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"Nothing will ever equal that moment of joyous excitement when | felt
myself flying away from the earth.”

Jacques Charles, the chemist who made man'’s first ascent by
hydrogen balloon, Dec 1st 1783.
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J.A.C. Charles launched the first hydrogen balloon on
August 27, 1783 from the site that is now the Eiffel tower.
It was launched with a sheep as a passenger, as a fest for

the later manned balloon flights.

The balloon flew for 45 minutes, and outpaced chasers on
horseback. In landed 21 km away in the village of Gonesse ...

.. Where the terrified towns folks attacked it with
pitchforks and knives, destroying it.
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Three States of Matter

Matter can exist three different ways.
» It can tightly packed (solid)
» It can be wadded up randomly (liquid)

» It can be stretched thin (gas)

It’s still the same matter, just in a
different state.

Like your favorite shirt can be neatly
folded, wadded up, or stretched over a
coat hanger.

It still the same shirt, but being in a
different state means it may have
some different properties.




Three States of Matter

» The same sample of matter, when it’s
in the gas state...

» Is much more compressible than as a
liquid or solid.

» Easy to change it’s volume.

» It has much more energy than if were
in the solid or liquid state.

» Higher temperature.
» It’s much less dense.
» Less substance in the same space.

» To understand the gas state of matter
scientists made observations of these
measurable properties and tried to
understand how they were related.

» The volume of gases (V)
» Their temperature (T)
» The amount of substance (n)

Bulk

Particles

properties Gas Liquid Solid
Shape Variable Variable Fixed
Volume Variable Fixed Fixed
Compressible Extremely Slight None
Structure Flexible Flexible Fixed
Density Least Compact Most
Cohesion Least Between Most
Energy < Most ) Between Least
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Pressure

They also looked at pressure.
Pressure is force per unit area.

When someone fires a rifle, the force pushing the bullet forward is equal to the
force pushing the rifle into their shoulder.

The bullet does more damage to the target than the stock does to the shoulder.

» Because all the force in the bullet is concentrated into a small area at the tip of the
bullet.

» While the stock spreads the force out over a larger area.
Both apply the same force.

The point the bullet impacts feels more pressure.
Force

Pressure =

Area




Gas Pressure

» Gases are always trying to expand.

» Gases apply pressure to whatever container holds
them and to anything that shares the container
with them.

» The particles of gas hit the walls and each collision
applies a force.

» Pressure is harder to measure than temperature,
volume or mass.

Gas molecules

Pressure =

Force

Area



Measuring Pressure

Barometers measure pressure.

If you turn a tube of mercury upside down, gravity
applies force ... and it flows out.

If you put that tube in a pool of mercury as you
turn it, the mercury coming out has to push up the
surface of the pool.

» The pressure of the air around us is pushing the
surface of the pool down.

» The amount of mercury (per area) will get smaller
as mercury runs out.

» When the amount mercury (per area) is small enough
that force as the gravity acting on it is equal to the
force (per area) of the gas pushing down on the pool
— it stops flowing.

» And some height of mercury stays in the tube.

The height of mercury that is kept up by the gas is
a measure of it’s pressure.

At sea level, Earth’s atmosphere applies enough
pressure to hold up 760. mm of mercury.

Vacuum \ N

Glass tube

760
(29.92 in)
Atmospheric
l pressure
L

Mercury
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Measuring Pressure

» We live at the bottom of an ocean of gas particles.

» The particles are constantly striking us and applying force to everything around us.

» Normal atmospheric pressure at sea level is referred to as standard pressure.
» As go to higher altitudes there are less gas particles.
» Less gas particles means less pressure.
» Altitude is therefore proportional to atmospheric pressure.
» A barometer measures atmospheric pressure in our environment.
» A tube of mercury is inverted and placed in a dish of mercury.
» Gravity pulls the mercury down; atmosphere pushes it up.

» The number of millimeters of liquid supported by the collisions
is the measure of pressure.

- i
Vacuum — | Vacuum
4 3
3
760 mm Hg 3
(barometric
pressure) A
Atmospheric 4| Atmospheric
pressure 253 mm Hg pressure
/.
S
N
i

Mercury

Sea level Atop Mt. Everest
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Measuring Pressure

Gases apply pressure to objects within
the gas, like the earths atmosphere
presses on your, me and a balloon
floating in the air.

Gases can also apply pressure from within
a container.

The reason a balloon maintains a certain
size is because the gas inside and outside
have the same pressure.

It’s possible for some containers to hold
gases at a different pressure.

We use a different instrument to measure
the pressure inside these containers.

