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| : ' Introduction

1)} "Chemistry is the science of the transformation of substances. Tt
studies the composition and structure of substances, the relation between
the properties of substances and their composition and structure, the condi-
1 tions and ways of changing-substances into one another " [I. p. 17]

Chemistry helps to understand the nature, to choose mauterials and
fuels, to predict their properties, to create technologics.

b

Thermodynainics

" Fhermadynamics is a science that deals with: 4 ;

(1) the conversion of energy from one form to another; {2) the encrgy cffects

in physical and chemical processes and their dependence on the conditions

under which the processes take place; and (3) the possibility. direction and
. limits of spontancous processcs (i.c., processes in which work is not sup-

plied from outside the system) under given conditions.” (3, p. 156]

~  "Basic epis

A_svstem is u body or group of interacting bodies that we conside
apart from its surroundings.” [3. p. 157]

“An isolated system is onc that cannot exchange energy or matter
with its surroundings and that has a constant volume.” 3, p. 157]

A closed spstem is one that cannot exchange matter with its sur-
roundings. An open system is onc that can exchange both energy and matter
with its surroundings. : - '

Parameters - ave quantities which determine the state of the system.

There are_intensive parameiers (P, T) which does not depend on mass
of substances, and_extensive parameters (V, m, 1) which value depends on
mass of substances.

Process is any change of the state of the system, during which the pa-
rameters change. Processes in which heat is evolved are called exethernnc,
those in which heat is absorbed are called endothermic.

*Thermodynamic functions whose value depends only on the state of
the system are called functions of state (U. H, 8. G, F) The change of such
functions in a process depends only on the initial (1) and final (2) states of
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the system; it does not depend on the path by which the system is brought .
from one slaie to the other." [3, p. 157]
For example we can write:

AU=Uz-Uor AS?Sz-Sl

Where U is the internal energy. Thermodynamically, it is stric!ly de-
terrined by the first law. Physically, the internal energy of a system is the
total enesgy it has, including the energy of the translational and rotational
motions of its molecules, the intermolecular vibrations of atoms and atomic
groups, the motion of the electrons in the atoms, the energy of the atomic
nuclei, and other forms of energy. It does not include the kinetic energy of
motion of the system as a whole or its potential energy due to position" [3,
p. 158]

“First Law of Thermodynamics

It is intimately related to the law of conservation of energy." [3, p.
163]

"A great part in the formulatiog of the first law, as we know il today
was played by G. Hess (1836), 1. Mayer (1842), J, Joule (1847), H. Helm-
holtz (1847), and others..,

The first law can be formulated in several ways.

The following formulation is a highly important one: in any process
the change i the iternal energy of a system (AU =, -U, ) ual 1o |

heat O imparted to the system minus the work A done by the system

AU=Q-Al*D.p 164

This equation is a mathematical expression of the first law of ther-
modynamics.

"For process involving only infinitesimally small changes, it is con-
venient to write previous equation in the form: |

[AU=3Q-35A]

where dU is the total Jdifferential of the internal energy of the system; and

#0 and &t are infinitesimally small amounts of heat and work." [3, p. 165]
We write dU because the internal energy is a function ef state and it |

does not depend b the path of the process.
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But heat (Q) and work (A) are not the functions of state. Theéy de-
pend on the path of the process. Because of it we write 80 and a4.
"By means of previous equations we can define the concept of inter-
nal energy thermodynamically as a quantity, the increase in which during a
process is equal to the heat absorbed by the system plus the work done on
the system by external forces! 3, p. 164-165]

AU=Q+A

In this equation we write plus hefore work because it done on the sys-
tem by external forces. Ji is not done by the sysiem. E
. "In many processes work is done only against the external prcssura
In such cases for an isothermal process

& OJA=PdV
A =PAV

L g

dU = 8Q-PdV
e . AU=Q-PAV

where Pis the pressure, and V is the volume u-f the system,

1) Hence, [or isocheric gr_gcegm (dV=0)
6Q=dU|

Q, =AU

V=const

2) For isobaric process (P=¢onst)

Qp=AU+PAV=U, - U+ PV, -V)=U+PV, - U +PV, = AH
S, H, H,

Q, = AHY}if P=const

where
Q, -heat eifect of the process a1 P=const
Q. -heat effect of the process al V=const
"Enthalpy H is widely used thermodynami¢ function. It is dcl“m:d by
' a

-
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 The enthalpy, like the internal encrgy, i a function of state.” [3, p. 1

159] :
" Aétention! In thermodynamics a positive value of Q means that heat
is absorbed by the system, while a negative value denotes heat that is!

evolved™. [3, p. 159} - |
“The reverse sign convention, called thermochemical, is also frft

guently used!” [3, p. 160]
The heat effect of a process is defined as the sum.of the absorbed heat

and the total work done by the surroundings on the system, minus the work.
of the external pressure.” [3, p. 160] For the processes at cnngnt tempera-

ture
: . & |
Qy=AU=U,~ U, T |
Q, =AH=H,-H, |
"The above relations show that at constant temperature the heat ¢f-

fact of isochoric and isobaric processes does not depend on the path of the
process, but is uniquely determined by the initial and final states of the sys-

tm._" [3, p. 160]
" [Qp=Qy = AH- AU = PAV = AnRT

For ideal gases at constant temperatire PV=nRT. Hence, if in a reac-
tion my moles of gaseous substance are used up and nz moles of gaseous
products are formed then A(PV) = AnRT and AH =AU+ AaRT. For ex-

ample: : e
2H2+02:=2H20¢1l ) |

An=0-2-1=-3

Hess’s Law (1840)
* The heat effect of a chemical reaction is inlependent of the path of th

reaction and depends only on the imitial end_fisal states of the sysiem:. Thi
law is strictly valid only l'mﬁxhoric processes ( heat effect cquittoAU Yo
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fur isobasic pfocesses( heat effeat ul|ual to AH ).For these |ﬁ‘(h_.‘£5$|:s it is
casily deduced from the first law of thermodynamics” { see above ). {3, p.

167} : ==
Heut effect of the chemical reaction is heat absorbed or involved dug-

ing the chemical process, if the temperature of initial substances equal to
the temperature of final substunces.
Problem which deal with Hess's law.

There are two chemical reactions :

1)C + %0:=CO +110.5 keal

2) CO + %0; = CO;z + 283 keal

Calculate the heat effect of reactitm :
= S w2 Oy=80; " w =
Solution (see Fig. 1)

(80)

C+1/2e0; CO+1/280;

@

C+0,

Fig. |

Q_!, = Q1 + Qz = 393.5 keal

“The heat of formation is the heat effect of the reaction of formation
of a givan compound from its constituent elements when the latter are in
‘the stablest state fer the given temperature.” {3, p. 170]

Theren onsequences of Hess's law,
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- 1) It follows from Hess’s law that the heat effect of a reaction is equal
to the difference between the heats of formation of all the substances on the
right-hand side of the equation of the reaction and the heats of formation
of all the substances on the left-hand side (each multiplicd, of course, by
the proper coefficient (n) of the equation).

ldl]'wlci'l.l'. = E(nﬁﬂnr)prod - Z(I'IAHOI'I)R'M f

where AHO% . - heat effect of the chemical reaction, AH%- heat of formation
at p = const, prod - products of reaction, react - initial substances.

In handbooks there are values of the heat of formation (H%) for
many substances.

Example 2:

Determine heat effect of reaction
ZHz(ﬂg) fi‘_OZ(gas) = ZHZO(quuid} )
0 i
é‘Hl‘( Hy) — 0
because hydrogen is a simple substance in the stablest form,

&H?(Og ) =5 0‘

AHY it ocwpuns = 286 %n o

Solution:

¥

AH,, = 2AH{ ;. oiquay — (2H g,y + 28Hy o)) = 2-286 = 572)

2) The 2% consequence of Hess's law.

“Jt follows from Hess's law that the heat effect of a reaction is equal
to the difference between the heats of combustion of the reactants and the
heats of combustion of the products ( multiplied, of course. by the proper
stoichiometric coefficients )." [3, p. 174]

AH Y, = z(ﬂﬁHI‘mm)m:t - E(nﬂHucorn)pmd s
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where AH'%om - heat of combustion, that defined as the heat effect of the re-
action of oxidation of a substance by oxygen to the higher oxides of the
corga-;pnnding elements or to compounds of these oxides.

3) The 3+ consequence of Hess's law. )

“The amournt of heat evolved {absorbed) in decomposition of a com-
pound into simple substances is the same as that absorbed (evolved) during
formation of this chemical compouhd from the initial simple substances.”
{6, p- 74

Efficiency of F uel

Example 3: :
Determine the heat effect per | kilo of reactants CrHis and Oz ) for
reaction: ;

C/His + Oz —= H,0 +CO,
Solution: : '
1) We must balance the equation
2C* - [de — 2CH
SCH -30e —» 5C*

0y + de —» 20

CsHis + 1102 = 7CO; + 8H:0
2) We must determine heat effect of the reaction

AH', . = S(nAHY) 0y = Z(MAHY) (1 =
= 7.&“2«:;},; +8f:\l_{orm:0; Y g{c,lm

3) We must determine the heat effect of the reaction per. 1 kilo of the
reaclants % :

AH%r * 1000

Z(nM)eaa

5.
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where n = coelficient of the equation, M = molar masses of the reactanis.”

T(M),.., =M, +11M, =100+11.32=452¢,

Dependence of He.;tr Effect of Reaction on
: Temperature

“In the general case true heat capacity is defined as the ratio between
an infinitesimal amount of heat imparted to the system and the change in
temperature which this brings about, i.e.,

C=8g/dT.
Hence it follows that for isocheric processes
Cy = (dUMT)y 5 i
and for isobaric processes
Cp = (dH/dT)e.
Diﬁarcnt.igting the equation ;
: U AU=SUze U
with respect to the temperature at constant volume, we obtain
[ AUYAT Jv = (U T)v-( AU aT)y = Cyz - Cvi = ACy,

where l:'.:..,r - heat capacity at constant volume of the system in the initial
state. C\.] - heat capacity at constant volume of the system in the final

state, AC,, - change in the heat cupacity at constant volume of the system
upon transition from state | to state 2", '

ACy = Z(ncv)pmd = E( l'ICV)n:J:u.:t-

“Tor constant pressire piocesses we oblain in similsr manpen:”




[ AHYIT Jp = ACs.

. “These equations are mathematical expressions of the same Kirch-
Foff’s law, that can be formulated as follows: the temperature coefficient of
the heat effect of a process is equal to the change in the heat capacity of the
system catised by the process.” [3, p. 176]

. ¥
AU, =AU, + [ACdT
o T‘

.AH,, = AH, + JAGdT
T

These equations are the same law.,
“Example 4:
Determine how the heat effect AH of the reaction

Colga;; + Hzotpl] = CGths] Xk H,zrgash

depends on the température and find its value at 1000 °C, if at 2501 %
AHzs =9,838 cal and : ;
' C,,, =6.3424+1.8363-10°T = 0.2801- 10T -
s Cpg= 7.21942.374.10°T +0.267:10 °T*
Cp.,, =6:396+10.1-10°T +3.405-10°T"
Cy,, =69469+0.1999-10°T +0.4808-10°T"

From these equations we obtain ;i
ﬂC? = CFH: +CF¢;|= “‘Cp"'u -CPCO =

=-0.219+569-10°T - 2911-10°°T!
- A
AH; = -9.838+ [(-0.219+569-1079T =2.911.10°°T*)dT =

= ~9.838 - (0.219T + 2.845.107° T~ 0.9703-10°°T")[,, =

=~10.0-0.219T + 2.845-10°*T? - 09703.10-°1"
and AH ypyx = -7.67cal = -32.2J"
[3,p 178]
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Second Law of Thermodynamics

litroduction. The first law of thermodynamics determine energy pa-
rameters of processes and the second law of thermodynamics determine di-
rections of the processes, "The second law of thermodynamics has a more
limited field of application than the first law. It is of a statistical nature and
is therefore applicable only to systems composed of a large number of par~ ]
ticles, i.e., to systems whose behavior can be described by the laws of statis-
tics.” [3,p.182]

"Sponlaieous processes ure ones that take place without work being

done on the system and as a result of which useful work can be obtained in

amount proportional to the change that takes place.
_ Progesses in which work must be done on the system in an amount di-

recily-proportional to the resulting change also exist." [3,p.181.] 4
™A reversible @ ic process is defined as a process in which

the system reverts (o its initial state without having caused any changes in

its surroundings.” [3,p.158.]
" The seco, ermodynam that in isolated systems only

such processes can oceur spontaneously in which the entropy of the system:
increases; 4 process can procesd spontaneously until the entropy reaches its
maximum value for the given conditions.” 3, p. 183] : |

"For every thermodynamic system under given conditions there exi
a general criterion that characterizes the permissibility, direction and limi
ol spontancous thermodynamic processes. For example, for isolated sys
tems this criterion is a thermodynamic parameter calted the entropy S." [

p. 183]
“Entropy is 8 thermodynamic function which is a function of §

and whaose change for a reversible isothermal process of heat transfer i
equal to the reduced heat of the process.” 3. p. 189]

AS=—$— or dS=-:r—

2

These formulae can be used in calcutations of AS in processes of

phase transitions.
For irreversible processes
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X e
204 law of thermody-'

l

ds)

In general case mathematical expression of the
namics i ' PR

asz— S o o
"Entropy is a funcﬁ?'l of s!ate,-hence g infinitesimal change in Eﬂr\ ‘
(ropy is expressed by the otal differential d§, and the change in entropy H\ o
@ given pEDCESS depends only on the initial and finel states and i§ independ- -
ent of the path.” [3, p. 190] ; B A :

For a chemical reaction

T (7<) W () W

=

}
4 '

where S} is entropy of formation. One can find it in handbooks.

