Chapter 15

(not much on AE)

Thermodynamics:
Enthalpy, Entropy

& Gibbs Free
Energy
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Thermodynamics: thermo = heat (energy)
dynamics = movement, motion

Some thermodynamic terms chemists use:

System: the portion of the universe that we are
considering

open system: energy & matter can transfer
closed system:  energy transfers only
Isolated system: no transfers

Surroundings: everything else besides the system

Isothermal: a system that is kept at a constant
temperature by adding or subtracting heat from the
surroundings.

Heat Capacity: the amount of heat energy required to
raise the temperature of a certain amount of material by
1°C (or 1 K).

Specific Heat Capacity: 1gby 1°C

Molar Heat Capacity: 1 mole by 1°C
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Calorie: the amount of heat required to raise the
temperature of 1g of water by 1°C.

specific heat of water =1 cal/g °C

1 calorie = 4.18 joules

Specific Heats and Molar Heat Capacities

Substance Specific Heat (J/°C.q) Molar Heat (J/°C.mol)

Al 0.90 24.3
Cu 0.38 24.4
Fe 0.45 25.1
CaCO; 0.84 83.8
Ethanol 2.43 112.0
Water 4.18 75.3
Air 1.00 ~ 29
Important to: engineers chemists

EXAMPLE: How many joules of energy are needed to raise
the temperature of an iron nail (7.0 g) from 25°C to 125°C?
The specific heat of iron is 0.45 J/°C.g.

Heat energy = (specific heat)(mass)(AT)
Heat energy = (0.45 J/°C.g)(7.0 g)(100°C) = 315J

Note that AT can be °C or K, but NOT °F. When just T is being used
in a scientific formula it will usually be kelvin (K).
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Problem: How much energy does it take to raise
the body temperature 2.5°C (a fever of just over
103°F) for someone who weighs 110 pounds (50 kg).
Assume an average body specific heat capacity of

3 J/°C.g.

Problem: What would be more effective at melting
a frozen pipe — hot water or a hair dryer (hot air

gun). Why?
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State Functions

System properties, such as pressure (P), volume (V),
and temperature (T) are called state functions.

The value of a state function depends only on the state
of the system and not on the way in which the system
came to be in that state.

A change in a state function describes a difference
between the two states. It is independent of the
process or pathway by which the change occurs.

For example, if we heat a block of iron from room
temperature to 100°C, it is not important exactly how
we did it. Just on the initial state and the final state
conditions. For example, we could heat it to 150°C,
then cool it to 100°C. The path we take Is unimportant,
so long as the final temperature is 100°C.

Miles per gallon for a car, iIs NOT a state function. It
depends highly on the path: acceleration, speed, wind,
tire inflation, hills, etc.

Most of the thermodynamic values we will discuss in
this chapter are state functions.
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Energy: ""The capacity to do work
and/or transfer heat"

Forms of Energy:
Kinetic (Eyipetic = ¥2Mv?)

eat
Light (& Electromagnetic)
Electricity
Sound
Potential
Chemical
Nuclear - Matter (E = mc?)

iRl
WORK
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‘First Law of Thermodynamics: \

The total amount of energy (and
mass) In the universe Is constant.

In any process energy can be
changed from one form to
another; but it can never be
created nor destroyed.

“You can't get something for
nothing”
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‘ Enthalpy (Heats) of Reaction \

The amount of heat released or absorbed by a
chemical reaction at constant pressure (as one would
do in a laboratory) is called the enthalpy or heat or
reaction. We use the symbol AH to indicate
enthalpy.

Sign notation (EXTREMELY IMPORTANT!!):

+AH Indicates that heat Is being absorbed in the
reaction (it gets cold) —— endothermic

—AH indicates that heat Is being given off in the
reaction (it gets hot) —— exothermic

Standard Enthalpy = AH® (°is called a “not”)

4

Occurring under Standard Conditions:

Pressure 1 atm (760 torr)
Concentration 1.0 M

Temperature iIs not defined or part of Standard
Conditions, but is often measured at 298 K (25°C).
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‘Standard Enthalpy of Formation -- AHC; \

The amount of heat absorbed (endothermic) or
released (exothermic) in a reaction in which one
mole of a substance is formed from its elements In
their standard states, usually at 298 K (25°C).

