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yosed mainly of nonmetallic elements
1 S mple formulas and low molar masses.

like liquids and solids, gases
and to fill their containers.
are highly compressible.

have extremely low densities.

« Two or more gases form a homogeneous
mixture.






es Which Define t
€ of a Gas Sam
) —

2/ Pressure
3)_ o lume
= :%mount of gas, usually expressed

= .2
—

- as number of moles

#

Having already discussed three of
these, we need to define pressure.
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of Pressure

ls: 1 Pa = 1N/n’12 Q

- Pressure exerted

by Hg column on
Ho . Vacuum

‘bar = 10° Pa = 100 kPa - i

_Hg

g or torr: These units |t

literally the difference in Hg surface

——the | elghts measured in mm

' Q?F?cwo connected columns of
mercury, as in the barometer

“in the figure.
- Atmosphere:

« 1.00 atm = 760 torr = 760 mm
Hg = 101.325 kPa




..‘EL
appens to /1, the height of the mercury
an, 1f the atmospheric pressure increases?

Pressure exerted
by Hg column on
Hg surface ~, _Vacuum

1

Pressure exerted
by atmosphere on
Hg surface
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pressure of 745 torr to units of

%cifﬁér



P atm

Open end \v

Y/

136.4 mm

W Y Y

_-_ ..J_-

he manometer is used to

csasure the difference in
pressure between
atmospheric pressure and
that of a gas in a vessel.
(The barometer seen on
the last slide is used to
measure the pressure in
the atmosphere at any
given time.)



jle Exercise 102w

-. ers - THE AL)OI .‘ -

neter reads 764.7 torr. A sample of

s placed in a flask attached to an

2n-end mercury manometer. Using a

heter stick, the level of mercury in the

= open-end has a height of 136.4 mm, and

'_‘““' ‘the mercury in the arm that is in contact
‘Wwith the gas has a height of 103.8 mm.
What is the pressure of the gas in atm and
in kPa?

o
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Atmospheric Atmospheric
pressure = 760 torr pressure = 760 torr

o

760 mmHg added

D>

Gas volume Gas volume
= 60 mL = 30 mL

\I __
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es dtmcao

pheric pressure increase
altitude increase

les in temperature.)

= )

“F-ases D
- ___creases

e -‘__—

— Balloon rises

e up through
= atmosphere

="

=
=



b

ihatiis. the total pressure on the gas after..
/60 mm Hg has been added?

Atmospheric Atmospheric
pressure = 760 torr pressure = 760 torr

»

760 mmHg added

»

Gas volume Gas volume

'f-c 1140 torr pkatse —BO\mL_
d.1520 torr
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oens to the pressure@#
ntg_m_er r if you d

ouble its volume while

=y
-—
=

IC _j'ses by doubling its original value

—D. In ncreases by tripling its original value

“Decreases to half of its original value
d ‘Decreases to a fourth of its original value



| athei’ﬁatlcal Relatlonshlps of
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el hat would a plot of Pversus 1/Vlook like



volume of a fixed
)unt of gas at
seonstant pressure is
=~ directly proportional

— to its absolute
~ temperature.




Mathematical Relationships of
as’s Law =

constant x 7

‘means, if we
mpare two conditions:
— rle = W/ .

_ F
—
o

iléo if we make a
~graph of Vvs. 7, it will

h
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ne of a fixed qw
;[IJMMI value when the

se to h
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S, because the temperature decreases
by half.

fb'_:,t'because the temperature in kelvin (K)

——
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ll.-

- does not decrease by half.

|



Volume 224 L 224 L 224 L

Pressure 1 atm 1 atm 1 atm
Temperature 0°C 0°C 0°C
Massof gas  4.00g 280¢g 160 ¢

Number of  6.02 x 10% 6.02 X 107 6.02 X 10%
gas molecules




- .

