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Physical Chemistry

PHYSICAL CHEMISTRY
SCOPE

CHEMISTRY is the CENTRAL SCIENCE
PHYSICAL CHEMISTRY is the CENTRAL CHEMISTRY
Theoretical and Experimental

« Recommended Books

1.Physical Chemistry : P.W. Atkins
2. . . : G.M. Barrow
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Apparatus for Studying the Relationship
between Pressure and Volume of a Gas

As P (h) increases V decreases

C S 0 gt HLED uSe b cawliio Coli (glod H0 H5 SO 1 Suo Hlode pxo
e o> a8 e el 3l ikl s ISOtherm Lssa U g 595l il oo pldil Colb glos jo aST 1) Y g0
eropl Joov G p0 (2Ll Cu jlade o lsen PV O alol> a5 WS o s 5,5k ol les jo 55 G )
ez 5 lad Oyalols aSlxl 5l g wbioe s P2 g Vo was polie 4 58 G Py Vioadgl polis
b ) Doz OlFse ) g 09 Sl S lade

P1V1= P2V,
sasl sy (hyperbolic) Jglie sove peds lis coie JS0 @ |y oo o Jlid Olis o 0
Alloe o S5l SG ] Slges

P
0.6 atm —— |
|
0.3atm ——1
|
1
1
v
Pa1/Vv Constant temperature

P x V = constant
P1xVq1=P2x Vo

Constant amount of gas



A sample of chlorine gas occupies a volume of 946 mL at a pressure of 726 mmHg.
What is the pressure of the gas (in mmHg) if the volume is reduced at constant
temperature to 154 mL?

P1 X V1 = P2 X V2

P, =726 mmHg P,="7
V=946 mL V, =154 mL
P, xV, 762mmHgx 946 pal’

V, 154 pat’
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P, = =4460mmHg
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temperature temperature

As T increases Vincreases

Variation of gas volume with temperature
at constant pressure.
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Temperature must be
in Kelvin

VaT
V=constantx T
V1/T1 = V2IT2

T (K) =t (0C) + 273.15




T=t+273.15
S5 8 ) 08 b SLagks 518 555 o 00ls Lt (aslS o) il (Gesl) K eadle b obiie ol 59 Lo

2235 o0 ke 25
WS oo gudd ] Gllae (5lod b cawliio 35 S 31 Suro iy i g AibilugS ol HLis )
g Hlgi s g

vaT

Vv
— = constant
T

Slos 50 ;0 51 Wges S ez b aSiilml ) g wilie S og Jloasl Guae YU 5l 1 5 SO g W

fpmmgi 1) 25 ey ol oo ool0 JBTg e glite

—H|<
1
<

Jlodul syy5 PVT alaly

W) dges S o (Shw a5 S 15 ) p 8590 alSlax jela 35 5,90 ;0 SLughS 9 bg (uled

P QU ) &l Sppar ]y jlad g Led 4y o (S (22l Giros Sln S (o0 o Led 5 L3
V=Ff(T,P)

fels padls ail oo jLid uSe g Lo b caliie S5 SO o a3l

vadT
VDl
P
Vb kuly) oS 5 D0 40
vO—
P
Fodly pualyd g JSio 1) YL adal ) Cava )] oaiile (sla Jge slows b canliite 515 SO pon 4SSl )
VDnI
P

155 o0 4 9,00 550 and B el 5 0500 0 )18 o Slislons o e >l
i (g9l (5laJgSdgo sluai Joli Lod g jLaS (L Lol p 50 W37 51 (ggluwe (slapxe>
S a5 wiS oo Ju) oz ples JLad g Led 5l (gime Ll pd 50 58 S5 ) Jge G oS 95800 bl i
1l malys 1) 55 (g9l mailed o)l cnliS o 2o Glgin [ R a3 j50 50500 5157 50 51 Jse
V=Rn—
PV =nRT



W oS oo L8, Jlowul &jgas a5 Sl sled 050 10 9 ikl oo JToJ..'{‘ L S 55 ala, 1, ol oy alal,

g g0 00y IS

A sample of carbon monoxide gas occupies 3.20 L at 125 oC. At what temperature will
the gas occupy a volume of 1.54 L if the pressure remains constant?
V1/T1 = V2l T2
V1=320L Vo =154L
T1= 398.1@ Ty=2?
T1 =125 (0C) + 273.15 (K) = 398.15 K

_V,xT, _1.54)/ x398.15K

T, = =192K
Y/ 3.20¢
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ole s« (STP) Standard Temperature and Pressure s lxw Lyl s o JolS slbojl8 dlal, 511 R lake
. Q)S uLm&
t=0°C
T=0+273.15=273.15K
P=1 atm

0,10 pe VYT 3l Loyl i y0 38 5l Joe S e
n =1 mol
V=224 lit

PV =nRT
R :ﬂ
nT
_ latmx22.4lit

= =0.082056 litatm mol K™
1molx273.15K
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1 atm = 101325 N m?