Longevity




Measuring Pressure

Vacuum-.. » A barometer measures atmospheric pressure by seeing
Hg B how many millimeters of liquid can be supported by
1 ambient pressure.
Atmospheric » A tube of mercury is inverted and placed in a dish of
pressure

y mercury.

» Gravity pulls the mercury down; atmosphere pushes it up.

» =l » Normal atmospheric pressure at sea level is referred to as
— standard pressure.

» A barometer reports what height of mercury the pressure
can support.

Open end \v » A manometer measures pressure in a closed system by
comparing it to atmospheric pressure.

» The difference in pressure is observed as a difference in
heights of mercury.

» The pressure inside the tube is recorded relative to the
outside pressure.

» A manometer reports the difference in pressure between a
the gas in a container and the gas outside it.

12
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P atm

Open end \v

Measuring Pressure

» A manometer measures pressure in a closed system by
comparing it to atmospheric pressure.

» The difference in pressure is observed as a difference in
heights of mercury.

» The pressure inside the tube is recorded relative to the
outside pressure.

» A manometer reports the difference in pressure between a
the gas in a container and the gas outside it.

P=1atm

<l-|

P>1atm

(a) (b)
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Converting Units of Pressure

Normal atmospheric pressure at sea level is

referred to as standard pressure. 1 atm
When discussing gases, we’ll also talk about 760 torr
standard temperature (exactly 0°C). 760 mm He
There are a lot of units of pressure. 76 cm Hg
: : 101.325 kPa
Yi ble f ts of:
ou responsible for units o 1013 mbar ,
» atm (atmospheres) 29.9 in. He
» mmHg (millimeters of mercury) 14.7 lb/in,5
» torr (another way to say mmHg) — ——— R

The conversion factors you will need are:

—

You are
responsible for these two
conversion factors!

1 atm measures 760. mmHg (3 sig figs)
1 torr is defined to be 1 mmHg (exactly)

STP means standard temperature and pressure.
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Robert Boyle

Robert Boyle was a Irish alchemist who lived from 1627-1691.

Boyle argued for a rigorous exploration of the composition of
matter based on observation and experiment.

Boyle published 46 books including the Sceptical Chymist in
1661.

» The book which formalized and advocated the ideas which we now
describe as scientific method.

» The book which laid the foundation for the modern idea of
elements.

Boyle is often regarded as the first modern chemist and the
founder of modern chemistry.

ROBEKI'VS BOYLE NOBILLIS ANGIVY

He pioneered a study he called chemical analysis and offered — ‘*\}
experiments to demonstrate the distinction between mixtures

and compounds Robert Boyle
i . 1627-1691

He studied combustion, respiration and wrote the definitive
work of his time on the composition of air.
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Robert Boyle

» Boyle did many experiments on the
composition and properties of gases.

» He observed: Voos

1.0

» As the pressure (P) of on gases increased,
the volume (V) shrank.

» As he forced gases into smaller volumes o 2030
(V), their pressure (P) rose.

-
» This was true regardless of which gas he — Y— T
observed. ke

Burette —=}

pl vt _|

pressure, £,

P T V \L e g

General Hl(lory ' L

oOF THE (
A I R,l

|
Hos" ROBE I\TBOTLL' l'il

J,,,.‘“, MATUR, w ~~‘

== Flexible

tube




18

Boyle’s Law

Boyle’s Law:
P X V = k o5
Pg x Vg = Pa x Va

» Plotting V against 1/P for his _
experiments... V= k (1 /P)

» He found there was a direct relationship
between volume and pressure.

» For any experiment he setup, the ratio of
P x V never changed as he varied pressure

or volume. .

» Once you know the constant (k) for a Pyas
sample, you can predict volume or Wz
pressure. =W\

» These observations are Boyle’s law. Q ‘i
(@) ()
Vs =V Vgas =V/3

gas

Pgas = 760 mmHg

Pgas = 2280 mmHg

1520
mm

e R —



Boyle’'s Law Problem

If Robert Boyle started with a 2.45 liters of gas at 758 mmHg and added enough weight to the shrink
the volume of gas to 0.31 liters, what would be the pressure of the gas? What is that pressure in atm?
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Jacques A.C. Charles

Prof. Jacques Alexandre César Charles was a Parisian inventor,
chemist, mathematician, and balloonist.

Manned flight began in 1783, the first manned flight using a hot air
balloon was accomplished in Paris.
» J.A.C. Charles & Jacques-Etienne Montgolfier designed the balloon

and were to pilot it, but King Louis the XVI refused to risk Charles in
the test.

Benjamin Franklin witnessed the balloon take off and wrote:

"We observed it lift off in the most majestic manner. When it reached
around 250 feet in altitude, the intrepid voyagers lowered their hats to
salute the spectators.