any moles of gas are in each vessel?2.-

Volume
Pressure

Temperature
Mass of gas

Number of

gas molecules

||
224 L
1 atm
0 °C
4.00 g
6.02 X 10%

224 L

1 atm

0°C

28.0 g

6.02 X 1023

224 L

1 atm

0°C

16.0 g

6.02 x 10%




Sample Exercise 10.3

se we have a.gas confinedtoa
ler with a movable piston that IS sealed

a e

=i

9 o GA'ATAR'A ) 9

g changes affect (i) the pressure of
Jas, (ii) the number of moles of gas in
3 llnder (iii) the average distance

— betv veen moIecuIes

,ﬁ) Heating the gas while maintaining a
-constant pressure; (b) Reducing the volume
while maintaining a constant temperature;
(c) Injecting additional gas while keeping
the temperature and volume constant.
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Practice' ‘ J:.—
im balloonﬂ'edto

avdumeof560

ecome if it is put into quuid
en to lower the temperature of the
m to 77 K?

(d)O 046 L
(e)3.7 L
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vgen cylinder used in a hospital
__-fr: 4 L of oxygen gas at a
sure of 149.6 atm. How much
| me would the oXxygen occupy if it
= transferred to a container that
= malntalned a pressure of 1.00 atm if

_the temperature remains constant?
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as Equation - —
B it - i —
far we've seen that |

T (Charles’s law).
. Vo n (Avogadro’s law).
» Combining these, we get

= -
-

Finally, to make it an equality, we
use a constant of proportionality (R)
and reorganize; this gives the Ideal-
Gas Equation: PV = nRIJ.



L-atm/mol-K
J/mol-K*
cal/mol-K
m>-Pa/mol-K*
L-torr/mol-K

Numerical Value

0.08206
8.314
1.987
8.314
62.36




|ch gas  deviates most from |deaI

2206 2231 2240 2240 2241 2242

Molar volume (L)

Ideal gas (I, CO,



OoT an |dea|ﬂs
d to a cube, what would be the

= s o A Y \/ '

™ i i ¥ -

———

0)1/3 cm

= b.(22 41)1/3 cm

--2 241)1/3 cm
d. (0.02241)1/3 cm



ple Exercise 10,4 =

> e NIMNMDOSE YOI |-._gg -
a0 and CO,. A sample of CaCOs;
composed, and the CO; is
) |[STe cted in a 250 mL flask. After
: pmposwlon the gas has a pressure
‘f?)f 1.3 atm at a temperature of 31°C.

How many moles of CO, gas were

generated?




= =

)OC mp contains 5.74 X 10°L

———

5' grams of the helium inside the

-
—.-

: -"'*Fi X 107 g
--.-:--_jj;};-“ 80 X 106 g
 (©1.12x107 g
- (d)234%x10°g

(€) 9.39 X 10° g



Prece 4 = __}5——

balls are usually filled with either

UAaS 1O A DIC o 100V
a .

leric pressure to increase their
ice. If a tennis ball has a volume of 144
3° and contains 0.33 g of N, gas, what is

e — ——

,_'pressure inside the ball
7'-5%’24 °C?
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yressure in an aerosol can is
| t 25°C What would the
ure be If the can were heated to

.. --‘--
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Practicens
i Il your carﬁ-to a press e of 32

day when the temperature IS 35 =
S the pressure (in psi) on a cold winter
/' wh n the temperature is —15 °C? (a) 38

i(e) —13.7 psi
(d) 1.8 psi
(e) 13.7 psi.
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in @ natural-gas tank is

lined at 2.20 atm. On a day

the temperature is —15 °C, the

e of gas in the tank is 3.25 x 103

= :_3%:-,, What is the volume of the same
qL ntlty of gas on a day when the
temperature s 31 °C?