1 lit = 10° m?®

R = 0.082056 lit atm mol1 K

R = 0.082056 x10° x m* x 101325 x N m? x mol'x K™

R =8.314 N m mol' K"

R =8.314 J mol" K’



1cal=4.18 J
R = 1.9872 cal mol” K
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BP P = B_V
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PV
The Ideal Gas Law
Deviations from Ideal Gas Behavior
PV =nRT or PV =RT, V =V/n
Units of pressure Units of temperature
1Pa=1Nm™
1 atm =1.01325%10° Pa
1 bar=10° Pa Triple point of water occurs at 273.16 K (0.010C)

1
1 torr = ——atm
760



Deviations from Ideal Gas Behavior

20 = EH
4 ..-'""' L
zZ = —PV -""---'----
RT . i5 ___-"'-- - e H#
_ - -
T -._____'._-::_.:'__.,._,—'—'__
oy eqe ~ o I =_—,_:-""'-r‘=__.-"'----
“compressibility factor” el e Ideal gas
.H""\-\__,_'-"
0.5 1 1 1 ] ]
i 200 Ak G 00 LR
P i bar

Ideal gas: z=1
z<1: attractive intermolecular forces dominate
z>1: repulsive intermolecular forces dominate

Virial Coefficients
Ly =1 +BEV +li32V +.-- Virial expansion
RT V V

second virial coefficient,

Z
B,
B,

.
»+ third virial coefficient,etc.
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Malecular kinetic-energy
distributions at three tem-
peratures. Average kinetic
energies are indicated by
the broken lines. Natice
naw the distribution ba-
comes “smeared out” as
the temperature increases.
[More molecules move
taster as the femperature is
raised.)
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FIGURE 13-8

Effact of temperature on
fraction of total numbar of
molecules with energy
equal to or greater than the
ochivatlion energy.
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Hew York: Jobn Wiley, 1587}

s, s 'y

FEETN

n given kinetic energy — ™

Laow
temperaiure

High
Lean peratiure

Fraction al molecules having

Sl

b i

L1 |

2w 0"

[

LIS
0a23s
I e ]
1 i1 e
{100 500
O 25

LR HIEL ]

(LOANITS

(LCAH150

CLMEITS

NTET L]

Blolecialar kinelic enargy ——i-

[

il

Aral 150K
o

Jor ol SN K

K1 HIKI 1214}

5|H_1':|.||n-."|

AL1R

10 . L] 4 2 o x 4 1] H




Fumber of mrkeculkes

0 -

Figure 4-5. The di-
tribution of the (rans-
lational energies of
gits modecules at 208
and [0 K,

ENERGY, klims

The distribution of speeds
for nitrogen gas molecules
at three different temperatures

By (2H 2 pfoenll)

Nauber of molecules

| 1 I
] FEHED 1 S

Bellesbcu lar spused (md=d

The distribution of speeds
of three different gases
at the same temperature

=K K
=Tl (RS0 ghwal)

Py (2RIIE phewal)
_ [3rT
rms M

Hie {4 THI g il

Kl TrET] 1M AEKI A%
Sdecular apecd {n's)



1 mole of ideal gas

PV =nRT

n:i:l.o

*The Behavior of Real Gases

The molar volume is not constant as is expected for ideal gases.
These deviations due to an attraction between some molecules.
Finite molar molecular volume.

For compounds that deviate from ideality the van der \Waals equation is used:
where a and b are constants that are characteristic of the gas.
Applicable at high pressures and low temperatures.

Deviations from Ideal Behavior

MNHy

wT 1 |\\_’f"/ ldeal gas

[1] 200 4000 G0 B0 000 1300

P {sm)

P )L Jlossput HUS) (5955 9 gy 3ily Alsles

Ll el jisn cols) 0gd s o Jlowal 515 oriled a aSul Sl ) a8 JoSge cdda 4yl ool Juw
sl Bzl ol Sy el ars e 5Lt elS 5 5l Ll ke slaslS (PVT) Lads, maogs a5 shilen
O959) ey (§95w 50 9 ke Jlgw S lsie 4 anb ol 4y (LB o 5l 5E8s o Gl esliul b 8

D 00ld JalS slasls alasly jo ol p3Y by )b Dl oss ax 0ad Budiod oS Sl > lin JeSdse Sledll

Sy b slals Gl placl Coond JoSdge Jow 4 sl )l g0 0938l a5 olo las udlg il YAVY Jls o

S gl ;).:193‘544 J‘o%‘ )U.é)

old G 3 Jole 90 185 00uol 4y a8 i (L8, Lo ;o |, PV = NRT alal) cubddge pac udlg,aily
JaJsSdge 393 n2>) 5 slasSge bags ool JUdl x> -
b JsSge e (55,0 Y

Syge 5o ais aS o S ably] ol o b JeSge a5 oz 098 aLiIS V a4 S)b 0 JsSUge N B
iy o5 Lo sSlsn 095 o2 535 jolite 9 b o Lo JySlga 095 Lags oud JISl 2 5 45 < Vil



