Thermochemistry

Chemical reactions involve changes in energy. Energy is the ability to do work
or to produce heat. Work is the capacity to move an object over a distance against a
resisting force. So, for example, every time you take a breath you are working. As you
might think, different types of work require different types and/or amounts of energy.

There are three forms of energy:

1. Radiant energy — energy that moves in waves.

2. Kinetic energy - energy of motion (can be mechanical or thermal).

3. Potential energy - stored energy (energy possessed by objects because of their

position or arrangement).

Thermochemistry studies the effects of heat in chemical reactions. Heat can be
transferred between the reaction and its surroundings. The amount of energy required to
change the temperature of a substance depends upon the nature and the amount of the
substance. Heat energy is measured in calories and joules. A calorie is the amount heat
required to raise the temperature of | gram of water 1°C, (1cal. = 1g H,0 X 1°C). 1000
calories can be expressed as a kilocalorie or Calorie. The SI unit for heat is the joule, 1
calorie is equal to 4.184 joules.

Practice: Convert the following measurements.

1. 578 cal. = ? joules 2. 4267 cal. = ? joules
3.3.98 joules = ? cal. 4.7.87 joules = ? cal.
5.54.00 Cal. = ? cal. 6. 345 Cal. = ? joules

When a reaction (system) occurs we measure the heat that is produced or absorbed by the
reaction. If the heat is released into the surroundings, (the space and object around the
system), the reaction is exothermic. If heat is absorbed from the surroundings into the
system the reaction is endothermic. To observe the changes in heat we measure the
temperature of the system and surroundings. Temperature is a quantitative
measurement of the tendency of heat to flow in a given direction using an arbitrary scale.
The three most common temperature scales are Fahrenheit, Celcius and Kelvin. The
celcius system is based on the freezing and boiling points of water, while the Kelvin
system is based on absolute zero. Absolute zero js the point at which all movement stops
for all matter. In chemistry we will use celcius and Kelvin. For these two systems the
increment of change is identical, making conversion between the two simple addition and
subtraction.

°C=K-273 K=°C+273 (0K =-273 °C)

- For example: convert 32 °C to K
32°C+273=305K

- For example: convert 258K to °C
258K -273 =-15°C



Practice: Complete the following conversions (remember to use the add/subtract rules
for sig. figs).

1.41°Cto K 2.95°CtoK 3.409K to °C

The change in the heat of a reaction (accounting for the temperature and pressure of the
surroundings) is referred to as the change in enthalpy (AH). The change in energy for a
reaction is the difference between the enthalpy of the products and the enthalpy of the
reactants.

AHeaction = AIlproducts = AHresctants

Calculating the AHreaction can help to determine if a reaction will occur spontaneously or if
energy will be needed to activate the reaction (activation energy). The temperature and
the pressure of the system can effect the results, therefore these must also be monitored.
The AHproducts and AHreactants can be found on the standard enthalpies chart, notice that
the enthalpies for single elements and the diatomic molecules are zero.

Sign of AH Process Heat
Positive endothermic absorbed
Negative exothermic released
For example:

Determine the AHyeqction for C3Hg (g) + 5 O, (g) = 3 CO2 (g) +4 H,O (g)

AHeaction = [(3 mol)(-393.51kJ/mol)+(4 mol)(-285.83kJ/mol)]-
[(1mol)(-103.85kJ/mol)+(5 mol)(0kJ/mol)]

AHeaction = [-1180.53KkJ + -967.2kJ]-[-103.85kJ]

AHyeaction = -2043.88kJ

Was this reaction endo or exothermic? The AHyegction i -2043.88kJ therefore the reaction
released heat and is exothermic.

Practice: Calculate the AH;eaction for the following problems.
1. 2KBr(s)+12(g) 22 KI(s)+Br (g)

2. 2HCl(g)+2 AgCl (s) > 2 AgCl (s) + H, (g)




We can graphically represent the heat transfer of a reaction in a reaction profile. This
graph allows us to observe the changes in enthalpy throughout the reaction. [f any
activation energy is required it can be measured by finding the energy of the peak and
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Example: For the reaction:
CsHs (g) +5 02 () 2 3 CO, () + 4 H,0 (g)

4 Exothermic Reaction

Energy Reactants: (1 mol)(-103.85kJ) + (5 mol)(0kJ)

-103.85kJ

Products: (3 mol)(-393.51kJ) + (4 mol)(-285.83kJ)
Froducts -2147.73kJ
AH = -2043.88k.J (exothermic)

Progress of Reaction

Practice: Complete the following graphs for the data given in the previous practice
problems. Choose the proper graph and label it with the data from the reaction,

1. 2KBr(s) + 1 (g) 22 KI (s) +Bry (g)