D>
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Exercise. 10. G__J.a—-

lated be o=| he ime of 6.0
a level (1.0 atm) and IS aIIowed
cend in altitude until the pressure
0.45 atm The temperature falls
= _22°C to -21°C. Calculate the new
voTume of the balloon.




lume of 0.75 L at 20 °C
. What volume wo € gas
*4 1 °C and 760 torr?

||:-='—-"

_"-—
—=
— .—--:__.—-—

’(dIO 66 L
(e) 0.35 L



Pract

-mol sample of oxygen gas is

d at 0 °Cand 1.0 atm 1n a cylinder
Vable piston. The piston

ffff sses the gas so that the final volume

h f the initial volume and the final

ej ssure is 2.2 atm. What is the final

-t% T perature of the gas in degrees Celsius?
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‘urther Applications of

‘Ideal-Gas Equation




ty of Gases
divide both sides of t

= »
Gll _.ill; - L C

= PIRT.
oles x molecular mass = mass
=11 X M m.
'_ie multiply both sides by M, we get
m/ V= MP/IRT

and my Vis density, & the result is:

d= MPIRT.




Sity & Molar qMass-eid“gﬁ’s‘"

__;- to know only the molecular
the pressure, and the
“ ature to calculate the density of

Arso if we know the mass, volume, and

temperature of a gas, we can find |ts
molar mass.

M= mRT|PV or M = dRT/P
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_ CHs,ina
1ere the pressure 1s 910 torr anc
| ture 1s 255 K?

, d 057 g/L

’(dj 16 /L.
~ (e)0.72 g/L



T

Practicaul f _J;—l
| ™

an molar mass of the atmo: ohere at
itan, Saturn’s largest moon,

/1 01 The surface temperature 1s

=% d the pressure 1s 1.6 atm.

ning ideal behavior, calculate the

y of Titan’s atmosphere.

—
NN 4

.

-
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dle Exercise 10.8__

e flask is evacuated and found to
134.567 g. It is then filled wit

0 a pressure of 735 torr at 31°C

reweighed; its mass is now

137 456 g. Finally, the flask is filled

~ With water at 31°C and found to weigh
- 1067.9 g. The density of water at this
temperature is 0.997 g/mL. Calculate
the molar mass of the unknown gas.

B




Practi¢

;:ff ) 454 lﬁg/mol
= ,(df48 2 g/mol
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mne and Chemical-Reactions™
5 relati
nts of moles in a reaction, whether the
ared materials are products or reactants.

V= nRT
—= —we can relate volume for gases, as well.

el

-
)aldl 1CSU SUUaliOl

___,_-

= For example: use (PV = nRT) for substance A
“to get moles A; use the mole ratio from the
balanced equation to get moles B and (PV =
nNRT) for substance Bto get volume of 5.



ple Exercise 109w

\ " N £

a L "'\ Y R4 YO Y A _.

__,_{;g gas produced from rapid
'sition of sodium azide, NaNs.
3(5) — 2Nas) + 3N2(g)

_*ah air bag has a volume of 36 L and is

~ filled with nitrogen gas at a pressure of
1.15 atm at a temperature of 26.0°C, how
many grams of NaN3; must be
decomposed.



amn
2r oxide is heated it deco

IS collected in an evacuated flask, what
:ssure of the O, gas if the volume of the
1S 0.65 L and the gas temperature Is 25 °C?
' .=-£:-‘ atm

beD ELE 2 A2:0(s) — 4 Ag(s) + O(g)
(c) 0.012 atm

(d) 0.47 atm

(e) 3.2 atm




Exerq,ge 2 j—""

for

=) I s l < dl DI U =
| nitric acid, ammonia reacts with
1 in the presence of a suitable catalyst

‘m nitric oxide and water vapor:
:_,4 NHs(g) + 5 O2(q) — 4 NOq) + 6 H20(g)

__.-.-—
il - —
‘_

.-."'
- f';—"
-
A
o

~ How many liters of ammonia at 850°C
~and 5.00 atm are required to react
with 1.00 mol of O: in this reaction?