Example §: :

€ g
Is reaction " s Itaices

AHClgr+ ME(OH)2=MgCliey 200
* sponianeous in isolated sysiem in standard wr_tdiltions.{P=1 atmT
s oL Lo 7. ; ;
ASH. = Mo t AS gty e) T 2_455’3-10(;} S @gﬂstw]z{c} i
45149142446 151 =4378calcx L 5.

=298 K)?

Answer: : ‘ . e

This reaction is e sponiancous one in this conditions because
‘AS0 ! Es .

[',:9' C"I-ly) il e

__ "The establishment of the statisticl nature of the second Jaw lgd
L. Boltzmanii (1896} to the statistical interpretation olentropy. ey E

-
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S

: that by means of this function or its-derivatives the thermodynamic proper-

_tials. To be true, this term is frequentfylised in a narrower sense to denote

it ¢an be siown that
- S=k-log, P,

Where k = Boltzmann's constant -3

R
k= —=) ! ’
N, a

Pun = thermodynamic probability of the %eu state of the system. :
; ; Py |
Y

Plank's Postulate (1912)
(3" Law of Thermodynamics)

limS =0 "

T—D“

“At absolute zero the entropy of a perfect crystal of an element or
cumpound in the pum state is ze10, while in any other state it is greater then

zerp." [3.p.249)

...!
"Entropy can be considered as'a measure of disorder in the arrange-

ment of the particles of a substance. This is why entropy has the Iowcil.'.:
value fmaperfw crystal.” [3, p. 249] & ]

o
-

"Cfmmcrerrsnc Functions and Thermadynamw
= Potential

A characteristic function is such a function ofthe state of & system

ties of the system can be expressed in explicit form. The following five char-.
acteristic functions are most widely applied in thermodynamics: (1) Gibbs_
froe energy, (2) Helinholtz free energy, (3} internal energy. (4) enihalpy, and

(5) entropy.
The fitst four are also known collectively as thermodynamic poten-

the Gibbs and Helmholtz energies or only the former.” {3, p. 195]
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The Zf_!agggum and Maximum Useful Work,
in g Process
From the 2 law of thermodynamics

ds> ESTQ '
& : : o
it is useful 1o observe that for isothermal provesses it follows 1bra
{his relation that : = _

‘& " TdS28Q
From the first law of thermodynamics
S . dU=3Q-5A S
and from these tWo

. dU<TdS-3A ™
or =

. BASTdS«U

“In these relations the equality sign refers to equilibrium aad 1o 18-
versible processes; the inequality sign refers 10 irreversible processes, _

The last relation shows that the work which a syster ean do is maxis
Enum for reversible processes, It is called the pagxinmm work, Aues (Wmas)"
3.p.192) : _ :

BAn=TdS-aU. =~

For isothermal progesses one otiaing: from the previous eapression:
for a finite change: . 2 e

' ASV(S:-S;)-(U:—UO
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A<(U;-TS))-(Uz-TS;)=-AF
+F1 +F2
F=U-T8 '
e dF =dU -TdS :
o AF = AU -TAS
: “The function U-TS plays an important role in the- study of equilib-
“rium in isothermal processes, It is called the Helmholtz free energy and is

* denoted by the symbol F" [3,p.195] A
*“It is clear that’

: Arnu="AF’l !

Entropy changes, as has been shown, determine the direction and ex-
tent of spontaneous processes in isolated systems. The Helmholtz free en-
ergy provides a similar criterion for systems at constant volume and tem-
perature.” [3,p.196] - . i
- 1f AF<0 the process is spontaneous under constant V, T. ;
_"A function similar to the Helmholtz free energy is the Gibbs frec en-
ergy or (Gibbs energy) that provides a criterion for spontaneous processes
in systems at constant pressure and temperature. This function is denoted
by the symbol G and defined by the expression

or which is the ;a.ame
| G=U-TS+PV
..and also
G=F+PV

For any process AG=AA+A(PV).

It follows, hence, for an isobaric process

AG=AF+PAV

“~




For an isothermal process

: dG=dH-TdS
AG=AH—TAS|

The maximum useful work A'max in an isothermal

process is defined

o ; 4
« Almg;=‘AG s
\ According to Ama=-AF and AG=AF+PAV:
N s A =A,.-PAV

Almax i equal to the maximum work Apias Mi-

O | \us the work done agamal external pressure.” [3, p. 196]
"In systems at constant temperature and pressufe only such spunta-

0 neous processes can take place that lead to a decrease in G}

ilibrium when the functmn G reaches a m:mmum
the criterion for cthbnum is

dG=0
_(11(3>D

i.e. the im

the pmcess goes to equ
value fur the given conditions i. ey

It follows from the formula:
AG=AH:-TAS,

is less than zero {bG(.U) if AH is less

that at low temperature (T—0) AG
if AS is bigger than zero (AS>0)

than zero (AH<0), and AG is less than zero 1

at the high temperature (T—®).
Because of it exothermic proc

perature, and spontaneity of some processes can

€sses Are spontaneous one at low tem-
depend on temperalure.

Example 6.
Is reaction 5
; ZHCLg)+Mg'[OHJ:;.;)-MgClzm**‘Hzo 3
L, r—\;““nn Tf‘{H“{“J‘
7 Hib. un KA
& ' Vi -,‘11. u'ﬁ- -.Hf‘-'
=5 [PA T



spontaneous or not (a) at constant pressure and temperature (P=1 atm,
T=298K), and (b) at constant volume and temperature (T=298K, initial
pressure Pi=1 atin)? ’ i
Solution.
a) : _
0 0 :

+ AG yerien — 2AG cey = AGuomen = ~546+ (-1415) -
~2-(-22.8) - (~1993) = +488keal >0

hence, the reaction is not spontancous,

b)
ﬁFt!\.r = aGch.r L MRT = 48.8‘4180 = (1'2]'8.3]'298 =
=204000 + 2470> 0
hence, the reaction is not spontancous in these conditions.
Example 7. Can be the previous reaction spontaneous at other tem-
perature? i
Solution.

ﬁGﬂa : r:ﬁl‘lch;'TdSch.n

Let us assume that AHu . and ASq . do not depend on temperature

Al l':m. o Al {lrJul;oun + M{;mm “ZAHEmutm 3 M'I?ﬂ-lsmm:ts)l =9
- -57.796 + (-153.35) - 2 (+22.062) - (-22 L) = 53.978kcal

. 0
AS, . = Ab:]ui-,n{g:u + Aslr}{ugcum} —2A8 wcign — "—"Sgch{gmm;un s
=45106+21.422—-2.44.64 -15.1=-37.8cal

AG,,, =53978-T-(~37.8)

It is clear that AGe . is always bigger thanzero because temperature is
always bigger than zero T=0.
Hence reaction

k 21 1(’!15J+ Mg(Ol'l)zm ::MgC‘?!u]'l'H!O{El

. - e o
" "
¥ L FATE, T
¥ e
jue 1
$ ryl!

e 1
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is not spontaneous at any temperature. But it is known from experience.
that this reaction is spontaneous in water solition. Because of it one must

pay attention lo the state of substance (gas, liquid or solid (crystal)) during
the calculations. : :

Dependencies of ASchrand AGa,, on Temperature

During heating of substance entropy increases

s HC,dT

) AT ¥

hence, if one knows AS%:. at T=298 K, it is possible to calculate ASe . at
other temperature.

T AC :
AS%y, = AS" s + [—-—"dT
we T

You know that
AG=AH-TAS and
_ e _
AH, = AH, + fAC,dT  (Kirchhof's law)
T . X

Hence
T AC
fa—=dV
208 1
13, p. 256
There are dependencies of isobaric heat capacities (Cp) of many sub-
stances on temperature and data (H3 —H‘;g],{s'} ~8%,) in hand-

books.
Hence, one can calculate.

.
AGY = AHY, ~ TAS, + JAC,dT-T

AHY = AHY, + A(H} - Hi,) and
AS) = AS), + A(ST —S3)
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Exauple 8. Determine AG% 3 of the reaction.
CO+H;0=CO>+H2
(See example 4.)

Solution.
o 1273 :
AGY,, = ~T67 1273 ASh ~1273- | (-2 +569-10° -
m -

_2911-10°*T)AT = ~7.67 = 1273 (Skhs,, +Shrcs, = St ~ Simce) =
1t
1273-(-0219 T + 569.10°T - 2T <. .

and so on, and so forth.

Degendéngies of G=f(P,T) and F=f(V,T)

"Regarding F as a function of T and V. and G as a function of T an
P, we can express their total differentials in the form: .

dF:(ﬁ) dT+[§E) av 0
S | 1 ov/,
dG ﬁ(———) 8% '[—-—) d 2)"[3,p.
: =T pd + o). P 2)" [3,p-203)
Remember that |
F=U-TS

G=H-TS=U-TS+PV
and :
; dU<TdS-8A=TdS-PdV
if work is done only against external pressure (or by it), then A=P

[3,p-192]
Hence, =



2l

dl—-—dU-Tds _SdT<-SdT-PdV 3)
dG=dU-TdS-SdT+PdV-VdP<-SdT+VdP )

"Comparing the cxpression (3) and (4) with Egs. (1] and (2), we con-

| clude that :
' (ﬁ) =-S [@} = =P
& a1/ y v/

GG

Inserting in Egs. :
G=H-TS and F=V-TS
the derivatives of the thermodynamic functions,

in place of entropy
tain the relations:

F=U+T(3F)
ar
G= H+T[
or
AF = .&U +T(a{§:)] -
Y (6)
Bm(}
a6 = At +1(249)
+ T ),
or
A
Asux =480 +T(—-—L‘*‘i"-—) o4
aA' @

we ob-
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Eguations (5-7) are called the M@Mﬂ [3, p. 203-204]

Phase Equilibria

" Basic Concepls. @

A system is called honiogencous if it does not contain any boundsa
surfaces separating parts of the system with different properties. If the sy
tem does contain such boundary surfaces it is called fieterogeneous. A phase
is a part of a system that is homogeneous throughout (i.c., its physical and
chemical properties independent of the mass are uniform) and is separated
from other parts of the system by a boundary surface (interface). Phases
consisting of single cheradcal substance are called simple (or, pure) phases
those containing two o msore substances are called nsixed phases."[3,p.157]

"We call a component or constituent of a system any chemically hos
mogeneous substance that cam be separated from it and is capable of exis:
tence in the isolated state some length of time.

The equilibrium in 3 heterogeneous system in which the components
do not interact chemically, best only pass over from one phase to anothel
phase or phases (phuse t: ansitious) are called phase equilibrium." [3,p.215)

‘. "The least number of components (constituents) of a system sufficien!
to form all its phases is called the muw.iber of independent compone R
This number differs from the total mumber of components po:
nents interact chemically and equiibrium is being established. For example
the system in which the reaction j i

o Hz*‘lz:ZH_I

oceurs consists of three components: Hz, 1> and HI, but only two of thes
(any two) are independent. In the general case the number of independen!
components equals the total number of components minus the rumber &
reactions expressing the chemical equilibria: ]

King=Kio-X L T
[3,p.217-218] . Y

*The quantity L, called the number of degrees of freedom or varicne
is the number of parameters (temperature, pressure, coneentration) that cé
be arbitrary varied (within certain limits) without changing the numbei
kind of phases in system.” [3,p.219]
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Gibbs Phase Rule (1876):

The number of degrees of fresdom of a system plus the number of
fhases equals the number of independent coriiponents plus the nimber of

p e
external factors that affect the equilibriuof the system.

[CiF=K, +n]

Phase Diagrariis

L it !

“Fhe diagram showing how the state of the system (and its phase
equilibrium) depends on external conditions or on the composition of the
system is called the diagram of state or phagg diagramaﬂ'*ig. 2

A " ¢
! ok iiquid) .
walcr
of A
4578 1%
E Bl
A
Al = l@.u:'c J
t = '

Fig. 2. Diagram of state of water in the moderate pressure region." {3.p.220}

C=Kina-Ftn
Kina=1 (water)
n=2 (temperature and pressurg)

C=1-F+2=3-F
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“Ore-phase states of water have two degrees of freedom (bivariant
system).

b : F=1 (ice or liquid, or vapor)
623.1=2

Here both the temperature and pressure can be varied independently
“within fixed limits without causing any change in the number or kind of
phases of the system." (3, p. 221]

The two-phase states of water are represented by curves dividing the
diagram into areas each of which corresponds to one of the states of aggre-
gation of water; vapor, liquid, and solid {ice).

C=3-F=3-2=1

The number of nnn...un of freedom in the two-phase case diminishes
to one (monovariant system); i.e., only the temperature or the pressure can
be varied arbitrarily without causing a change in the number or kind of
phases, and the variation of one of these parameters entails a corresponding
variation of the other. Equilibrium in the two-phase system water-ice is de- |
scribed by curve OB that shows how the freezing point of water depends on
pressure. The dotted curve OD in the diagram is a continuation of OC and
gives the saturated vapor pressure over m._ﬂa.ooo_on witer (metastable
equilibrium)” [3, p. 221]

"Point O, called the triple point, corresponds to a state of equilibrium
between all 5..8 phases. In this case the system has zero degrees of _._.onnoa
A. e.itis _:enzuas

num-m.. =3-3=0.

There is only dne combination of temperature and pressure -0.01C
.and 4.579 mm Hg at which all three phases can exist in equilibrium. The
slightest change in either of these parameters causes one or two of the
phases to disappear.” [3,p.222] .

Phase diagrams are widely employed for investigating metal alloys,
silicate systems, aqueous salt solutions m_.__n_ various systein of organic an
other no_.u_uo::nm (Fig. 3).