We could not help feeling a certain mixture of awe and admiration.”

Ten days later, at J.A.C. Charles insistence, he piloted a different
kind of balloon one that didn’t require fuel to heat the air.

» Charles balloon floated in air because the hydrogen gas it held is less
dense than air even at very cold temperatures.

» Over 400,000 spectators gathered to see a many rise higher than we
every imagined possible.

Charles soared to the incredible height of 3,000 feet where he took
reading of temperature and pressure before the ringing in his ears
forced him to land.

J.A.C. Charles
1746-1823

:

Piloted man’s first ascent in
a hydrogen balloon (17883).

J
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Jacques A.C. Charles

Charles filled his hydrogen balloon by pouring a quarter of a ton of sulphuric
acid onto half a ton of scrap iron.

Fe + HS04 = Hy ) + Fe2(S04)3 + Heat

Charles’ observed how the gas balloon would expand or shrink with changes
in temperature.

» The heat created by the chemical reaction caused the balloon to expand
tremendously.

» Each night it would shrink as the day cooled.
Charles’ observed that temperature and volume of a gas are proportional.
This is true for all gases.

o L
Ice water s Boiling water T \L V J/



The Kelvin Scale

» If a given volume of any gas at 0° C is cooled by 2
1" C the volume of the gas decreases by | B
273 =l CH,
» If a given volume of any gas at 0° C is cooled by £
20" C the volume of the gas decreases by 7 S ‘T e
273 S
» If a given volume of any gas at 0° C is cooled by (_)300' _2|00 _1|00 (I) 1(;0 2(|)0 3(|)0 400
273 “C the volume of the gas decreases by 273 Temperature (°C)
| — —

273

» This suggests -273°C (more precisely -273.15° C) is an absolute zero of temperature.
» It is the temperature at which a gas would have 0 volume.

» The Kelvin temperature scale is based on this absolute zero.

—_—

» We have never observed -273.15, we can only guess
what would happen if something really got that cold.

Every gas law calculation
you do in this chapter must be done in
Kelvin, if you do not convert Celsius to Kelvin,
you'll get the wrong answer!



FT - 2

Essential Conversion Factors into Sl

Length 2.54 cm = 1 inch (exacty

MaSS 1 kg = 2.2 le (not exact)

Time 60 sec = 1 min; 60 min = 1 hr; 24 hr = 1 day; 365
day = 1 year (all exact)

..-).Tempel‘ature y K = XOC + 27315 (not exact)

Count 1 mol = 6.022 x102 singles (not exact)

Memorize these! for now, any other
: conversion factors will be provided

Every gas law calculation

you do in this chapter must be done in
Wi Kelvin, if you do not convert Celsius to Kelvin,
you'll get the wrong answer!
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Charles’ Law

Charles’ observations can be
summarized with the law named after
him, Charles’ law.

» Charles’ law is only reliable if you have
temperature in units of Kelvin.

k is different for each sample of gas,
but it’s consistent for that gas when you
change either it’s volume or
temperature.

Charles’ law let’s you predict what will
happen with volume temperature
changes.

\__/
Heat
$ _—

1 atm

Charles’ Law:

\%

=

Ve
TB

Every gas law calculation
you do in this chapter must be done in
Kelvin, if you do not convert Celsius to Kelvin,
you'll get the wrong answer!



Charles’ Law Problem

The buoyancy of a passenger balloon is a result of it’s volume. Too small a ballon won’t hold you up.
If you filled a balloon to 74,000 kL at 25°C and it cooled to -11°C, what would it’s volume be?

26
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Joseph Gay-Lussac

Joseph Louis Gay was a French chemist and businessman.

» He owned much of the town Lussac and usually appended it’s
name to his own.

He discovered the elements
boron and iodine.

He refined and coined the term for many instruments
including the pipette and burette.

He used hydrogen balloons to explore
water vapor at different heights in our
atmosphere, up to 7000 meters.

He discovered that water is formed by two parts of
hydrogen and one part of oxygen (by volume).

Gay-Lussac formalized Jacques Charles’ observations, he
also published his own observations relating temperature

and pressure.
Gay-Lussac observed that T /]\ p T
temperature and pressure

are directly proportional. T \L p \L

Joseph Gay-Lussac
1778-1850

Discovered the elements
Boron & lodine and named
of the pipette and burette.




Joseph Gay-Lussac

» Gay-Lussac’s observations are summarized by
the third gas law, Gay-Lussac’s law.

