Parti¢ni funkce monoatomického idealniho plynu

Q(N,V,T)=

v

qtransw,nz[

(qtrans qelec qnucl )N

N!

27mKkT
h2

3/2
=
A

_ —BAe
qelect _ uJel + LJLJeZe . —|_

qnucl

— wnl

v

Pouze multiplikativni konstanta v Q
Ovlivni pouze S a A — konstanta
V tadé pripadli nemusime uvazovat

E =kT?

[aan] — 2 NKT +
aT s

3

—BAse
Nw,,Ae,e =%

2

qelec

+...

B:kT[

oV

8InQ] _

NKT

Vv




Idealni plyn — dvouatomové molekuly

Mezimolekulové interakce mohou byt zanedbany (p < 1 atmosféra, T > 300 K).
Idealni plyn — pocet kvantovych stavi vyrazné vétsi nez pocet molekul:

q (V ’T ) - qtransmelectqnucl

Uplny kvantové chemicky popis piili§ komplikovany
Separace jednotlivych stupii volnosti — tuhy rotor, harmonicky oscilator
Vzijemné ovliviiovani jednotlivych stupni volnosti se uvazuje dodate¢né

Bornova-Oppenheimerova aproximace
Stacionarni Schrodingerova rovnice: u;(r) - potencial pro pohyb jader pro el. stav j

H(F;R) = E(R)¥(F;R)
Pohyb dvou jader — separace na transl¢ni a vnitini stupn¢ volnosti

H — Htrans + Hint ¢ > = E':trans + E_:int ¢ > q - qtransqint

Nejvétsi hustota stavii — translaéni partiéni funkce: Qans (V. T) =

2w (m, +m, KT e
h2

— qt’;lansqi’:t
Q(N,V,T) —



Vibrac¢ni parti¢ni funkce — harmonicky oscilator

1
=hv[n+=
€, u[

w, =1 Degenerace vibracnich hladin

Nulovou energii definuje jako -D,

v
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O, =hv/k  Vibra¢ni teplota — typicky 10% K — uvazujeme pouze prvni ¢len

Populace vibragnich stavi: f(T)= g
vib

B ethv(nJrl/Z)

Frakce molekul ve vibra¢né vzbuzeném stavu:

00 ethv(rHl/Z)

n=1

Quib

:1_ fo — ethv — e—@v/T




H, o = 4320cm™ ®, =6215°K

B a8 (n+1/2)

f(T)=
( ) qvib

H-H at 100, 300, 500, 700 K

Population
o o o o
w +a o (s3]

o
[N}

0.1

2 3 4 5 6 7 8 9 10
Vibrational quantum numer

fn(7OOK) 0.9999 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000




0, »=1568cm™ ®, = 2256°K

B a8 (n+1/2)

f(T)=
( ) qvib

0O-0 at 100, 300, 500, 700 K

E= T

Population
o o o o
w L= w (o]

<
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0.1

2 3 4 5 6 7 8 9 10
Vibrational quantum numer

fn(7OOK) 0.9601 0.0383 0.0015 0.0001 0.0000 0.0000 0.000




o =214cm™ ®, =308°K

|2
—Bhv(n+1/2
£ (T e Bhv(n+1/2)
n ( ) T
qvib
|-l at 100, 300, 500, 700 K
1 T T T T T T T
0.9 B
0.8 B
0.7 B

Population
o < < o
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e
[N}

01

0 i | ‘ i f ‘
0 1 2 3 4 5 6 7
Vibrational quantum numer

£ (700K)

0.3559 0.2292 0.1477 0.0951 0.0613

0.0395 0.0254 0.0164 0.0105 0.0068 0.0044




Molekula El D, Freq. 0, B CH
stav kcal/mol | cm? (K) cmt (K)

H, DYy 103.2 4320 6215 59.3 85.3

I, Dy 35.6 214 308 0.0373 0.0537

Br, DYy 45.4 322 463 0.0809 0.116

N, DYy 225.1 2345 3374 2.001 2.88

NO 11, 150.0 1890 2719 1.695 2.45

HCI 1+ 102.2 2938 4227 10.44 15.02




Rotacni parti¢ni funkce — tuhy rotor

R*I(J +1) 2
= I - Mre
= 21
w, = 2J +1] Degenerace rota¢nich hladin
&g h ]
— = +1
O T
— = h
. — —B8BJI(I+1) L oL,
Oror (T) = g(zj +1)e B Charakteristické teplota rotace
o= k  —typicky jednotky K — nelze zanedbat

