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... What does
the atomic
number tell
you?...

... And why is
the “average”
atomic mass
indicated?...

... for example,
recall that
there are 15
isotopes of
carbon: 11C,
IZC' 13C’ 1AC
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Chemical Properties ”

* Molecular nomenclature, Solutions, Balanced chemical reactions

« State functions, Standard states, Thermochemistry

* Non-ideal gases, Intermolecular forces, Physical properties, Phase
changes, Colligative properties, Water activity

* Free energy, (X)Chemical potential, Chemical equilibrium, van’t Hoff
equation, Activity coefficients, Le Chatelier’s principle

« Schrédinger equation, Internal energy, Atomic orbitals, Hybridization

« Valence bond theory, Molecular orbital theory, Band diagrams

* Crystal field theory, Ligand field theory

Great online resource: http: study-material/chemistry/Peter_Atkins_Julio_de_Paula_Physical Chemistry 1 .pdf

REVIEW... and then let’s do allslides after this one again, as the info is that imr’t{nant!) 78

ree Energy, a bit more rigorous approac

Internal energy, E, is the energy of the system... and related terms are defined as enthalpy, H =
E + pV, Gibbs free energy, G = H— TS, and Entropy, S... what in the world is free energy?
... total differentials are facile... for example, dH = dE + pdV + Vdp and dG = dH — TdS — ST
Well, it stems from the laws of thermodynamics: Are these state functions?
(1) Conservation of Energy: AE,yerse = 0; dEg e, = dQ + dw... where Qis heat and w is work
(2) Increase of Entropy: AS,yerse 2 0, AGyygrem < 0, and dQ < TdS, e,
(3) Lower Limit to Entropy and Temperature: S, 20,720
. where dw = dw' +-pdV/
Many chemists are interested in non-pdV work, dw', and so using total differentials...
By the 1%t law, dE ., = dQ + dw' + -pdV... and thus dH, ., = dQ + dw' + Vdp
And by the 2" law, dw' = dH,; — TdS, ;- Vdp... and thus dw' = dG, + S, dT - Vdp

system

Qflow possible from internal energy necessary Q flow
At constant T and p, (dG,,);,, = dw'... in chemistry, w' is ible (ph. ( ical
work! . most chemists work with systems at constant pressure (ambient) and temperature (also ambient)
... but what are les of ible (photo)(el )chemical work?... Chemical reactions!

(REVIEW) 79

(Electro)Chemical Potential

What if we could determine the contribution from each species, i, to the ability of the system

to perform useful (photo)(electro)chemical work? That might be good to know, right?

)

M1 pnjy

... it’s the change in Gibbs free energy, G, for every infinitesimal change in the amount, dn;
with T, p, n;; held constant

Well, we’re in luck... that is the definition of the (electro)chemical potential: p1; = (

So, let’s write the general form of dG =  X; (::) dn; | and integrate from O to some
T pnjai
amount of each n;, which we’ll call (R)eactants, and separately for (P)roducts, and one gets
Gr = Xr ey Gp = Zp Hpnip

So, AG for converting reactants to products is then AG = Zp Hpnp — ET Wy Ty
... which seems to make sense... to me at least

... and there is nothing special about “electro” above... this could be “magneto”, “gravitt ‘weak force-0”, etc.



http://www.rnlkwc.ac.in/pdf/study-material/chemistry/Peter_Atkins__Julio_de_Paula__Physical_Chemistry__1_.pdf
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(Electro)Chemical Potential

So, let’s take a deeper look at this for A @<= B

Assume this reaction has a negative free energy difference... its infinitesimal change is...
G

dG = (
dG = (ug — up)9ng... and so this is a detailed thermodynamic version of an ICE table!

) ony + ( ) dng = pp0ny + ugdng... but since every loss of A has a gain of B

A—=B A-X;B+X A=B

(1)nitial (C)hange (E)quilibrium
But hold on... at equilibrium, what is dG? 0 Yet based on the equation, won't all A turn into B?
... the answer is that ; are not constants with dn;... and ultimately uf = 1%, at equilibrium

.. as seen (next) by its definition: fi{' = puf' + z;q® = p{"“ + RT Inaf + z;q$“ in phase «...

(UPDATED/REVIEW) 81

(Electro)Chemical Potential

So where does the fundamental equation, fif = ,Tt:’ ““ + RT Inaf + z;q$%, come from?

