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EE UEANFEMSUFTE

Chapter 2 The Basis of Chemical Thermodynamics and

Chemical Equalibrium

M R BRI, RN T, BOe g5,

§2-1 WEHRAFWERERS

The Systems and States of Chemical Thermodynamics

— WERNFNFSFTER:
FERE TS SOV, AT 2 B — L m f. 4 UM BURAE —ER, a. e RAER
Ri? b. RFIEFEZR? c. 2KEEFFIRELIL? d. BT A TR Sk ) 2
e. JSOSALEEGAr?
1. AR 5 B YE L
av o d B TAERI IR, 1 by e & T8 )5 H /R
WA TIE Ry 2B N TT ], REE DAR R B e & A2 1k
2. FER:
(1) A 2238 ) 2 A 27 SONE HH R B A AT 3 46 )
) o—— R — .
(2) W I R AR T8 56T R A2 SRS EAMRAN 7 1) 3R AT DA S S BB B2, i o
LT ay d —— S e,
XA 58 R NS A R OR 2 0T s o A S e e 4 LR D, XS e A T LA
Bep AEoR, ETRVER B RIE
3. PR
XTGP, RIGROURLF BPE BT R g TR 2 T RE N JI 16, B DO TR e
FORT R IG 77 FNIE S R O RS, B AN 7 2 Joa 45 0 77 ThI () AR
22T T EAIE T 0] RN VAT I TR, NI B R A ) Tl e ) R
—.\ {KBAFMIFE (System & Surrounding)
1. & X (Definition) : ZERSJFH, BIRE NN R NER: SEREVIK
F1%) J&] [ 50 23 PR N BG
2. AN (Classification of system)
(1) WA & (opened system) : KR SHEZ [AIBEA e EACH#, XAHMFATH.
(2) HHAME R (closed system) : KR EGMIF L A GEREACH, TR L.
(3) MMk &R (isolated system) : AR SGIT L [ABELREEACHe, NI He .
(4) ISZAR R BARZE ., AH 2 — R B 77, RO E R RIS IR, w
R R, “FH” =R+ M5
N T RRE RFTAEPIRES,  FRATT D6 0B i (1) — AR 4

REE S IEE A, ok b )
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=\ KREFIRTSER L (States and State of Functions)
1. & (Definition) : PEMR RIS ZIRES VB EFR IR KL
filan, xFFHEAESKE, po Ve Ty o2 T, WAPPRSHFE T, HBT
pV =nRT W, RAE=ZABEMSL, HEDRGE S, SAHF - NMEEML T .
DR HRAS B B A IR AR H BRI o
TR TR R ML IR R A, FOIRES . LB FRES REUS RS BHE A
[&] ) PN )
2. I (Process) &4 (Path)
(1) FEAN TR, AR RPIRES 2 KA, XM FR O RE . AR RETFR A
has, BHIEBFREFRALS.
(2) LIS AL 7 R AL
3. WRAEBEEHFF A (Characterization of state function) : HIER TR RFPIRAS, MHIE
FIHARERIERETLR, pv Ve TEYEEAZRESRE, FAEFHEIAM UL Hy
Sy G B R IRAS KA
. AgE (Internal Energy) NXFRAMIIFEE
1. ®X: WREERIBRANIIE S HSMEREZ S, BN RBERIZS R8I EE &
& RIS I F g
2. WHERMERM—FE, Frole RERTARE. BN AR K%L
3. WREMZEXT SRR TTIEMER) (RIARRTENRD , i Bk AT — s 45 = B 2
ANTTEN — 4 (HIFERATRA GO NI E: AU = U, — Uy, 2-23%, 1-163&
4. PRSI A RE FR R R, BIAUG=/(T)
4 T=constant, HJAT=0H, AU=0.

. 2N 1 _, 2N —
M TIZEEATH: pV == Na® = "~ —mii’ = ——E
3 3 2 3
" PV=nRT (WFHE—FHES) , .. AU=APV=AnRT

FTEA, T — € 5 i) B R 3R SAR: ApV = AU=nRAT

§2-2 PAFE—EHERANE

First Law of Thermodynamics and Thermochemistry

R ER, bl pE R E e RemMASET g, WASHK, ER
e —FE A N 5 — R, B0 N — IR 31 5 — Mk
— RAOEE—TEE:
1. REEMIFFS (The symbols of energy)
() PEEZerp e s AN IIRAED A+, MANRIR A+ DIERXTAMEDI N —, )
SNFURBAN— GENIE, HATD .
Q) T HE . RN N+, RRRBA+; HEERIEDI A —, &
RN — (—H—H#NIE, —H—HATD .

27
SERERR, 155 M www.kaoyancas.net BEABIE BRI, Ly TFHER. RS



http://www.kaoyancas.net
www.kaoyancas.net

EZEMENES . &%, FKEIL. #HSYLEE, Vi www.kaoyancas.net

EAVEMGE FRFS—3, BEDNRS EMHR. ERATGERES, RE R0 B
SHLE -
2. —LERRERAE LT IR
(1) = MERBEAED), WASIMNERAERAH, AN HE.
YUu=Uyx & AU=U.-U,=0
Q) WR—NE G IR RAERAZ R, ST AT,
Mg=0, = AU=w (W), BHE AU =-w (b 1)
Q) HWIER SN TR AERAS e, TAETD), BMAPFRRI g, Blw=0
SoAU=q (R Atk E—50
4) — BN R : AU= AU, + AU,
“AU=qg+w (LD, HE AU=q-w (4L
AR, ERAAARGRETER, LSk —8., XEm TSR
2o BRI SE AR D 0 IE 55 A R BT 51 A 1
3. MNFE - ENRES: AU=q-w
(D) BB w ] VBRI, AT BRAEFREZIK D) (expansion work) Z 4MT)
IFRART (w . HIERAT— R A REL (w =0) , BIR%E
FEIK T, Xt R R B EEE &N CWfEE . 1HE) M2 I N 2 F il 5]k
RWAUMAZME, @1 Na + 3H, = 2NHs, NHs(g) + H2O0(1) = NH; - H2O(aq) » #8 RERE
FRIhA MO B HEEINEER T, #1%E —EBRRN:
AU =q-p,(V,-V)=q—p,AV
) W AfERFRERX T, H py AR py-R? BeFZ, WA ERIKDIBR RN
R IWRSRTE R 2 AR R SRR AME DI 2 /b 5 ik R A B AE D) Be 7 1R/
PSS M2
Sample Exersis 1: {68 F, E/1810°Pa 1 2m’ BAES 4k, $KHTIESMNE 5% 10° Pa K,
HEPP IR, R, ZSARET 22
p v 10° 7,

Solution: — =, == 2m? S Vo =4m?
p, V. 5x10° 2

1

Sow=p, x(V,-V)=5%x10"x(4-2)=10Pa- m’