Also called heat of formation.

@)
AH ;= 0 for any element in its standard state (the
natural elemental form at 1 atm or 1 M) at 298 K.

EXAMPLES:
C(graphite, s) + O,(g) —> CO,(9)
AH.,= OkJ/mol 0kJ/mol  (=393.5kJ/mol
. . product
elements in their (one mole)

standard states

negative sign o
heat released -- exothermic rxn (AHf (CO,) = - 393.5 kJ/mol J
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2H,(g) + 0O,(9) —>(2H,0(9)

H.,= 0kJ/mol 0kJ/mol -483.6 kJ/ 2)mol
elements in their preduct
standard states (tvvo moles)

negative sign divide by(2to put :
heat released -- exothermic rxn on B_:er mole basis!!

[AH}’ (H,0) = -241.8 kJ/moIJ

Note that we usually will not have you calculate AH* on homeworks or

tests — so you generally don’t have to worry about normalizing your
answer to a per mole basis.

‘ Hess's Law -- Adding Reactions |

The overall heat of reaction (AHyp) Is equal to the

sum of the AH;s (products) minus the sum of the AHs
(reactants):

[AHﬁxn = ) (# eqiv) AH{ (products) — Y (# eqiv) AH?(reactants)]

Therefore, by knowing AHs of the reactants and
products, we can determine the AH, for any
reaction that involves these reactants and products.
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EXAMPLE: CO, is used in certain kinds of fire extinguishers

to put out simple fires. It works by smothering the fire with
"heavier' CO, that replaces oxygen needed to maintain a fire.

CO, is not good, however, for more exotic electrical and
chemical fires.
2Mg(s) + CO,(g) —= (2MgO(s) + C(s)

AH{=/0kJ/mol - 393 kJ/mol - 602 kJ/mol 0 kJ/mol
REACTANTS PRODUCTS

v

(Astn = ) (# eqiv) AH{ (products) — Y (# eqiv) AH; (reactants))

AH? = (2)eqiv)(-602 kd/mol) + (1 eqiv)(0 kJ/mol)
— > (2)eqiv)(0 kd/mol) + (1 eqiv)(-393 k/mol)

AH_ . = (-1204 kd/mol) — (-393 kJ/mol)

AH,= (-1204 kJ/mol) + 393 kJ/mol

o
xn

AH_ = =811 kJ/mol } highly exothermic rxn !

Therefore, Mg will ""burn*™ CO, !
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You can also add two reactions together to get the AH, ,, for
another new reaction:

Calculate AH?Xn for the following reaction:

rxn

[C2H4(g) + H,0() —> C,HOH() AH? 27 J

Given these two reactions and thermodynamic data:

o

a) C,HOH(l) + 30,(g) —3 2CO,(g) + 3H,0() AH’,. =(-1367 kd/mol

rxn
o

b) C,H,(g) + 30,(g) —> 2CO,(g) + 2H,0O() AH . = -1411 kJ/mol

xn

How to solve:

1) C,H;OHis on the product side of the first reaction -- so we want to
switch equation a) around to get C,H;OH also on the product side:

2C0,(g) + 3H,0()— C,HOH() + 30,(g) AH: . =(+1367 kd/mol

note that Whenovve
reverse the reaction, AH_, .
changes sign!!!

2) Now we can add the two reactions together to give us the desired

net reaction:
1

2C0,(g) )+ BH,0() —3 C,H5OH(l) +305(a) ) AHy,, = +1367 kd/mol

o
xn

+ C,H,(g) +(305(g) ) — (2C0,(g) ¥ 2H;Q()) AH -1411 kJ/mol

o

C,H,(@) + H,0() ——  C,H.OH(l) AHS. = -44 kJ/mol

If we have to multiply one (or more) of the reactions by some
constant to get them to add correctly, then we also would have

to multiply AH,,, for that reaction by the same amount.
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Chemists use bomb calorimeters to measure
Enthalpies of formation or reaction.