... recall that, by definition, dw' = dG;, + S, dT— Vdp and j1; = (BG)
Tpnyzi

on;
... and thus for species i, at constant T and pj,..- one has dw'/dn; = dii; - V; dp;

v . .
.. where V; is partial molar volume, o ) and p; is partial pressure
I/ T pmje

... then assuming ideal gas law behavior, V; = RT/p;... and so one has dfi; = RT (1/p;) dp; + dw';
.. integration from £ to fif* results in 1 = f{"* + RT In(p¥/p{") + w',
... and when species i is non-ideal, af = y{ (pl /p:’ l") is more accurate in the natural log term

... and/or when species i is charged, z; # 0, then spatial effects due to ¢ are important

(UPDATED/REVIEW) 82

(Electro)Chemical Potential

So in the previous example, imagine that A and B are ideal gases...
... s0 they cannot react... n, and ng are independent and constant

TR

Then, using fi{ + RTInaf + z;,qp%
—a _ —oa «
Fa=Hy + RTIn ag + (0)q¢ classical version of 1 for

§ = iy + RTInaf + (0)qp” effects outside of the &

Hamiltonian "box" 9,
£
-

Defining the free energy change upon mixing is facile as
Ginitial = AANA + A§1B Gfinal = fj eqna + H§ eqlB

AGix = 1p <ern ) +ng (RT In “”‘)

... with total number, n = n, + ng, and mole fraction, x; = % 08

— a a a a 05 1
Abmix = nRT (XA eq I X4 eq + X eq In x5 Eq) Mole fraction of A, x,
-since this assumed ideal gases, Ay = 0.and the driving fOrce is pUTely  SSTEL 1y omsne
entropic (ASyix = 0)... this is the driving force for colligative properties!
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Chemical Potential

Pure substance Mixture or Solution

H
N~
i T
a6 G w_ (0Gmix\
=) =— = (=2
an w an; Tom
Figures from Prof. Mark Lonergan (Univ. of Oregon)
- classical version of #REVIEW) 84
Equilibrium effects butside of the

Hamiltonian "box"
And, in summary, as it relates to the fundamental equation, fif = ﬁ:-"a + RTInajf + z;qp"

Tab 5.

. . . ff
Recall that for species in solution, af’ = y;’ﬁ;

i
... where y{* are activity coefficients (more in a bit)

A=8B

And back to dG = (i — [if)dnp... where dng is termed the progress of the reaction, and so...

AG = (,zg - Zf/\ﬁﬁ{) with v, (stoichiometric number)
B

...when AG < 0 the reaction is exoergic/exergonic, and net proceeds as written
when AG > 0 the reaction is endoergic/endergonic, and net proceeds opposite of as written
... when AG = 0 the reaction is at equilibrium and proceeds equally in both directions (net is 0)

(REVIEW) 85

Chemical (and Thermal) Equilibrium

For an uncharged species

Given AG = (;ZE - ;ZK)... which could have v; too...
and using fif' = fi{"“ + RT Inaf* + z;q "
AG = jig® + RT Inaf + zpqp® —

Ay® + RT Inaf + zaqp”

For any substance: 1]’

Which means that
a
AG = (g% = f2%) + RTIn 2 + 2q(0)

ap

a
AG = AG®® 4+ RT In Q... where Q = % and...
R

160

Gibbs energy, G

AG>0

AG = AG®"® + RTIn Q' ... where Q' = 5.5

cflen” AG=0 cormesponds o
... where AG®"“ contains the activity coefficients, y{

2 he
foat of the valley
Extent of reaction, xi

o a o.a
At equilibrium (i5 — fiy = 0 = AG®" + RT In Qlq, 50 AGO"* = —RT In K’ with k' = 522/%

o« jood
CAeq/CA
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Equilibria and Equilibrium Constants Lmportant in Analytical Chemistry ..soifyouseea
Norme and Symbol of - capital K... the letter
v e after Jin the
cquibenam + 500 K, = 8150, alphabet... you should
berween o digh sluble j
[ pa— know what it means
[T — and what chemists are
Dhoocinion of 3 wesk CH.O00H + WO == K= SO0 thinking about...
i o b HO' + CHO00 Q000K
CHO00 + HO = K CINOOTH ... but shouldn’t these
LS CHAKH i be K'values, and
Formution of s complcsion Focm - B e where are the
standard states?...
Odstirn mducrsan (P MAD, 4 SR SR = AL \H\:' }" = Um, yup!... Oh
s s WY IS+ 0 ) nomenclature;
Dioibuion equlbeiem fr s~ & lag) = 1oy} K=t speaking of which...
gz https://goldbook.iupa
B corg/
usm.edy ical%20Chemistry/Lecture%20Notes/Chapter%209%20C] ilibria.pdf