Sample Exersis 2: 1HIE T, E/7410°Pa ff) 2m’® BARSAHEAT B MK, BEL3A R NIEF)
5x10°Pa [E ik, AT, %Sk £ 2
Solution: " p, =0 (HHEK) w=0
MAZWRE AT DU Y, AR RIS LESHAME, Hi TR EAR, wAR, Fred
WARIRES K. B g UARRERE, FOVENES @A K. B LA R 1)
WMD) 2 ZFR IR — IR RO 2 AT )7 55— B R R E .
(3) H i T LR A 2R 10 0 RARE A
a. WIHARRME TR 4ms s TEANE () il 2528 F B gt AT AR RIZUR B
Aw=p, -AV=p, AV
b. R GERMKIIE K& ZE — M RME (BT g i)
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HECER TS D ERAIRAT R, SR R E AN EE — AT /N ER, TR RT
RS E SR, B
Py — Py =Ap o w=p,-AV=(p,—Ap)-AV=p,-AV-Ap-AV=p, AV
4. BIJFHE—ERMAUR: IR, RERAREAE KK, BCE RS
R RER R T ER . AP — BB H N — MR 5 — KN AT RER . BriE
F—IIKBHL, WA I TR Z AT RE R A4, K] DRI AR E .
W fEAU =g—wrh, " MWINFEAEZHRE, llg=0, (BIER—MHGERNR—
ANENPEIEI, o2 o] B SR AL B A ReKIEAE D, (AU RS RE, Ablik= 25
KALE, WHAMASHE, WAU =0, #Hw=0, FrClfAsefEi KK EAED.
GEAED), XANINARGREE, RAEMHEU K, ABABUMEE A 2] 5k A7 &,
R AN O TR LR, A K I i)
5. g UM AR
(1) Za#EH HZMK (adiabatic free expansion) :
VR, Sog=0 XUHBEEK, Sop, =0, lw=0, SLAU=0
(2) AR IZK (isothermal expansion of ideal gas) :
VHMBSEKAU=£(T), 4 THEER, AU=0, .q=w
—. 18X %Y (sochoric Condition) THILFERNH (¢v)
1. H ROBAE S A 2 WHEAT, ZRNARONTE R B . AR IR [ N FA
TN qvo
2. EEAFMT, AV=0, HKAAIRERRD), w=pAV =0, J.q.=AU
3. EARFZM TN ETARRNERENE. AU=q, >0, N2RHKT
(endothermic) ; AU=¢qy <0, RPNERIHH (exothermic)
=. 18E %% (Isobaric Condition) THILFERNA (g,)
1. fEfE R R e B RN, FROME R SN o FEARBERIFR T e S Nk, RN gpe
2. A OV — MR VS 28 AT o A I SONCRT SRR AR AN, 8 0 S A A AR ik
YR R BGRAR B SR, BE RN R An(g) RN s {HAA I ORI JE AR AR AR
HARK, W: 2Ha(g) + Ox(g) == 2H0(l) » HARFIAELM 67 T+ — 0.036 Tt
BB S NEAE — ANV ZE AL TP AT, TR ZEXMA R INE R ey Tatm o 58

RSB, w=p-AV =1x(0.036—67) = —67L-atm =—6.79kJ - mol”

1.987 8.314

(1L-atm = =242cal, 1L -atm = 5 =101.37 )

AT AEEE T E RS EKDD (PY) , FATSI IR ES R E—A4 H (enthalpy)
M. #%% (Enthalpy)
1. ®X: HANFE—EEM, g-w=AU, plEZEN, g=¢

Sq,=AU+w=AU+p-AV=AU+A @pV)=AU +pV)
LH=U+pV AH=gq,
R () BHER. Q) BEIEERD. 3) 1HE.

2. TEMEEZAE TR B AGE T IR
3. AH 5AUIE %
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() FE—CRET, —EBEREHEESA, B T5 nfE2EK, AU=0,
ApV=p2Vo—p1-V1=0 SAH=0
(2) X FAn(g) # 0 ML 2E R NI F: BT ApV=AnRT . .AH= AU+ AnRT
Sample Exercise: 7E 298K i, B B4C(s) + 402(g) — 2B203(s) + COxA(g) 1]
AU=-2850kJ - mol™!, XRIL &M AH .
solution: “An(g)=1- 4=-3,

. AH = AU + AnRT = -2850kJ- mol ™' + (—3)x 8.314x 298x 10 kJ -mol ™

=-2857kJ - mol™
§2-3 #fF
Thermochemistry

PR — T R E R, AMUTHEERE M) 28R, 1 H 2R IX e s 1R 1
i, AFRIT 220 E BT IR

AT (bomb calorimeter) A& HISRMIE AL B (2.1 o #E=ME A
(B TRAESRN, BANSEEAS, @RS Eal, gl kB, R HIR
BT R R BB . I —Fh T B A R AT FR I AR . R, KA AR —IRAETR
W S SR o BB RO IR SO, 5 FRONE OB A

Thermometer
Ignition
Stimr\H) wires { ‘

Insulating _|
container

Reactants

in sample
Steel
bomb

Fig. 2.1 (left) A commercial bomb
calorimeter. (top) Schematic of a bomb
calorimeter. The reaction is carried out
inside a rigid steel “bomb” and the heat
evolved is absorbed by the surrounding
water and the other calorimeter parts. The
quantity of energy produced by the
reaction can be calculated from the
temperature increase.

— ER %E’J%T/ﬁ
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1. AR, XFRONAE RS (Enthalpy of formation)

(D) & X: EfREIEM 1atm &, HAE R 1 mol (A& VIR R Bifh, FRAA

Q) ERE: a. PRIRESSIBEZZM N EARNRIGEMRSE, b, —ELERK
Imol L&), c. MWE—fN25T (298K)

G)EH=U+pVH, mTU M4axsIiEmE, UG i oikkE,
TR DA E — AN bR HE: FE4R E IR — A RAET, Hfa g MRS

(4) bRfEBE R AN (A ¢t Hy): f— formation, m — BE/R1E, o7 — HI2bR IR .

(5) T Hz(g)+%02(g) ==H,0() AHZy 0 =-285.84 kJ - mol!

C(s) + 2S(s) = CSa(g) A¢HE,

s =+ 108.7Kk] - mol’!

IR L, FOARGERER AL, S RN, AR SRR N R A
%o VFZWRAE 298K I IRIFRAEEE /R A AT LLEE (Y0346 % F W) (The Handbook of
Physical Chemistry) £ %],

BEE I TA) B, BHERR R, SRR G, o R0 B s 5 AT
T EREAR A — A F ], 2 RIEF .

2. MR (A Hn ) (Heat of combustion)

VEZ o AT DL SR B G, BT DAAE B — i n] DU I s 3esk e 1A HLAAR
Mt BB B G , (AVF 2 A NIERERARE, T DU BRI AR T B4 7 I R

(1) 7 X: 7E 298K Fl latm T, 1mol #5156 A AR K A= AR A (EFRFA AL

Ri) , FROHAIBT R A EIABRS , LA cHn %7K, ¢ —combustion.

Q)IEFE: TBAEBETE: C>COx(g)s HHH20(1). Cl->HCl(aq). S—>SO0x(g). N—Na(g)

v
&,

3. HE—Ledus s RS MR THEIA BERE. ARAESE, EORT UK EEHE.
Z. EErE®E (Hess’s Law) (XFRAREBEMEER)
SSRGS RS AS M 72, (A 28 i R PEBE RIS OBL, Bl C + 1/20, —— CO 1 S
M CO AR BT LR M AE A= B CO S S, (EFRATTAT LAAE B PRAN S S «
C+0, == CO0s, CO+1/20; = CO KKH i A7 5 HL T A B 1mol CO [ e M. 1840
4, Hess iRHEM 2 F R F M REEE R, BT HEsd. ZeBERNFE —eE
Pet, XF ) — I AR TR KA B

1. Hess’s law states that if a reaction is carried out in a series of steps, AH for the reaction will

be equal to the sum of the enthalpy changes for the individual steps.
2. E298K. latm F, fb&3%RRBIMAIEEN, FROVRER A, FAHn “RoR
3. HERUBA cHn 5 RS RV ARA « Hey SZ TR K R