The regions o and P on this diagram correspond to the existence o

solid solutions, of tin in lead (o) and of lead in tin (), respectively.
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Slight pressure changes do not practically affect the state of the svs-
tem; hence, applying the phase rule to determine the conventional variance
of the sysiem, one can make use of the relation

Ceon=K-F+1
n=+1 (only temperature)
K=2 (Sn and Pb)

350 e
it
LIQUID :
2
i
LIQUID + @
O :
- [ c -
8 atf
0
100

Pb, % =~
Fig. 3. Phase diagram for the system lead-tin. [3, p. 303]

Thus, a liquid melt (single phase) is a conventionally bivariant system
(Ceon=2). The composition of the melt and its temperature can be changed
independently (within the corresponding limits). Let an alloy with 17% of
leud be initially at a higher temperature than the melting point of tin, for in-
stance in the state corresponding to point A. Its cooling is shown in our
diagram by vertical line AB; no change in state occurs at 232 °C and only
when the temperature is lowered to 208 °C will tin erystals containing a
small (about 2%) amount of dissolved lead be deposited.” [3. p. 306]

("Law of Raoult: The lowering of the freezing point is proportional to
the guantity of substance dissolved in a given mass of the solvent." [1, p-
222))

-
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: Chemical Kinetics
“Introduction. QMLE&LM is a branch of chemistry that deal ",

with reaction rates and their dependence on various factors (reactant con-
centration, temperature, catalysts, ete.)." [3, p. 413]

" The rate of a chemical reactions is quantitatively characterized by the |
change in concentration of the reactants in a unit of time." [3, p. 414]

g e R
dt dtV
Vz0 always. ]

Where n is quantity of substance.
_. The rate of'a heterogeneous reaction is

. V:id_n
diS

‘Where S- is area of boundary surfaces.

Dependence of Reaction Rate on Concentration
-~ of Reactants ;

The law of mass action (C. Guldberg and P. Waage (1867)) "For the
kinetically simplest homogeneous reactions the rate of a given reaction at
constant temperature is proportions! to the product of the reactant concen-
trations, each concenltration being raised to a power that in the simplest
case is equal to the coefficient before the formula of the corresponding sub-
stunce in the equation of the reaction.” [3, p. 417]

Muthematically, as applied, for instance to the reaction




= »
INO+H;=N0+H:0

it is expressed in the form of

‘v= k-Ci,o_ ? e

*The proportional factor k is a constant for a given lemperature and
a given reaction and is called the rate consiani of the reaction. 1t is numeri-
cally equal to the rate of the reaction when the concenirations of the
jnitial components equal wnity." [3, p. 418) ("For gas reaction the law is
strict only in limits of validity of the ideal gas laws. It is also applicable 10
reactions in dilute solutions.” [3, p. 418] -

"Kinetic Classification of Chemical Reactions

With respect to their kinetics, chemical reactions are classified either
according to their larity or according to their arder.” [3, p- 418)
"The molecularity of a reaction is Qelcrniihed by the number of mole-
cules that simultaneously take paft in the reaction. Accordingly reactions
are classified as unimolecular, bimolecular and trimoleculac.”[3, p. 419]
For example: '

1) 1:=21 This is a unimolecular reaction (._:} =50
2) Ha+1:=2H1 This is & bimolecular reaction 0= OO0

3) 2NO+ H, = N,O+H2ti This is & trimolecular reacl.icnUOO —3= () (®)

SAPEECUIS

“The order of a reaction equals the sum of the exponents of the £on I
centrations in the cquation for (he dependence of the rate on the concentras
tions of the reactants. Reactions are classilied as flrst oraer, second order,
third erdey. (renctions of a higher order are nut encountered.) In addition
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there are 5o-called zero order reactions and reactions of a fructional order.
B.p.4200 "

"First Order Reactions

' dCi7y
=——.=k
i dt :

where C-concentration of a reactant.
On separating the variables in this equation

dC ;
= —=kdr
C :
and integrating, we obtain

log.C=-k1+B

Designating the initial concentration (at t=0 ) by Ca (Fig, 4), we d
termine the constant of integration B '

B=log:Cq, whence loglc-g— =kt
: : o

or C=Cyvexp(-k1)

[3,p.421)
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O

Caoncentration

-

Time
Fig. 4
Let us determine the time when C=Co/2,

- log, £ ke
et

log¢2=1kt' :

"[3.p.421] .

"This relation shows that the rate constant of a firsi order reaction is
inversely proportional to the half life 13, p. 422) :

* The half life (1 ,2] 1 equal 1o the time required for half of the initial
substance to react.”[3, p. 422} : : : }

One also can obtain similar cquations for the reactions of higher or-
der but it is more difficult. e

The order of reaction is not equal to the molecularity if: /. five)

a) "One of reactants prescht in such excess hat its consnimplion'wil‘: '
have practically no effect on its concentration. Thus in 1 hydrolysis of |
o ester in @ dilute aqueous solution, taking place to the equation
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' CH:COOC;Hs+H;0=CH;COOH+C;HsOH *
the concentration of water changes negligibly and the rate of the reactio
will depend only on the change in concentration of the ester. As a result
rate will be described by an equation of the first order although it is actuall
bimolecular

b) Reaction is complex. Usually in these cases the equation of
chemical reaction reflects only the total effect of these interactions

2N,05-34N0+0; molecularity=2
but v=k*[N,Os] and order=1 because this reaction has two stages,
1 N205—>N2034-'02

2) N2O3 + N2Os - 4NO;

The first stage is slower and deterimine the rate of sum reaction
¢) Heterogeneous reactions. For example:

2Zn +0, =2Zn0 ¢ molecularity=3

but ¥=kCo:  andorder=|

Zn is solid. It has no concentration. O is gas.

"Complex Reactions

The kineties of complex reactions consisti,
actions related io one another in one way or another depénds on the nature o
their interrelation and on the ratio of their reaction rates. Typical form
of such interrelation are Simultaneous, congecuiive, conjugate and reversi
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reactions. The theory of these reactions is based on the principle that when
several reactions occur simultaneously, each takes place independently and
each obeys the kinelic equation of the simple reaction. Simultaneous reac
tions are those of the type
» B
Ax
C

o R p - &

In such reactions the initial substance or substances can react simul

taneously in different directions.
An example:

_, 2KCI+30;
6KCIOs
3KCIO4 + KCI

Consecutive reactions are those of the type
K, K,

A = B = C.

Where B is intermediate product in the formation of C, and K and
K: are the ratc constants of the two stages of the reactions."[3, p. 424]

"If one of the stages procoeds at a considerably lower rate than all
others, the overall rate of the reaction will be determined by the rate of this
stage."[3, p. 425 :

"Sympathetic (or conjugate) reactions are defined as reactions of the
type’

A+B->M L)

A+C—-N (c)
of which one, for example (b), takes place only together with the other, ie.
is induced by the other."(3, p. 426] '
"Reversible reactions.”
The rate of reversible reaction equals the difference between the rates
of the forward and reverse reactions."[3, p. 426]
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Vi
H; + 1= 2HJ
V2 X

VEN-Va
Vl = kl -CH! lC«'t .

Lt .
v, =k, Cy

-

“If only reactants (Hz and Jz) were present in the initial state of the
system, the rate of the forward reaction will diminish with a decrease in the
concentrations of these substance (Fig. 5).

]

3 X

o

z

-]

3

o Vi -
Time
Fig. 5

Curve V2 depicting the rate of the reverse reaction begins at the ori
pins of the coordinates (since according to the conditions initially Cin=0
and grows as the forward reaction takes place with the resuitant augmen

tion of the concentrations.”[3, p. 427]
"Hence a state ol equilibrium will be reached when the absolute v

ues of the forward and reserve rates will be equal "[3, p. 427]

-

y=0



clion.

wWhere K. is the concentration equilibrium constant of the rea
When previous equation is applied to reactions of non-ideal gases or not
very dilute solutions, one must substitute the activities for the concentia-
tions, and K, for Ke. Ky is pressure equilibrium constant

Ko P|14|
Pu,Pp

Where P are partial pressures.

"The partial pressure of a gas in @ mixt
which that gas would exert if it were present a
in the volume occupied by the mixture."(3, p- 81]

ure is equal to the pressure
lone, at the same temperature

]
K, =K, (RT)"
because [3. p. 82]
PRI
LA T

{ the component i, and An is &

wiere [3, p. 232l niis the nun]bur of moles o
ients of gaseous products and

difference between the stoichiometric coeffic
reactants

L]
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ble'(3, p. 235)

- 3G

An=c+d-a-b
[&] wa::lia.n: :
‘aA+bB=cC+dD+eE

i all substances (A, B, C, D) are gases and Eis a liguid or solid substance,
"One can calculate K, from equation:

- AGog . =-RTlog.K,

When Lluc reaction takes place at constant temperature and constant
partial pressure of all the substances, and the idea) gas laws are applica-

"Effect of a Change in External Conditions on
; Equilibrium

in iBSS.Lj'_Cigmﬂgr formulajed a general principle expressing the in-
fuence of changes in various {ictors on equilibrium. This principle, known |
us Le Chatelier's principle, can be stated as follows:

any change in the parameters that determine the state of a system in

equilibrium causes a shift in the position of equilibrium in_a direction

that tends to counteract the change produced”(3, p. 209-210]

"For example: 1) a rise in temperature always intensifies the endo-
thermic process”(3, p. 211} 2)"n rise in pressure favors the formation of
products that under thie given conditions occupy a smaller volume."[3, p.
212) : 2
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Effect of Temberafure on Reaction Rate

- "Forordinary temperatures, the approximate rule has long been usi_:d.
- according to whici the rate of reaction increases about two to fourfold with
each 10° rise in temperature (Van't Heff's law)"[3, p. 433)

1yt
VoK ow
vl K‘II

=

E ¥ -is called the temperature cocfficient of the reaction rate ye[2:4] .

5 | | Arrhenius Equation (1889) g

B
K=A.g*!

" "The energ¥ of activation (Ea) is the excess energy that a molecule
must have at the time of collision to be ablc to enter into the given chemical
reaction."[3, p. 430]

: q "A is constant characteristic of the given reaction"[3, p. 428]
: "The above is illustrated by Fig. 6.
- In the figure the energy of the moleculir system is plotied on the axis

-« of ordinates and the course of the reaction on the axis of nbscissus. If the
3 - forward reaction (transition from state I to state I ) is exatermal, the overall |
~ energy of the produtts is less than that of the reactants i.e., as a result of the
~ reaction the system passes (o a lower energy level (from level I to fevel J1), -
~ The difference between the levels | and 11 is equal to the reaztion heat efTect ‘I-

" (AU)¥The level N determines the least amount of energy that the mole:"

. cules must have for (heir collision to result in chemical resction. The differ-
- ence between the level N and the lavel T is the activation energy of the for- ]
ward reaction Ey, and the diflerence between the levels N and 1T is the acti- -

® =iy
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to the final state, a system must pass lhrough a sort of energy barrier."[3, p.
429-130)

Energy

Course of reaction _—

Fig. 6. Energy change in a reaction system.

Chain Reactions

"A feature of chain reaction is that the activation of a particle in some
way or other leads to reaction not only of the given particle, but also, con-
secutively, of a.number of other such particles"[3, p. 434]

" "In chain reactions the initial melecules react with active particles
{free atoms and radicals with unsaturated valences, tons, excited mnirculu.
“ete.) to give through a series of intermediate steps, the final products and
the same kind of active particles. The latter, interacting with new mole-
cules of the initial substances, ensure the further course of the reaction.

Initiation of such a chain, i.e., the formation of active pgrl.iclns may
take place in various ways."[3, p. 434]

Example. “The kinetics of the reaction between gaseous bromine and
hydrogen expressed by the ordinary equation S

H,+Bry=2HBr
L @ '




~ was investigated by M. Bodenstein, ct al. As soon as the reaction has been
started in some way or other, il can proceed further to a certiin extent
-spontaneously. This is due 1o a series of reactions, Dccumng partly simulta-
-neously and partly conswutlvcly 2

Bra— Bre+Bre initiation of reaction

Bre+H; —» HBrtHe

‘H-+Br; —» HBr+Brs) i
Bre+H: —» HBr+He chain of reaction
He+HBr  —-» HztBre e

Bre+Bre —*Br; termination of chain
3. p-435) . ' i ; 5
"One of the most important characteristics of chain reactions. consid-
erably affecting their rate is the chain lengih, i.c., the number of molecules
of a given substance -entering into reaction as lhe resull of a single act of
chain inmalmn ’ e
Bemdes being used up in the main rc:af.:lmn the active particles may
- also be consumed in side reactions among which an important pert is often
~ played by collision of the particles with the watls of the coutainer or_with
welecules of inert substances contained in it. In such collisions most of the
active parlicles lose their excess energy and become mactive; so called chain
terminaiion takes place. Hence in chain reactions such factors as the shape’
ofthe vesse! may become very important.
Chain termination may also be promoted by the presence in the vessel '
of inert solid material, even dust particles, Chain reactions are highly sensi-
" tive to changes in concentrations of both reactants and foreign pases: In j:
. particular, this has 1o be 1aken into account when investigating the mmhus 4]
tion of fuel in the cylinders of an engine."[3, p. 436]
- There are chain reactions in whith one active molecule may lead 1o+
the formation of two or more new active molecules. In such cases the rare of

-




@
40

' the reactidn may quickly grow, the process usually ending in an explosion.
Such reactions are called chain branching reactions (Fig. 7).
Their quantitative theory is quite involved.