Bomb Calorimeter

Electrical

contacts
Thermocouple

to measure
temperature

to initate

Stirrer sample
combustion

Sample
placed
inside

inner
container

Highly insulated outside container

Thick-walled inner container
(bomb) to contain combustion
of sample (pressurized with O,)

In order to use this effectively one must know the
heat capacity of the bomb (inner part) and water
bath. By measuring the temperature increase of the
water one can calculate the amount of heat given off

during the combustion process.
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Problem: Calculate AH, for the following
reactions given the following AH, values:

AH; (SO,, g) = -297 ka/mol AH{ (S04, ) = ~396 kJ/mol
AH? (HySOy, 1) = -814 kJ/mol AH? (H,SO,, aq) = -908 kJ/mol
AH{ (H,0, 1) = ~286 k/mol AH (H.S, g) = -20 ka/mol

a) S(8) + O2(9) — S0,(9)

b) 250,(g) + Oy(g) —— 2503(9)

c) SO3(g) + HoO() —= H,S0,(1)

d) 2H,S(g) + 305(g) ——= 2S0O,(g) + 2H,0O(l)



Thermo 15

‘ Entropy |

The final state of a system is more energetically
favorable if:

1. Energy can be dispersed over a greater number
and variety of molecules.

2. The particles of the system can be more
dispersed (more disordered).

The dispersal of energy and matter is described by
the thermodynamic state function entropy, S.

The greater the dispersal of energy or matter in a
system, the higher is its entropy. The greater the
disorder (dispersal of energy and matter, both in
space and in variety) the higher the entropy.
Adding heat to a material increases the disorder.

Ice - well ordered structure

water vapor - most disordered

~

® e
".o'oo.
® o % e e o o
e ,° %, o’
° ° .A A
A A

water - more disordered \
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Unlike AH, entropy can be defined exactly because
of the Third Law of Thermodynamics:

Third Law of Thermodynamics: Any
pure crystalline substance at a
temperature of absolute zero (0.0 K) has
an entropy of zero (S = 0.0 J/K-mol).

Sign notation (EXTREMELY IMPORTANT!!):

+AS indicates that entropy is increasing in the
reaction or transformation (it's getting more
disordered -- mother nature likes)

—AS indicates that entropy Is decreasing in the
reaction or transformation (it's getting less
disordered {more ordered} -- mother nature doesn't
like, but it does happen)



Qualitative *

'‘Rules'" About Entropy:
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1) Entropy increases as one goes from a solid to a
liguid, or more dramatically, a liquid to a gas.

Entropy (J/mol)

250
2001~ iLiquid

150

il : ) phase transitions

Solid : Gas

50 ™

0 273 373
Temperature (K)

2) Entropy increases if a solid or liquid is dissolved
In a solvent.

3) Entropy increases as the number of particles
(molecules) in a system increases:

S° =304 J/K(1 mole)

N2O4(g) —— 2NO2(9)

S° =480 J/K (2 moles)

The first 3 above are most important for evaluating

ASyxn. The rules below are for comparing the
entropy of individual molecules or materials.



Thermo 18

4) The Entropy of any material increases with
Increasing temperature

5) Entropy increases as the mass of a molecule
INncreases

S°(Clx(9)) > S°(F2(9))
S°= 165 J/Kemol S° =158 J/K.mol

6) Entropy is higher for weakly bonded compounds
than for compounds with very strong covalent
bonds

S°(graphite) > S°(diamond)
S° = 5.7 J/Kemol S° =2.4 J/Kemol
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7) Entropy increases as the complexity (# of atoms,
# of heavier atoms, etc.) of a molecule increases

Entropy of a Series of Gaseous Hydrocarbons

H Methane

S° =186 J/K-mol

H— C=C—H

Acetylene

S° =201 J/Kemol

H\C_C/H
TN
e H

Ethylene

S° =220 J/Kemol

H H

|

H—C—C—H
|

H H Ethane

S° =230 J/Kemol

H H H

|
H—Cc—C—C—H

|

H H H

Propane

S° =270 J/Kemol

What are the biggest factors for evaluating AS,xn for

a chemical rxn?