4 4 Exothermic Reaction
Endothermic Reaction Energy

Ene
ey Products

Products

Reactants

Progress of Reaction Progress of Reaction



2. 2HCI(g) +2 AgCl (s) > 2 AgCl (s) + Ha ()
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Calorimetry

Calorimetry is the study of heat flow and heat measurement. Calorimetry can be
used to determine the enthalpy changes of a reaction by making accurate measurements
of temperature changes produced by a chemical reaction. These temperature changes are
measured in a devise referred to as a calorimeter. The size of the temperature change
depends upon the enthalpy of the reaction and the heat capacity of the surroundings.
Specific heat capacity (Cy) of a substance is the amount of energy required to raise the
temperature of 1 gram of any substance by 1°C. The specific heat for water is 1 cal/g °C
or 4.184 joules/g °C. (**you must know both of these values!!**) By using a
calorimeter we can measure the heat transferred during a reaction, qy,. The heat ‘
transferred is equal and opposite to the heat absorbed by the surroundings: qrxn = -qsurr-
The heat absorbed by the surroundings can be calculated by the formula:

qrn = (mass)(AT)(C)p)

- For example: How many calories of heat are needed to raise the temperature of
1.00 kg of water from 10.2 °C to 26.8 °C?
Qe = (mass)(Te~ TiNCp)
=(1000g)(26.8 °C - 10.2 °C)(1 cal/g °C)
= 16600 cal.

- How many joules would that be?
16600 cal. x 4.184 joules = 68454.4J or 69500)
1 cal.

Practice: Complete the following calculations on a separate piece of paper.
1. How much heat would be absorbed by 55¢g of copper when heated from 24 °C to
40. °C? (Copper: C, = 0.385 J/g °C)

(A9

What terhperature change will 100 ml of water undergo when it absorbs 325
calories of heat?

3. How much heat is lost when a 4110g metal bar (C, = 0.2311 J/g °C) is cooled
from 100.0 °C to 20.00 °C?

.



4. How much heat (in joules) is required to raise the temperature of 854 g of water
from 23.5 °C to 85.0 °C?

5. What was the initial temperature of a 100.0g piece of lead (Cp=0.158 J/g °C)
when placed in 50.0 g of water, the initial temperature of the water was 20.0 °C,
the systems final temperature was 34.0 °C?

Enthalpy
The heat absorbed by the surroundings can be used to determine AHreaction.

AH=massof givenx  Ilmole x
Molar mass  # of moles
Of given from balanced
Equation

For example:
How much heat is released when 6.44¢ of sulfur reacts with excess oXygen gas according
to the following equation?

28+30,(g) > 250, AHpq =-791.4 kJ

AHpn=6.44g Sx 1 mole S x -791.4 kJ = -79.5kJ
32.07gS 2mol S

Practice: Complete the following problems.
1. How much heat will be released when 4.72g of carbon reacts with excess oxygen
gas according to the following equation?
C+02(g) > CO; (g) AHpn =-393.5kJ

2. How much heat will be absorbed when 38.2g of bromine gas reacts with excess
hydrogen gas according to the following equation?
Br; (g) + Hz (8) - 2 HBr (g) AHpy, = 72.80kJ

3. How much heat will be released when 1.48g of chlorine gas reacts with excess
phosphorous according to the following equation?
2P+5Cl(g) = 2 PCls AHp = -886kJ



Entropy (S): a quantitative measurement of the disorder of a system (randomness)

To calculate the change in entropy (AS):
AS totat = AS products — AS reactams

Gibb’s Free Energy (G): a determination of spontaneity
To calculate the change in enthalpy (AG):
AGM" AGW-AGW
-0Of -
To calculate the change in enthalpy (AH):
AG =AH - TAS

Use the following chart to determine spontaneity.

AG Reaction will:

negative be spontaneous

positive not be spontaneous, it will required energy to occur
Zero is at equilibrium




Name: Block: Date:
Thermochemistry Homework

Match the following terms with their correct definition.

1. Calorimetry a. the amount heat required to raise the temperature
___ 2. Endothermic reaction of 1g of water by 1 °C

3. Enthalpy b. heat content of a system at a constant pressure
4. Exothermic reaction c. measurement of the amount of heat absorbed or
5. Activation energy released during a chemical reaction

___ 6. Calorie d. the study of the changes in heat energy during a
7. Specific heat chemical reaction

8. Thermochemistry e. the amount of heat required to raise the

temperature of 1 gram of any substance by 1 °C
f. aprocess that releases heat
a process that absorbs heat
energy will be needed to activate the reaction

P

Complete the following conversions.

1. 5.42cal. = ?joules 6. 8.02joules = ?cal.
2. 726.0 cal. = ?joules 7.  32.3joules = 7Cal.
3. 60.5 joules = ?cal. 8. 742 Cal. = ?joules
4, 1203 joules = ?cal. 9. 12.5cal. =?Cal.