P

/\ /\ of branching chaiiis.
AN

&3,

Kinetics of chain reactions

Kinetics of chain reactions is based on general chemical kinetics and
on equations of chains initiation and termination, Velocity of chains initia-
tion is of great importance in cases of little chains length, and its impor-
tance diminishes in cas¢s of reactions which have long chains.

_ Example. (Elementary ABC of theory) In case of line chains

V=n,-v
Where V is reaction rate; ng is rate of chains initiation and v is average

chains length. Let ﬁniv is a probability of the terminations of chains after

.

the present link.
In this case
ol
p
Let B=0i+p2

Where [ is a probability of the chains terminations without foreign
substance admixture, and P2 is a probability of the chains terminations in
interactions of the chains with molecules of foreign substance.

Fig. 7. LIS“u':hv:ma'Lic diagram
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Let B:=KC where C is concentration of foreign substance and K is a
constant. In this case

n,

_B, +KC

In case of the branching chains

&

S 17

B....

where b is a probablmy of branching on the given step.
If B>5 the reaction is stationary, i.e. it has definite rate. From the lasl

‘equation one can obtain.

V = const(l-e™*)

where 2

i

o i
¢ M

where At is time, during which the reaction is on one fink.

¢ dependents on pressure and temperature.
. )
$=CP'e %

where C, n and y are constants. -
If the probability nt‘branchmg is equal tu the probability of the ter-
:mnatmn of the chain.
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and it v

it is corresponds to the lowest limit of self-inflaming. The rate-of the
reaction increases quickly. ;

V =const-e*

where 1 is time of the reaction.

Above relanons do not take into account changing of concentrations
during the reaction. That is why this equations can be applied only to the
initial stage of reaction (when 20-30% or less of initial substances have re-
acted.) : ; !

P '_imrm mical Reactions

letm:hemlcal r:actwna are ones that take phwe under the influence of
hg}n It wnuld be more con,':ct to say that photochemical reactions are
those for whlch the energy ‘necessary for their initiation or prolongation is
supplted in the form of eleﬂromag;netlc vibrations - visible light, ultraviolet,
or more seldom m.framd rays, (photosynthesis, photographic processes, lu-
minescence phmomen&. dcuolm’lzauon of dyes.) [3, p. 448-449]

Phulochemlcal peact:om may be classified into two groups:

1. Reactions that can occur thermodynarrucaiiy without the agency of
light. (for instance the reaction Hz + Cl2 = 2HCI). In such cases light plays
the part only of an initiator of the reaction, promoting the overcoming (or
lowering) of the high actwanon energy of the reaction. Such reactions are
often called E.F:ogggg{_a_t' ptic. Y

2. Reaction that thermodynamically cannot occur under the given
conditions and “require work to be supplied from an outside source"
Bp 449] !




43

In every photochemical reaction one must distinguish (differeptiate) a
primary stage which is directly caused by light and other stages that can oc-
cur without light.

"The relation between the amount or absorbed energy and the amount
of substance undergomg primary photochemical transformation is ex-
pressed in the law of pho. olochemical equivalency deduced (1912) by A. Ein-
slem Aconrdmg to this law, Wﬂmm

0 ! [ i using the reac-
tion" [3, p. 449]

Where
N is quantity of molecules that react :
E is amount of light e'nefgy abtorbed by substance.
v= f;oqumcy. sl
h= Planck's constant,
hev = energy of one quantum.
N differs mnnally from n. n is a total qummy of molecules that re-
act in all stages of photochemsual rmuon :

.£P.=-§

@ can be less than | or more than | (for example can be 10°)
If ¢ >1, the process is a chain one. '

Kinetics of Photochemical Reactions

‘The rate of a consecutive reaction is equal to the rate of the slowest
stage of the reaction.
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Ex!

The rate of a primary photochemical slags is proportional to
brightness of light (o). If all light is absorbed,

dn {p‘[u
v='—=._.
dt h-v

In general case

=

V= £ Iu (l_c-m':[!)

h-v

Where :

a =coefficient of absorption of light by given substance.

C is a concentration of the substance.

D is a length of the path of light in the solution,

If the primary photochemical stage is not the slowest one, brigh
Joes not influence on the reaction rate so much.

The temperature (Van't Hoﬁ’s} coefficients of photoehemu:ai reactmm
cqual 1.2-1.5.

LCatalysis

"Catalysis is the phenomenon in which certain substances, called caila-
lists,, change the rate of or initiate a reaction while they themselves, al-
though participating in the reaction, in the end remain chcmically un-
changed.

Catalysis in which the catalyst accelerates the reaction is called positive,
and in which the catalysts (inhibitor or catalytic poison) retards the reac-
tion pegative. Reactions that are catalitically accelerated by their own
praoducts are called uutocatalyiic." [3, p. 441}

" Homogeneows catalysis include reactions in which the catalyst is in 4
uniform gaseolis or liquid mixture with the reactants.
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In heterogeneous catalysis the catalyst is present as a separate phase,
and the reaction takes place on its surface." 3, p. 443] :

"Catalysts do not affect the equilibrium of a given rzaction, but r.m]y
facilitate or hinder its estal ...nment.” [3,p.442]

“Catalysts often display high specificity. This means that they will of-
ten preferentially accelerate only one of a number, of possible reactions of
the reactants.

Example
C,H,OH =t , C H 4+ H,0 2
2C,H,O0H-—21(C,H,),0 + H,0 [3,p.444-445]
~ C,H,OH—8_, CH,CHO+H, :

Catalvsis Mechanis

"Catalysis deals with cffects that may have widely different mecha.
nisms, Thus, in chain reactions a positive catalyst may facilitate chain ini-
tiation." [3, p. 441] For example

E L)
H; + 0, e 5l C) Na+Cl, = NaCl+Cl
. it
"Negative catalysts in chain reactions ‘may act as chain lermmatmg
agents. This is the mode of action of the decomposition products of tetra-
ethyl lead or iron carhunyl that are added to petrol to avoid prematum
detongtion inengine cylinders. :
In other reactions the catalyst may form intermediate products \'.'llh'
ihe reactants, facilitating the formation of the end prﬁducts by lowering the !
activation energies. Let us assume, for example that in r=action A _: .;'

A+B=AB - Vi
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* the catalyst C may react with A to form intermediate product AC :
A+C= AC : (b)

The compound AC reacts with 'B I'ormmg AB and liberating the cata-
“lystC:
AC+B=AB+C (©

If the activation energies of reactions (B} and (c) are significantly less

‘than that of reactmn l,'u), C.‘ isa poslt:lve catalysl of reaction (a)" [>.p.442] :
(reducing it in the case

of positive catalysis)" B.p 1421 =

"In all heterogeneous catalytic reactions, the process takes Llace on the
catalyst surface. This means that the nature of the surface and its size, the
chemical composition of the surfacc layer, its state and structure shm.ﬂil
have a direct ‘bearing on Ihegiml'y_eﬁmg_cg_m&ﬂ [3 P 444]

"Catalytic activity is value characterizing the change of reaction rate in
result of catalysis. Catnlyllc activity is usually associated with adsorption of
the reactants on the mm’l actwe :illes (l'or thc given process) of the catalyst”.
B.p 4441 !

“We diﬂ'ermﬂa%: bcrwwn MMM whm the solute concen-
tration in the surface layer is greater thar in the I:u[k and mm
tion when it'is less”. 3, p. 325]

MM{E{&E is due to the thm components of intermolecular
attraction - dispersive, oncnmmnnl and inductive interactions” -B.p. 334

MLEMH_LEMMMI is due 1o chemical interactions
between the adsorbent and adsorbate. "The amount of gas oﬁlmuhrad sub-

stance adsorbed by a given amount of adsorbent depends on'the nature of
the gas or solution and on the conditions under which the process takes
place, above all, on the pressure of the gas or concentration of the solute
and on the temperature. All other conditions being equal, the effect of pres-
sure or concentration on the amount of gds adsorbed can be dupmed by
curves, which are called adsorption isotherms." [3, p. 329]

Various analytical expressions exist for the adsorption isotherm. A

widely used one, in particular, is the empirical Freundlich equation
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a:k.p}{' :

where a - amount of adsorbed gas [adsorbat:},

p - equilibrium pressure of the gas,

k and n - empirici) pnrametcrs, constant for given adsorbent and gas
at constant temperature, This equation is in good agreement with experi-
mental data over a wide range of intermediate pressures.” (3, p. 330]

"Another equation of the adsorption isotherm (Langmuir eguation) can
be deduced on the basis of the molecular-kinetic theory !

where k and b are constants for the given isotherm. :
This equation gives a good description of the Lsotherm in the low and .
high pressure reglons 13, p 331}

_ Diffusio;

“Diffusion in solutions, gases or sofids is @ natural process due to heat
motion of particles of substances that leads to the distribution of lhe com-
ponents throughout the solution, gas or solid”. (3, p. 438] '

The First Fick's law (1855) ?

*The rate of diffusion is determined by the followmg relation:

: dm=D-A -Edt
¢ _ dx : :
S ] MY
where dm is the amount of matter passing through a cross section A in
& time interval dt when the concentration changes by de through a disiance:

dx", (3, p. 459]
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* The dépendence of concentration in given point on time is determined

" by the second Fick's taw:

G de_n d’c

dt - dd

"The proportionality constant D is called the diffusion coefficient. It is
numerically equal to the quantity of matter that diffuses in unit time (Is)

' through a cross section of I 8q. cm. when the concentration decreases by

one unit per cm of path."[3, p. 459]
Diffusion coefficient depends on the nature of substances, on tempera-
ture and less on concentration and pressure. In case of gas diffusion:

i gy
D =0.043- -,’ +
| p{Vﬁ-Vﬂé) Ma Mb

M Vina and Vi are molar volumes of components, M, and My
are molecular masses of the components A and B.

The Stokes-Einstein’s equation is applicable to diffusion in liquids: '
' S R'-T* 3
N, 6nnr

where n=ratio of the circumference of a circle to its diameter (3.14..),
n=coefficient of viscosily of the medium r=radius of the particles.
This relation shows that the rate of diffusion increases in direct pro-
portior to the temperature, and in inverse proportion to the viscosity of the
medium and the size of the particles."[3, p. 459]
The diffusion coefficient in solids is determined by the following rela-
Lion:




- AE,
Shinde 'e"p(_ R -T)

Where AE. is energy of activation of diffusion, i.c. energy which is
necessary to move a particle of admixture from the equilibrium position to
the intermediate one (Fig. 8)

bd:
(*ag

Fig. 8

"K ¢ of Heterogeneous Processes
: /
A heterogemeoes proeess always takes place at ai interfacial boundary
ot in its: ieenediate vicinity "[3, p. 437] '
wFeo estimate the effectivity of possible ways of affecting the rate of a
leteromencous reaction, it is very important to know which of its stages is
thie sfowest under the given conditions, and hence determined the rate of the
reaction as a whole, In some cases this stage is diff usion of one of the re-
action components from the bulk to the interfacial boundary or vice versa.
In others it is the chemical interaction at the interface. The difference be-
tween the two is expressed most clearly in the temperature dependence of
the reaction rate, because diffusion process changes comparatively little
with temperature (about 1-3% per degree). While the rate of chemical reac-
tions is much more temperature-sensitive (about 10% or more per degree
depending on the aclivation energy)'[3, p. 439]
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“In the majority of the heterogencous processes, the overall rate de-
pends greatly on stirring. Because the stirring d_ilginishcs diffusion layer
(AX) and increases the rate of diffusion.

Am:D-A;EAt '
2 Ax

-

Other stages of heterogeneous processes (for -example, formation of
new phases or electrochemical reaction) also can be the slowest ones, and
determine the rates of the processes. Due to the fact that heterogencous
process take place at the interfacial boundary, the rate of such a process, all
other conditions being constant will depend on the area and state of the
surface.” {3, p. 439]

Theories of Heterogeneous Catalysis

“The theories of heterogeneous catalysis issued [rom the concept that
the reaction occurs in some way through the formation of intermediate sur-
face compound. A catalyst forms surface compounds mainly with such sub-
stances wilh which it is capable of reacting in bulk (perhaps under other
cundmons)

Concerning the nature of the actwa centers, N. Zelinsky was [irst to re-
gard them as complex formations consisting of several atoms, so that the
deformation of bonds that takes place in a reacting molecule is caused not
by a single, but by several atoms on the catalyst surface constituting the ac-
tive center. - ;

In 1925 H. Taylor introduced the concepi according to which the ac-
tive centers consist of atoms logated on the peaks and corners of crystals of
the cata]yht and therefore unsaturated from the ﬂewpol.m of valence.

The miudiplet theory (1929, 4. Balandin). v

Multiplets are the names given to associations on lhcrcatalysl. surface
of several atoms or ions regularly arranged in correspohdence with the
structure of the erystal lattice of the catalyst. Catalytic activity appears
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when the arrangement of the utm?/s-"or.ions is in geometric conformity with
the arrangements of the atoms in the molecules of the reactants. !