1) phase change

2) change in # of molecules
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Problem: For the following reactions, is the entropy

a)
b)
C)
d)
e)
f)
9)
h)
)
)
k)

of the reaction increasing or decreasing?
Ag*(aq) + Cl-(aq) —— AgCI(s)
H,COsz(aq) —— Hy0 + CO,(9)
Ni(s) + 4CO(g) —— Ni(CO),(I)
HO(s) ——  HO(l)
graphite —— diamond
2Na(s) + 2H,O — 2Na*(aq) + 20H(aq) + Hy(9)
H23(9) + O2(9) —— H0(I) + SO(9)
2H,0(l) —— 2H,(9) + O,(9)
CO,(g) + CaO(s) ——= CaCOx(s)
CaCl,y(s) + 6H,O() ——  CaCl,*6H,0(s)
2NO,(g) —  Ny04(0)
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Just as with enthalpies, one can calculate entropies
of reaction.

[AS:xn: Y (#eqiv) S°(products) — Y, (# eqiv) S (reactants) )

EXAMPLE:

2Mg(s) + CO,(g) —> (2MgO(s) + C(s)

AS¢ =/32 JIK-mol 215 J/K-mol 27 JIK:-mol 6 J/K-mol
REACTANTS PRODUCTS
L _

vy

(As;’xn = ) (#eqiv) S (products) — Y (# eqiv) S°(reactants) )

Asﬁxn = 2(2 eqiv)(27 J/K-mol) + (1 eqiv)(6 J/K-mol)
— Y (2)eqiv)(32 J/K-mol) + (1 eqiv)( 214 J/K-mol)

AS,,= (60J/K.mol) = (278 J/K.mol)

(o}

AS = =218 J/K.mol } entropy Is decreasing
(reaction is becoming more ordered)
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‘ Spontaneous Processes \

A process that takes place without the net input of
energy from an external source is said to be
spontaneous (not instantaneous).

1) Rxn of sodium metal with water:

2Na(s) + 2H,O —— 2Na™(aq) + 20H(aq) + H(g)

2) Combustion rxns:
2C,Hg(g) + 702(g) —— 4CO,(g) + 6H,0(g)

2H5(9) + O(g) —— 2H,0(l)

3) Expansion of a gas into a vacuum
XCOx(9) — YCOy(s) +2C0O,(g) (x=y+2)

4) A salt dissolving into solution:

NH4N03(S) + HzO(l) — NH4+(aq) + NOg'(aCI)
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Second Law of Thermodynamics: In
any spontaneous process the entropy
of the universe Increases

ASyniverse = ASsystem T ASsurroundings

Second Law (variant): intrying to do
work, you always lose energy to the
surroundings.

You can't even break even!

Neither entropy (AS) or enthalpy (AH)
alone can tell us whether a chemical
reaction will be spontaneous or not.

An obvious (?) conclusion is that one
needs to use some combination of the two.
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‘Gibbs Free Energy |

The combination of entropy, temperature
and enthalpy explains whether a reaction is
going to be spontaneous or not. The symbol

AG is used to define the Free Energy of a
system. Since this was discovered by J.
Willard Gibbs it is also called the Gibbs
Free Energy. "Free' energy refers to the
amount of energy available to do work once
you have paid your price to entropy. Note
that this is not given simply by AH, the heat
energy released in a reaction.

| AG® = AHC — TAS? |

When AG is negative, It indicates that a
reaction or process Is spontaneous. A
positive AG Indicates a non-spontaneous
reaction.
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| AG = AH = TAS |

AS
A

+
A G = negative AG =77

spontaneous spontaneous
at all temperatures at high temperatures
— +
0 > AH
AG =77 A G = positive
spontaneous non-spontaneous

at low temperatures | at all temperatures

Spontaneous = exoergic (energy releasing)

Non-spontaneous = endoergic (energy releasing)
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Remember that entropies are
given in units of J/K-mol while
enthalpies and free energies are In
kJ/mol.