5. 4140 Cal. = 7cal. 10. 33.7 Cal. = ?joules
11. 47°C=7K 16. 2410K =7?°C

12. 321K=7°C 17. 97°C=7K

13. 1000°C=7K 18. 301K =7C

14. -20°C=7K 19. 49°C=7XK

15. 32K=7°C 20. -53.4°C=7K

Calculate the AHresaction and complete the appropriate graph for the following problems.
21. Hz(g) +2NO; (g) > 2 HNO; (g)
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22. Fe;03(s) > 4 Fe (s) +3 0, (g)
A
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23.2 NayO (s) + PbSO4 (s) > 2 Na; SOy (s) + PbO, (s)
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Complete the following calculations.

24. Haw many calories are required to raise the temperature of 1.00kg of water from
23.5°C to 50.0 °C?

25. How many joules would required for problem #249

26. Was question #24 endothermic or exothermic?

27. How much heat is required to raise the temperature of 96.7g phosphorous
trichloride (C;, = 0.874 J/g °C) from 31.7 °C to 69.2 °C?

28. How much heat is required to raise the temperature of 10.35g carbon tetrachloride
(Cp=0.856 J/g °C) from 32.1 °C to 56.4 °C?




29. Calculate the heat in joules required to raise the temperature of 275g of water
46.8 °C?

30. What is the specific heat of aluminum if the temperature of a 28.4g sample of
aluminum is increased by 8.1 °C when 207J of heat is absorbed?

31. What is the specific heat of silicon if the temperature of a 4.11g sample of silicon
is increased by 3.8 °C when 11.1J of heat is added?

32. How much heat will be released when 11.8g of iron reacts with excess oxygen
according to the reaction:
3Fe+20;(g) > FeiO4 AH = -1120.84k]J

33. How much heat will be released when 18.6g of hydrogen gas reacts with excess
oxygen according to the reaction:
2Hy(g) +02(g) > 2H0 (g) AH =-571.6kJ

34. How much heat will be transferred when 14.9g of ammonia reacts with excess
oxygen gas according to the reaction:
4NH3+50;, 2> 4NO+6H0O AH =-1170kJ

35. How much heat will be transferred when 5.81g of graphite reacts with excess
hydrogen gas according to the reaction:
6 C (s)+ 3 H; (g) > CsHs AH = 49.03kJ




Appendix 2 Thermodynamic Properties
of Various Substances

A" (st 298 K, AG (at 298 K, s'[-:d

Compound in kJ/mol) in kj/mol) in J/

Ag (s) 0 0 4219
AgBr (s) -100.37 ~96.90 107.12
AgCl (s) -127.01 —109.80 %29
Al (s) 0 0 %
ALO, () ~1675.7 ~1582.3 sosm
Ar (g ] 0 1308
Au (s) 0 0 L A ]
BaSO, (s) —1473.19 —1362.3 1322
Bi (s) 0 0 5858
Br; (£) (] ] 15221
C (s, diamond) 1.897 2.90 ‘ 259
C (s, graphite) 0 0 5.8
ca, (o) ~1284 -62.6 2149
CH,0 (g) ~-115.90 ~-109.9 21898
CH,COOC,H;, (£) ~480.57 ~332.7 2594
CH,COOH (£) —483.52 ~-390.2 158.0
CH,OH (&) ~238.4 —166.8: 127.19
CH, (9) —74.87 -50.8 188.66
co (® -1105 -137.16 197.66
co (@— - - ~7 —393.51 -394.35 213.789
COs*" (sq), 1 M —413.8 ~386.0 1176
C;H,0H (£) -2770 -1742 159.86
C;He () ~83.8 ~32.8 291
CeH;, (O -157.7 26.7 203.89
CeH1205 (8) -1277 ~910.4 209.19
CeHie (0) —=198.7 -38 296.06
‘CeHyCH, (0) 12.0 113.8 22096
C¢H;COOH (s) —384.8 —2453 165.7¢
CeH (£) 4895 124.4 173.26
CioHg (8) 77.0 201.0 - 2789
clzﬂno“ (‘) -2221.2 —1544.7 . 39246
Ca(s) 0 (] 4159
Ca** (ag), 1 M © —542.83 ; —553.54 . -531
CaCl; () —795.80 ~748.1 104.62
CaCOs; (s, arag) -1207.1 -1127.8 929
CaCOs; (s, calc) —-1206.9 ~1128.8 887
d(g 121.30 105.3 165.19
a™ (sq), 1M -167.2 -1313 564
; (@ 0 0 223.08
Cr(s) 0 0 2362
Cr;0s (8) —1134.70 105.3 80.65
Cs (s) ] (] 85.15
Cu (s) 0 0 33.17
D; (g 0 . 0 144.96
D,0 (€) —249.20 ~234.54 198.34
F (ag), 1 M ~332.63 ~2788 -138
F (® 0 0 202,791
Fe (s) 0 o 273