_.‘\-



:as Mixtures and Partial
~ Pressures



S Law Qﬁ,f_l_anrtiaI-PgSfL'iFe?'
eact are

ined in a container, they act as if
are alone in the container.

P -
. a

‘he total pressure of a mixture of
':;_.:_;;: ses equals the sum of the pressures
that each would exert if it were present
~ alone.

 In other words,
Potal = b1+ b + b5 + ...

D dases that "’




e partial pressure exerted by N, gas affected
‘O, is introduced into a ¢ ' th e~
ature and volume remain constant? How is the

artial pressure exerted by N> gas does not change
1 O, is added to the container; the total pressure
eases.

- The le partial pressure exerted by N, gas changes only if an
aI or greater amount of O; is added to the container;
= n’:’chat condition is met, the total pressure increases.

= c The partial pressure exerted by N, gas decreases when
O, is added to the container; the total pressure remains
the same.

d. The partial pressure exerted by N, gas increases when O;
IS added to the container; the total pressure remains the
same.



Exercise 10,10

ous mixture made from 6.00 g

| g CH4 is placed in a 15.0 L
el at 0°C. What is the partial

_f D ure of each gas, and what is the
tet _I pressure in the vessel?

e =
F £

11
' u



-'-:_" 2 ‘ . ‘Qi o df . e — —
T ne temperature 1S
| _' is the total pressure of the

o ‘ . ) s Y

R

(d) 4.9 atm
(e) 9.8 atm



Practice

- .
10178 e QSSure exerted bva

:--;'a"i!'_i" H>(g) and .00 g o
73 K in a 10.0-L vessel?

— —
—E e
—— ——
il =
- -



_---'-" F—

sas if itis

:a—frhat ratio of moles of a substance to total
- moles is called the mole fraction, .

Moles of compounda 1 "

Total moles n



sre and Mole Fraction

S —
_-_

-

o—— mog

_-—

Nnd result is
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Exercl,s§ 10. 1;.-4-"‘" -

)

aTala) ) ()

owth requires a synthetlc
here composed of 1.5 mol % CO;,
~= I % 0O, and 80.5 mol % Ar.

—(a alculate the partial pressure of O, in
*‘“‘fﬁe mixture if the total pressure of the
- atmosphere is to be 745 torr.

(b) If this atmosphere is to be held in a
121-L space at 295 K, how many moles of
O, are needed?




4

AC lm ‘ - -
essel containing W’aﬂ—

-L vessel cbfr’?Faining H> at STP are

d allowing the two gases to mix,
t is the mole fraction of hydrogen
= in the mixture?
- (a) 0.034
~—(b) 0.33

(c) 0.50

(d) 0.67

(e) 0.96
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PractliCe s |
: t___ﬁ-—-_ "
ered by Voyager 1
Ists have estimated the
)sition of the atmosphere of
*Saturn s largest moon. The
——pre sure on the surface of Titan is
"'1220 torr. The atmosphere consists of
82 mol % N>, 12 mol % Ar, and 6.0
mol % CH4. Calculate the partial

pressure of each gas.

Cdla Uc




Gas volume
measurement

Ptotal Patm

When one collects a gas over water, there is
‘water vapor mixed in with the gas.

e To find only the pressure of the desired gas,
one must subtract the vapor pressure of
water from the total pressure.
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I

ng as over Water
nple Prob‘fém =

_;9 of KCIOs3 is partially

nposed producing O gas that is
ted over water. The volume of
-f-sz--: gas collected is 0.250 L at 26°C

‘_"__ an_d /65 torr total pressure.
~ —A) How many moles of O, are collected?

—B) How many grams of KCIOs; were
decomposed?