‘When the reactant molecules are adsorbed on the catalyst surface, the
bonds in the molecule are weakened owing to the influence of and partial
binding by the corresponding atoms of the catalyst.” [3, p. 446]

' "Among other theories of heterogeneous catalysis are the electron-
chemical theory, the reaction chain theory, etc.” [3, p. 447]

"Experience shows that incorporation of certain substances which
themselves are catalytially inactive may greatly augment the activity of a
‘catalyst. Such additions are called promoters™. [3. p. 445) "Their action is
due largely to their effect on the surface structure of the catalyst." [3, p. 445)
- "Some substances, even if present in insignificant quantities, greatly
decrease the activity of Q;e. catalyst or even completely inhibit its action.
. Like the catalyst itself, these catalytic poisons are specific in their action.
Poisoning is probably due to adsorption of the catalytic poison by the sur-
face of the catalyst, as a result the reactant molecules are blocked out." [,
p. 334 ;

Desorption of the catalytic poisons is possible.
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Double Electric Layer and Potential Jump

Let us imagine that a metal pl.ua-,ll'of instance iron, is immersed in wa-
ter. The iron ions, owing to the action of the highly polar water molecules,
are pull-. off from the metal and begin to pass into the layer of water ad-

__joinii.g the surface of the plate (Fig. 9). .
Fe
bt el s & lo .....................
880l at
Lot o o
Fig. 9
Fe-2¢ " Fel
{_

"The electrostatic atiraction which now urises between the ions passing
into solution and the oppasitely charged metal plate will inkibit this process
and equilibrium will set in. A potential difference will thus grise between the
metal and the surrounding aqueous medium”. 3, p. 373] (Flg I[l}
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Fig. 10. Double electric layer and the potential difference (jump)

¢-potential
y-potential difference Gump) in dense layer
w'-potential difference in diffise layer

"Similar effects are obtained wher the metal is immersed not only in
pire water but in a solution. An increase in concentration of the metal ions
will promote transition of the ions from the solution to the metal, and equi-
librium will set in at another potential of the metal charge. Metals whose
ions have little fendency topmmmsohﬁmmny wmbmomep

tively drarged (Fig. 11).

Agtte - Ag




- ' : Fig. 11
B %S tons NOy

1 The pasition of equilibrium depends pnmanly on the ratio of lhe en-
- ergy required to pull of an jon from the metal und the erergy fiberated by
' wvimmn of theion.! [3, pe373)e, v « : TS ERDISR,

Measurement of E Iéctmde Potential

“There are at the present no methods for determining the absolute
s'glue of the potenual of a s:.parate e!ecirode bur the cmweutmnal quinnti-

pmtutia! of an electrode chosen as reference can be determined. The refer-
ence electrode now unwcrsalty used is the 5 standard htnggﬂ electrode.” [3,
- p-381)
"This eleclrodc usually consists of a phll:nu.ed platinum foil immersed
in a solution containing hydrogen ions and around which a current of hy-
. drogen pas flows.
The hydrogen gas pressure is one atmosphere and the aclmly of the
i ,., hydrogen ion in the solition is unity (an* =1). (The activity ﬁepends on

. toncentration).
The following reaction occurs in the hydrogen electrode:
P T ' ;
-H; H +e “{3.p.285)
2 T~ :
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* The elecirode potential is equal to the e.m.f. of the galvanic cell which
consists of this electrode and the standard hydrogen electrode.
"When correctly used, the hydrogen clectrode gives very accurate re-
_ sults, reproducible to 0,00001 V. But its high sensitivity to the environ-
mental conditions greatly hampers its utilization. Other, less capricious
electrodes with an accurately known electrode potential relative to the hy-
‘drogen electrode are therefore employed. One of the most important of
such electrodes is the gilver chloride electrode. [3, p. 389] (silver with deposit
of AgCl immersed in saturated solution of KCl). -
"A galvanic cell consists of two haif celly each containing one electrode.
By means of these half cells one can set up widely different galvanic cells.”
[3, p. 381]
"The e.n.f. of a galvanic cell is the maximum potential difference be-
tween the electrodes: _

E=¢,-¢9, Eisalways 20

. where ¢ is potential of the cathode, and @. is potential of the anode.
Oxidation takes place on the anode, and reduction takes place om the
cathode. ' e : :
The maximum useful work done by the cell equals its e.m.f. () nulti-
plied by the quantity of electricity that has passed. We shall refer all quanti-
ties to the conversion of the gram-atom of an element (or of one gram-ion
of a complex ion). The quantity of electricity associated with this conver-
sion will then be ne-F=96487-n. coulombs (. is the charge of the ion)." 3. p.
a7 :

wm a _‘ﬁ'Gch.f =n,: FE

For the reaction
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b-B+d-D q-Q+r-R
(—.—.
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—AG=RT[Iﬂg K —-](}g o> Bt RJ
Rty ¢ cb el

B YD

nne'.F ne,F

bt 3 c ‘Ch
n F e

q r

Cq 'CRJ
Kol
a'Cp

(log= K, —log,
C

= E°

This is ¢ ernst's equation. E% is the e L LE
he Ni eq 2 .m.I. of the cell referred to -
. dard conditions, i.e., when ; ety

Cp=Cp=Coy=Cy =1 =
The quantity E° is called the normal (or stand = :
(3,p.380] : (or standard) e.m.f. of the cell". ¢

It is clear that the potential of the metal electrode N

R ‘
((p:tp +Eﬁ!0g= CM",{

"The standard potential of an electrode (¢°) is the potential appearing

when the activity (concentration) of the.ions determining the electrode reac-
tion is unity". [3, p. 384]

There are standard electrode potentials in handbooks.

"Knowing the standard electrode potentials @°, one can readily calcu-
late the electrode potentials of a metal in solution of any concentration by
means of last equation”. [3, p. 385] : :

"The standard electrode potentials for selected electrodes are given in

electromotive series”. [3, p. 384]




Polarization . .

Polarization is a difference between tl.e potential of electrode when an
electric current flows and the potential of electrode without electric current, '
Polarization diminished the e.m.f. of the galvanic cells and rate of elec-
trolysis. A distinction is made between chemical and concentration polari-
zation, : .
Congcentration polarization is due to the change of concentration during
the electrochemical reaction: :
: Zn-2e— Zn"
Congeentration of Zn?* increases
T eSS el U
== log U - el
nF . nF L s

Chemical polarization is due to the change of the nature of the elec-
trode by the products of the glectrochemical reaction:
2H' +e->H, T
‘This.reaction can change metal electrode (Cu) into hydrogen one
" AG°= 9%, —9°c, =0-0337=-0337V

"Both types of polarization can usually be diminished in various ways
called depolarization. :

Concentration polarization can be greatly reduced by vigorous mixing
of the solution. Cheinical polarization can be weakened by adding sub-
stances that will react with those responsible for its appearance.” [3, p. 403]

H, +H,0, =2H,0

Other types of polarization also exist,

Z‘I!I.

Ag = ¢°+EI log, C'
nF

Quantitative Laws of Electrolysis

amount of substance decomposed is directly proportional to the quantity of
electricity which has passed.

"According, to Faraday's first law, for any electrode reaction the




[Am = kq = kJ1]

According to Faraday's second law, when equal amounts of electricity
pass through solutions of different electrolytes, the amounts of the sub-

stance undergoing conversion are proportional to their chemical equiva-
lents. i

The evolution of I gram-equivalent of any substance requires the pas-
sage of F=96487 coulombs. This is a fundamental constant of modern

physics and is known as Faraday's constant.” 3, p. 400]
PR
Am==]Jz
F

Where Am is the mass of the substance undergoing cofversion,
D is the equivalent weight of the substance and
" Itisthe quantity of electricity which has passed.

" The equivalent weight of an element is the weight of that element which
will combine with cight parts by weight of oxygen (or 1 part of hydrogen)
or will displace these amounts from their compounds.” {1, p. 33|

’ ¢ igh complex substance is the weight of the sub-
stance which will react without residue with one equivalent weight of hy-
drogen (1 part by weight) or oxygen (8 parts by weight) or, in general, with
one equivalent of any substance." [1, p. 34)

The equivalent weight of a simple substance equals its atomic mass di-
vided by its valence. -

"The equivalent weight (3) of an acid equals'its molecular weight di-
vided by its basicity, i.c., by the number of atoms of replaccable hydrogen
in the acid molecule.

The equivalen weight of a base equals its' molecular weight divided by
the valence of the metal atom in it.

As to salis, their equivalent weights are found by dividing the molecular
weight of the salt by the number of atoms of the metal in its molecule and
by the valence of the metal." [1, p. 205] -



"Chemical Reactions in Electrolysis

Chemical transformations in electrolysis may very widely differentiate
depending mainly on the nature of the electrolyte and solvent and also on
the material of the electrode." [3, p. 399] ,

"When an electric current passes through an electrolytic mlut:on or
molten electrolyte, the positive ions move towards the cathode, and the
negative towards the anode, where they are discharged. The resulting neu-
tral atoms and atomic groups either separate out of solution or react with
each other, forming what is known as secondary electrolysis products.

Example I:

Electrolysis of molten NaCl on inert electrodes (such as Pt) that un-

dergo no chemical change during e reaction.
Electrolyte dissociates:

: NaCl— Na' +Cl”
On the cathode () Na*+e— Na _ : 3
On the anode (+) 2Cl1" =2¢— Cll i

Whole process 2Na* +2Cl” » 2Na +Cl, 1.

Oxidation process is always takes place on the anode and reduction
process is always takes place on the cathode. But in electrolysis the cathode
is negative electrode and the anode is positive one, and in. galvanic cell the
anode is negative electrode and the cathode is positive one.

Example 2:
Electrolysis of the solution of NiCla.
Electrolyte dissociates:.

NiCl, Ni** +2CI°

[1, p. 482

¢T¢

H,0 H +OH™

(]
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"In considering the mechanism of electrolysis it must not be forgotten

that besides the ions of the electrolyte all aqueous solutions also contain H*

and OH- ions from the water. These ions migrate in an electric field just

like the electrolyte ions, the hydrogen ions movmg towards the cathode,

and the hydroxyl, towards the anode. Thus, two kinds of ions can be dis-
charged simultaneously at the cathode:

Ni** +2e — Ni’
24" +2¢e > H, T

Which of them will actually be discharged depends, above all, on their
relative position in the e.m.f, series, then on the concentration of the ions,
and in some cases, on the material of the electrode at which they are dis-
charged. :

The ion of any metal below hydrogen (in the e.m.f. series) is more eas-
ily discharged that the hydrogen ion, the electrolysis of aguedus solution of

salts-of Cu u, Pt ete, wi in depesition of the correspondi
; melals on the cathode: .

M™ + ne —> M°

Vhen the salts 6 clive m;eiafs, sodivm, potassiam and caleitan,
well as magnesi ‘alwmini whose elecirode _potentials differ
greatly from that of hvdrogen, are electrolyzed, g!rgé@_ t exclusively hydrogen
1ons are discharged, and gaseous hydrogen is liberated al the cathode:
; 2H' +2e=H, T

OH: ions accumulate at the cathode, and solution becomes alkaline.

A different thing happens when agueous solutions of theé salts of the!
less aclive metais, situated above hydrogen (in the e.m.f. series), such as
zing, iron, nickel etc., are electrolyzeéd. Although theoretically hydrogen
ions here too should have been the first to be discharged, practicaliy, the
metals are deposited at the cathode:




M™ +ne— M°
Amy, = Ky, Q- (05+ 0.97)

Hydrogen ion discharges simultaneously at the cathode:

2H® +2e=H, T
Ky, *q-(0.5+0.03)

Now let us see what happens at the anode. The negative ions of the J
electrolyte and hydroxyl ions of water move towards it, If the negative ions
do not contain oxygen, e.g., Ck, Br-, $* ions, these ions, and not the hy-
droxyl, are discharged, as the latter give up their <harge with much greater
* difficulty, the result being that chiorine, bromine, or sulfur are liberated at
the anode. =

= 2C1 -2e->Cl, T

If, however, the negative ions contain oxygen (SO, NOy-etc.), gaae-
. ous oxygen is liberated at the anode.

40H™ -4e=2H,0+0,

Hydrogen ions accumulate at the anode." [1, p. 4§3)

"In the above examples of electrolysis the electrodes were assumed to
be made of an inert material, such as graphite. When such electrodes are
used, iors are discharged both at the cathode and at the anode. But if the
anode is an active metal, the process takes a different course. In this case
ions will be discharged only at the cathode; at the-anode, on the other hand,
metal ions will pass into the solution. For instance, if a solution of nickel
sulfate NiSOy is clecirolyzed using a plate of metallic nickel as the anode,
nickel will be deposited as usuff® @t the cathode, but no hydroxyl ions will
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discharged at the anode and there will be no liberation of ox}'gﬂn nickel
- gradually dissolving instead:

~ Scheme of Electrolysis of NiSO, soution (with Nickel Anode)

: : NiSO,
e
Cathode ¢ Ni**'SO,” - Anode :
Ni** +2e = Ni Ni—2e = Ni**

- -

. The amount of nickel salt in solution is remaining unchanged." [1, p.
. “In electrolysis the current intensity (and hence the amount of sub-
' - stance produced in unit time) depends on the voliage [polem:al difference)
~ applied to the electrodes. On increasing the voltage the current intensity is -
E Iﬂemmd For a given electrolytic process 1o occur, hnwever the applied
voiuge must be not less than a certain \raluﬁ charaucnsuc of the given

~ process voltage require, ectrolyitie reaction is
ﬂamnmmnmmmgr_dzmmmmm (Ese) [3, p. 404]

"Practical Application of F lectrolysis

Electrolysis has received wide and varied apphwlmn in industry.

) 1) The production of hydrogen, oxygen, chlorine, caustic soda, alu-
minlum Mg, Na, K, KClOs, KCIOy etc. is cdrried out by the elecirolysis.

{ 2) Electroiyiic metal coating became very widespread in the following

period. Electrolytic nickel, cadmium, tin, silver and copper plating, etc,, is
employed for a variety of purposes.” [3, p. 402] : .

% 3) Galvanoplastics is a method of obtaining exact metallic replicas of

- relief objects by depositing a more or. less thick layer of metal electrolyti-

m!]y:}n!hﬂr surface. [1, p. 485-486]
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+ 4) Electrolysis finds application in the refining purification_of metals,

This applies in particular to copper and lead.

S) Anodic oxidation (anodizing) is a method of producing oxide films

on Al, Ta, Ti, Nb, etc., which can protect metal against corrosion, abrasion
etc.