Gay-Lussac’s Law:
» Gay-Lussac’s law states that the pressure of

a gas at fixed volume is directly proportional
to the gas's absolute temperature. p k

Temperature must B A
i \-%. Y -5 be in Kelvin! — _
. ° oy NS
7 e e 74
< 7 N e T I
.\ - o A NS -(_.# A
© 5 :/- :;. °‘\'
Ko 4 q - f/. A
. : 8L o]
. o R .* Ve
v o N D
./ o % ./.;
- e N. .)'.
> g A \
¢ :./- .;/.. :A.T*
>\ S PN X
0°C 100°C
Volume = 1 liter Volume =1 liter
0.1 mole gas 0.1 mole gas
P =2.24 atm P =3.06 atm
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Gay-Lussac’s Law Problem

If a compressed gas at 25.2°C and 3.45 atm was released into a room that was under 1.00 atm of
pressure, what would the temperature of the gas become?

/ L Tasrore = ZQZ,Z'¢
v 3 Z?’gt
(a8~ 443580 S B %}7
W= Ta ' 298.4 &
———— —
T& TA-
/'—A ?B B2 B ?’4 Temperature must
. be in Kelvin!
P
= /[— g )
',OQ 271 5lpig 13, IC
_ o ziBie T L, e
92 7536 K '4%/”\
LY i .
T — (B¢ C

= | gL.5 IK
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Deriving the Combined Gas Law

Combining Boyle’s Law, Charles’ Law and Gay-Lussac’s Law into a single relationship...

Vo P
PV:kx F—ky ?—kz
P
PVxKx — =k xk Xk
T T * Y :
The Combined Gas Law
P2V2

k Xk Xk PV

T 2V _r

: T
(%) =k Xk Xk

2 = e xk xk, =k
=k Xk, Xk,

The square root of a bunch of constants is ... just another constant.
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The Combined Gas Law

» All the previous gas laws allowed us to change two
properties of a gas while holding the third constant.

» With the combined gas law we can explore what
happens when three properties change at once.

» It’s more complicated, two of those properties could be
having an opposite effect on the third.

» The results are not as predictable. The Combined Gas Law

PV=k

» Which makes the combined gas law so useful.

TT VT p? T

PT Tl v 72 T
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Boyle’'s Law Problem

If you fill a balloon at 298 K and 1.0 atm to 32.5 L and it rises to a height where the pressure is 0.80 atm and the temperature
drops to 263 K, what would the balloon’s volume become?
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Law

Boyle’s Law

Charle’s Law

Gay-Lussac’s Law

Combined Gas Law

The Gas Laws

Relates

P,V

V, T

T, P

PV, T

Held Constant

T, n

P, n

V, n

Equation

PV=k, ; RV, =hRV,

h_ "
voTT
H_ B
y oo T1_Tz
. o BV
b T T
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Laws don’t offer explanations.

All of this work was established empirically, and produced reliable
and fundamental natural laws.

But laws aren’t explanations.

They tell us what we can expect, based on all the observations
mankind has made, but they are not theories.

Science needs theories, models that explain why observations and
the laws that summarize them occur, to advance.

The explanation of the gas laws came with atomic theory.
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Atomic Theory Explains the Gas Laws

» Chemists made observations about P, V, and T of substances in the gas state, they
combined those observations into the Gas Laws.

» John Dalton asked chemists to think of substances as collections of atoms and
molecules. Dalton’s atomic theory provides an explanation for the behavior
observed in the gas laws.

» We add to Dalton’s theory three postulates to refine that theory for gas.

of molecules

» Kinetic Molecular Theory (KMT) is atomic theory with three additional postulates...

Relative number

1. The combined volume of all the molecules is negligible relative to the total
volume of the gas.

2. The average kinetic energy of the molecules is proportional to the absolute 0 1000 2000 3000

temperature. )
Molecular velocity (m/s)

3. All collisions are completely elastic.

» Particles may exchange energy during collisions, but no energy is lost. As gases get hotter, the average speed
. . .y of each particle get’s faster.
» This means a gas will never slow down on it’s own.

At STP the volume of all the
molecules of argon combined
add up to only 0.01% of the

space the gas occupies.

v N ? i
@ Q Molecules are more like k- 0\
perfect billiard balls rather than ‘\ x
clumps of clay. When they - \)
collide, the energy going into a \f
collision comes back out.

! \

gas molecule container



KMT Explains the Gas Laws

» Boyle’s Law states that as volume increases, pressure decreases (if temperature and number of
moles stays the same).

» KMT Explains:

» Pressure is force per unit area. As volume increases, the total container area increases.
The collisions per unit area necessary decreases resulting in decreased pressure.