Nelze najit, nahradi se integraci — neni korektni pro velka J:

v

T ~0,3(3+1)/T L —0,3(3+)/T T 8r%IkT 0 <T
G (T) = [ (23 +1)e di = e d{a0 +0} == :
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Molekula El Dy Freq. 0, B 0,
stav kcal/mol | cm? (K) cml (K)
T
H, ) DI 103.2 4320 6215 59.3 85.3
/
N 1, D 35.6 214 308 0.0373 | 0.0537
o0 = Br 13t 45.4 322 463 0.0809 | 0.116
—BBJI(J+L 2 g
Qo (T) =D (23 +2)e "0
J=0 N, Iz, 225.1 2345 3374 2.001 2.88
O, <T [ no M, | 1500 | 1890 2719 1695 | 2.45
HCl I3+ 102.2 2938 4227 10.44 15.02

Orot (T ) —143e 2T L 5g00/T | 70-126,/T
O, >0.7T

Problematicky ptipad — rotacni energie ptiliS velké na
integraci a sumaci nelze omezit na nékolik ¢lent.

Euler-MacLaurin sumace:

2 3
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Frakce molekul v rotaéné vzbuzenych stavech:
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Symetrie vinnové funkce — homonuklearni dvouatomové molekuly

Celkova vinova funce molekuly musi spliiovat pozadavky na symetrii pfi zdméné nerozliSitelnych jader.
* zména znaménka v piipad¢ poloc¢iselnych jadernych spinti

Zamgéna jader ~ (1) inverze vSech Castic (el. + jadra)

(2) inverze elektront zpét
\

Zména znaménka v pripadé¢ ,,ungerade® vl. fce

' 4 , Closed-shell molekuly — Zzadna zména
1\) total L")trans.l\)v()q)ro %

Symetrickeé funkce

Musi zajistit odpovidajici vlastnosti

Vlastni funkce tuhého rotoru = angularni fce H atomu
Wt — zmeni znaménko pro licha J




Molekula Hg v zakladnim elektronickém stavu — jadra se spinem | = %4

Analogicky s vinovou funkci pro singlet a triplet:

1 - - , ,
Symetrické vinové funkce aa, 3B ’ﬁ@‘@ +B8a)  Statisticka vaha 3

Antisymetricka vinova funkce % (o —Ba) Statisticka vaha 1
2

Celkova vinova funkce musi byt antisymetricka:

= Rotacni stavy se sudym J — spolu s antisymetrickou spinovou (jadernou) funkci
— Rotacni stavy s lichym J — spolu se symetrickou spinovou funkci

Ortho-vodik (paralelni jaderny spin) vs. Para-vodik (opa¢né spiny jader)



104 IDEAL DIATOMIC GAS

Dvouatomové molekuly obecné

03

Jadro se spinem | - 21+ 1 spinovych s
Homonuklearni dvouatomova molekula:
(21+1)(21)/2 - antisymetrickych je o1
(21+1)(1+1) - symetrickych

Q.0
1.51 1.52 1.53 1.54 158

Figure 6-7. The vibration-rotation spectrum of acetylene, This represents one vibritional line. The
alternation in the intensity of the lines 5 doe to the statistical weights of the rotational
levels. (From L. W. Richards, J. Chem. Ed, 43, p. 643, 1966.)

Shrnuti pro zakladni elektronicky stav symetricky vuci inverzi

Polociselny jaderny spin
I(21+1) antisymetrické funkce spolu se sudymi J
(1+1)(21+1) symetrické funkce spolu s lichym J

Celociselny jaderny spin
I(21+1) antisymetrické funkce spolu s lichymi J
(I4+1)(21+1) symetrické funkce spolu se sudymi J

Plati 1 pro ostatni linearni molekuly se stfedem inverze



Shrnuti pro zakladni elektronicky stav symetricky vuci inverzi

Polociselny jaderny spin
I(21+1) antisymetrické funkce spolu se sudymi J
(I+1)(21+1) symetrické funkce spolu s lichym J

Celociselny jaderny spin
I(21+1) antisymetrické funkce spolu s lichymi J
(I+1)(21+1) symetrické funkce spolu se sudymi J