DON'T forget to convert all units to

kJ or J when using both A4S and 4H
In the same equation!!

DANGER!!
Common
mistake!!
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‘AGO vsS. AG: Standard vs. Non-Standard Conditions |

Remember that the ° (“not”) on AG° indicates that the

numerical value of AG° is based on the reaction at
standard conditions (1 M solution concentration, 1 atm
gas pressure). Temperature is NOT part of standard
conditions!

As soon as one has a concentration different than 1 M or
1 atm pressure, the ° “not” goes away and one has AG.

Consider the reaction:

Initial: 1 atm 1 atm 1 atm

250,(9) + O(9) 2503(9)
AGCrxn = =142 kJ/mol

The AG°xn of =142 kJ/mol is for when each gas is present

with a concentration of 1 atm. This indicates that the
reaction under these conditions will proceed to make
products (spontaneous).

As the reactants start reacting, however, their
concentrations decrease (SO, twice as fast as O,) and

AGP° turns into AG and becomes less negative.

When AG = 0 the reaction has reached equilibrium.
Although for this rxn, SO, is probably the limiting

reagent (not enough present to complete the rxn).
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Example: Calculate AG% for CO7 at 298 K. AHs°
(CO») = =393 KJ/mol, S° (O2) = 205 J/mol-K, S°

(C) = 6 J/mol-K, S° (CO») = 213 J/mol-K

C(graphite) + Ox(g) —— CO2(0)

AG% = AH% — TAS%
AS%f= X SOprod — X S%react

Note change in
units — J to KJ

AS% = (213 J/mol-K) — (205 + 6 J/mol-K)

AS% =2 J/mol-K)

AGO; = (=393 KJ/mol) — (298 KJ(0.002 KJ/mol-K)

AG% = (=393 KJ/mol) — (1 KJ/mol)
AG% = =394 KJ/mol

DANGER!!
Common
mistake!!

Problem: Calculate AG°% for CO at 298 K. AHs°
(CO) = =110 KJ/mol, S°(0O2) = 205 J/mol-K,

S°(C) =6 J/mol-K, S°(CO) =198 J/mol-K

2C(graphite) + O2(g) —— 2CO(g)
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Just as with enthalpies and entropies, one can
calculate free energies of reaction.

(AGﬁxn = ) (# eqiv) AG; (products) — Y. (# eqiv) AG; (reactants)]

EXAMPLE:
2Mg(s) + CO,(g) — (2MgO(s) + C(s)
AG; =/0 kd/mol -394 kJ/mol -570 kJ/mol 0 kJ/mol
Y 5
REACTANTS PRODUCTS
L _|

4 ¥

(AGﬁxn =Y (# mol) AG; (products) — > (# mol) AG, (reactantsD

AGﬁxn = Z (2 mol)(-570 kJ/mol) + (1 mol)(0 kd/mol)
— > (2)mol)(0 kd/mol) + (1 mol)(-394 kJ/mol)

AG. . = (-1140kJ) — (-394 kJ)
AG. = (-1140kJ) + 394 kJ

SPONTANEOUS rxn!
highly exothermic rxn !!

o
Irx

MGy, = ~746 kI }
Compare to AH;’Xn which was | -811 kJ | for the same rxn.

The "missing" 65 kJ of energy went to ENTROPY!
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Example: To make iron, a steel mill takes Fe2O3 (rust

or iron ore) and reacts it with coke (a complex, impure
form of carbon) to make iron and CO2. Based on the

data below, this Is a non-spontaneous reaction at room
temperature, but it becomes spontaneous at higher

temperatures. Assuming that AH® and AS° do not
change much with temperature, calculate the temp-
erature above which the reaction becomes spontaneous

(i.e., AG®xn = O)

AHxn = +465 kJ/mol
AS°rxn = +552 J/molK (or 0.552 kJ/molK)
AGorxn = +301 kJ/mol (at 298 K)

AG°rxn = AHrxn — TAS®rxn

as we raise the temperature, AG° will eventually reach 0 and
then go negative & spontaneous, so let AG° =0 and solve for
T, the temperature at which this will happen:

0= AHorxn — TASorxn
rearranging to solve for T gives:
T = (AH°rxn) [ (AS°rxn)
T = (465 kJ/mol) / (0.552 kJ/molK)
T= 842K

(above this temperature AG°rxn will be negative —we will have
a spontaneous reaction)
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Problem: Calculate AG°, for the following.