_‘_;_.-.

ng as Over Water
tice Prqblﬁ% =

lium nitrite, NH4sNO,, decomposes
heating to form N> gas:

;POZ(S) — N2(g) + 2H20¢

#'-'_n a sample of NH4NO2 is decomposed

---_1-___'_.-—-

~ in a test tube, 511 mL of nitrogen gas is

- collected over water at 26°C and 745 torr
total pressure. How many grams of
NHsNO>; were decomposed?






.
-Molecular Theory=

Pressure inside container comes
from collisions of gas molecules
with container walls

happens in nature. Each
of the gas laws we have
discussed tell us what is
observed under certain
conditions.

» Why are these laws
observed? We will
discuss a theory to
explain our observations.



enets of Kinetic_—rl\_/lg_eeu@L

ala "
\J 11 U - 9 \J

=N

o\

lecules that are in continuous,
om motion.

=) It he » combined volume of all the

~ molecules of the gas is negligible
relatlve to the total volume in which the
gas is contained.

3) Attractive and repulsive forces between
gas molecules are negligible.



Main Téﬁ&;‘of 4) Energy can be
transferred between

molecules during

ollisions, but the
ALO °C, fewer than || At 100 °C, more thar average klnetlc energy
movetspoeds || move atsposcs of the molecules does

greater than 500 m/s. greater than 500 m/s. nOt Change Wlth tlme, aS
long as the temperature
of the gas remains
constant.

5) The average kinetic
energy of the molecules
is proportional to the

Fraction of molecules

10 X 102

Molecular speed (m/s) absolute temperature.
(a)



N Fast Do Gas Molecules Move?

“"..-"'.II—

rature is related to their
ge Kinetic.
lal molecules can have
Nt speeds of motion.
igure shows three
“ntspeedS'

ls the most probable speed NG
est molecules are this fast).

ULy IS the average speed of the
molecules.

U:ms, the root-mean-square
speed, is the one associated with
their average kinetic energy.

ry—
—— ""
= []
E-_-"- -
gy —
.——-__

- =



Fraction of molecules

5 X 107 10 x 107
Molecular speed (m/s)
(a)

Upp = the speed . /
exhibited by the largest (rmean) speed o
rumber of molecules

ems = thespeed of a
: ecule whaose kinetic
the molecules : ta the

y leirvetic

Fraction of molecules

5 x 10° 10 % 107
Molecular speed (m/s)

(b)




— -

| -
wree gases all at 298
= . . -

> gases INn oraer «

of Increasing average

——

———

- o
g .

litio aI pressure information is needed
_-s mpare average speeds.

'<02<H2
'-CF‘HC <H <O
~ d. H, < 0, < HCl




.Sample Exercise 10.12 .

ple of O, gas initially atSTPq-'

‘essed to a smaller volume at constant
rature. What efrect does this change

-_

he average kinetic energy of the
mole acules

.,_ ) thelr average speed

_-

= (c) the number of collisions they make with
the container walls per unit time

(d) the number of collisions they make with
a unit area of container wall per unit time

(e) the pressure?




Pra e - T —
er two gas cylinders of tm?

\perature, one containing 1.0 mol of

, C3Hg, ¢ e other 2.0 mol of methane,

hich of the following statements 1s true?

and CH4 molecules have the same

= = '-'_
—

= (b) The C3Hg and CH4 molecules have the same

-

—

= average kinetic energy

_(¢) The rate at which
the molecules collide with the cylinder walls 1s
the same for both cylinders
(d) The gas pressure 1s the same 1n both cylinders.



-‘....:*- —
Xercise 2 e
__fi' rms speed of N> molecules
S changed by:

. n INCrease in temperature
———— ) An increase in volume

:_._-__._.-r"
e

--_-}— C) Mixing with a sample of Ar at the
same temperature?

——

—

—
st



Molecular Effusion and
~ Diffusion



nmil
.

and -
CUlar Mass . - m'

1@ __a - . -,!' . o ad

ne average kinetic
gy of molecules is the same.

2 m (tims)? is the same for two gases at the
ne temperature.