AcHn" =3 AH G =D AH LG

57 m( R
Sample Exercise 1: CL51 LR ITREEINA  Ho ©=—-1297 kJ - mol™!, 3R Z B4 ek
Solution: CyHax(g) + 5/202(g) —— 2CO0Ox(g) + H.0(1)

BRB, AH L o =3930k mol! A H,  =-2855k] - mol’!
€ - <
HIA  Hon —ZAme(F%—ZAme(&,W)
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) o o _ o
S A Hpy _Ach,Csz(g) A HmH on T 2x A, H O, (g) Ame,Csz(g)
- _ - e e
CAH T AHmHO(l)+2XAHmCO © " AH

= -285.5-2x393.1—(-1297) = 225.3(kJ - mol )

Sample Exercise 2: A1 4. Ha(g)F CeHo()IBEFEIRA c H O % H-393 kJ - mol™'. —285.5kJ - mol™!
F-3269 kI-mol ™. 3K: 6C(uu + 3Ha(g) — CeHo(DIIA  Hn 72

Solution: C(s) + O2(g) — COx(g) (1) AyHn"=-393 kJ-mol™!
Ha(g) + 1/202(g) — H0(1) (2) AyHyp=-285.5kJ - mol™!
CsHg(1) + 15/20, — 6COx(g) + 3H,0(1) (3) A3 Ha®=-3269 kJ-mol™!
() x6+(2)x3-(3) 15 6C(s) + 3Ha(g) — CeHs(1)
" AcHn = 6A1 Ha® +3A, - AsHn

=6x (—393) +3x (—285.5) —(~3269) = 54.5 kJ-mol™!
ORI AEREE S TR S SRR IR E IR IR Ge  . IX U B R AR AR TR
PR, RIZ ST SN TR I T 25 2 B IR A e A
[F AT DU —TR, MR RAGR e B 45 FH AR AR e B RGE 5 7 JE W 2
4. BRIEIANA Ho T 54028 NI SO FA Hi "2 T IR R R

H e Z AH m(foW Z AH m( 4—?134%)

Sample Exercise 3: The enthalpy of combustion of C to CO» is —393.5 kJ-mol™!, and the enthalpy
of combustion of CO to CO> is —283.0 kJ-mol™!. Using these data, calculate the enthalpy of
combustion of C to CO.

Solution: C(s) + 1/202(g) — CO(g)

AHP=AHS —AHS —=-393.5-(-283.0)=—110kJ- mol™

m,C(s) m, CO(g)

Sample Exercise 4: Carbon occurs in two forms, graphite and diamond .The enthalpy of

combustion of graphite is —393.5kJ - mol ™" and that of diamond is ~395.4kJ - mol ™'
Calculate A Hn' for the conversion of graphite to diamond.

Solution: C (graphite) - C (diamond)

AHP=AHS —AHS —393.5— (-395.4)= +1.9kJ- mol

m(graphite) m(dlamond)

§2-4 MAFF_RE

The Second Law of Thermodynamics

TR A, BATC UL IR T2 2 B RS M D Ab "7 S N A A 5 TR R EAT (O PR
FEo ERAT UL IE, X R AHL AR a B —— 153 0 2 e 2 ),
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HATHE SO SR B R, BRI TEIIZL L . R B MR —E
B, R AR S B 2 00 5 R I8 i F A
—. BARPTHHF EFRE

NI PR 56 75 YR AT :

1. KB NFE A EARAL R, KALZE (AR NAFE, ZAR=01F, KFAfEIL.

2. mEETARMRE, WRIL—ANML, RIEMSE TR, KAE (Ap) NHTE.
3. MNEIREIMRRY AL S . APERIRZE (AT o MAT=08F, XZP,

4. XTI N : Zn + CuSOs(aq) —— ZnSOu4(aq) + Cu #Ef) Zn — Cu Hiith,

—p, —p, HHIE. Me=0, BETH.
PR, T4 Ny Hol5IR A 20

>, M, | BIEEE, RRERSWEFEORIRE . F 5 KT
T B R
6. NEZHIRYE
PRV R, Ak & 5 25 T
s B (R IR R R B P
(R =D GEA REORIOMEZE OISR, AN B Wit . i%

SR A FHL 2 AR A 1.

C3HsN4Os s CO,+2CO +2H0 + 3Na + Hy (AT BEY 3CO + 3H,0 + 3N2)
ArHn=-12681 kJ-mol™!

CHR” REREAAEMANER TR <A o . BRSET MRS, HEihA—
SEARER, HEG MRS RA, KB ATUIE. “HJEl B I REX AR, BNt
BTG A e KA

WAFRIAAT2 N IR R IR RAH<0 ORFO , RNELEEE K#ET. 7 100 4F

AT R IR B SN R M, R T DU REAS DI S, (EANASTT . B
7. H0(s) LEE 02 HRI, HAH=+6.01kJ - mol'>0.
8. KI(s)A[¥& T7K, {HA Ha® > 0,51 LI AE S AR >0 50<0 KAt R0 [ & 1k

N T ERBIRERITA BRSNS 0, LAMRANT, R HILFERE.
JIT DA B4l R TN AN AR A2 N T 3 A4 4
—. JRELE (Disorder) #1%§ (Entropy)

M BT S, FRATAT LB S, Nov Ho7E% H = NIRELE /N (RVESNEREAN) , 24k
B LSS, Nov Ho Ui 25 48, TEBNVERER T, ARG ERIEALE IR 66 il
F R RNIRTEHIAn(2) >0, FrLARELEEE R B 7. #1 8 H, WA 7 e AR N 7 s
[mmmﬁﬁm¢%%¥Kmm+rwm TRELEE IR

MBI F-, ATCAE R E LS. AR R T, BRI NT TR
?,M%WEEEW%PO%#Ez%ﬁf%%%uﬂjﬁm,Wm4%§oﬁﬁﬁﬂﬁ
mme A LA VR L FE K IR AR A RS

C FEPRSIAR R P, R R S I R R IR EL I KR T AT, TR ELEE D i R

AT RESLILT
2. MIRFELEA R HORR, ARRMA R PERRES, XtE B RIS R REE .
3. 5 (Entropy) —— —MHTIPIRZS AL (S)

SEHERR, iE Vi www.kaoyancas.net ﬂﬁﬂﬁ?ﬁ%ﬁﬂm, LyETARER. RS
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=

The correspondence between entropy and disorder was first quantified by the Austrian
physicist Ludwig Boltzmann (1844-1906) , 7E Vienna, /1% %% S = klogw {E
Boltzmann B {8, log 7~ A HAX 4.

(1) B3 R RIRFLE D —FhELE, R RAVRAELE AR, MR A .
The more disordered a system, the larger its entropy.
(2) %123 S=kInQ . k -Boltzmann’s constant , Q(w) -possible arrangements.
KNQEA AL, Pl S AL kAL —2: - mol ! -K™!

(3) Ak : AEIMSLAAR S, BRSSO RGN R 2 RN 5, g
TR RN REIE . RO e R HERE B
(4) LEDSIAR Zr, A4k 5 [ R PR E P ) 40 -
a. ASuniv = ASsys T ASsur =0
b. ASuniv = ASsys + ASsur = 0
HEeEARRLZ, HEARTER . FH RS ARSI (Unlike energy, entropy is not

conserved; ASuniv is continually increasing.)

Reversible process.

Irreversible process.