87
Scientists & Engineers love to vary Temperature

AG®"® = —RT In K" indicates that T relates a measurable quantity, K', to AG®"%...
... but an even more accurate analysis relies on AG®"* = AH®"* — TAS®"* for a given T and p,

AHO'@ 1 ASOLE

... leading to the linearized van’t Hoff equation: In K’ = T R

... but this is also an approximation that only holds over a rather small ranges of T due to the
temperature dependence of AH?"* = C,AT, and Cp, and AS®"*

... nevertheless, many thermochemical properties that can be determined by varying T...

... and chemical kinetic properties too (stay tuned)...

a joa
CBeq/B

At equilibrium i — jip = 0 = AG®"* + RT In Qgq, 0 AG®"* = —RT In K" with K" =

Keal "
- —_ 88
Activity Coefficients
. N o 0.5123V1
Debye—Hiickel equation (in water at 25 °C)  |ogy, = - ——*
TABLE | 1+ 3.30xV1

Activity Caefficients for lons at 25°C

o = effective diameter
(nm) of hydrated ion, X

10 B 0y Mab;

... the derivation is long...
... but the main idea is that
you balance thermal
motion (Boltzmann) with
electrostatics (Poisson/
Gauss)

... the "limiting law" is when | > 0 (< 10 mM)...

Table 10-2, p. 274 in Skoog & West
logyy = —0.512)%\ﬁ
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http://sites.usm.edu/electrochem/Analytical%20Chemistry/Lecture%20Notes/Chapter%209%20Chem%20Equilibria.pdf
https://goldbook.iupac.org/

89
.y . .
Le Chatelier’s Principle
Initial states equilibrate based on ICE, ICE Baby!
Given K’, and
A =B+ C assuming typical
standard-state
Reaction: HA w Hio* conditions, use the
1 a4saM 8.000 M 0.000H following equation
< N N b and plug in
O o o i it buzzworthy. . information from E
ucdavi hysical_Chemistry/Eq om/2012/11/14/justin- (in ICE) to calculate x
uilibria/Le_Chatelier%27s_Principle/ice_Tables bieber-vanilla-ice-photo/

(cBea/8”) (cleq/ce®)

o o0
Chea/ A

A=B+C K’

Vanilla Ice wants to know, "As the initial state progresses, what happens
if you keep supplying A and pulling B and C away?" ...

20
. ) . .
Le Chatelier’s Principle
"changes in the temperature,
... Le Chatelier’s Principle indicates that the reaction will continue... pressure, volume, or
concentration of a system will
—A=B+C— result in predictable and
opposing changes in the
; hi
... but for how long? ... system ".] .Ord.er toac |”eve @
new equilibrium state.
s e _ — Wik, Le Chatelier’s principle
p=4
M,—A=B+C— M,

... as long as the rate of supply in and/or the rate of exit out are non-zero...

In an ideal world, i.e. under certain rare conditions,
%ca _ 9 _ Occ

Fraia et 0, and the system is in a steady-state where there is a
net flux of species (generation of A, from the left, and loss of B & C, to the
right) but the species concentrations in the cell do not change with time

Chemical Properties (summary for today) .

* Molecular nomenclature, Solutions, Balanced chemical reactions
« State functions, Standard states, Thermochemistry

* Non-ideal gases, Intermolecular forces, Physical properties, Phase
changes, Colligative properties, Water activity

* Free energy, (X)Chemical potential, Chemical equilibrium, van’t Hoff
equation, Activity coefficients, Le Chatelier’s principle

« Schrodinger equation, Internal energy, Atomic orbitals, Hybridization Q\
* Valence bond theory, Molecular orbital theory, Band diagrams \(0
« Crystal field theory, Ligand field theory ‘\‘,\

Q0
Q@
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http://chemwiki.ucdavis.edu/Physical_Chemistry/Equilibria/Le_Chatelier's_Principle/Ice_Tables
http://buzzworthy.mtv.com/2012/11/14/justin-bieber-vanilla-ice-photo/