&= 1"a gas has a low mass, its speed will be greater

- than for a heavier molecule.

Fraction of molecules

5x 102 10x 107 15x 102 20x 102 25 x 102 30 x 10? 35 x 10?
Molecular speed (m/s)



“Whieh of these gases has the largest
nolar mass? Which has the smallest?

e R e R—— .

727 112

Hz; O

115

i
(¥ 'Ll I. '

Fraction of molecules

Al

|
W)y

|\

5% 102 10 x 102 15 X% 10% 20 x 10® 25 x 102 30 X 10%? 35 x 102
Molecular speed (m/s)



SIOf &DIfﬁUSIOn —

1 is the escape  Diffusion is the spread

i

a tiny hole throughout a space or a
N evacuated second substance.

Gas molecules in top half effuse |
through pinhole only when they
happen to hit the pinhole

i

Net distance traveled



~ Graham’s Law Describes -
Diffusion & Effusion=

. ~ e
1V\ wilolle )l C

ss of two gases to their rate of
peed of travel.

he “lighter” gas always has a
faster rate of speed.

=
= "'*':_'




pressure and temperature
in this figure but v |
ther quantity in the ideal-gas

ges,”

-1‘-'

ey =




- p————

Wela ng_rs mcrease W
the meaﬂﬁb—path of the molecules in

sing pressure.
:. smg temperature.

= creasmg Plncreasing T
a.Increaselncrease

b DecreaseNo change
c.IncreaseDecrease
d.No changeDecrease
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Real Gases: Deviations

-~ from Ideal Behavior

——




Real Gases o
~Inrthe real world, the behavior of gases only
NE equation at

atively high temperature and low pressure.

> ‘h the same gas will show wildly different
havior under high pressure at different
ém peratures. :

e

5 _ u
DININGIRAN U UIC

-_—
Adl-Uc
w—— S i

.—T
—

400 600 800 1000
P (atm)




2 or false: Nitrogen gas behaves more
K€ an ideal gas as the temperature

1000 K

Ideal gas

900



T
| -

onditions d

o deviate most from ideal

Y C

—

d 1 atm
10 .Kand 5 atm

; JOO K and 2 atm

1,\



= .*i =
s from Ideal Behavior-

as molecules occupy
arger fraction of the

~The assumptions made in the kinetic-molecular
model (negligible volume of gas molecules
themselves, no attractive forces between gas
molecules, etc.) break down at high pressure
and/or low temperature.




——

A uId you expect the pressure of
S to change if suddenly the
rmolecular forces were repulsive
r than attractive?

Increase
'_ b Decrease
c.No change

Ideal gas Real gas



] -:EL 0 ] (] ]
the negative deviation from ideal .
“behavior of N, below 300 atm.

200 K

500 K

1000 K

[deal gas

300 600 900
F (atm)

a. Attractive intermolecular forces
b. Repulsive intermolecular forces



)

tions for Nonideal Behavior
| aI -gas equ?tlzon can be aajusted to

K6 (16 .2_ PISIAVz A .

count

‘corrected ideal-gas equation is known
the van der Waals equation.

= :¥;= pressure adjustment is due to the fact

-""-

- _—a—-

“that molecules attract and repel each other.

. The volume adjustment is due to the fact
that molecules occupy some space on
their own.

_d



S

b(L/mol)
0.02370
0.0171
0.0322
0.0398
0.0510
0.0266
0.0391
0.0318
0.0290
0.0562
0.0305
0.0371
0.0428
0.0427
0.1383



ive E&gse Jﬂ"

gen, a hlghly toxic gas, Is
)( Ed of 46.2% C and 53.8% N by
38s. At 25°C and 751 torr, 1.05 g of

= cya ogen occupies 0.500 L.

P
--i-i—‘r-' =

—

— —A) What is the molecular formula?
—B) Predict its molecular structure.
—(C) Predict the polarity of the compound.

==