125 smlio aloles PV = NRT alaf, 5255 slr 4 & ypmisl 5 92U D g o Lawgs o 4i8liS LS g 3]
by punlys )
PV =nRT

P(V-nb)=nRT O B I

V-nb
@ﬁ)y@%bjwljgﬂam)ﬁASoyi,b_aAzé)f)la’s)o&g&o!};cgf}!wommlle)bfw
] s 35 958 sl )l jo 9B emea B 0,5 s
o 5 it 5355 50 S5 cllo Lo J5SIpn o5 S5ba 25 0 oliion JSE o Lo J5SIpe il b1, b sl

ouls ools las Ky pS o plo b JSKS j0 5w &S o ol 0 ailel e K00SS 092 bl JeSge g0 ST e aS |,
Pl mudle Cowl Jge o el a

U550 <5, oo 005 Jladl gz = 107 =2 TS

3
4
J5Sl3e 59 Lo 00 422005 S o = 210
Jjﬂ}a S5 Ja....:gS ouls ALLlAS )L’S N :%(§M3) :4[% ]'(%)3]

4 _d
b=4N,[= (=)
AT

b arulne Cugz ol e 00D peess A (gl Md a5 (g p0lie 5 az 5 el 9,05 950 sas Na alal, ol o oS

=S Lngoo‘o Ls )5A.5.¢J|L53.'> ool Casdo aolee a5 0)5 ul.?b.a‘ UL..'> |) b )b.ﬁ.a S e t.s"? o)f oolaw!

Aolae &5 3gdica e aiS o Sl (Mol alex yuags a5 Mte Hbbu Yeol by, ool S bl

Bl 2,75 e Aslas S gl

Figure 1-3, The e

CLUDED ¥
excluded volums PER BAIA
1 OF MOLEC
(light shade) for a P
pair of molecules. b

sl SI98dg0 A3l (5945 A3 gy yo g yAily Aldleo S (Aol dled (o9 d

iz 65 adlgn oS oilal T B el slales jo ol (ST 4 S Lled 4 azxgs b bag s ol S92



WS 0yl ullgyaily ddolae o aS syls p3Y wll badls> pl Bias a5 canlie ule G Ladd o o8 des b,
OSee a2 oy @ 1) (2285 Gleodls oS gl ge QB Bl mand 55 D Syse 0 a5 jshailes Lele ol e
Al g AleS o 055 Bilar 1 Ll wiS e Jloel jlme JsSUse (595 JsUse S oS gladlr alassy iled s
oS el ) adlr 36 K00 o by 0l ce oS5 ol |, o JsSse 4 el Sy 0disS ugeie LES Ly adle oy
wdly alS o JsSse olaws aSil e awys 05 o Jlosl 5 a5 (g ,Li5 5yl 5l S o oS |, nJsSJge Dl

Ogss pS Sl
axlg jo Joo olowd S %M L b Jsse cpo adle (59,m ail alils 0929 V pox> 0 35 JsSUge N S

Sledoo i1y 095 IS la 50 w5 5 mew @ jslome las—ge 1 Su 2 o7 Sl ceilin o
2

Omt 8l alaz il gy ABlise it Tl aS e 3y RaSe  asSpe o il 50 S i

g 00l lis o alaly bawgi Voo 10 515 (50,57 (ugerme sl p¥ LA a5 55 o0 jUaLH (J5Sdse
P (V- nb) = nRT
_ nRT
~ V-nb
iy s 48 505 ia by osls G2l |, 5 59,5 g sl oY 23 o JsSge ot 4l (530 o
s ouls W‘?’ ol

_ nRT _£
V-nb V’

2

(P +%)(v —nb) =nRT

L oWlgyily Adolse

WSz aSul g Lo 2 5 55 2 gl Sl b g polie Okl 4 A 35 LS, agr o dlolee ] Coddse
S So3lal oz ! JelS cisllae ax 51 .00 Kis oS o Gowe o], (0l (5 pSo3lail) o5 slesls
FB coin Jlowl 515 dobe 4y cud (Jg 0,000 092 [Llid 5l g 00500t SO (6l 0ol dwlone g 00l
Syl gyl lala>dle

bl g0 bl 28 o5 e jo 5l a5 cudl ) el (PVT) [13, (Byme 50 ulyjily alolae coddye
Cpoyle HUanl edas LB

b slayl5 gl aS cal Il dolee wiz 5l (SO ais g cl peliuBige o B laid uJlg il aloles
ol 0l olgaioy

o 55 ol Culign b (5905 B 5 5] (oot (ol Cad 45,5 5 a5 3,50 iy obes ol oK) s
s Olieon il Lo |y n J5 S ls 5 4l o5 ol oy ol oo o a3y Jlnsl i (sla3l5 L5,
YN