T As volume decreases,
pressure increases

\ e o o1 Lo. \. ¢ o °/'_
< e | NN .
- S Gttt
pV =k
p1Vi = p2Ve




KMT Explains the Gas Laws

» Charles’ Law states temperature increases, volume increases (if pressure and number of moles
stays the same).

» KMT Explains:

» Temperature relates to the average kinetic energy of the particles. As temperature
increases, each particle moves faster and hits harder. Imagine a circus tent full of

professional baseball pictures throwing balls at the tent to keep it supported. If they
began throwing faster and harder, the tent would expand to a greater volume.

1 atm

Volume, mL
w 20 Heat
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|deal Gases

» A gas that obeys the postulates of KMT perfectly is an ideal gas.

» The postulates of KMT are mostly true. But there are some small
deviations. For now we’re not going to worry about those differences.

» Real gases are not ideal gases, but they behave so closely to the ideal gas

model that the ideal gas model is a valuable model to predict the behavior
of real gases.
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Law

Boyle’s Law

Charle’s Law

Gay-Lussac’s Law

Combined Gas Law

The Gas Laws

Relates

P,V

V, T

T, P

PV, T

Held Constant

T, n

P, n

V, n

Equation

PV=k, ; RV, =hRV,

h_ "
voTT
H_ B
y oo T1_Tz
. o BV
b T T

43




44

Amedeo Avogadro

Lorenzo Romano Amedeo Carlo Avogadro was an Italian chemist
who lived from 1776-1856.

Avogadro made many contributions to understanding the atomic
nature of matter and the relative masses of the elements.

In honor of his contributions, the value of one of the seven base
S| units (the mole) was named after him.

» Avogadro’s number is the count of single particles in a mole of any

substance. Amedeo Avogadro
: : 1776-1856
Avogadro’s research into gases, demonstrating that they are
composed of molecules (which are in turn composed of atoms)
was fundamental to Dalton’s atomic theory. NA — 6.022x10%

We understand the difference between an atom and a molecule
today largely because of Avogadro’s work.




Amedeo Avogadro

» Pressure is produced by gas molecules colliding with
the walls of a container.

» At any given temperature and volume, the number of
collisions depends on the number of gas molecules

present.

» The number of collisions is directly proportional to the
number of gas molecules present.

vT nT

vinl
i I Observation Two volumes One volume Two volumes
hydrogen oxygen water vapor %
{ ) Explanation + 8 — ‘ ‘ Q: :b
Equation 2 Hy(g) + Oxg) —>  2H0(9) <

<>
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Avogadro’s Law

» Amedeo Avogadro observed that equal
volumes of different gases at the same
temperature and pressure contain the same
number of molecules.

» Two one liter balloons have more molecules ’
in them than a single one. Avoga rdro’s Law:

» They have twice as many molecules.

» The count of molecules in a gas are directly
proportional to the volume of the gas (at V
constant T and P).

» This is Avogadro’s Law.

= D ¢ ; n,



Avogadro’s Law Problem

A swimmer has a maximum lung capacity of 6.15 L. At this volume his lungs are found to hold 0.254
moles of air. When he exhales his capacity compresses to 2.55 L.

How many moles of air does his lungs hold when he exhales?

Solution
o mama il
o e \/I \/z, \/2_ N
P — ( - l
Wt S v/
N, = 0,254 rmoles / Ny
Ny = 4
Y 2.55L Mg ) B
= 0. IsVaias = DIOT R ] Mok
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The Gas Laws

Law Relates Held Constant Equation
Boyle’s Law P,V T, n PV=k, ; BV, =RV,
S A
Charle’s Law V, T P, n 7 " o ?1 = Fz
P_, . B_P
Gay-Lussac’s Law T, P V,n T oo ?1 - FZ
, PV PV PV
Combined Gas Law PV, T n —=k,; LL1=-22
r T, N0
14 V.
Avogadro’s Law V,n T, P —=k,; L1=2
n I’ll i’l2
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The ldeal Gas Law

Combining Gay-Lussac’s Law and Avogadro’s Law into a single relationship...

P V
—=k, o=k,
P V
(?]x[;jz k. xk
i
B _
nl
k= 00821 —2u
mol K

Unlike all the other gas constants we’ve talked about
this k never changes!

You should know this
universal constant.

L at
am _

0.0821
mol K

(called the ideal gas constant)

PV =nRT

The Ideal Gas Law R
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Law

Boyle’s Law

Charle’s Law

Gay-Lussac’s Law

Combined Gas Law

Avogadro’s Law

Ideal Gas Law

The Gas Laws

Relates

P,V

V. T

T, P

PV, T

V,n

PV,n, T

Held Constant

T, n

P, n

V,n

T, P

Nothing!