C. ASuniV:ASsys'FASsurr<0 Impossible
G (alJEAR) R
a. ]j‘]:
() FE—FiE, ARIPTES: S(g) >S0) >S(s);
H20(g) H0(1) H0(s)
SO mol™ K 188.7 69.96 3933
(i) oK, e, SR,
CH4 CoH» CsHg n—CsHyo n—CsHi
D
> 1{1)011 K 186.15 229.49 269.81 310.03 345.40
(iii) X o SRR &, X ARTERR R, VRALEE N, SN
C(CH3)s (CH3),CHCH,CHj3 CH3(CH,);CHs
SO - mol ™ - K 306.4 343 348.40

(iv) MFHESES MO RN, 4An(g) =0, ASZALIR/N, An(g) > 0K,
AS >0, An(g) <O0HRf, AS<0.

b. Ak

() A SRR MEMRERZ, BELEBK, AS<Q

(i) WEE: EARIRET, R 2 5 AR RAR K HREL B s (R AR o iR B
T, FERERREERARAL, A SR R ELEE U X N B AE A, IAS o< T,
XU ESR R R R R FRELE R AN, TEH O TR KkER.

(6) W (AS) HIFE:
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a. AS=Qrv/ T, {ESFIREFES, KR ESETIE W WR R EB A R
R DAAXRAE . (HHT SRR E, & RREBEEMAR, MS5Eles
AL T BN AR AR SR SE LA S B S AR R TR oG

b. RS FEEREY: AS=AwH/T (" Orev = Arev H),

TEMAREFEF: AS=AueH/ T

#ln 1mol H,0(1) —2“>1mol H,0(g)  Awp H=+40.67kJ - mol !

3
AvapS=AvapH/n=%=109.03 J-mol™!-K™!

4, Do A2 A BB L ?
=\ #3}& (Absolute Entropy)

—MERMBEBEESYRABEE L. BTHSELENESE, 7 latm . 25C
W, RATHA BN ARG AET, ALK, ANEH AP — € KTRELE .
IXFEFRA T A0 — /N %] TE VR AL FE R b e P HIFRHE .

1. )15 =% (The third law of thermodynamics)

() BUR: FELENT RN, ARTAGT . CESED RS T F. ROAERXR R 17
FE—FIRELE, =1, M S=knQ=0. Mt 2emiE, aHek
THERSE, 5 BB BRI E B A AR AT, MOt B 1 e 1

() ke T=0W, P+ Russh#fis i 1. Bl s 3E R s i 2 48 ik 0
GRRE, IR H A —MROR A . AR A, WA TR e — 3, AL
S Fanfk, W CO. NO %%, 1 0 KK Al et A Wit L ErHES
NONONO -++++* » B# NOONNOON -+-+-, XEEHRL| I BILER —da ik, ARERK
RTEFRTCERM E A, B So 7 0.

BT =8, FRATTT AR € W) B AE AR RS T I 4a X465 o

2. FRAEAEXTHE (Standard absolute entropy)

(1) X EFREIERER latm T, Tmol ¥ FIFLE R, FRONIZIIIR PIARTEL XS,
55 Sm?%ﬁ Srﬁ%l(%%%o

(2) PRAEL IR . I RAA R IR, RIS KA, SAS=Su—Suo 2 Sk
=Sok=0 .AS=Su, HIASnsk = Smivsk

(3)fE25C, latm F, XfT—AN MBI

ArSm,‘i;SK = Zslgsmq—:hk%) - Zsmgslq R R4)
(4) VEE A
a. RIS LT AE T E,
b. W EVIRIbRELERS A SE T AR E BB A Tmol A& W 1 s B 5522 5

. & e - . & _ Ras =
. ArSm —Sm,wé.%_zsm,b‘ﬁrm: ° Sm,hé% —ArSm +ZS

m, FL

d. HFASS B EEUA KR, AR NAS ANBEEEEAE, B
ArSn?I: %ArSm%SK

Sample Exercise: K N I Mk 2 S (I ASim” o
1 1
Hg(l)+502(g) — HgO(s) (1) Hg(g)+502(g) — HgO(s) (2)
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s ST

m,Hg(l

) =76.17-mol ' - K1, ST =205 -mol~t- K, ST =175] mol - K,

m,Hg(g)

S  =70.27J mol!- K-

m,HgO(s)

1
. RS s
%anﬁ?ﬁﬂﬂ)Aﬂngzw—SmﬁE%ﬁ®

m,

1
= 70.2—76.1—5>< 205=-108J - mol ! - K™!

1
TR (2), ASY =59 5O ——§¢

mHgOs) ~ “mHe@ 5 "m0,

1
= 70.2—175—Ex 205=-207J - mol ' - K™!

R TRTRRATTR B (i 1 R RS T I AR R R BRSNS T, S RERR LI
A T . PR — MR 22 R SR R AR SRR . SRR T kT, JEH SN
RERMIACH. T2, AT NN IPRESRE——HHEE, RABER. & E%M0
TR H RS RE (EE AR SO B R BT D o

. EETEHAE (The Gibbs Free Energy)

HeH— Tl C41 298K, 1.01x10%kPa I, N1 &5 (AR R 9

A = : -l - - _ , .-
- Callyg) =219.45J -mol ' - K, S i@ = 188747 - mol ' - K7,
Sf’CZHSOH(]) =160.70J - mol ' - K, fit5 &8 C,H.OH(I) —2X>C,H, (g) +H,0(2) itk
HERAZ o

Solution: A Sm 298k =219.45 + 188.74 — 160.70 = +247.49 J - mol ' - K
ZRNLAZ N IEE,  RET PIWTIZ NV RE R HEAT 77 AN BUOMIZRON AR TR .
TR FREAT. FRARAS W AR Z & A AT, DA EARGE M TR R .

AT ENAE 298K 1.01x10%kPa if, e C,H,OH(l)——C,H, (g) +H,0(g) I

AcHinrosc = 41kJ - mol >0, FIWARE A% RS fiE B R HEATID 2 thANBE. BRSO 15
UWNE N
1. FESEIEAE LT A RN H RN O o( = AH ) B2 EHE 870«
(1) VHFEIR RIREL N R H I RE & . X E e BAEFIRZAMT T : AQ=TAS
(AR L2 R T LB py = Py )
Q) HTAEXKD) (BFAHYD , BOLSHEHIINAG
S Op=AH=AQ0+AG=TAS + AG G — Gibbs free energy
EDFESEIR . S5IE N, Ao SO #4045 T 1 i A8 A8 A in L Jas A 185 Jam 8 948 7 ) 4
o AT EFREXATE, 182 F K Gibbs-Helmholtz equation.
2. FHAHT — FRUE 2% 77 #2 7(Gibbs-Helmholtz equation)
AG=AH-TAS=AH-TS) SG=H-TS
76 298K, 1.01x10%kPa F, 3 F—AMLH KM AGa 9wk = Adis, 208k — TASmSosc, M
I B KA B L IE I R BR T, AdGR, 208k = 41-298%0.2475 = -33kJ'mol ' <0, L
TEVZAFAT T, WIERBTT BT, O EF.
3. FEARIRAEIRTS, R R A AN PR EE F 4 40 -
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Gibbs(1839-1903)7E 3% [F H & K5 — MRS L5400, M 1871 43 1903 4,
flFAAEER & R AR R AT flda -

(1) BN E RN R IE bR e e = 2R A - i BE o ABIER] . “fEfEiR. 1EE T, W
RN, TR S ESERR E TR FRAEA 2D, WZ SRR H A
USRS RN IR IR Sy, A REAERE — R NEHEAT, WAZ SN2 AR E RSB o

(2) If both T and p are constant , the relationship between the sign of AG and the
spontaneity of a reaction is as follows:
a. If AG is negative , the reaction is spontaneous in the forward direction.
b. If A:G is zero , the reaction is at equilibrium.
c. If A/G is positive ,the reaction in the forward direction is nonspontaneous; work must
be supplied from the surroundings to make it occur. However, the reverse reaction will

be spontaneous.