Rotacni a jadernou parti¢ni funkci nelze rozdélit

Molekuly s celo¢iselnym jadernym spinem

Oropue (T) = (1 +2)(21 +1)> (23 +2)e T 4 1(21 +1) S~ (23 +1)e 0T
rot,nucl

J even J odd

Molekuly s polociselnym jadernym spinem

Oro (T) = 1(21 1) 35(23 +2)e™ T (1 42)(21 +1) 35 (23 +2)e 07

J

even J odd
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qnucl (T) — <2| +1>2
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T)=
qrot,nucl( ) 2@
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T
Orot (T) — @
W

»Symmetry number* - 1 pro heteronuklearni molekuly
2 pro homonuklearni

/@% Hy, 1=%,%

Orotruar (T) = 1(21 +2)D (23 +2)e 0T (1 41) (21 +2)> (20 +1)e 0T

‘]even ‘]odd
_ J(I+1)/ WJ(IH)/T .
qrot,nucl (T) _2(2‘] +1) ‘|—3Z 2J —|‘1>
J even J odd B
para ortho
Molekula El B 0, Br
stav cm? (K) 0 o 0 300
H2 1Zg+ 59 . 3 85 . 3 —_— \» Figure 6-8. The percentage of nara-hyd:;);:n in an equilibrium mixture as a function of temperature.

WWSSi nez teplota varu
ReSeni numericky - MATLAB



Celkova parti¢ni funkce dvouatomové molekuly:

3/2 2 —Bhv/2
8n IkT e
q(\/’T) :( ] V O_h2 1_ethu wele
E _§+ n hv /KT _De
NkT 2 ™ T _1 kT
Vylepseni:

Anharmonicky popis vibraci
Centrifugalni distorze
Rotacné vibracni vazba

0, <T

Jednoduché modely
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Molekuly s nizkolezicimi elektronickymi stavy (radikéaly)
Zahrnuti vice stavll do elektronické parti¢ni funkce

Molekuly s jinym nez X zakladnim elektronickym stavem Oy
Elektronickée a rota¢ni angularni momenty nejsou nezavislé |



Idealni plyn — viceatomové molekuly

Mezimolekulové interakce mohou byt zanedbany (p < 1 atmosféra, T > 300 K).
Idealni plyn — pocet kvantovych stavi vyrazné vétsi nez pocet molekul:

q (V ’T ) - qtransqrotqvib qelectqnucl

Separace jednotlivych stupii volnosti — tuhy rotor, harmonicky oscilator

Pohyb jader — separace na transléni a vnitini stupné volnosti

H - Htrans + Hint ¢ > € = 8trans + 8int ' ’ q - qtransqint

Rozdéleni 3n stupni volnosti

N N
Nejvétsi hustota stavll — translaéni partiéni funkce: Q(N,V,T)= Qirans Gint
I
2nMKT 2V
qtrans(V’T) — [T] V= X
. D/KT | N
qelec - wEle _I_ Q(N ,V ,T) — (qtransqrotqvibqelecqnucl)

N!

qnucl — 1



Vibrac¢ni parti¢ni funkce — harmonicky oscilator

Q 1 1/2
Ezzhuj[nj+§] U—i[ﬁ]
j=1

A i

Nulovou energii definuje jako —-D, - disociace na jednotlivé atomy

~0,/2T

o e
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Rotacni parti¢ni funkce — tuhy rotor

R2I(J +1) - 2
© 21 ,2 i

w, = 2J +1] Degenerace rota¢nich hladin

_€;4,—8 _h ]
- - +1
Y h s Y

h
8r’lc

e;=BJ(J+1) B=

v

qrot(T) -

8milkT T

— ©
oh? 0O

- —

B  Charakteristicka teplota rotace
« - typicky jednotky K — nelze zanedbat O <T

r

Linearni polyatomicka molekula



Nelinearni molekuly

3 rota¢ni momenty hybnosti definované principalnimi (hlavnimi) rota¢nimi osami:

L :JZ:‘mj |:(yj _ycm)2+(zj _Zcm)z}

Ly =2 m, [ (6 %) (¥, ~ Yen)] 20

j=1

o]
I

3 rota¢ni konstatnty: A=
8wl ,C 8wl ,C 8wl.C

3 rotacni teploty

Symetricke ¢islo — pocet ,,rozliSitelnych* zptsobi kolika mtize molekula byt zobrazena sama
na sebe: H,0 -2, NH;-3,CH, - 12, C;H, - 12
Symetrie: identita + pocet rotacnich prvkl symetrie grupy
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Spherical top

J
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1, =1, =1, Asymmetric top

3 rotacni kvantova Cisla
3 rotacni teploty

Kvantové chemické reSeni — numerické

=> Resi se klasicky:

qrot(T) -

h2

o)

w2 [8112 I KT ]l/

i [8112 | kT ]”2 [SNZICkT ]“2

h2

h2

Branéna rotace (,hindered rotation®)
V, < kT

V, > kT

V, ~ KT

qrot(T) — -

0)

1/2 T3
[@AGB@C

Jl/Z

C/Nk

Tabeluje se.