AG® (SO,, g) = -300 kJ/mol AG% (SOg, g) = -371 kJ/mol
AG° (H,SOy, 1) = 690 kd/mol  AG®f (H,SOy,, aq) = -742 kJ/mol

AG% (H,0, ) = —237 kd/mol  AG% (H,S, g) = -34 kJ/mol
2 2

a) S(s) + Oz(9) — S0,(9)

b) 2505(9) + O2(9) — 2503(9)

c) SO3(g) + HpO() —= H,S0,(1)

d) 2H,S(g) + 305(g) —— 2S0,(g) + 2H,0O(l)
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Comparisons of AH%, and AG®

S(s) + O2(9) — SO2(9)

AHOryn = =297 kJ/mol AS®yn = +11 J/mol K

AG®yn = =300 kd/mol

250,(9) + Oy(9) — 2503(9)

-198 kJ/mol
—142 kJ/mol

AH®yn
AG®rxn

SOg(g) + Hzo(l) — H2804(|)

AH®. ., = —132 kJ/mol
AG%n = =82 kJ/mol

2H,5(g) + 304(g) —= 2505(g) + 2H,0()

AH®. ., = —1126 kJ/mol
AG°yn = =1006 kJ/mol
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Entropy of Fusion and Vaporization

While the entropy of a substance increases steadily
with increasing temperature, there is a considerable
jump in the entropy at a phase transition:

250

Solid ! : Gas
2001~ iLiquid:

150~

> : ) phase transitions

50 [T

Entropy (J/mol)

1 : | |
0 273 373
Temperature (K)

This jump at the melting point is called the entropy
of fusion, AS¢sion, @nd as you might expect, it is

related to the enthalpy (or heat) of fusion, AHscion:

AHfusion
T

ASfusion —
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The jump in entropy at the boiling point is called the
entropy of vaporization, AS,anorization, @nd It is

related to the enthalpy of vaporization, AH,anorization:

AI_Ivaporizatior

Ty

ASvaporization:

EXAMPLE: What is the boiling point of bromine
(Brp)? ASyapor = 93.2 J/K-mol and AH, a0, = 30.9

kJ/K.mol.

AHvaporizatior

Ty
but we want to solve for T, the boiling point
temperature, so we need to rearrange the formula:

ASvaporization:

AHvaporization
Tb —

AS i7ati _ Note how we have to
vaporization
P ' convert kJ/mol to J/mol in

309 X 103 J /mol order for the units on A4H

T to be the same as the units
b — on AS!'! To convert kJ to

932 J / K -mol 2 e o il
T,=3315K =583°C
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AH? 50 AG? AH? 50 AG?

Species (kJ/mol) (J/mol- K) (kJ/mol) Species (kJ/mol) (J/mol- K) (kJ/mol)
Alusninum Cesium
Al(s) 0 8.3 0 Cs*{aq) —248 133 ~282.0
AlCL (5) —704.2 110.7 —628.9 CsF(aq) —568.6 123 —558.5
Al Os(s) —1676 50.92 —1582 Chlovine
Barium Clig) 121.7 165.1 105.7
BaCl,(s) —860.1 126 ~810.9 Cl{g) —226 - -
BaSO,(s) —1465 132 ~1353 Cly(g) 0 223.0 0
Beryllium HCl(g) -32.31 186.8 —95.30
Be(s) 0 9.54 0 HCl(aq) -1674 55.10 —131.2
Be(OH), (s} —907.1 — — Chromiwm
Bromine Cr(s) 0 238 0
Br(g) 111.8 174.9 824 (NH,),Cr;O(s) — 1807 — —
Br,(0) 0 152.23 0 Copper
Br,(g) 30.91 245 .4 3.14 Culs) 0 33.15 0
BrFi(g} —255.6 292.4 —229.5 Cul(s) —157 42.63 —130
HBr(g) —36.4 198.59 —53.43 Fhovine
Calciwin F (g} —322 — —
Ca(s) 0 41.6 0 F-{aq) 3326 - -2788
Ca(g) 192.6 154.8 158.9 Fg) 78.99 158.6 61.92
Calt(g 1920 — — Eyg) 0 2027 0
CaCyfs) —62.8 70.3 —67.8 HF{g) —271 1737 —273
CaCO,(s) —1207 92.9 —1129 HF{aq) 3208 — ~2968
CaCly(s) —795.0 114 —750.2 Hydrogen
CaFy(s) —1215% 68.87 —1162 Hig) 218.0 114.6 2033
CaTi(s) ~189 4 ~150 H,(g) 0 130.6 0
CaOls) —635.5 40 —604.2 0,00 —2858 69.91 ~2372
CaS(s) —482.4 56.5 —477.4 H,0(g) —241.8 188.7 —228.6
Ca(OH),(s) —086.6 76.1 —896.8 H,0,() —187.8 109.6 —1204
Ca(OTT),(aq) —1002.8 76.15 —867.6 Iodine
CaSOyls) —1433 107 —1320 I{g) 106.6 180.66 70.16
Carbon L 0 116.1 0
C(s, graphirte) 0 5.740 0 Li{g) 62.44 260.6 19.36
C(s, diamond) 1.897 2.38 2.900 ICl(g) 17.78 2474 —5.52
C(g) 7167 158.0 6713 HI(g) 26.5 206.5 172
CCL(0) —1354 216.4 —65.27 Irom
CCly(g) —103 309.7 —60.63 Fe(s) 0 273 0
CHCL(6) —134.5 202 —73.72 FeO(s) -7 - -
CHCL(g) —103.1 293.6 —70.37 Fe,0;(s, hematite) —824.2 87.40 —-742.2
CH.(g) ~74.81 186.2 -50.75 Fe:0,(s, magnetite) ~1118 146 -1015
C,Hy(g) 2267 200.8 200.2 FeS;(s) =177.5 122.2 —166.7
C,Hig 52.26 219.5 68.12 Fe(CO) () —774.0 338 ~705.4
CHg) —84.86 229.5 —32.9 Fe(CO)(g) —7338 4457 —697.3
C;Hy(9) —-103.8 260.9 —23.49 Lead
CH0) 49.03 172.8 1245 Phes) 0 6481 0
CH (6 ~268.8 — — PhCl(s) ~359.4 136 ~314.1
C,HOH(#) 2777 161 —174.9 PhOYs, yellow) —2173 68.70 -1879
C,H.0M(g) —135.1 282.6 ~168.6 Ph(OTT),(s) —515.9 88 ~420.9
CO(g) —110.5 197.6 ~137.2 PhS(s) ~1004 91.2 ~98.7
CO(g) ~393.5 213.6 —394.4
C54(g) 117.4 237.7 67.15
COCl(g) —223.0 289.2 —210.5




SELECTED THERMODYNAMIC VALUES AT 298.15 K (continned)