6) Electrochemical polishing of metals by means of anodic dissolution
in special electrolytes with high current density. Current density is the cur-
rent intensity referred to a unit of surface area of the electrode

r=1
=3

It is usually cxpressed in amperes per square decimeter.

Corrosion of Metals and Alloys

- Corrosion is the breakdown of a .matcrinl due to chemical or electro-
chemical interaction with the environient.

Types of Corrosion

1) Chem M is a corruswn which takes place in non-
conductive medium.
a) "The simplest case of the corrosion is that wluch occurs when metal
come into contact with gases (gas corrosion). The surface of the metal be-
‘comes coated with the corresponding compounds, namely, oxides, sulfides,
basic carbonates, which often form a compact layer protecting the metal
from further attack by the gases". [1, p. 477]
b) Corrosion in medium of liquid non-electrolyte.
2) “Electrochemical corrosion is due to electrochemical interaction be-
tween the various constituents of a metal or metal article. Such interaction
is largely the result of the formation and functioning of galvanic cells. Cor-
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~ tosion of this type is observed both on contact of the metal with water and
an electrolyte solution (liquid corrosion), or on contact with moist air
(atmospheric corrosion)”. [3, p. 409] : '\
All sorts (chemical and physical) of surface heterogeneities of the metal
Jead to electrode potential difference and formation of microcells. The dis-
. solution of metal takes place on the anodic sites:

‘ M-ne—>M" =

At the cathodic sites the process of reduction of any oxidant
(depolarization) takes place: f

Ox + ne —> Red

3) Biological corrosion. Some microorganisms can destroy metals.
Other principle of classification of corrosion is character of destrue-
fion. In accordance with it corrosion can be:
1y Local corrosion. i
‘a) "Infercrystalfite corrosion, when the thin layers between the crys-
tals comprising the afloy are the first to break down." [3, p. 408]
b) point corrosion (pitting),” 2
¢ sefective corrosion, when one of the components of the alloy are
the first to break down; : :
d) subsurface corrosion, the destruction begins on the surface of the
metal, but after that the subsurface layer breaks down;

e¥crevice corrosion;

2) Continuous corrosion.
a) uneven,




by even,

Thernodynanics of Corrosion

AL the basis of the commonly encountered processes of metal corro-
sion lies the fact that most metals (excepting the least uct ive such as Au and
Pt) arc less stable in the free state under atmospheric conditions than in the
stateof their ions in compounds.” {3, p. 408]

The possibility of spontancous process can be determined thermody-
namically:

H,0+Fe+ %01 = Fe(OH),

If AG of the reaction is less then zero, the process is spontaneous (al
constant pressure and temperiture) but

&Gch.r =-nFE

and
a i o ~_ 0 !

E=0. =04 =@ pypetr~? o001

if E>0 the corrosion of iron is possible with the oxygen depolarization:

(A) Fe-2e— Fe™

©) 0,+2H,0+4e—40H"
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If tpv<qui: the corrosion of the metal is possible with hydrogen depo-
larization also:

A) M-ne->M"

4

© 2H'+2%->H,T

Do nol remenrber that eleetrode potential depends on concentration:

RT
Pis, = 9%, "‘T]‘i:.‘ log. C

Because of this the corrosion with hydrogen depolarization takes place
in most cases in acid medium but only for active metals.
el oevies L. 7 G B. . A P Au

¥ ) ¥

hydrogen depolarization is possible

i

WV
7]

oxygen dcpx;larizartion is possible

Kinetics of Corrosion

Corrosion process is a heterogeneous one, and hcl_erogcn&)us kinetics
is applicable to it.

In case of electrochemical corrosion

-




and

k-l k-3 Kk
u= - —
-S

Because of it the rate of the corrosion depends of:
1) The e.m.f. of galvanic cells (E)

2) The electrode poiarizat‘mn (AE)

3) The resistance of electrolyte (R)

Factors affecling on corrosion.
1) Chemical nature of metal (its electrode potential)
2) Heterogeneity of the metal surface (it increases e.m.f. of microcells)

#) Admixtures
b) Differences in temperature
_ ¢) Mechanical stresses in metal
+ d} Mechanical defects of the surface of the metal
¢) Different contact with electrolyte
3) Properties of the corrosion medium:
a) Electric conductivity;
b) Concentration of oxidants (O, H*, and others).
¢) Ability 1o dissolute the products of the corrosion.
IFor instance:

Al,0, +3H,0 + 6NaOH = 2Na,[Al(OH), |
NaOH 3
Al+3H,0 = Al(OH), +>H, T

AI(OH), +3NaOH = Na,[AI(OH)E]

pH=7

AlLO, + H,0 #



In the neutral medium thin film of Al20; protect Al against corrosion,
but in alkaline one corrosion of the metal takes place. (Whal type of depo-
. larization? Write anodic and cathodic reactigns.)

Protection of Metals Against Corrosion

.uce great losses are incurred in the corrosion of metal components,
piolal measures have long been taken to combat this phenomenon. The
most wide spread method is the creation of a protective coating on the sur-
face of the metal:
1. Oil paints coatings, lacquer, enamels and bitumen coatings.
. 2. Metal coatings are divided into anodic and cathodic ones.

a) Cathodic coatings have a morg pﬂbi'n'vjz electrode potential than
the metal being protected (for instance, iron codled with tin, wpper or
nickel). i :

All such coating (1, 2a) are effective as long as lhey retain their conti-
nuity. If a crack occurs in the c{utmg mrmsmn will occur on the exposed
surfaces. ¢

b) Anodic coatiggs have a more nﬁgalive elecirode potential then the
metal being protected. When the coating.e.g., zine on jron is impaired it will
still protect the basic metal;

' A(Zn) Zn=2e=2Zn*

C'(Fe) Ox +ne—> Red

Hence continuity is not a yery sirict reqmremenl of an anodic coating,

3) The protection afforded by films formed on metals by {_,"f_t'.ﬂ”tth reses,
tion with the environment led to the development of methods for the ariih

cial formation and strengthening of such liling (o augment their protective
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~ action, -B::;-f:!;:.v oxide films,  pxide-clromate, ghg;ﬂ:ﬁm, suificle and other
filins are produced.

Oxidation (burnishing, bluing) of iron aad steel is carried out by dip-
ping the witicle in highly concentrated aikali baths which oxidizing ageats '
such as MOy and NaNO; are added 10.

In recent years oxiaation by clectrolysis has come into favour (anadic
oxidarfon,_anadizing). '

4) It is general knowledge that dil’i‘crcnt additives iniroduccd into the
composition of special (alloyed) steels have a different influence on their re-
sistance to corrosion process. Thus, chromium-nickel and chromium steels
have found widespread use as stainless steels.

5) Addition of inhibiters to the solution.

6) Special electrochemical methods are also used to control corrosion.
These are based on cathodic polarization of the protected metal. Thus in
methods knownsas cathodic protection, a more aclive metal (protecter) is
connected to the metal being proterted and, becoming the anode, converls
. the anodic sites of the melal surface to cathodic (Fig. 12).

o

N

-

Fig. 12

A(Zn) Zn-2e— Zn*




C(Fe) O, +H,0+4¢ - 4011

Cathodic protection may also be achieved by wuncumg the |mln'F o

the negative terminal of an external direct current source. The protection

" action is due to the increase in concentration of the electrons in the suiface
| layer of the metal, thus hindering its solution (Fig. 13).

——

sprap-metal

Fig. 13 :
(©) 0 +1,0+4e =401 () Fe-2e— [Fe”
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Structure of the Substance. Structure of the Atom

Atomic structure (especialfy electronic configuration) is of great’
importance to chemistry becausé of its comnection to properties of sub-
stancg. : 4

"n 1900, when studying sowe features of spectra, M. P, 1l
lated that electromagnetic radiation is emitted not continuously. but in

discrete portions not smaller than & cevtain definite quantity

e=h-v (1)

Where h is the elementary quantum of action and v is the frequency
of the emitted radiation." [3, p. 19} &

"Loujs de Broglie (1924) suggested that just as light has both particle
and wave nature, matter in generad, and electrom in particular, might ako
exhibit this dual behavior. The miass av of a photon is given by Einsteins
mass-energy equation

o O
’

e=m-c:’ (F4]

From these two equations

m-c:=hv
‘hev
m-¢c=—
c

Hitwh c-h

A

Where P is momentum of the photon,

?‘L:-' —h‘
m-c

(3)




According to de Broglie. for a particle of mass m moving with a

velocity v, the de Broglie equation, Eqn. (3) becomes

= l=—b—(4:.
m-v

In Egn. (4) 4° is the de Broglic wavelength. The experimental proof
of the wave character of electrons was provided by C. J. Davisson and
L. H. Germer (1927) and independently by G, P, Thompson (1927).
who obtained diffraction patterns using accelerated electrons, Equation (4)
relating the wave character with momentum (mv) can be considered to be a
compromise between the wave and particle aspects of matter." [5, p. 20] _

The concept of a de Broglie wave associated with a particle like an
electron means that the particle cannot be located precisely. According to
Heiseberg's principle of uncertainty enunciated in 1927, it is not possible to
state, simultaneously and precisely, both the position and momentum of
an clectron and other similar particles. If Ap and AX represent the uncer-
tainties in the momentum and the posmon respectively, then, according to
Helsenberg.

’

Ap-AXE:L C[5p.20)
4-m

"De Broglie suggested that a particle, like an electron, has an associ-
ated wave of wavelength defined by the de Broglie equation.
In 1926 Schredinger developed a differential equation for such a wave

hl
o e w+Uq; E.y
8-n°-m
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62 = 52 g 52
ax* ay? oz’
this cquptio}:, the known quantities are:

m = mass of the particle
U = potential energy of the particle as a function of the coordinates X, Y
and Z : . : '
h = Planck's constant,
The unknowns to be determined by solving this equation are
E = allowed total energies of the particle or eigen values and
= wave function or eigen funclion.

The physical signi-ﬁcance of '4.p‘I is that ll.l] dV measures the prob-

Where V2 =

is the Laplasian operator. In

ability of the electron being found in the volume element dV surrounding a
point whose coordinates are known”, [5, p. 22-23)

"Solutions of this equation lead to quantization of energy levels, i.e.
an electron can assume only discrete values for its energy” [3, p. 22]

Ouantum Numbers

“Solution of the equation contains the guantum numbers n, 1, m. Di-
rac showed that in a wave equatign based on the theory of relativity, the
fourth quamurﬁ number (8) is also introduced. Four quantum numbers
have thus been found necessary to describe an electron in an atom com-
pletely. These are the principal quantum number n, the azimutal quantum
mwnber 1, the magnetic guantum mmber m and the spin quantum number S."
[5.p.26] - 5 ;

Principal guanium number was introduced in Bohr's theory in 1913,

"Wave mechanics explains why only certain definite electron orbits
are stable. Only those orbits are "stable” which can accommodate a whole
number of waves. Since the length of a circular orbit of radius r equals
2eq+r and

=z = h
-

-V
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the stability of the orbit is determined by the equation

2-n-1‘=ﬂ
m-v

Where n is an integer. This is the mathematical expression of Bohr's
first postulate, on which he based his calculation of the motion of the elec-
tron in the hydrogen atom in 1913, The principal guantum number defines
the energy level corresponding to any given orbit and the distance of the lat-
ter from the nucleus. The value n=1 corresponds to the lowest energy level
(electron shell), designated K; the value n=2, to the energy level L, etc." [1,
p. 108] ' -

The quantity of electron shells in an atom is equal to the number of

* the period in which clement situated in the Periodic Tuble."

*Transitions of electrons from inner shell to outer shells require an
expenditure of eneray and can take place only if the atom absorbs electro-
magnetic radiation of the proper frequencies. The reverse transitions are
accompanied by the emission of clectromagneti¢ radiation of the same

. Irequencies. All this was confirmed by spectroscopic data." [3, p. 26]

Orbital Quantum Number

_ "The spectral lines that correspond to the transition of an clectron
from one level to another for the most part consist of several separate
close-lying lines (fine structure), indicating that some of the electrons of
" the given emergy level have different binding energies." [3, p. 26]

" The binding energy of an clectron in an atom is defincd as the energy
required to remove it from the atom." [3, p. 21]
' The electrons of a given shell are accordingly divided into subgroups
(sub-levels), denoted by s, p, d, I. To take into account this difference in
the binding energy, a second quantum number was introduced into the
theory of the atom. This second number is called the orbital quantuns num-
ber |, or azimutal guanium nunther {I also characterizes orbital form).

=]
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According to quantum mechanics, it can have any integral value from D to.
(n-1), where n is the principal quantum number." [3, p. 27]

(0=s; 1=p; 2=d; 3=f)

Magnetic Quantum Number

"

"The further resolution of the spectral lines observed when the spee-
(ra) source is in a magnetic field-Zeeman effect (1896, necessitated the
postulation of the magnetic quantum number m." (5, p. 19]

"The third quantum number characterizes the position of the orbit of
the given electron in the atom. This number may have any integral value
between +/ and -/, including 0." [3, p. 27]

Spin Quantum Number : ;

"By studying the effect of an inhomogeneous magnetic field on silver
vapor in 4 specially designed and evacuated apparatus, Stern and Gerlach
{(1921) observed that the beam of silver atoms was split into two separate
beams in opposite directions. This could be altributed to the electron spin,
an idea which was first put forward by Uhlenbeck and Goudsmit (1925) in
order to explain the fine structure of spectral lines and the Zeeman effect.
The two different beams in the case of silver correspond to silver atoms
with electrons of opposite spins. The fine structure of spectral lines was at-
tributed to the small energy changes that result from the interactions be-
tween the two different magnelic moments, one due to the orbital motion of
the electron and the other due to its spin around its own axis, According to
the qulmlulll theory, the spin number S can assume a value of / and

-1 5, p- 19
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" pauli's Principle, or Exclusion Principle

It is impossible for any two electrons in an atom have identical sets of

all four quantum numbers."(3,p. 271 =
ly in their spins is said to occupy an

, "A pair ol elecirons differing on
grbital. The type of sub-level (s, P, 4, ) gives a general indication of the

shape of the = ual (Fig. 14)." [5,p. 27

N @ (sphere)

Fig. 14

*The clouds of the p- electron pairs have the symmetry of a body of
revolution with a cross section in the form of a “figure-of-eight". The long |
axis of the clouds for 1 three p- electron irs are mutually perpendicular
(Fig. 15). . .