Van der Waals equation
nonideal gas



onstants E.
vomn Gases Ty]
a b ﬂ
Van der Waals equation Gas jatm- Ly LY g
nonideal gas mor ) \mal) | =
He 1.1054 237
an? Me 0211 T
(P+ _2)(V —nb) =nRT Al 1.34 (L322
\'% m K X v Ve
corrected volume Xe 4,19 (L2060
pressuer H: .244 (L2106
M; 1.39 (L0
[ 1.36 T E] B
Cly .45 LS62
00, 1.54 00427
CHs L.25 D28
O, 204 0138
MNH; 4.17 nAGTI
H O 546 LR

i b g (ullg yily Addleo
yok o~ Jolw amxl Soop o 1) 58 S L8 udlgyuily aolee canl oads ools las S (o 4SS jshailes
cilae alaii pxe D @ polie b Ludlg,aily alolee o] 40 aS o )ls 092y oles ] podle ules o auzgs Joub b
Lbga polis Q.))ji Cewds gl QL»M) S padeid cpl il Glhou o les Lo pl clils valss 89

a8 oo &l )|
s 3 S sn 5 3 I Jso o sl lgyly eabes (e Al L Loy ol alady 0,50 St 1
Po«VoeTebcosyal,los g panm g Jlad g allioe o plnpos 5 Jsl Giie Jlion alall 0 a5 |12 meod o0

:M)B—‘GAMJ.}PC‘VC‘TCWﬁ‘)Rgbga JJOMASJ;TGAWJJGJ%MAJOBAMSMOGAUM

FIGLRE 2-13




V-nb V?
n=1 mole
| RT a
——RT —iz 0= < Y
V-b V 0 Ve-b V¢
_ 0 _
d_P_ RT +2_a 0@ RT, 2a

II: = -—— O = —
dv? (v-b V' g (V.-by V!
a=3P.V}
1
==V,
3 C
R = 8P. V.
3T,
. . N w W\ & o — 8PCVC "
f S ool Sype sles g jlid i 1y gl g ailiS b 9@ polds oo Sl R= alal, 511, Ve Jlade
C
R = 8P. V. 0 vs 3RT.
3T, 8P,
22
a=3P.V: 0 = 3PC(3RTC)E —a 2RI
8P 64P,
b:lVC U b ~>l< 43RT =b R1
3 3 8P, 8P,

2olie DI ol g yullyyaily aJoleo

WS 8 aallae 890 ALlS Glapiie con By L3 5l (ol o5 Sl Gl 5 (S Blie SV (98
By a5 e opl @ ogle cillas bl SV el b udlgjaily dolee oS cl azgr Cdl> wGlo ol LS,
Sl oS @ 0950 S ol Gl Wolae & pogar I8 Sy ly Sspe iy alllS o piie ey
555 Slsen S ol o5 e o

R ybya sl 4 Laly, ol 5l Wadioe bgrpe ol alais (slaciols a5 L Laly, 4 4355 LR 5 b 5@ cslacals
¢Tr =Tl Lly; 38 Jse o slp 0] )0 &5 pmgioor x5k 1y dolae 5 atliS Gullg aily alolas 5o 1) Ll jlade

C

P
Vop =L
VC PC

Ll padle a5 g o B0 1, V=

2
P+ E%)(v —nb) =nRT

3 | 8
(Pr +V_}§)(VR ‘5) =§TR



JLsg walyud 9 gudlyyaily adslee
olre 9,0 lp wad oo 0,y Jlo] 55 dloles o a5 ol s2d (Mol alaz diz a4 (S udlg aily aloles

. . .V , . < . < . .
Z sphupS1y s o @ 0edil 095 w2 by mnSiee S 00 S Je S sl 5 Dyge ) Gells il

Tl e S
_ RT a
“V-b V2
ﬂ: V  a DPV— I a
RT V-b RTV RT (I—E) RTV

v
feils aealys il K 5l 5SS L X aST bysa (1) =1+ x+ 32 + . dlalex 90 Loy 4 4z g5 L

PV_1 a PV @ E)_]_ a
RT 1_2 RTV RT A\ RTV
\"
PV b b a
— =]+ —+— -
RT vV V? RTV
2
ﬁ = +[b —i L +b_2
RT RT' 'V V

w22 )3 o sl 51516 slaicom s oo b 85 peliee Jliny wup® oangd |y (Dol dolas ol o

9 by sled o alaly puns )3 ool Caway aaly, o, R gbga polie 515 0abioe Jg gboo 1) Jol> sbes
J..:Tb_a Sy L,>_>|).>x-.> &5""0

- a =
RTBoyle
O
Ela =3P, V?
_a 1
Tooye R % _EVC
—_ 8P CVC
3T,
27
TBoyle = ?TC

Saoliz g0 )3

JE ooy ple S0 Slmr b 03lo 0 Sl LS oy Lailyy 0 o (658 Gl @ az g L a5 ol ol
el Sializnge 5 ggoge w0k allls bL3 )L S L (5950 4 45 (Slodasy 2 ooy eiired 2Bles Lo)S

b Slyzs 5 Jols Sledll ol )b 4 a5 ol ol Saalizoge s ale glosjglo, 51 5o 45 cls azgs b
S50 s S8, plus (o 50 Seelinoge 5 ple ol olo olai g ylele (g e 1, e (glog S0l