Thermo 36

AHY? 50 AGY AHY? s0 AGY

Species (kJ/mol) (J/mol- K) (kJ/mol) Species (kJ/mol) (J/mol-K) (k]/mol)
Lithivm Rubidivm
Li(s) 0 28.0 0 Rh(s) 0 76.78 0
LiOH(s) —487.23 50 —443.9 RbOH((ag} —481.16 110.75 —441.24
LiOH(aq) ~508.4 4 —451.1 Silicon
Magnesium Sis) 0 18.8 0
Mg(s) 0 32.5 0 SiBr,(¢) —457.3 277.8 —443.9
MgCly(s) —641.8 89.5 —592.3 SiCis) —65.3 16.6 -62.8
MgOis) —601.8 27 —560.6 SiCly(g) —657.0 330.6 —617.0
Mg{OH},(s) —-924.7 63.14 -833.7 SiH,(g) 343 204.5 56.9
MgS(s) —347 — — SiF,(g) ~1615 2824 ~1573
Mercury Sily{g) —132 — —
Hg(6) 0 76.02 0 Si0,(s) -910.9 41.84 —856.7
HgCl(s) —224 146 -179 H,S10;(s) -1189 134 —~1092
HgOfs, red) —90.83 70.29 —58.56 Na,510;(s) —-1079 — —
HgS(s, red) —58.2 82.4 ~50.6 H,5iF(aq) ~2331 — —
Nickel Silver
Ni(s) 0 30.1 0 Agi(s) 0 42.55 0
NiCO),(g) ~602.9 410.4 —587.3 Sodium
NiO(s) —244 38.6 -216 Nafs) 0 51.0 0
Nitrogen Na(g) 108.7 153.6 78.11
N,(g) 0 191.5 0 Na'(g) &01 — —
Nig) 472.704 153.19 455.570 NaBr(s) ~350.9 — —
NH,(g) —46.11 192.3 —16.5 NaCl(s) —411.0 72.38 ~384
N,H,{?) 50.63 121.2 149.2 NaCl(aq) —407.1 115.5 —393.0
(NH,)3 AsO.{aq) ~1268 — — Na;CO, (s) ~1131 136 —1048
NH, Cl(s) -314.4 94.6 -201.5 NaOH(s) —426.7 — —
NH,Cl{aq) ~300.2 — — NaOH{aq) —469.6 49.8 ~416.2
NH,I(s) -201.4 117 ~113 Sulfur
NH,NO,(s) —365.6 151.1 -184.0 S(s, rhombic) 0 318 0
NO(g) 90.25 210.7 86.57 S(g) 278.8 167.8 2383
NO.(g) 33.2 240.0 51.30 S,CLig) —18 331 -31.8
N,(g) 82.05 219.7 104.2 SE(g) ~1209 2917 —1105
N, Oy(g) 2.16 304.2 97.82 H,S(g) -20.6 205.7 -33.6
N,O4(g) 11 356 115 SO,(g) —296.8 481 -300.2
N, Oc(s) -4.1 178 114 SOs(g) —395.6 256.6 ~37L1
NOCI(g) 52.59 264 66.36 SOCL#) ~206 — —
HNO,{T) ~174.1 155.6 ~80.79 50,C1,(0 —389 — —
HNO(g) —135.1 266.2 —74.77 H,50.,(0) —-814.0 156.9 —690.1
HNO,(aq) —206.6 146 -110.5 H,50,(aq) —507.5 17 —742.0
Oxygen Tin
Ofg) 249.2 161.0 231.8 Sn(s, white) 0 51.55 0
O.{g) 0 205.0 0 Sn(s, grey) —2.09 44.1 0.13
0:(g) 143 238.8 163 SnCLy(s) -350 — —
OFy(g) 23 246.6 41 SnCL{e) —511.3 258.6 —440.2
Phosphorus SnCl(g) —471.5 366 ~432.2
P(g) 314.6 163.1 2783 SnO,(s) —580.7 523 ~519.7
P,(s, white) 0 177 0 Titaniuwm
Py(s, red) —73.6 91.2 —48.5 TiCL, ) —804.2 2523 —737.2
PCly(g) -306.4 311.7 ~1286.3 TiCl(g) —763.2 354.8 ~726.8
PCl(g) —-398.9 353 -324.6 Tungsten
PH,(g) 5.4 210.1 13 Wis) 0 32.6 0
P,O1(s) —2984 228.9 —2698 WO, (s) —-842.9 75.90 —764.1
H,PO,(s) —1281 110.5 —1119 Zine
Potassiwm ZnO(s) —348.3 43.64 —318.3
Kis) 0 63.6 0 ZnS(s) —205.6 57.7 —20L3
KCl(s) —436.5 82.6 —408.8
KCLOs(s) -391.2 143.1 -289.9
KI(s) -327.9 106.4 -323.0
KOH(s) —424.7 78.91 —378.9
KOH{aq) —-481.2 92.0 —439.6
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