Equation

Yk A
T T
Pop . L4
R
V. AL AN
n o
r L1
V a2 N
7
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The Ideal Gas Law

» With the ideal gas law, we don’t need initial conditions to find the
k of our system.

» R is a universal constant, as long as dedicate a few brain cells to

remember it we can predict any of the properties of any ideal gas,
given the other three.

» That’s powerful stuff.

PV =nRT Lam

The Ideal Gas Law 0-082 1 —_— R
mol K

(called the ideal gas constant)



You don’t need a before...

to use the ideal gas law

» You charge a canister with 3.18 atm of methane gas at
room temperature (25°C) and put it in a freezer at -52°C.
What’s the pressure in the container?

o > Wi 10
== B PV = nRT
A /"'WL" ( ( //L o l R - -

| A
29% |4
b Y- 221 (<
~ 5 I {2 ~
e S e e e e L atm
. - a i N R Cel s 98 | 0.0821 =R
221 )k ' - ‘ mol K

(called the ideal gas constant)

< § o e ———

» Someone else finds the container. He has no idea what you
did, but estimates the volume at 6.0 L and from the weight
decides there are 0.78 moles of methane. What’s the
pressure in the container?

(‘D\/ N T("

n R (D s ) 0‘02.//“‘ = (22 k)
i Va - .0 ¢
T J
preon f
Z ' 3 ,S 5 '?1"lf; l // (/ ‘__}-/1/ ] /

- cad T,

S
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Rediscovering the Simple Gas Laws

The ideal gas law: PV — nRT

» The ideal gas law includes all the other gas laws (15+ of them)

» If you forget the individual law, you can find the law you need:
» Solve for the two variables you need.
» Roll any other variables that are held constant into R.

PV=TnxR =—>» PV =k Boyles Law

PV V_n n - Y.k Charles’ Law
TP T
—=R —>
nT v - T <R — v =k Avogadros Law
n P n
P _n xR — P =k Gay-Lussac’s Law
TV T
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Molar Volume

» Avogadro’s Law states that:

» At a constant temperature and pressure, there is a direct
relationship between number of moles and volume.

» Regardless of the substance. PV=nRT

» At standard temperature and pressure (STP) what is volume of

1 mol of any gas? We call this the molar volume. /_\
/

/

STD means

ez?e"y , 2han

PN/ = a R

er?etf 0.

\ ]
L
(erecly Faalsy (o.0%2l et
- (
Cexe\c‘\f f’e'hm\ :O‘OO{ 2
2T 5 Al
o
= 2Z2.4925L15 |- /22.4(_ / =
e {
A TP

exm‘7 | el msacoms 224 -

e




\

rOnIy g\{_oprlks at
Molar Volume '

Il mol=2241L1L at STP
1s the

One mole of any gas at STP is 22.4 L MOlar VOlume . )

(about the size of a larae beach ball) (of any gas)

Like molar mass:

emolar volume can be used to find the moles
a substance

Unlike molar mass:
*molar volume is the same for every gas

*it depends on temperature and pressure
it’s only 22.4L at STP , \\




Molar Volume

grams grams

L (sol’n)

L (sol’n)
/

mol €= mol

molar scale
00000000 AVOgadro’S o O 0 0 0 o o o o o o o o ® © 6 0 0 o o ¢ o o o
number
‘ 1 mol = 6.022 x 1023

molecules molecules




{Only g\{%rlks a’r}
Molar Volume |

grams grams

L (sol’n)
/

Molar Volume

L (sol’n)

mol [P mol [« &> L (gas)

at STP
Mole Ratio

molar scale

@ 6 6 0 0 0 o o AVOgadrO’S ........................
number
1 mol = 6.022 x 10?3

L (gas)

only at STP!

molecules molecules




Only works at

Molar Volume o
» What volume of gas would be produced from 10.4 grams of dry ice (COz) at STP?
)
o @ Vel 22 L » e
g*’ mol = L a@s (0.9 gy £, Y40l o ol ‘) Sued [ / = -—-"“"‘W.o\‘?"ﬁ"“
» How many molecules are there in 75.6 L of a gas at STP? (doesn’t matter what gas) ‘iﬁlﬁf_,@
22 55T
@ @ Kool L0220 / -k
— e X iR : - ¥ 0
Logl > put =0 mulenles, (8L o T Lo | - Oim/ms

e e
» If 63.5 L of Hz gas reacts with excess Nz at STP, how many moles of NH3 would be produced?

M, = N, —> NbHz ¢

3“2’& UL—> ZMHB

= Rl, - =
T = |1 8% mel oty

p———————




Problem: Not at STP? Use the Big Gun.

