution	parameter	a	=	k	B	T	/	m	.	{\textstyle	a={\sqrt	{k_{\text{B}}T/m}}\,.}	The	Maxwell–Boltzmann	distribution	is	equivalent	to	the	chi	distribution	with	three	degrees	of	freedom	and	scale	parameter	a	=	k	B	T	/	m	.	{\textstyle	a={\sqrt
{k_{\text{B}}T/m}}\,.}	The	simplest	ordinary	differential	equation	satisfied	by	the	distribution	is:	0	=	k	B	T	v	f	′	(	v	)	+	f	(	v	)	(	m	v	2	−	2	k	B	T	)	,	f	(	1	)	=	2	π	[	m	k	B	T	]	3	/	2	exp	⁡	(	−	m	2	k	B	T	)	;	{\displaystyle	{\begin{aligned}0&=k_{\text{B}}Tvf'(v)+f(v)\left(mv^{2}-2k_{\text{B}}T\right),\\[4pt]f(1)&={\sqrt	{\frac	{2}{\pi	}}}\,{\biggl	[}{\frac	{m}
{k_{\text{B}}T}}{\biggr	]}^{3/2}\exp	\left(-{\frac	{m}{2k_{\text{B}}T}}\right);\end{aligned}}}	or	in	unitless	presentation:	0	=	a	2	x	f	′	(	x	)	+	(	x	2	−	2	a	2	)	f	(	x	)	,	f	(	1	)	=	1	a	3	2	π	exp	⁡	(	−	1	2	a	2	)	.	{\displaystyle	{\begin{aligned}0&=a^{2}xf'(x)+\left(x^{2}-2a^{2}\right)f(x),\\[4pt]f(1)&={\frac	{1}{a^{3}}}{\sqrt	{\frac	{2}{\pi	}}}\exp	\left(-



{\frac	{1}{2a^{2}}}\right).\end{aligned}}}	With	the	Darwin–Fowler	method	of	mean	values,	the	Maxwell–Boltzmann	distribution	is	obtained	as	an	exact	result.	Simulation	of	a	2D	gas	relaxing	towards	a	Maxwell–Boltzmann	speed	distribution	For	particles	confined	to	move	in	a	plane,	the	speed	distribution	is	given	by	P	(	s	<	|	v	|	<	s	+	d	s	)	=	m	s	k	B
T	exp	⁡	(	−	m	s	2	2	k	B	T	)	d	s	{\displaystyle	P(s