Ol se B Hlai 90 Soluoge 5 (G gy j0 @0 0 )L 1) Lo 8 oais g pSoslail 4y o AST cwyp
: Oged ol

(255 S sy )

(25w S e (om0 =T

Ol sles 5 )8 5 02 (O] aleord oS5 b L] pilins e Jobs Jl 50 o5 35 (o2 Jio Sl &
sl (6 S oslail B Folw 4 aS oo lo zloa! el i 4 ol sl el

03 gn JoS85 1y SIS Sy Slo Saolizoge, 45 Cund (550 Sl (g2 S gyt ] £5050
e 03500 LS5 aS 1) 0,8 (g0l (L ol el (bl Salinoge s Eaoge 45 SugSwg Sen oy 5O
0,5 6ol olsd 5l (@55 3B Mie) Sealindgn i piumms 45 S oo L5 0 5w o L5 adlllas 3,50 e
e polie gllo 1 Lol Ce e sladdge g oiiin OS> o Lad Gl cewd o Bl el a5 al JSas
5 Wi mee bl Gy 4 L s il Sles 0,5 8l (LB S awyp aSbx] ) aiien
D5 oo )8 dslie 0550 SIS Solinnga 5 b sl oo Sy 457 ol

"Thermodynamics is a funny subject. The first time you go through it, you don't understand it at all.
The second time you go through it, you think you understand it, except for one or two small points. The

third time you go through it, you know you don't understand it, but by then you are so used to it, it
doesn't bother you any more."

Thermodynamics
*Deals with eguilibrium systems.
*Thus, the variables x, y, z and t are irrelevant!
*Microscopic (statistical) theory concerned with the average behavior of an
extremely large number of microscopic entities, i.e. atoms or molecules.
‘However, classical theory ignores the microscopic details and deals instead
with a few macroscopic variables which are easily measurable, e.g. pressure,
volume, temperature, etc..
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Thermodynamics Vs. Kinetics

*Chemical Thermodynamics - Study of Chemical reaction energetics
—i.e., CH4 + 202 — C02 + 2H20 + U



Thermodynamics Domain (State)

N\

y 2 N

/ Kinetics Domain (Path) \

1 _CH,+0,
CO, + H,0
T Initial
Final

Understanding a chemical reaction and its energetic properties lead to the spontaneity prediction of the reaction.

Syste

Open Closed Isolated

Surroundings

System: the region of interest, of sufficient size that average properties like temperature are well-
defined; to be distinguished from the environment (i.e., the rest of the universe)

*Open system: exchange of energy and matter

*Closed system: exchange of energy but not matter

*|solated system: can exchange neither energy nor matter

Thermodynamic State Properties
*Extensive: These variables or properties depend on the amount of material present (e.g. mass or
volume).
The ratio of any two extensive variables is always an intensive variable. V/n = molar volume,
Intensive: These variables or properties DO NOT depend on the amount of material (e.g. density,
pressure, and temperature).
* Phase: a physically homogeneous and mechanically separable part of the system, e.g. a vapor, liquid,
or mineral
* A system may be

homogeneous (one phase)

or
heterogeneous (multiple phases).
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Work of Expansion
*Work is a Form of Mechanical Energy

Work = Force x Distance
OW =F Ax

O
\ ) .
~.7 Distance

|]‘Zl

area = W = pAV
1

- 50, considering an example of a p-V graph,
see right
-as we go from a point on the curve where
V = V; to a point where V = V,, it can be
shown, by using incremental steps, that the
Work done is the area under the curve,
because

W=pAV

(b)
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Compression! RN Expansion,
-W +W

(a) If heat flows into a system, it is positive (+Q). Heat flowing out is designated as negative (-Q). (b) The
experimental way to tell if a gas’s internal energy changes is to take its temperature. Since internal energy is
determined by temperature, a rise or fall in one of these quantities implies a similar rise or fall in the other. (c)
If a gas expands (pushes in the direction its piston moves), the work it does is positive (+W). If the gas is
compressed, the work done by the gas is designated as negative (-W).
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dW =P .dV

pv=nrTOp "RL
aw="R v o w IV2 RTY
Vi V
w=nr7(" &Y
ViV
W =nRT ln& Q)
Vl
\V
Pl\/1 = P2V2 1L =_"2
2 Vl
—_ Pl
W =nRT In— 2)
PZ

Thermodynamic Processes
- isothermal process — constant temperature

H Isothermal

T; =T,

- Isotharm

Pressure

|I...l'
Vs Yol e

Q Wy —




I!.l

Isathermaal

Tp,=T,
% 1 P Isotherm
H: | e
s I - 2
o |
[ |
I I Ta=T4
[ [
| [
1 1
L Vg YVelumea
| [
Q2 vy [
V2 = |W=Q

-here T is kept constant as
the system goes from one
p-V point (p,V;) to another

p-V point (p2,V>)