4. fEAH. ASAFEMEOLT, IREEX S A 5 HEERIRZm (p= o)

AH AS AG = AH - TAS Jz I Vil ]
— + Vi Syl TEARMNREE R, W) 1E SO 7 )3T
+ — 7Kz N IE AR, 3 e B [ kAT

T<AH/ASH NIE | KRR (SAH/AS) R385 S NT7 [ BEAT
T>AH/ASK  Nfc | @& (>AH/AS) , [IERRBTT BT
T<AH/ASW Nfic | KRR (SAH/AS) , [FIERRTT BT
T>AH/ASH NIE | i (SAH/AS) R 38 N7 [ AT
5. Standard free-energy changes #rifE H FH gL
(1) FRUELE R H I BE (standard free energy of formation for substances)
a. 1T G=H-TS, i HAEXNFEICIEFIE, #§ G AR &0 ICIEmE

b. Just as for the standard heats of formation, the free energies of elements in their

- -

standard states are set to zero.

State of Matter Solid Liquid Gas Solution Elements

Standard state Pure solid | Pure liquid latm Imol-dm™ 0

(2) We are really interested that the difference in free energy between reactants and products.

<
Ar Gm Z A m. (products) Z A m (reactants)

Sample Exercise: Using the standard free energies of formation tabulated in Appendix, calculate

AG for the following reaction at 298K: 2CH30H(l) + 302(g) ——2COx(g) + 4H20(g)

Solution: A Gy oy ongy = ~166.2K1 - mol', A,G.Z =000, AGZ,  =-394.4k] - mol !

m,0, (g) m,CO, (s)

NG o =—2286K "mol™, AGT=2xAGT +4xAGT  -2xAG

m,CH OH()
= 2x(~394.4) + 4x (-228.6) — 2 x (—166.2) = —1371 kJ - mol!
R, X G=H-TSWHIABIMEE: AG=AH-TAS
TERITHFAERS . AGS = AHn ¥ — TASnS, NHAG, AH, AS# IR T i ({H.

UAHT ~ AHaosks AST = ASaosk I, Gibbs FTFERA: AGr = AHask  — TASaosk
6. Gibbs-Helmholtz J5 & K M
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(1) ATBASRAGSE: B RS (Ty) o X TAH 5AS FF5 M FEIE DL, 24 008 N i
JER, FAEMNERBFIAEE R (BNEERBIAR) PR, FRATIEXA AR R E
PN RIRE . 4AG=0, MAG=AH-TAS=0, ..T= AH/AS=T,
TERVFAEIRA T, T o~ AHmosk /AcSm3osk

Sample Exercise: Al SOs(g) +  CaO(s) CaS0a(s)
ArHuw o5k kI - mol™! -395.72 -635.09 -1434.11
Sma2osk J - mol™! - K! 256.65 39.75 106.69

SRAZ I (R T I E

. O <
Solution: A H "= AH, (o o ~DH oo —MH, G

= —1434.11— (~635.09) — (~395.72) = —403.3 kJ - mol!

ASE=SS 8T _§C _106-39.75-256.65=—189.71 J - mol ! - K

m,CaSO4(s) m,CaO(s) m,SOz(g)

SENERE Ty = AdHm3osk /AcSmosk = —403.3 / —0.1897 = 2123 (K)

VA HR <0, A SHE <0, SOZRNGERE E AR, BIZE 2126K BLF, %N H
ZRN A TR, BRI R InNGE S AR, B SRR, AT SOs &
FH A B8 2 i SO2, SO & it — S AL A REE . SOs. FEMK T 2126K B, [ K A B
CaSO04, MM SO [E e fEREA T, JHERT SOs Xt =< M5 4.

Q) AR /N (FB4anHED T H N AEH R T, W35 AR iy R
TAS —Ti5AH ML AT LAZEE, BIAG ~ AH. M) DUE R FAH I A0 27 OS5 1]
V2 [N AR & T IX AR50, TR It I WA 2 s 8 SRRIRAN 77 ) 3047 7 SRAR K 5 8.

Zn + CuSO4(aq) = ZnSO4(aq) + Cu,  C(graphite) T O2(g) —— COx(g)
BT DAV 2 R N R ), LR R TE T .
Q) MRS TR E HEEENL (AG) (HHEBE)
AEFRAEIRZS R E B AR AT B Van't Hoff 2537 5 FE 0K s :
Ay Gt =A,Gmt + RTInQ

K QRN N, E RS ERIAN o SR B XTIRIE AR AR R
W7 TR S 2% I SR XS 20 T PS4 BRI R E (RHE D IR IR 7 SR FR 22
bbo 25 IS A 2l [ A Je aisiidds, IR 1 Romo B, XFFAE— 428 [ s

(p /p%)" x1
aA(aq) + bB(1) —— dD(g) + eE(s) Q=—">——"—
(c,/c®) x1
Sample Exercise: LRIV Na(g) + 3Ha(g) = 2NHs(g) » AfG]]gSK(NH”g) =-16.48kJ-mol ' .

ki £ p, =100kPa. p, =p,, =1kPa. T =298K itf, AMRARNAZETHK?

Solution: A G2, =2A.GZ, =2(-16.48)=-32.96(kJ- mol )

m,298 m,298

Hi Van’t Hoff 7F2: A ,Guhosk = A (Gachosk + RTInQ

(P /P’ (/100

MinQ =1In = =4,
(o 2 )Py /p©)° (100/100)(1/100)°

So A iGmpos =—32.96 +8.314 x 1073 x 4.606 = -21.55 (kJ-mol™!) <0
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B RN AR B R
EEE MR, FRvEAE BUE Ar Hothos FIARHEAE B B BE Ar Ginos B AR I3 HOIRZS
R 2 LA p o, 298K N RAE B 04 O A AR bRdE; 1 JE# 2 UL po , 298K FRasE LR
HIAE R E I RE N EAERRAENT . BN AR R B R N
AGihos = AcHinSos — 298 xArSidos
Rt T [ — S0, 8 S L AN A A 6 5K FH ) — b, BRI A Hoboss  BA% Ar Gilos
MARERA, FCARTIES A RRA AT LR AIZ 5

§2-5 1t T

Chemical Equilibrium

In the laboratory portion of your chemistry course, you have had the opportunity to observe a
number of chemical reactions. After a certain amount of time many of these reactions appear to
“stop”---colors stop changing, gases stop evolving, and so forth. For example, we can consider the
inter conversion of the gaseous nitrogen oxides.