Periodic Law :

“The physical and chemicai propehrie.s'uf elements and their compounds )
are periodic functions of their atomic numbers." [5, p. 34| ;
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Periodic Classification and Elecivonic Configuration

“In the periodic tabie, the elements are arranged in the order of in-
creasing atomic number in such a manner, that elements with similar
‘chemical and physical properties are grouped together. Since the proper-
ties of an element depend on the atomic number and the arrangement of
electrons, each group of elements might be expected to have a similar elec-
tronic configuration. The electronic configuration can be written using the
following principles.

1. The electrons are accommodated in ‘the subshelles and orbitals in
the arder of increasing energy. An approximate indication of the relative
energies of the various subshells is given by the energy level diagram (Fig,
16). This gives the sequence in which the subshells are occupied:

Fig. 16

Or by Klechkovsy's rules:

1) In order of increase (n+/)

2) If n+! of Iwo subshells are equal one o mhcr in order of increase
of "n"

3) In the case of a "p" subshell there are three orbitals of the same en-
ergy. These are called degenerate orbitals. Similarly. there are five and seven
degenerate orbitals in d and I subshells respectively, According io Hund's
rule of maximum multiplicity, when electrons are present in a number of




TR TR pe N P paee—

e cme Tl

7%

degenerate orbitals they nccupy all the orbitals singly, with pura!lcl $pins,
before fairing in any one orbital oceurs.

4) To obtain the electronic configuration of any eiement of atomic
number Z one has to cbtain that of the preceding element (atomic number
Z-1) and allot the single electron tc the appropriate orbital”, 5, p. 38

"The arrangement of electrons in the atoms can be conveniently writ-
ten in the form of short formulas as follows. First we write the figure indi-
catigg the principal quantum number; this is followed by a letter denoting
the secondary quantum number, the number of electrons on cach corre-
sponding orbit being written as a superscript at the right of this letter, For
example, the "electron formuia® of the hydrogen atom is 1’ + that of *he he-
lium atom-1s’, of the lithium atom-1s’2y' » of the oxygen atom-15"2+"2*, of
the neon atom-15*,2¢°2p* , of the aluminium atom 15°25"2p°35 3, etc.” [1, p.
110]

“The elements in the peripdic table can be classified and referred to ay
s-block, p-block, d-block and f-block elements, depending upon wheiher
electrons are filling up s,p.d or f orbitals. The transition elements {d block)
have incomplete d shells with the general electron configuration {n-1) d nS
(nz4). The electrons in the nS level may be drown into he (n-1)d level in
order to achieve a d* or d" configuration. (Cu, Au etc.)”

lonization Potential (1)

The minimum energy required to prn'mula the most closely bound
electron in a neutral gaseous atom from its ground state 1o infinity is called
the first ionization potential /,, since it refers to the process M — M* +¢, &
and J, refer 1o processes involving the removal of two and ihree electrons
¥ respectively,
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S Electron Affinity (E)

The electron affinity can be defined as the energy released when a
neutral gaseous atom in its ground state aquires an electron to become an
anion. The values are determined indirectly by using the Born-Haber eycle.

Electronegativity (X -

Pauling defines electronegativity as the power of an atom in a mole-
cule to attract electrons to itself.

X n%-(Ew] by Mulliken. Other electronegativity scales have also been

proposed but the one devised by Pauling has received the widest accep-
tance. If E. is the bond energy of a purely covalent bond between A and B
and if E is actual bond energy, it is usually found that E>E.. E is assumed
to be the geometric mean of the bond energies of bond A-A and B-B.

ie. E,=(E\y En-s)}é

The difference, A = E —E_, is supposed to be a measure of the
ionic contribution to the covalent bond. The jonic contribution is due to 4 '
polar structure, the polarity being due to unequal sharing of the electron

pair. A is thus a measure of electronegativity. Pauling set up the empirical
relation,

X, - X, = 0.208(4)"

Where X , and X refer to the electronegativities of A and B re-*

spectively. Since only the difference.in clectronegativities is given by this
Eqn. Pauling choose a value of 2.1 for H so as to get values 2.5 to 4.0 from
Cto F."[5,p. 49]




Structure of Molecules and Nature of the Chemical

Bond

“Introduction. The combination of atoms to form molecules involves
valency forces and these forces are related to the electronic configuration
of the atoms concerned. The motivation for formation of a molecule is
the greater stability of the molecule compared to the atoms. The lack of re-
activity among the inert gases indicates that the atoms of these elements
are quite stable; and this has been attributed to the presence of eight elec-
trons in their outermost shell, the only exception is the first shell which has
a stable structure of two electrons.

= *"Ne 1s'2s’2p*

o " He Is’

This electron octet is considered to be an exceptionally stable ar-

- rangement. One of the postulates of the electronic theory of valeney is that,

as far as possible, in the process of chemical combination, each atom tends

1o attain a stable electron octet. This is referred to as the octet theory. De-
pending on how this octet is achieved we have dilferent types of valency.

Electrovalency and Tonic Compounds

 Rossel and Lewis (1916) independently pointed out that. the elements
immediately preceding the ‘inert gases in the periadic table are electronega-
. live and those following the inert gases are electropositive. In order to ai-
tain a stable arrangement, the clements of group VI can gain one electron

- and those of group Viawe clectrons respectively, where as the elements of
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group I must lose one electron and these of groun I two electrons for the
sume purpose.” [S, p. 67]

Nu 1s*2s22p°3s', Na-le= Na*(ls’ 25’2pﬁ)
ClIS2%2p 36%3p%,  Cl+le = CI7(1s72572p% 357 3p)
" 2Na+Cl, =2NaCl.

"lonic_hond occurs between oppositély charged ions and is due to
simple electrostatic attraction between the ions " [1, p. 113]

“If a large number of positive and negative ions are brought close to-
gether, the result is a crystal in which each ion of one sign is surrounded by
ions of the opposite sign. Obviously, the conception molecule is inapplica-
ble 10 crystals made up of ions. Molecules appear ¢nly in the vapors of

ionic compounds.” [1,p, 117) :
* "When the difference between the electronegativities of the clements is great
(AX>1.8) their atoms form an ionic bond; when the difference is zero, '{he
bond is non-polar covalent; in the intermediate case the bond is polar co-
valent.” (3, p. 46] '

Covalenit Bond

“According to the theery of covalence, (Lewis), when a molecule
forms (just as in the case of ionic compounds), the atoms of the chemical
elements acquire stable electron shefls similar to those of noble gas atoms.
However, this stability is not attained by transferring electrons from one
atom another, but by the formation of one or more electron pairs which be-

 come common to the combining atoms, i.e., belong to the electron shells of
-both the atoms. A chemical bond which is due to the presence of electron
puirs is called a covalent or atomic bond ™ {1, p. 117]
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Properties of Covalent Bond

1."Only unpaired electrons in the atom can take part in covalent bond
formation,

*H§i 1s*25%2p* 35 3p’
]
o [-_' ‘L'
The covalence of the Si is equal 2

Si=0 Si0:

The formation of higher valence often requires excilation of the utom

«« with the transition of the electron to a higher energy sublevel.” [3, p. 53]

o 15°25'2 p*3s' 3

(11tl1]

(7]
The covalence of the Si* is equal 4, (The asterisk is the sign of excited
state.)

SiO» 0=Si=0

SiH4 H-Si-H
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ci
_ I
“sicl, Cl-Si-Cl
|
cl :

2. "Orientation of Bond.
For purely ionic bonds the question of their orientation usually does
not arise, since the ions having an electron shell similar to that of the inen
gas atoms generate an clectric field with spherical symmetry (i.c., the same
in ull directions). For covalent bonds involving s-clectrons, all the direc-
tions of the bond are also equivalent owing to the spherical symmetry of the

R ———

s-clectron cloud. But p-electrons {ar trons) form bonds tha
nitely oriented in space relative (o one another." (3, p. 59]

Example 1. Si0 |

<7 (ea Mg I
1ty
.u-'c) lslz-sizplssl 3pl
' sl
@ i

Si=0
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The linear overlap between the orbilals is called o-bond.

CoDe i)

The lateral overlap between the p orbitals is called n-bond. [5,p.80]

"Since the lateral overlap is less extensive than the linear overlap”, x-
bond exists only in cases of double or triple bonds as addition to o-bond. . !

Exa molecule_ SiH,
L ol Si. % 35'3?3 . [T""_ }
(1]

"If a given Si* atom has no double or triple bonds, each of its four
.valence electrons (3s'3p’) pairs up with an electron of the interacting atom
(H), and as a result of hybridization of the bonds all four electrons become
equivalent in a number of properties (binding energy, interatomic distance, |
etc.) If the substituents are identical, the o-bonds of the atom are arrenged
in space at the tetrahedral angle 109° 28 to each other.

"

i |
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This type ol hybridization is called sp. Other types are: :
e : : ' 1800
ap O 3 L Cie

2) sp? - TR =
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N spid? O Fod +

{see Fig. 19, 20y

X

In general. when p- and s- (or p-, s- and d-) electrons simull:mmuslj
take part in the forming of valence bonds in an atom, the ditference be-
tween them disappears, and they all interact similurly. This is known as
Mnn’:"mmﬂ {3, p. 46]

3. Polarity of the bond.

“As a result of the difference in electronegativity of the two stoms in-
volved in covalent bond formation, the electron pair may not be equally
shared between the two.-The polarity of a muiecule ior 4 bond) is expressed
quantitatively by its dipole monient (), which is equal to the product of the
charge and the distance separating the centers of charges." |5, p. 84)

. "Since the dipole moment is a’quantity characterized by direction, the
dipole moment of the molecule is det: »rmmcd by taking the vector sum of
the dipole moments of the separate bonds." [3, p. 65] '

“Such polarity affects many propetties of molecules.” [3, p. 64]
9

Valence Bond (VB) Method

“The quanmatwe theory of chemical bonding is developing dt present

, on the basis of the conclusions and methods of quantum mechanics. The-
theory of covalent bonding suggested by Heitler and Londen (1927) ini-

tially to describe the H; molecule, was subsequently extended to cover other
cases of covalent bonding. It dzscnbﬁ covalent bonding by examining the

state of the electron of a given electron pair with the aid of Schrodinger's
wave function. This method was called the valence-bond méthod {VB)or
method of localized electron patrs. It can be shown i°a bond 1s formed by 8- -
clectrons, the electrors forming the bond must have apposite spins (in ge- 1

L] 1




cordance with\Fauli's principle). In the opposite case no bond will form
(Fig. 17)." 3, p. 54-55]

E.|CV -

Fig. 17. The potential energy of a system of two hydrogen atoms
as a function of r, the distance between them,

You can see that'ir: case of gnii-parallel spins calculated Cnergy curve
has mirimum at r; which corresponds to the experimental H-H Lond dis-

tance (0,74 A ).

Molecular Orbital (MQ) Method
“R.S. Mulliken (1931) and F. Hund (1928)

"Another method that is finding ever wider applications is the method
of molecular orbitals (MO method), which is the most general one covering
both covalent, and ionic and donor-acceptor (sce below) bonds. In this
method the formation of a chemical bond is regarded as « result of the col-
lective motion of all the clectrons in the field of all the atomic nuclei and all
the electrons of the molecule in question. In practice the examination is
usually confined to valence electrons, and v.rious simplif; ying assumptions
are introduced. The most common assumption is that the wave function
showing the state of the electron in the given bond can be expressed s a
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linear combination of wave functions characterizing its state in the respec-
tive atoms (the mcthod of linear combination of atomic orbits - LCAO
method)." [3, p. 55]

The explanation of the paramagnetism of oxygen wis one of the carly
triumphs of the MO theory.

Bond Characteristics

"The bond energy is defined ss the average amount of energy per mole
required to break a particular bond in a molecule into its constituent atoms
or radicals.” [5,p.267]

The chemical bond enerpy is 20-200 keal/mol or 1-10 ¢V per one
bond. Covalent bond energy is bigger than ionic one. Other important

'characlcristic is bond length (distance).