Vi = 3000 cal/mole

¥g = 1000 cal/mole

Vo=0
1 1 |

|

US/
1

200

400 600 800
T(°K)

1000

Figure 8-2. The contribution of internal rotation to the heat capacity as a function of barrier height V.



Parti¢ni funkce pro nelinearni polyatomickou molekulu:

3/2 1/2 3 1/2 In—-6 —@y;/2T
4= (21erT) b ( T ) , { 1 e . PRV
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Chemicka rovnovaha

Reakce v plynné fazi, jednotlive slozky se chovaji idedlné
v, A+vB=2uv.C+v,b «—— v.C+v,D-0,A-0,B=0

Helmholtzova volné energie systému:  dA=—SdT —pdV + > x,dN,
,—

Reakce v uzavieném objemu za konstantni teploty: A = Z ,Udej — (z MV, j dA
(dN; =v;dA) i ,-

, o oA
V rovnovaze musi platit: — | =0
aﬂ“ TV

Podminka chemickeé rovnovahy: Zj:‘)jﬂj =Uc He +UpHp ~UpHp = Ughts =0



Parti¢ni funkce smési idedlnich plynt
jednotlivé slozky jsou rozliSitelné
parti¢ni funkce je produktem parti¢nich funkci jednotlivych slozek

Q(N,, Ng,N., Ny, V., T) =

V,T)™ 05 (V. T)™ g (V. T) g (V. T)™
:Q(NA,V,T)Q(NB,V,T)Q(NC,V,T)Q(ND’V’T):qA(N ') q (N !) q (N !) q (N !)

dln s (V. T
Chemicky potencial slozky (kanonicky soubor): o =—KT [ N Q] =—kT In M
Nezavisi na ostatnich slozkach (idealni plyn) AINGYT A

j [N

Zujﬂj =V Mo + Up fp = Upftp —Ugpty =0
j

Ve Nl Vb Ve ~VD
NC ND __ Jc ™D

v v Va ~V 3/2 2 —Bhv/2
N AA N BB AA BB q(\/ ’T) = [Zﬂka ] ?87;}:‘2(1- 1e_ e—Bhv L*)eleDe/kT

h2

V idealnim plynu vystupuje V pouze V Qyqns
/ Muzeme q vydélit V

K () —bees (oY) G V)
pAApBB (QA/V>A<qB/V)B




Ve Vp <qc /V )VC <qD /V )VD
T opee (Au/V)*(ge V)"

Pro ideélni plyn pati  p; = o;KT

K, (T)=L2cPo _ ryeronek (T)

A B



I Optimized Parameters !
I (Angstroms and Degrees) !

I Name Definition Value Derivative Info. I
I'R1 R(1,2) 0.9592 -DE/DX = -0.0001 I
IR2 R(1,3) 0.9592 -DE/DX = -0.0001 !
TAl A((2,1,3) 103.5235 -DE/DX = 0.0 !

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

1 8 0 0.024785 0.000000 0.019715

2 1 0 0.020402 0.000000 0.978914

3 1 0 0.958414 0.000000 -0.200328



Full mass-weighted force constant matrix:
Low frequencies --- 0.0003 0.0008 0.0016 44.0112 46.2876 47.4959
Low frequencies --- 1652.3657 3853.5637 3973.9265
Diagonal vibrational polarizability:

0.0000000  0.0940684  0.6462884
Harmonic frequencies (cm**-1), IR intensities (KM/Mole), Raman scattering
activities (A**4/AMU), depolarization ratios for plane and unpolarized
incident light, reduced masses (AMU), force constants (mDyne/A),
and normal coordinates:

1 2 3
Al Al B2
Frequencies -- 1652.3657 3853.5637 3973.9265
Red. masses -- 1.0826 1.0452 1.0809
Frc consts -- 1.7415 9.1451 10.0570
IR Inten -- 64.5165 5.7300 55.2014

AomAN X Y Z X Y Z X Y <

1 8 0.00 000 007 0.00 0.00 0.05 0.00 0.07 0.00
2 1 0.00-043 -056 0.00 0.58 -0.40 0.00 -0.55 0.44
3 1 000 043 -0.56 0.00 -0.58 -0.40 0.00 -0.55 -0.44



Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 8 and mass 15.99491
Atom 2 has atomic number 1 and mass 1.00783
Atom 3 has atomic number 1 and mass 1.00783
Molecular mass: 18.01056 amul.