-the graph is a hyperbola
because p = nRT/V (nRT is
a constant) so p u 1/V

-as work is done on the
system, by adding heat (Q),
the gas expands (piston
moves to the right) and AU
must be zero (AU=0)
because there is no change
in T; thus,

Q=W

TS (o0 i Sl 5LAS 50 i 5lod g px> -
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V3
W= PV

Vi
W =P (V2-Vy)
W =PV, - PV
PV =nRTy
PV, = nRT;
W =nRT; - nRT;4
W =nR (T, - Ty)
W = nRAT



- isobaric process — constant pressure

O

T, Ta IS INETs Isobharic
Pz=M
5_!
@
Ly
s
[
Walume
Q LT I

-here p is kept constant so on the p-V
graph we move horizontally across
the graph from one isotherm to
another isotherm at a higher
temperature
-as heat is added (which is why T, >
T, ) the system does work, the area
under the curve is clearly pAV so we
can write

Q = AU + pAV Q

Pressurs

:}_3 W = Vs = V)

Ty T e Isobaric
fz=
/
T3 »T Isobar
I
| T
| v
| l
’, I.rl':h Walume




OS50 et Sl HLES g oo 40 e -
500 5B S5l olKiws caims JSid olge wib oo plonl ol Jlad 5 Lo o oS plua! (G508 Sl s a0
I3 ol e gy o525 O Jie (alls ol S 5l olSsd [Tl g0 il olSsd o> g wisd oo Jiiie
b 2 45 e 9 W = Peyx (V2 = Vi) bl il asily alol IS 098 (5,8 Vo lowy oV (Sojd > s
ols 5 0ad oo hrowd Sl b mbe 4y dul> a5 o2 0550 (o) o Pex = P oases o ol el L jlid
L e le o5 odlfin g atlise pladl BB 5 Col g8 e Ly ol il i o
>l oy9e 50 aBlioe azgd BB oats sl 15 jlade ol oL E P> et O97 Sebiee i Sl
alolan 511, 515 56 oo i 5 39n Slaid o Jlou blie 53 mle g ele pa Sl LIS e eesS gl Ygona
2ol sladse slasi 5 oS (28 Jal5 55 1) w56 50 05250 lajls ST iyl e sy JolS 55l
Ll malsd ol il Los g ,Li8 gz iS5, N2 pgd Sl 5 Ny gl 2l

W =P (V2-Vy)

W = PV2 - PV1

PV1 = n1RT

PV2 = anT

W = ngRT - n1RT

W =RT (n2 - n1) = RTAn(g)
An(g) =Ny — N4

Conventions
Ow, the work is negative when the system does work on the surrounding, i.e. it expands into low-
pressure surroundings;
Ow, the work is positive when work is done on the system by surrounding, i.e., high-pressure
surroundings compress the system.
Expansion work: mechanical [® w =-p.dV

First Law of Thermodynamics
“Energy cannot be created or destroyed. It can only be changed from one form into another.”

Rudolf Clausius 1850

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
* Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

m System ‘Iﬂ:t

IMass

The above system is open.



Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static eguilibrium) of a system
and its surroundings.
* Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

System
Work

I Mass

The above system is undergoing an adiabatic change.

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system
and its surroundings.
- Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

\m System “@:t

The above system is closed.

Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static eguilibrium) of a system
and its surroundings.
* Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

System

The above system is /solated.



Thermodynamics
Concerns the study of the Eguilibrium properties (or guasi-static eguilibrium) of a system

and its surroundings.
* Temperature is a variable, and Aeat and work are somehow involved.

. Universe
Surrounding

Syste
m

The above system is isolated. System Wall

Thermodynamics
-Concerns the study of the Eguilibrium properties (or guasi-static equilibrium) of a system

and its surroundings.
* Temperature is a variable, and Aeat and work are somehow involved.

Universe

Surrounding

Syste
I | eicat

System Wall
The above is an example of a dithermal wall.
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AE Example

* When Mg burns in air, the reaction is
Mg(s) + %202(g) —~ MgO(s)

* The heat of reaction is AH = -601 kJ
* What is the energy of reaction AE at 500K?

AV = An RT/P

AE=AH -P AV =AH - RT An

An =-%2mol

AE = AH + %% RT = -601 kJ + 2 kJ =-599 kJ

*A change in internal energy can be identified with the heat supplied at constant volume
ENTHALPY (H)

(comes from Greek for “heat inside")
Internal Heat 9y b5

Heat Content S5 slsizs
Gibbs Heat Function oS S5 Al



The heat supplied is equal to the change in another thermodynamic property called
enthalpy (H)

ie. DH = q

* this relation is only valid at constant pressure
As most reactions in chemistry take place at constant pressure we can say that:
A change in enthalpy = heat supplied

Functions of State
*A function of state is a property of a system whose change depends only on the initial and
final state of the system and not on the path taken between them.
*A path function is a property whose change does depend on the path.