Donor-Acceptor Bonds, Complex Compounds

“In a covalent bond between two atoms the shared electron pair is
contributed by both the atoms.’ In certain cases the octet can also be
achieved by both the elecirons being supplied by one of the atoms. The re-
sultant covalent bond is called a coordinare bond or donor-acceptor bond."
[5, p. 691

"The particle that supplies the electron pair is called the dogor, and
that which the bond is cstablished with is called the gecepior. The donor
may be a particle containing an electron pair on its outer energy level that
does not participate in the formation of the bond with the other particles
(unshared electron pair). Donors are mostly molecules containing the at-
oms N, O, F, P, S or Cl linked in them with atoms of other elements. An
acceptor may be a particle having vacant (unfilled) electron levels. Accep-
lors are ofien atoms of transitional metals having unfilled d-sublevels.” |3, p.
S?] s 5

In each case, a lone pair of electrons belonging to the molecule or ion
is utilized in the formation of cach cdordinate bond. Such molecules (1ons)
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are ulled figinds and the compounds formed ars called coordination com- R

poutids or complex compounds. The ligands are said to be coordinated to
the central mml ion,e.g. (Fig.18)

" outar coordination ! RS Skt
[ sphere or simple ions /mﬁmm?j
*‘\ X \““/‘

K-IFMCN Je]
-

_bnlc i /I Iﬂf
2 e

-xing
Bgant

Fig. 18. Structure of mmplcu compound,
Elecu:onic formula of iron is |
“Fe Is*25'2p* 35’ 3p* 3d" ds’
Electronic formula of Fe?* in accordance with Hund's rule is
Fe2+ 1s*2572p®3s*3p° 3d*

i ftlrls]

Bul electronic formula of the central ion Fe in this complex com-
pound is i

Fet  18°25"2p°3s"3p"3d*
: (et ||
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+ This is a property of such ligands as CN-, CO, NO;.
They change electronic structure of a central ion
Electronic structure of the complex ion [Fe(CN Ja]* is (Fig. 19)

CN CN-CN-

.. o '| ‘]‘ rln" - o
|'1 45 e \\.
34 | h (I "}donor-ncceptmhonds
Ll
LT | o | _
v< ,
/ 1
CN° €N ©N

Fig. 19

Because of hybridization disp al donor-acceptor bonds are equal
and shape of the fon is octahedron (Fig. 20).

Magnetic Properties of the Complex Compounds

"On the basis of their hehavior in a magnetic ficld, substances can be
classified as ferromagnetic (strongly attached into the miagnetic ficlds). par-
amagnetic (attached into the nmglwgic field) and dianagnetic (repelled by
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the mapnetic field). Paramagnetism which arises due to the presence of one
or more unpuired electrons in the atom, ion or molecule, has been largely
used 10 deduce the structure of metal complexes.” [5, p. 45-46]
For example, K«Fe(CN):] is diamagnetic, because the central ion
electronic structure has no unpaired electrons.

Electrolytic Dissociation of the Complex Compounds

1) First step of ionization of the complex compounds does not de-
stroy complex ions, e.g. ;

K, [Fe(ON),] " 4K +[Fe{CN), |

Due to ionic character of chemical bond between ions, the first step
degree of ionization is 100%. Second step is dissociation of the mmplex‘ion.
eg. '

[Fe(CN),]" : Fe +6CN-

Due to covalent (donor-acceptor) bond between central ion and li-
gands, the second step degree of ionization is very little.

"According to above equation, the ionization of [Fe(CN)g]* ions,
like the ionization of any other weak electrolyte, obeys the law of Mass Ac-
tion and can be characterized by a corresponding constant referred 1o as
the insiability constant of the complex ion™. [1, p. 522)

6
K=

[Fe(en), |°
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The instability constants of various complex ions difTer greatly and
may serve as & measure of stability of the complex” [1, p. 522;

"lons which are formed by the addition of neutral molecules or other
ions capable of existing independently in solution to'the ions in question,
are called complex _ions. Compounds containing such ions are referred to
as complex conpounds.

"D _ile salts are the sume as complex salts with the difference that
the'. w.ner coordination sphere is rather unstable, for instance, ordinary

it
KAI(SO,),-12H,0 or K,SO,-AlL(S0,), -24H,0
KAI(SO,), ” K* + A** +250%-
Os)s

A greater or smaller amount of complex ions are always present in a solu-
tion of any double salt.” [1, p. 531) '

"AL present the question of the participation of donor-acceptor bonds
in the formation of certain common simple molecules is being studied” [3, p.
57 i . = '
According 1o the elecirosiatic theory, the bond between the central
atom or ion and its ligands is due to electrostatic attraction between the
particles and is of nature analogous to ionic bonds." [I, p. 532]

- "General Properties of Ionic and Covalent

Compounds

« Itis not always possible to differentiate strictly between ionic and
covalent compounds. However, there are some striking differences in their
properties;

I} Tonic compounds have high melting and' boiling points compared
to covalent compounds; ; A

2) ionic compounds conduct electricity in the fused stats whereas co-
valemt compeunds are poor conductors of electricity;
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3) ionic compoundd are generally more-soluble i solvents such a wa-
ter, than’are covalent compounds, On the ather hand, the covalent com-
pounds ure more soluble in solvents such iis cirbon tétra-chloride, ben-
aene, ete. while jonic compounds are gencrali y insoluble in these:

4) reaction involving ionie compounds are generally quite rapid,
whereas covaleit compounds usually reqet stowly, In clecirovaiem com-
pounds the constituein elneits dre present as jons and are held together
by elecirostatic forees. Th vaval it eompounds, the constituent clemeits are
beld together by sharing of eldctrons, As a consequence, in clectrovalent
compoutids, the ions just depart from cach othér, ‘the process being aided
by the energy of hydration of the ions, In covalent compounds, there has o
be an uvipairing of the electrons that have been shared. This latter process is
what is conventionally understood a- bond breaking. For reactions of co-
valent componnds bond breaking is a prerequisite and this makes the re-
aciions refatively slower compaied to those of jonic compounds.” [5, p. 81-
82

; "The Metallic Bond

Metals are characierized by high elcetrical conductivity, ihermal con-
ductivity, characteristic fustre, malleability, etc. Metals also crystallize gs
structures with high coordination manbers, (number of nearest neighbors in
& crystal) such as 8 or 12, According 1o the free electron theory of metls a
melal crystal consisis of a ol osepdacked strucpure of pasitive metal fons and the o
glectrons are free 1o move @' ul in the cunibined pertadic poteatial field due ]
the positive jon (metal ions in a sea 6f elcetrons). This model is capable of
explaining qualitatively the metallic propertices.” {5, p. 87)

"The ntetallic bond is usually n very strong bond; hence, most metals
are characterized by great hardness, high melting and boiling points and
low volatility. 1f we exclude mercury and gallium, then the lowest melting
points are those of the alkali metals, since the atoms of these metals give up
only onc electron for bond formation. d-electrons of the transilional ele-
ments form additional covalent bonds." [3, p. 110]
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"Ly the high wobility of the electrans thar gives metals i charog
terisiic_properties. These include physical properties such s high clectric
and thermal conductivity, ductiliey (plasticity. malleabifity), and metalic
lustre; und chemieu! propertics, such as the basic character of the lower 0xX-
ides." [3, p. 18] ' ,

"It is the non-directional nature of' electron bonding that gives metals
their capacity for non-destructive change of form under the action of me-
chanical forces.” {3, p. 121) '

Metals dissolve in nolar solvents due 1o the presence of metal ions in
tie crysial battice,

"A quantitative approach which can be extended 1o ‘insulstors and
semiconductors is provided by the MO-baséd band theer " tsee course in
physics) [3, p. 119-120; 5, p. 88]

& ' .
"Hydrogen Bond e

The formation of the hydrogen bond is a consequence of bond polir-
- ity. When hydrogen is covalently linked to highly electronegative elements
such as fluorine, nitrogen or oxygen. thé hydrogen atom is capable of
forming a weak bond (The hydrogen bond encrgy is 5-7 keal/mol) with an-
other atom of the elccirenegative clement. This weak bond is called the fay-
drogen bond. For exumple the existence of meleculés such as (Hz0),
{HF)., (CH; COOH),, etc. is explained on the basis of hydrogen bonding
(indicated by the dotted lines in the examples given)

(~~=H-F---H=F---)

20---—H-0.
“ -C L~-CH
ch \O—H‘-—"—‘—Op .C L]

- The abnormal bshavior of I‘iﬂ:.HzO:and HE is dué to the hudrogen
bonding. The intermolecular forces of atiraction logether with aydtopen
bonding in these cases require a larger amount of SREIgY i evercoma thess
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attractive forces, This is reflected in the higher values of melting points and
boiling points for these compounds.” [5; p. 85

"Intermolecular Attraction.

1} The mutual attraction of molecules (cohesion) is a complex phe-
nomenon, With the discovery of the polar structure of molecules it became
possible 1o explain the mutual attraction of pular molecules as due to clec-
trostatic interaction between the oppositely charged parts of two molecules.
The opposite mutual orientation of molecules gives rise to attractive forces
and corresponds to a more stable state. This form of interaction between

polar molecules is known as prientation interaction _ (Fig. 21).
: [+
COAL~cTE G

-—-__-—"’

—

. ' ~ Fig. 21

2) The molecules of most substances are comparatively easily polar-
ized under the influence of neighboring molecules or ions, especially upon

"close approuch. The interaction of such induced dipoles gives 1isc 1o forces

of intermolecular attraction' that are similar to, but weaker than the forces
between permanent dipoles. Such i interaction is known as distortion gg;cmc-
tior (Fig. 22).

S 6
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Fig. 22

3) As was shown by F. London (1930) on the basis of quantum me-
chanics, the instantancous dipoles that appear in atoms and molecules ow-
ing to the motion of their electrons also give rise to forces of attruction be-
tween them. Such forces are called dispersion forees. (Fig. 23).

~ Y -

£ By X - _--—.\ ‘f-.“—+"' . i
| - > K T {\ )

Fig. 23

It is evident from foregoing that polar substances “should have
stronger forces of intermolecular attraction, higher boiling points and
greater heats of vaporization than non-polar substances with weakly
polarizable molecules, since the polarity of the molecules gives rise to an
additional force of attraction between them. When molecules closely ap-
proach one another, there arises a repulsive force due 1o mutual repulsion
of the electrons and 1o other effects. The forces of attraction and repulsion
between molecules are collectively known as intermolecular, or van der
Waals forces." [3, p. 73-75]

Structure of Matter

"In the foregoing chapters we have become acquainted with the struc-
ture of atoms and molecules, the minutest pariiclcs of which all substances
consist. To get a complete picture of the structure of matter we have still
to see how these particles are arranged in different substances.” (1, p. 128)

-]
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"I the gaseous state molecules have complete freedom of movement, |

Inthe solid state this movement is absent, even though the molecules, ions
or atoms that are held together may vibrate about their equilibrium posi-
tions. The forces that hold together the constituent species in a liquid are
sufliciently strong to prevent complete chaos from reining and yet suffi-
ciently weak to permit a certain amount of disorder. X-ray diffraction
studies of liquids show that there is shart range order extending to 5 to 10
A in the liquid state.” [5, p. 134]

G?assz State

"When order which is the characteristic feature of a crystalline solid
a

extends only to less than 5 or 10 A the cristallinity is lost. If at the tem-
perature Tr, at which a liquid should crystallize, sufficient nuclei are not
present 1o induce crystallization, supercooling can take place and the mate-
rial.is now in a pietastable state. The continued cooling below Tr may in-
erease the viscosity of the material to such an extent that at a temperature

Te (glass transition temperature) its structure becomes frozen for all practi-
cal Purposes, This structure will be akin to that of a liquid. The material

is now ina glassy (amorphous) state, , The chiefl characteristics of a glass are
rigidity ability to withstand shearmg stress and hardness, all of which are
properties of solids. However, like liquids they are optically isotropic and
transparent.” [5. p, 156]

Liguid Crystals

Certain solids, whemr™ heated, melt sharply to form a turbid liguid,
and on further heating undergo an equally sharp change to a clear liquid.
The turbid liquid, like anisotropic crystals is doubly refracting and gives in-
terference patterns’in polarized light. The turbid liquids which exhibit these

rrr—
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propertics even though they have surface tension like liquids and Now like
liguids were given name lguid crystals.” 5, p. 157]

Crystals

Substances in the solid state may be divided into crystailine and
amorphous, Some gubstances. in addition, can exist in several different
erystalline forms, or modifications. This phenomenon is known as polpmor-
phism. It must be borne in mind that the properties of substances in the
crystalline state depend not only on their composition and the external
condition, but also on their internal structure. Every crystalline odifica-
tion of a substance is chi:;aclcrimd by a definite geometrical form of its

crysial,

Crystals are classified according to different features. In crystallogra-

' hy the elassification is based on the arrangement of the particles in space,

E. Fedorov worked out ( 1910) a general classification of crystal lattices for

all the 230 possible types, and founded crystallochemical analysis-the sci-

ence of determining substances by thé form of their crystals. In physical
chemistry it is more convenient to classif y crystals according (o the type of
bond between the particles forming the erystals. The particles forming (he

crystal lattice may be ions, tieutral aroms or whole molecules” [3, p. 106-
109] . '

Real Crystals

"The perfectly ordered arrangement of the constituents of a crystal is.
only an idealized situation and is possible only af absolute zero, At all other
temperatures, due to thermal vibration some constituents may be missing or
misplaced. The term “imperfection” or "defect” is used to denote such de-
partures from regular periodic arrangemient of the crystal constituents.
These defects have important influence on the clectrical, mechanical and
aptical properties of the solid.” [5, p. 230)

o

o

o TS Y
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"Frenkf defecis consist in the displacement of some ions from their *

normal sites in the lattice,

Schatiky defects are vacant sites in the lattice. [3 p. 125]

The material used in practice, even when they are purely crystalline
in structure, are generally cither fine crystalline powders, or sysiems com-
posed of a great number of small crystals (pofverystallivity). The crystals of
the main substances are often separated by a thin layer containing various
impurities. Certain deviations from the regular structure of a crystal ap-
pearing in the process of growth, or as a result of subsequént mechanical
deformation or other causes are called dislocations. The _~,' may have a strong
eflect on.the properties of the crystal.

Mauny properties of materials may depend to a great degree on the na-
ture of the bond belween the individual crystals than on the properties of
the crystals themselves. As a result of the study of the influence of com-
position and structure on the properties of different materials, it has be-
come possible 10 create new kinds of materials exhibiting novel proper-
ties." [3, p. 124-126)

*
3 w
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