When pure frozen N2Oy is warmed above its boiling point (21.2°C), the gas in the sealed tube
turns progressively darker as colorless N2O4 gas dissociates into brown NO> gas:

N>04(g) — 2NO2(g)
colorless brown
Eventually the color change stops even though there is still N2O4 in tube. We are left with a
mixture of N2O4 and NO> in which the concentrations of the gases no longer change.
—. WZEF% (Chemical Equilibrium)
1. The condition in which the concentrations of all reactants and products cease to change with
time call chemical equilibrium. (Fig.2.2 a)
2. 2P % & (The Characterization of equilibrium) (Fig.2.2 b)

" [&li Equilibriurmn achieswed 1 kf[‘ﬂ"] Equilibriurn achiewed
g (4] irates are equal)
ﬂ +
g ) 1k
g
0 0
Titre —= Tirmne —=
fa) )

Figure 2.2 Achieving chemical equilibrium for the reaction A B. (a) The reaction of pure compound A,

with initial concentration [A]o. After a time the concentrations of A and B do not change. The reason is that (b) the
rates of the forward reaction (ki A]) and the reverse reaction (k[B]) become equal.
Chemical equilibrium occurs when opposing reactions are proceeding at equal rates:
Forward reaction: A——B rate = kr[A], Reverse reaction: B ——A rate = k.[B].
At equilibrium: k¢[A] = k:[B], rearranging this equation gives.
Bl _k

= — = constant

[A] &

T
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3.t P RIAF (The general equilibrium equation)

k
XEF LR Ag) + Blg) = - C(9) +D(g) i

T

(1) BB b e B oA RE T s, P

@ = ﬁ = constant (T=c)

k.[A][B] = k,[C][D
:[Al[B] = £[C][D] Bl K

T

(2) e Bk e Sy W0 AT, TN O

fn: A(®)+ A ,’jl C@+Ar D= [([:i[]?] __:1
ks [A]ID] _ K,
+B A +D(g OQO=—=—2

Q(g) + B(g) T (g) + D(g [QIB] k.

Net reaction: A(g) + B(g) =<=<—= C(g) + D(g)

kAT
k., [C]

[AIID] . [CID] _
[B] [AI[B]

ky

(). @QFERFTHE[01E: =
-2

kz k1
=_2 —_— =constant
k., k|
Q) e PR A AR SR BTG R, MSHESR— P Ddtir RV LK,
(4) XFF— Mtk 2 B pA + gB mC + nD T 5

C m D n . m n
[CT'T ]q =constant , B % = constant
[A)[B] pp;

() ER: a. WA THREXNWPERARBORT Praa ez ke,
b. SRR FIAEE R IR R — DN E R, A P RIE T A ZER IR K

u: CaCOs(s) = CaO(s) + COx(g) » [CO2] =constant, pc, = constant

c. X T CaCOs(s) + 2H'(aq) ==—=Ca*'(aq) + COx(g) t + H2O(1)
Clx(g) + 2Br (aq) ==—=2Cl (aq) + Bra(aq), NIk P&k 05N

[Ca™ ] pe, [Br,J[Cl T
——— = constant, ———— = constant
[H'T pe, (BT T
4. P2 (The equilibrium constants)
(1) B P Rs N 1 EE, RO P L
a. P RIEA LR E SRR FEE R, RN K.
b. P RE X A SRR P H 8RN K.
c. “PHEFFRIE A BEA W A 73 ST AL FRONB ST EL H KRR,
(2) W2E P BUR M 2 BRI x5 T T RO, @B,
FETELE®=0+® K;=Ki - Kz,
ETITEX@=0-©® K3 =Ki/K>,
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=

WHEHBER@ = nxD K, =K', WEHEAO=1/mxD K =K
(3) Kpv K5 K ZIH IR 2

RT
Kp =K, '(RT)M (e p,=c¢RT), Kp =K, 'pAn » K =K, '(_)An
p
M An(g) =08, A K= Ke=Kxo

A Ker» KpyfWSHREHER, MK, KNSREER, SRELK. KASE
BRI, mHSEER R,

(5) X pA+¢B mC + nD 1M 5
o [TIOV g wy, senpemmiimmisai s, miezsmm . 5 0L ¢
[AT[B [AT[B
o, R AT, BEEEral. 4SS PL e m e

[A]"[B]*
AT, BEZRIXBFHEAIE,
5. AT %0 (Standard equilibrium constant) —— — ML ENE
FERT BT RHE RS, FRRRE T A% 5 K LS IR L.
(1) AR v 34 7 2 B B A P B FROMARAE P 8, 18ME K7, SURRA
J1I2E A BRI PE A, FONERIGP TR A, BRRRON AR bR AR A 2
QK% 5 KX 5

a. KC%:H (CB/Cl;@)VB ’ Cégz 11’1’101/(11’1’13; Kc:H(CB)VB
B B

K 7=[@/pH™ » p=101325kPa : K =[](,)"™
b. FRAEPETFEHOCEN, AEARE TR T A =N
= EFEER K 5AGn BIXFHE (The Relationship of Standard
Equilibrium Constant and A;Gn’ )
1. f van't Hoff SR 7778 AiGmt = AGmr + RTIQ LML 24 5% B ik BT i,
AlGm =0, BRI E Q=0 w=K &
AGmr==RTInK
ROXEAEHIAMEKRY, WEARASHKY , AR K. SHFXE—ANHERE
RZAE, H—NEHEMER: Ry — e S R, & TR R T
AGw F1K ™ IR Y18 B AE SRR T 1Bk T T WS 1 25 IS 1 P 2 2
T AFE R, MAGRT == RTInK, @5 3 TR IR, MAGnT=
- RTInK." 5 - FHEG A4, SUERIOLE RS, WAGnT =- RTInK
2. HURNRG O ShRuETAH B KO S8 25 IR R R R 5 1)
HAGnT = AGut + RTInQ # AGmt =- RTInK © 13
AGmr=-RTInK ¥ + RTInO = RTIn(0 / K )
(1) O<K O, AGm1<0, H% (spontaneous) ;
(2) O>K “ i, AGm1>0, dEH K (non-spontaneous) ;
3)O0=K W, AGm1=0, V4 C(equilibrium) .
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Sample Exercise 1: Write the equilibrium expression for K¢+ K7 and Ko~ Kp% for the

following reactions: (a) 203(g) =<—= 302(g) (b) 2NO(g) + Clx(g) =<=—= 2NOCl(g)
3 3 3 3
c c, /¢ I p*
Solution: KCZ%, KCG:M; p:p—(z)l, ;@’:M
Co, (co, /c®) Do, (Po,/ P )
K = Choc ) ©_ (Cxoat /¢ #)’
: Ca, 'Crio ’ (cc1z /e )eno /¢ ©)?
K = PRoc . K°= (Pyoc/ P &)’
" P Pro " (Po, ! PN Pro ! P

Sample Exercise 2: A 1.00dm® flask is filled with 1.00 mol of H, and 2.00 mol of I at 448°C.
The value of the equilibrium constant K. for the reaction Hx(g) + (g) <—= 2HI(g) at 448°C is
50.5. What are the concentrations of Ho. I» and HI is the flask at equilibrium?
Solution: SPAETIE, Ho )R T x mol - dm™

Ha(g) + ID(g) <=— 2HI(g)
#84E (mol - dm™)  1/1 2/1 0
P (mol - dm™) 1—x 2—x 2x

(2x)°

=——————=50.5, f#fFx=0935 B 2323 (AEH, &E)
(1-x)(2-x)

[H2] = 0.065 mol - dm™  [I;] = 1.065 mol - dm™  [HI] =1.87 mol - dm">
Sample Exercise 3: 7£25°C. latm F, NoOsHl NO, FH#iRAWIHIZE N 3.18g-dm ™3,
K () IRESEWER T8 Q) %A M T, NoOsIIEME; (3) NO2 Al NoO4 1143
JE: (4) ¥ N2O4 2NO, 1 K,

8
x0.08206% 298 =77.76 (g-mol™")

1x1

Sloution: (1) Hi pV =%RT B M,, =

SARE SRR N 77.76
(2) & NoOs I RN o
N>Os <—= 2NO;
I jS (mol) : 0 2:77.76 fif1S «a=0.183
PR (mol) 1-a 2a l+a
TSRS =1- o +2a =1+«