Enthalpy

*The enthalpy change is an energy change defined by
AH = Qp

where qp is the heat absorbed at constant pressure.
*The enthalpy is a function of state.

Enthalpy of Reaction
*The enthalpy of reaction is the change in enthalpy AH that occurs when the molar amounts of
reactants in the balanced equation are converted to products under standard conditions.
*For the enthalpy of reaction is the heat transfer when 1 mole of

CHg4 reacts with 2 moles of O .

Energy and Enthalpy
-From the first law: q = AE + PAV.
-With no change in volume the equation simplifies to qy = AE.
At constant pressure: qp = AE + PAV.
«There are times when both volume and pressure can change; the heat involved in the
reaction is then a more complicated function of AE.
-Enthalpy: the heat output at constant pressure. H=E + PV.
«In general, AH = AE + PAV + VAP.
-At constant pressure, a change in enthalpy is given by:

AH = AE + PAV = gp.

«Normally, AH and AE are fairly close to each other in magnitude. In the combustion of
propane AE = -2043 kJ, AH = -2041 kJ and w = —PAV = -2kJ.

Exothermic vs. Endothermic

*An exothermic reaction is one whose enthalpy of reaction is . An exothermic reaction
liberates heat.
*An endothermic reaction is one whose enthalpy of reaction has . An exothermic

reaction absorbs heat.
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Newton’s Legacy

"l seem to have been only like a boy playing on the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth
lay all undiscovered before me."
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Lastly we get to the adiabatic process — no heat is transferred into or out of

the system
H Adiabatie
) Isatherms Q=0
o1
5 Adiahat
5
a
&
I
|I.:_l = II 1
.
, 2 v
Vi LF! Yalurme
Q=0 Vi =
¥z - W = —AlLl

Ther nochemi st ry sombgo »3

Je5as anile LtsSly onl b oplg sloonsay 5 ol slagtiSly (Sl BT Gasly Sl (o ordga
s el Logae 5 e )13 o0liial 550 Eny il 10 o5 s 5 Uyl 5 (Soied el e 5 elslon
3 b 5lo)S (5ol oy 5 ooliial o lpe (i an | (oS Mo (6 Samts Saliziga s Jg ol &5
oy 33 izt 5 w3k e 5o Tulyd 58 (65,1 Sl aabona 1o o1l soliil 5 e Ll 5o Jlek
oS oo 00liiu] londs slo Joles  Sioludge 5 oy 50 o0l G b (59,
s A edle o ol o g oanali il il Jil )5 Lanme 4 g 0ad ST LS o e a0 ST, (Jpus 0
3 ol Sl 08 odir Lo S ol Lagons 3] i o g 4 45 |y g 5 ol (g o ol sla
ol Cte 0al L slo S S Cdle o] o

«l» 435 slp «@» slacadle L, STy slua! plod (S0 5u8 Y 2iSTy alolae (yidigh 51 oy (somdign 5 40
Syge sled g Joo Llyd oz 1) (S50 6551 b (P Jlade 5 anlei oo et dal> gl €S 5 mle
WAL o CyuetS sle]



Law of Conservation of Energy - Energy canbe converted from one form to
another, but the total quantity of energy is assumed to remain constant in ordinary
processes. (In nuclear reactions matter is converted into energy, so then we have to
say that the amount of matter and energy in the universe is a constant.)

Thermochemistry

The study of the quantity of heat absorbed or given off by chemical reactions. All chemical reactions
either give off or absorb energy.

THERMOCHEMISTRY

The study of heat released or required by chemical reactions

Fuel is burnt fo produce energy - combustion (e.g. when fossil fuels are burnt)
CHi(g) + 20i(9) CO.(g) +2H,0(l) + energy

Law of Conservation of Energy: the total energy of the universe is constant and
can neither be created nor destroyed; it can only be transformed.

The internal energy, U, of a sample is the sum of all the kinetic and potential
energies of all the atoms and molecules in a sample
i.e. it is the total energy of all the atoms and molecules in a sample

Endothermic process: a change (e.g. a chemical reaction) that requires (or
absorbs) heat.
An input of heat corresponds to an increase in enthalpy
Endothermic process: AH > O (at constant pressure)

Photosynthesis is an :\\C’j: Forming Na" and
endothermic 2N Cl™ ions from
reaction (requires Cg“i NaCl is an
energy input from endothermic
/ process




Measuring Heat

Exothermic

reaction, heat given
off & temperature

of water rises

Endothermic

reaction, heat taken
in & temperature of
water drops

UNITS OF ENERGY

S.I. unit of energy is the joule (J)
Heat and work ( energy in transit) also measured in joules
1 kJ (kilojoule) = 103J

Calorie (cal): 1 cal is the energy needed fo raise the femperature of 1g of water
by 1.C
lcal = 41847

First Law of Thermodynamics:
the internal energy of an isolated system is

Signs (+/-) will tell you if energy is entering or leaving a system
+ indicates energy enters a system
- indicates energy leaves a system