If 25.3 grams of HCl is reacted with excess NazS at 298 K at 1.25 atm, how many liters of H,S are formed?

— This is not STP, you cannot use 22.4 L = 1 mol!

NaQS (aq) + 2 HCI (aq) — HZS (gt + 2 NaCl (aq)

2uel = | HsS
L 2hA
Ce 082y ———
g
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Gas Density

» Density is equal to mass over volume.

» Like liquids, less dense gases float over more dense gases. "'/;Zs,qg-, s
» At STP 1 mol of any gas has a fixed volume of 22.4 L.

» The periodic table tells you the mass of 1 mol of any substance.

» So you can always find the density of a gas at STP.

4/'00

w /},«15,?7 < -—-—-'*??“:/ Z - &1/ ?7 3 /4—
28,02
| mol o0& My o = e sl 2R s
s % 22.4 S

» The density of a gas is proportional to it’s mass.
» Heavier gases are more dense. Lighter gases are less dense.

» We can also solve for density at other temperatures & pressures...

— as¢
oy Vv A R m 2$S
- r\/i<rzV - , il =
PV ? N mo (. s
: Mass mass/ . _ pelar mass
dQAg/‘H/ = Vol M =0 (0 re/ N RT/ P
» That gives us two ways to find the density of a gas: P
OlS\—r*'(j = Pag L L

M25S
/ 5 2 /Uwv-e

PV = nRT
RT/P

<
s
"



Gas Density

» What is the density of chlorine gas at STP?

mz
ﬂﬂs"’ L/ = \/f ili-e
Agsune | sl

(oGl = 23 mess

mes,
24 b c‘:'( s vol ; - :ISMHQ/LV

22.9 ¢

S T ——

» At STP, Air has a density of 1.29 g/L. Will a chlorine filled balloon float in air?

S,I:} Q/(_. > 1.24 Q/L A OA/OW\f W@/’:"L ’Q/OZ" -

M

—
» What is the density of chlorine gas at 1.2 atm and 26.5 “C? 26:6"‘
r 273, 15
~ad ols i<
Mas> rea Z<S //l molf/s 25 Zq ,G -
&/0”5;17 T wlne T velome /1 . o 299. FK_ PV = nRT
) —  V/n=RT/P
7T G0 Gren s ( P & 5 /}
v = ‘S, L=
o.0821 B2 249,%(< e /
mm————== S—

l»'?-‘?*“‘y



Finding the density of a gas.

What is the density of oxygen gas at 145 deg Celsius and 855 mm Hg?

) S - Cy
—= |Y5°C —\_;:3\';,5_ : /F\/w/\(&k mess  mass/h
_yex TITIE 0 wl KL @ xS @dEwel T
= g e
P: &‘S’MM{—E\ _

Tl BT _ oo UK

%'D,MmHﬁ A TD L% 2P

= L3t =303 F =209 &

Lahn
R=0082) ja K | WSS | oo masS g, = 3200 S/l

'

7SS yV\’?§S/f\ 200 8/, \
= -~ - = - ~ 9
A Tt Vel /n 3.4 5wl \\["OS‘/L
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Gas Mixtures

Pressure is caused by particles of a gas
striking the walls of it’s container.
» The pressure caused by one gas exerts a pressure.
» The pressure caused by a second gas exerts a second
pressure.
If you mix the two gases, they each exert
the same pressure as before.

We call the pressure exerted by each
individual gas it’s partial pressure.

» Each partial pressure acts independently to result in a
total pressure for the system.

You can predict the total pressure of the
gas mixture by adding the partial pressures
of each gas.

f —-—-\ «——&

3 ) 00

o %
@ 3 m 0.50 mol H, Qe ) i a‘\ 1.25 mol He
p ¥ § "eae
g w o @ @

(a) 5.0 L at 20 °C (b) 5.0 L at 20 °C
>
@ P = 8.4 atm
AT Q 6\)

J. o

QGJ‘J @Q @ 7 1.25 mol He
Q Q 0.50 mol H,

Q@ 09 Qqa 1.75 mol gas
o) o )

(¢)5.0L at20°C



Dalton’s Law of Partial Pressures

\/l/ Protal = Ntotat RT/V

— Ntotal = NN2 + No2 + NAr + Ncoz

78% N2 21% W 02 Ptotat = (NN2 + No2 + nar + ncoz) RT/V
0.9% AI‘ 0.04% | C02

Ptotat = NN2(RT/V) + no2(RT/V) + nar(RT/V) + ncoz2(RT/V)

Piotat = Pn2 + Po2z + Par + Pco2

Dalton’s Law of Partial Pressures
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Vapor Pressure

Vapors are substances that are in the gas phase below their boiling temperature.
Some particles in a liquids move faster than average.