2a l-a
() Pyo, =7 X py =0309(atm)  p,, =—— x p, =0.691(atm)
I+a I+a

PRo, _ (0.309)°
0.691

4 K, = =0.138

Pno,
Another Solution: ELHEMIRAHK Ko 4 1L A4 3.18g NoO4 K 7124 po

3.18
n p, = 55 0:08206x 298 = 0.8453(atm)
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N204s == 2NO»

¥l % (atm)  0.8453 0
Pl Catm)  0.8453 - P 2P, 5.0.8453-p +2 p =latm .. p_=0.1547atm
(2x0.1547)"

S K =(2p,)’ /(0.8453—p )= =0.1386

0.8453-0.1547
Sample Exercise 4: N [ IRMFEAIESR, —KFHEEH HhEARDE 05 Hy KA R
WEE 02 FSHE TN THEASEEAKRT X100 LA, £ 298K, 101kPa &, ik
fEKHIAF RS (99.5% Hay 0.5% O2) i, &4 2Ha(g) + Ox(g) =—— 2H20(g) 1
ST Ao k) S i SRR A0 ot A ik 31 25K 2

Solution: MHMJEHIRR T, A HO IbRHEBE/RE MRS AMAEEA G ) =

~228.59kJ-mol ™", £y B S LA s R B 2K 7 A BT R EAZ
A Ge 457180
AGF =20G5 ., =—457.18 kI -mol" .. K7 =exp(— ) e 1.38x10"

mHO@) P

B4 100mol F RS 5 99.5mol Hzw 0.5mol Qs N 52T, O, T4 nmol, M
2Hx(g) + O2g) = 2H20(g)

] A (moD) 99.5 0.5 0
RP5E4A: (mol)  ~(99.5-1)  ~0 ~1 VK, >>1, ATEERMSES.
A (mol)  (99.5-1)+2n  n 1-2n ng=99.5+n

KN EE p=p© HFrbA

Ko xﬁzo C [1-2n/995+m]) (1-2m)°(99.5+n) 1
g xiz "X, 98.5+2n, n (98.5+ n)'n 100n
95+n 995+n

= 1.38< 10"

n~73x10" <<1x10°°
UL, SR e ik B R, L R E R I .
=\ ZtFEFLHPEZ—CFEFEHI5) (The Dependence of Factors of
Chemical Equilibrium — Shifts of Chemical Equilibria)

Le chatelier’s principle can be stated as follows:

When we disturb a system at chemical equilibrium, the relative concentrations of reactants
and products shift so as to undo partially the effects of the disturbance.

If a system at equilibrium is disturbed by a change in temperature, pressure, or the
concentration of one of the components, the system will shift its equilibrium position so as to
counteract the effect of the disturbance.

FATUAS BRI, WAL A7 ) TH SRR E B U B R e A = AT O R 3

1. REXTL 2 PAT 520 (The dependence of concentration on equilibrium)
(1) L1
Sample Exercise 1: 7 830°CHI, CO(g) +H.0(g) === Ha(g) + COx(g)J K. = 1.0, #itlf
WIZ[CO] =2 mol-dm™>, [H20]= 3 mol-dm>. [ CO Aty COHIHrZFNZ D2 F7 L
PR R AFIA 3.2 mol-dm™ ) HoO(g). FFUGA ST, CO FithF /b2
Solution: & *F-#i [H2]=x mol-dm™
CO(g) + H:0(g) = Ha(g) + COx(g)
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¥ A (mol-dm™) 2 3 0 0
ST (mol-dm™) 2 —x 3—x x X
H,][CO ?
K _ILICO.]1 al =1.00 f#fE x=12mol-dm™

C

[COIH,0]  (2-x)(-x)
SCO MR N (1.2/2) x 100% = 60%
W PR, [Ha]=y mol-dm™

CO(g) + H20(g) = Ha(g) + COx(g)

¥ A (mol-dm™) 2 6.2 0 0
P (mol-dm™) 2-y 62—y ¥ y
2

N — ) R y=1.512

(2-y)6.2-y)

SCOMEALE  (1.512/2) x 100% =75.6%

B
CO(g) + HaO(g) = Hix(g) + COuAg)

F— P (mol-dm™) 0.8 1.8 2 1.2
%P (mol-dm™)  0.8-z 5-z 124z  12+z

(12+22=(08-2)(5-2)  144+24z=4-58 f#{532=0312
S COMEMEN (12+40312)/2=0.756=75.6%
() FEE—EIRE T, BRI EE Bk N AR D, P e 1E 87 [ 8%
s
3) A E A — R B 2 A5 0 JERbE S &, DA ) — R A A
2. JEJIXHE AP 520 (The dependence of pressure on equilibrium)
(1) &4
Sample Exercise 2: “F#7/A %R : NyOs(g) === 2NOx(g), FEFIEEM latm Ff, NoO4 [ fiF
B BN 50%, I8 JE 1 N3] 2atm B, NoOu(g) IR B Hih % /b2
Solution: # N2O4(g)N n mol, FEfAEE Na
N2O4(g) <= 2NOa(g)
& 4 (mol) n 0
“PAET (mol) n-(1-a) 2na

20 ,
o, Gl
Kp_ - -« _((1_0(2))pIé
Pro pe
l+a

A p, =latm, p, =2atm, a =0.570,

x 2 i1t o2=0.378
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Sample Exercise 3: &M JFE, FAMEA M BE/REL )Y 1:3. ££ 400°CHI 10atm ik
Py, A=A 3.85% I NH; (V%) .
R(1) )N, + 3Hy === 2NH; [f] K,
(2) WREAFE] 5% NHs, SEFEZK?
(3) WH KR A YIRS B N %] 50atm, “FHFH NH; KR E 250 £ /b2
Solution: (1) &R FHEAML, . Ha Fl No BB FRZ L 5 BE /R B LUAR ],
SOPETR Hy i N =301, EARAEREANSE. BREA, RIREREEHN
1-3.85%=96.15%, M1 Hy 5 3/4, Ny i 1/4

1
<o Py =10%x3.85% =0.385atm, p, =Z><10><96.15 % =2.40atm
3 0
Py =Zx10x96.15 % =7.21atm

e P, (0.385)

, = T —=1.65x10""
Dy Py 240x (7.21)

() L EEF] 5% NH;, WEERIENp
1 3
WA pyy =0.05p, py = 2 0.95p, p, = ZX 0.95p

0.05)°p’
005" p ~1.65x10*  f#f% p=13.3(atm)

" 3 s
—x0.95px(—x0.95

1 px(, p)

(3) #i py, =50atm, W py, +p, +p, =50atm H p, =3p,

" P =50-4p,

(50-4p, )’
" $=1.65x10’4
Gpy) Py,
50— 4x10.62
873 p, =10.62atm . NH; ] % = #: 15.04 %

(2) FEIREANZRY, WK KAy, ~PHETEAAE AR B IR Es b 1 77 91 R 55
(3) XL G S T B A IR BT E, RS K R TT IR FEIN, 8
FEV A% 7K 2 BE S A 22 2 B4 45
3. XL AT I2 (The dependence of temperature on equilibrium )
(1) RERA R ECP 2K AR, TIREE . R, R T4 i
(2) FRAETTH8 K 5 T &
B A G = —RTINK & H1 A ,Gni= A Hn & TA Sy ST
76 298K —T [X[A] A Hyn OF1 A S GEAMRFFAAE, M-RTINK “EA Hy O= TA S