Principal axes and moments of inertia in atomic units:

1 2 3
EIGENVALUES -- 2.25311 4.08574 6.33884
X 0.00000 0.00000 1.00000
Y 1.00000 0.00000 0.00000
Z 0.00000 1.00000 0.00000

This molecule is an asymmetric top.
Rotational symmetry number 2.
Rotational temperatures (Kelvin)  38.44197 21.19907 13.66398
Rotational constants (GHZ): 801.00156 441.71740 284.71146
Zero-point vibrational energy  56702.1 (Joules/Mol)
13.55213 (Kcal/Mol)

Vibrational temperatures: 2377.38 5544.41 5717.59

(Kelvin)



Zero-point correction= 0.021597 (Hartree/Particle)

Thermal correction to Energy= 0.024432
Thermal correction to Enthalpy= 0.025376
Thermal correction to Gibbs Free Energy= 0.003957
Sum of electronic and zero-point Energies= -76.297061
Sum of electronic and thermal Energies= -76.294226
Sum of electronic and thermal Enthalpies= -76.293282
Sum of electronic and thermal Free Energies= -76.314701
E (Thermal) CV S
KCal/Mol Cal/Mol-Kelvin  Cal/Mol-Kelvin
Total 15.331 6.005 45.080
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 34.608
Rotational 0.889 2.981 10.466
Vibrational 13.554 0.044 0.006

Q Log10(Q) Ln(Q)
Total Bot ~ 0.151346D-01  -1.820029  -4.190771

Total V=0 0.129940D+09 8.113743 18.682584
Vib (Bot) 0.116514D-09 -9.933622 -22.873011
Vib (V=0) 0.100034D+01 0.000150 0.000344
Electronic  0.100000D+01 0.000000 0.000000
Translational 0.300432D+07 6.477746 14.915562
Rotational 0.432362D+02 1.635847 3.766678



KC(T) — péCpBD — <qC /V>UC (qD /V>UD KC(T) _ pécpgo _ (qC /V)UC <qD /V>UD

PaPs (Au V)" (d IV PaPe (Aa/V)" (0e/V)"
J
K,(T) =2 Po__ eryeriosne i (1)
A B

Parti¢ni funkce monoatomického idealniho plynu Celkova parti¢ni funkce dvouatomové molekuly:

. <qtransqelec >N
QNV. T ="0 q(V,T)z[

h? oh? 1_gom e
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Table 6-1. Molecular constants for several diatomic molecules® |
electronic @ C] B Q] kx10-3 D,

molecule state (cm~1) (°f() {cm™1) (°k) (dynes/cm)  (kcal/mole)
H, DI 4320 6215  59.3 85.3 5.5 103.2
D, I 3054 4394 299 42.7 5.5 104.6
Cl, Dy 561 808 0.244 0.351 3.2 57.1
Br, DI 322 463 0.0809 0.116 2.4 45.4
I, 154 214 308 0.0373 0.0537 1.7 35.6
0, D 1568 2256 1.437 2.07 11.6 118.0
N, DI 2345 3374 2.001 2.88 22.6 225.1
CO 13 2157 3103 1.925 2.77 18.7 255.8
NO [T 1890 2719  1.695 2.45 15.7 150.0
HCl 13+ 2938 4227  10.44 1502 49 102.2
HBr 13"+ 2640 3787 8.36 12.02 3.9 82.4
HI 15+ 2270 3266 6.46 9.06 3.0 70.5
Na, - DI 159 229 0.154 0.221 0.17 17.3
K,; 13+ 92.3 133 0.0561 0.081 0.10 11.8

* These parameters were obtained from a variety of sources and do not necessarily represent the most
accurate values since they are obtained under the rigid rotor-harmonic oscillator approximation.
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