Fey(SO,)s (s) -2583.00 -2262.7 307.46




AdH® (at 298 K, AG® (st 298 K, $° [at 298K,

Compound in kj/mol) in kJ/mol) in J/(mol-K)]
Fe,0; (3) —~825.5 —743.5 ' 87.4
Ga (s) (i 0 40.83
H* (aq), 1M 0 , 0 0
HBr (g) -36.29 —53.51 198.70
HA (g) ~92.31 ~95.30 186.90
HCOy™ (aq), 1M ~691.99 —586.85 91.2
HD () 0.32 —1.463 143.80
HF (g) —-273.30 —274.6 173.779
HI (g) 265 17 1147
HNO; (g) ~76.73 ~41.9 249.41
HNO; (g) — ~13431 ~73.94 266.39
HSO,™ (ag), 1 M —-909.27 ~744.63 20.1
H, (&) 0. 0 130.68
H,0 (g)-. S - —2418 ~228.61 188.83
H,0 () -285.83 -237.14 69.91
H,O () -292.72 T - —
He (g) 0 0 126.04
Hg (&) ()} 0 75.90
HgsCh (s) -265.37 ~210.5 1916
(g 106.76 70.18 190.787
I (s) 0 0 116.14
K(s) 0 0 64.63
KBz (s) ~393.8 —380.7 95.9
KCl (s) ~436.5 —408.5 82.6
KF (s) —561.3° -537.8 66.6
KI (s) o -3279 -3249 106.3
Li(s) 0 (] 29.09
Li* (ag), 1 M ~27849 —293.30 13.4
LiBe (s) -35L2 ~3420 743
LiC1 (s) ~408.27 —-3722 59.31
LiP (s) —-616.0 ~587.7 35.7
Lil (s) ~270.4 —-270.3 86.8
Mg (s) 0 0 3267
Mg** (aq), 1 M —466.85 —454.8 -138+—0
MgO (s) —601.60 —568.9 26.95
NH; (g) ~45.94 -16.4 192.77
NO (g) 90.29 _ 86.60 210.76
NO, (@) - 33.10 (5130 240.04
NOs™ (aq), 1 M -207.36 -111.34 146.4
N; (g 0 0 191.609
N,O (g) 82.05 104.2 219.96
N;O, () 9.08 @ 304.38
N,O; () 1130 1180 346.55
Na (s) (1} 0 153.718
Na* (aq), 1 M —240.12 —261.88 59.1
NaBr (s) —-361.1 -3490 3.8
NaQl (s) —385.9 —365.7 95.06
NaF (s) . —576.6 —~546.3 5L1
Nal (s) 2878 —286.1 -
NaHCO; (s) —950.81 —851.0 1017
NaN, (s) 217 93.76 96.86

Na,CO, (s) —1130.77 —1048.01 138,79




AH® (st 298 K, AG® (at 298 K, §° [at 298
Compound in kj/mol) in kJ/mol) in J/(mol
Na,O (s) —417.98 -379.1 75.04
Na,SO, (s) | ~331.64 -303.50 35.89
Ne (g) 0 0 146328
Ni (s) 0 0 29.87
02 (® 0 0 205.14
05 () 142.67 163.2 23892
OH™ (ag), 1 M —229.99 —157.28 -10.75
PH; (g) 22.89 309 210.4
P, (s) 0 ) :zu
Pb (s) 0 0 .78
PbCl, (s) —359.41 —-314.1 135.98
PYO, (8) —27447 —2154 71.78
PbSO, (s) —-919.97 —813.20 148.50
Pt(s) ] 0 2586
Rb (s) 0 0 #6.78
S(s) 0 0 32,054
50, (g) —296.81 ~300,13 248223
S0; (g) —395.77 -371.02 256.77
S0, (6) —438 ~368 95.6
SO (ag), 1M ~909.3 —744.6 20.1
Si(s) 0 0 18.52
Uls) 0 0 50.20
UF (s) ~2197.0 ~2068.6 276
U0, (s) —1085.0 -1031.8 77.03
Xe (g) 0 0 169.68
Zn (s) ] 0 416
Zn®* (aq), I M —153.89 —147.03 ~1121
ZnCl, (s) —415.05 —369.45 11146

Source: Data from Nationsl Institute of Standards and Technology’s Chemistry Webbook (availsble online st
book.nist.gov/chemistry); D. R. Lide, ed., CRC Handbook of Chemistry and Physics, 820d ed., CRC Press, Bocs

Fla., 2001; J. A. Dean, ed., Lange’s Handbook of Chemistry, 14th ed., McGraw-Hill, New York, 1992.