Endothermic process: a change (e.g. a chemical reaction) that requires (or
absorbs) heat.
An input of heat corresponds to an increase in enthalpy
Endothermic process: AH > 0O (at constant pressure)

Photosynthesis is an :‘\’O//_ Forming Na™ and
endothermic waut Cl" ions from
reaction (requires cg‘s NaCl is an
energy input from endothermic
/ process

Vaporisation
Energy has to be supplied to a liquid to enable it to overcome forces that hold
molecules together
+ endothermic process (AH positive)

Melting
Energy is supplied to a solid to enable it to vibrate more vigorously until molecules
can move past each other and flow as a liquid
+ endothermic process (AH positive)

Freezing
Liquid releases energy and allows molecules to settle into a lower energy state
and form a solid
- exothermic process (AH negative)
(we remove heat from water when making ice in freezer)

Reaction Enthalpies
All chemical reactions either release or absorb heat
Exothermic reactions:
Reactants products + energy as heat (AH -ve)
e.g. burning fossil fuels
Endothermic reactions:
Reactants + energy as heat products (AH +ve)
e.g. photosynthesis
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Enthalpies of Chemical Change
-AH is an extensive property — its value depends upon the amount of reactants.



-AH is attached to the chemical equation to indicate the amount of heat involved in the reaction.
E.g. the combustion of methane:
*CH4(g) + 202(g) — CO2(g) + 2H20(/) AH = - 890kJ
«2CH4(g) + 402(g9) - 2C04(g) + 4H20()) AH = -1780kJ
E.g.2 determine the amount of heat that would be evolved when 150 g of methane is burnt.
‘Reversing reaction changes the sign of the heat.
«COy(g) + 2H20(l) - CHa(g) + 202(9) AH = +890kJ.
What is the C-H bond enthalpy in methane?
We want AHO for the reaction: CH4 — Cgag +4H

Any path will do (equation of state.)
AHO (kJ/mol)

CH4 +2 0y — COy + 2Hy0 -800
C02 — Caraph + 02 +350
2H20 — 2 Hp + Op +480
2Hy — 4H +870
Cgraph — Cgas +700
NET CHg4 — Cgas +4H + 1600 kJ/mol

The bond energy for C-H in methane is +1600/4 = +400 kJ/mol.

Hess’s Law
*Hess’s law when a reaction at constant temperature and pressure can be written as the

summation of a series of reactions, the enthalpy change, AH, of the reaction is equal to the
summation of the AH’s of the individual reactions.
E.g. determine the heat of formation of NO,(g):

72 Na(g) + O2(g) - NO2 AH =7

*Forming NO3(g) from N»(g) can be thought of as 2 step process:
Formation of NO(g) 2 Nao(g) + 72 02(9) - NO(g) AH® = +180 kJ
Oxidation of NO NO(g) + 2 02(g) - NOy(g) AH°=-56kJ
Overall %2 Na(g) + O2(9) - NO(9) =+124 kJ

-Missing steps in a sequence can be determined using Hess’s law.

E.g. determine the heat for methanol decomposition to its elements from the heat of
combustion and the other given reactions. Heat of combustion is

CH30H(g) + Ox(g) —» CO2(g) + H20O(1) AH = -726.4 kJ.

Decomp. CH;0H CH3OH(l) - C(gr) + 2H,(g) + % O,(g) AH, =7

Form CO, C(gr) + Oy(g) - COL(Q) AH,° = -393.51 kJ
Form H,0O 2Hy(9) + Ox(g) - 2H,0() AH5° = -571.66 kJ
Overall CH30H(g) + 3/2 O5(g) - CO,(g) + 2H20(1) AH°= -726.4 kJ

AH® = AH.° + AH,° + AH3° or AH,° = -726.4 + 393.51 +571.66 = +238.77 kJ



Standard Heats of Formation
-Standard state the pure form of a substance at 1 atm usually at 25°C.
-Standard reaction enthalpies, AH®, difference in enthalpy between products and reactants
of a reaction each in their standard states.
-Standard heat (enthalpy) of formation the standard reaction enthalpy per mol for the
synthesis of a compound from its elements.
-Since reaction enthalpy depends upon conditions of experiment, it is usually reported at
some reference condition, AH®
-Most tables present enthalpy data in its standard state and as the heat of formation.
‘E.g. (HCI) is —92.3 kJ and the reaction is:
<Y2Hy(g) + Y2Cly(g) — HCI(g) =-92.3 kJ
-AH of pure elements in their most stable form under standard conditions is defined as zero.

E.g. Na(g), Na(s); C(g), C(gr), C(d).
- of elements in another form often given.
-Na(s) - Na(g) AH° = 107.8 kJ/mol. Also called the enthalpy of sublimation.
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The entropies of substances at 0 K can be assigned the value of zero is the third law of
thermodynamics .
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If entropy of each element in some crystalline state be taken as zero at the absolute zero of
temperature, every substance has a finite positive entropy; but at the absolute zero of
temperatue the entropy may become zero, and does so become in the case of perfect
crystalline substances.
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