H1 AS© . AH
m(;)4— rR"‘, in K oxf1/T 1, £—4H%Zk, slope=— rR“‘ o

A
Bl ln K %= - =
R

FAHD <0, W T, Kb, RSB FBE: TV, K, R R
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FAHLT>0, WTHL K, REABAG S T KL, AT S
(3) THER L, Ak 21 1m) A IR AT [F)#% 3))
(4) 1&&& T—>1> yﬂ%‘lEerETJ V‘] y Ay m%$H A rSm@%ZI§1%T§Z:§E,
AHS1 ASE & AHS1  AST

)H\IJ anIG“:_ r m(_)+ T m ®, an2 _ m(_) r-m @
R T R R R

O — @ 7/ ln?:—ﬁ(———): om0

(5) AN -
a. OHIA Hn & FE—IREE TP K, RS —/NEEE R 1T 5
K 7
b. W T PR AR FIOTHH 5 KT K© RIS A H©
Sample Exercise 4: 7E 298K -, % NO(g) + %Oz (g8) === NOx(g) HI

AGe¥ =-34.85kI'mol™!, AH:Z =-56.48kJ'mol™'. iRAF M Kosik A1 Kssix IOME (2
SEAE 298-598K TUHI N A Hn T AE)

34.85x10°
Solution: A,G.&=-RTIMK, S, -~ InKSZ =—o " R Kk = 1.28 x 10°
N 8.314x298
K AHS 1 1
B =2 = —om (———) ] Ksok = 13.8

S R 598 298

(6) R T TR, Tl B S PR S B A, (HA AR T RRARIR B, T ARG i
AR, H B SRR B IR AN S RO R 0 TR, THER S, X
S AN A ZR AR vy, AH S R s B A e ) A i o
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Hot and Cold Packs

Certain types of hot and cold packs employ solution reactions. The
most common cold pack utilizes solid ammonium nitrate and water.
When the dividing partition is broken, ammonium nitrate solution
forms. This process is highly endothermic:

NH,NO,(s) = NH,"(ag) + NO, (aq)

AH° = +26 kJ-mol ™!

The endothermicity must be a result of comparatively strong cation—
anion attractions in the crystal lattice and comparatively weak ion—
dipole attractions to the water molecules in solution. If the enthalpy
factor is positive but the compound is still very soluble, the driving
force must be a large increase in entropy. In fact, there is such an
increase: +110 Jsmol K. In the solid the ions have a low entropy,

whereas in solution the ions are mobile. At the same time, the large ion

size and low charge result in little ordering of the surrounding water

molecules. Thus it is an increase in entropy that drives the endothermic

solution process of ammonium nitrate.
One type of hot pack uses anhydrous solid calcium chloride and

water. When the dividing partition is broken, calcium chloride solution

forms. This process is highly exothermic:

CaCly(s) — Ca*"(agq) + 2 Cl (aq)
With a 2+ charge cation, the lattice energy is high (about 2200 kJ-mol ')

AH° = —82 kJsmol™!

but at the same time, the enthalpy of hydration of the calcium ion is ex-
tremely high (—1560 kJsmol™") and that of the chloride ion is not in-

significant (—384 kJsmol ™). The sum of these energies yields an exother-

mic process. By contrast, there is a slight decrease in entropy (—56

Jemol "*K™") as the small, highly charged cation is surrounded in solution
by a very ordered sphere of water molecules, thereby diminishing the en-

tropy of the water in the process. This reaction, then, is enthalpy driven.

,,ge'i‘k A Closer Look Entropy, Disorder, and Ludwig Boltzmann

The entropy of a system is related to its disorder. The fact
that we can assign a definite value to the entropy of a system
implies that disorder can somehow be quantified. The cor-
respondence between entropy and disorder was first quan-
tified by the Austrian physicist Ludwig Boltzmann
(1844-1906). Boltzmann reasoned that the disorder of a par-
ticular state of a system, and thus its entropy, is related to the
number of possible arrangements of molecules in the state.

We can illustrate Boltzmann’s idea by using the poker
hands shown in Table 19.1 ¥. The probability that a poker
hand will contain five specific cards is the same, regardless
of which five cards are specified. Thus, there is an equal prob-
ability of dealing either of the specific hands shown in Table

19.1. However, the first hand, a royal flush (the ten through
ace of a single suit), strikes us as much more highly ordered
than the second hand, a “nothing.” The reason for this is clear
if we compare the number of arrangements of five cards that
correspond to a royal flush to the number corresponding to
a nothing. There are only 4 poker hands that are in the “state”
of a roval flush; in contrast, there are over 1.3 million nothing
hands. The nothing state has a higher degree of disorder than
the royal-flush state because there are so many more arrange-
ments of cards that correspond to the nothing state.

We used similar reasoning when we discussed the
isothermal expansion of a gas (Figure 19.4). When a stop-
cock is opened, there are more possible arrangements of

TABLE 2.3 A Comparison of the Number of Combinations that Can Lead to a Royal Flush and to

a "Nothing" Hand in Poker
Number of Hands that
Hand State Lead to This State?
‘a8 H
a*
"' Royal flush -
M =
(2 0
L 2 K A @ .’
¢ A A : : "Nothing" 1,302,540
¥ ¢ . A A 'J Q“E

SEHEh
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the gas molecules, as depicted in Figure 19.5. Thus, the ran-
domness is greater when the stopcock is opened. Likewise,
there are more possible arrangements of the H,O mole-
cules in liquid water than in ice (Figure 19.6). Hence, liquid
water is more disordered than ice.

Boltzmann showed that the entropy of a system equals
a constant times the natural logarithm of the number of
possible arrangements of atoms or molecules in the system:

S=kinW [19.7]

W is the number of possible arrangements in the system
and k is a constant known as Boltzmann’s constant. Boltz-
mann’s constant is the “atomic equivalent” of the gas con-
‘stant R. It equals R (usually expressed in joules) divided
by Avogadro’s number:

R 8.31 J/mol-K

L =N T 2 X 1P mol

A pure crystalline substance at absolute zero is assumed
whave only one arrangement of atoms or molecules; that is,
W= 1. Thus, Equation 19.8 is consistent with the third law of
thermodynamics: If W =1, then S = kIn 1 = 0. Atany tem-
perature above absolute zero, the atoms acquire energy, more
amangements become possible, and so W>1and §>0.

Boltzmann made many other significant contributions
science, particularly in the area of statistical mechanics,
which is the derivation of bulk thermodynamic properties
large collections of atoms or molecules by using the laws
ﬁpmbabxhty For example, the molecular speed distribu-
shown in Figure 10.18 are derived by using statistical
ics; such plots are known as Maxwell-Boltzmann dis-
fributions. Unfortunately, Boltzmann’s life had a tragic end-
He strongly believed in the existence of atoms, which, as

= 1.38 X 10" 2)/K

SERRR, TEV

strange as it seems to us now, was an unpopular viewpoint in
physics at the beginning of the twentieth century. In poor
health and unable to endure continual intellectual attacks on
his beliefs, Boltzmann committed suicide on September 5,
1906. Ironically, it was only a few years later that the work of
Thomson, Millikan, and Rutherford led to acceptance of the
nuclear atom model. == (Section 2.2) Although Boltzmann
made many contributions to science, the connection between
entropy and disorder is arguably his greatest, and it is in-
scribed on his gravestone (Figure 19.13 ¥).

WV Figure 2.4 Ludwig Boltzmann’s gravestone in
Vienna is inscribed with his famous relationship between the
entropy of a state and the number of arrangements
available in the state (in Boltzmann's time, “log” was used
to represent the natural logarithm).
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