» These break free of the surface when they strike it and enter the gas phase.
Some particles in the gas phase move slower than average.

» These stick to the liquid when they strike it and enter the liquid phase.

» Eventually this process reaches equilibrium, where a constant pressure of vapor
exists over the liquid.

» The vapor pressure of any liquid depends only on the temperature of the liquid.

TABLE 5.4 Vapor Pressure of Water versus Temperature

0 Temperature Pressure Temperature Pressure
(R3] —, M (°C) (mmHg) (°C) (mmHg)
' —
S '\\ 0 458 55 1182
V4 \.., } PgaS = Equilibrium 5 6.54 60 149.6
/ \
' | vapor pressure 10 9.21 65 1875
| J
P / 15 12.79 70 233.7
Liquid w*\ S / A\ /J o) _ \
NS Y o T ___/ e 20 17.55 75 289.1
ethanol G S R
/ - \\., \ 25 23.78 80 355.1
»
a / S 30 31.86 85 433.6
[ B, o |
Sl
|' \‘ \, poph | L] 35 42.23 90 525.8
agumaenasy/ W\ i ) 40 55.40 95 633.9
\\;J P T \- -/’/ /4
Sl gt 45 71.97 100 760.0
50 92.6

(b) P —

— T




Trapping Gas over Water

» Water traps are a excellent way to capture
gases.

» The vapor pressure of water produces a partial
pressure of water vapor.

» Measuring the total pressure and temperature,
allows you to calculate the partial pressure of
the captured gas.

Piotal = P20 + P2

Hydrogen plus

PH2 = Ptotal - Pr20 water vapor

v

From the partial pressure, temp, and volume
you can calculate the moles collected.

TABLE 5.4 Vapor Pressure of Water versus Temperature

Temperature Pressure Temperature Pressure
(°C) (mmHg) (°C) (mmHg)
0 4.58 55 118.2
5 6.54 60 149.6
10 9.21 65 187.5
15 12.79 70 233.7
20 17.55 75 289.1
25 23.78 80 3556.1
30 31.86 85 433.6
35 42.23 90 525.8
40 55.40 95 633.9
45 71.97 100 7600 Zn (s) + 2 HCI (aq) = ZnC|2 (aq) + H2 (9 1

50 92.6

H,O



Problem: Collecting Gas over Water

Hydrogen gas is collected over water at a temperature of 293 K and total
pressure of 755.2 mmHg. If 1.35 L of gas is collected, what mass of hydrogen
gas is captured?

Hydrogen plus
water vapor

T = 792 1c 0 Find # patel () Fad 5 mobs Q) &
Pps@se 'asr Hz_ ot Iy
\/ - I‘ Zg L—- %FL w2k “‘”.,’q{’a p\/"ﬁp?!
(?m" - ?gi me HS B % % N N E e E N N RN e e N N RN e N e N N R NN N e N N NN N e NN RN EE NN EEEEEEE RN EEEEEEE RN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEs
( : e
265,28 mm < | 25
gt~ BN PR M e
e T : - : . =
Z E : — 2965
14 .85 “C
2O v PR
& @ Vv AT \
Gile 3% 0,591 zhny (1135 &
‘?HLO S G ~ A (D\/ ( B : = O, 0‘5—‘1‘5-— ol
T (o0l e (292 T
CTEO by 0 () : "
0 458 55 118.2 2. 0Ot —— eam
5 6.54 60 149.6 @ ‘O‘;.L/gl""‘c/ ¢ 6 — [ .0/ IIO /+L /
10 9.21 65 1875 ) o , S
A 10 233.7 : oy

30 31.86 85 433.6



Gas State of Matter

» Gas State » Combining the Gas Laws
» What’s unique about gases? » Derivation
» Measuring those properties (V,T,n) » The Combined Gas Law
» Pressure » ldeal Gas Theory
» What is pressure (P)? » Atomic Theory
» Standard Temp. & Pressure (STP) » What is an ideal gas?
» Instruments and units of pressure. » Avogadro’s Law
» The Simple Gas Laws » ldeal Gas Law o
, Robert Boyle » The Ideal Gas Constant (R) -
» Scientific Method: P and V: » Molar Volume / Gas Stoichiometry
Boyle’s Law » Gas Density
» Jacques Charles » Gas Mixtures
> The Kelvin Scale; Vand T » Dalton’s Law of Partial Pressures

Charles’ Law _ )
» Capturing Gases in the Lab
» Joseph Gay-Lussac
- » Vapors & Vapor Pressure
» The composition of water; T and P

Gay-Lussac’s Law

73



Questions?




